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Although neoantigen-based cancer vaccines show great potential in cancer immunotherapy due to their ability to
induce effective and long-lasting anti-tumor immunity, their development is hindered by the limitations of
neoantigens identification, low immunogenicity, and weak immune response. Cyclophosphamide (CTX) not only
directly kills tumors but also causes immunogenic cell death, providing a promising source of antigens for cancer
vaccines. Herein, a combined immunotherapy strategy based on temperature-sensitive PLEL hydrogel is

designed. First, CTX-loaded hydrogel is injected intratumorally into CT26 bearing mice to prime anti-tumor
immunity, and then 3 days later, PLEL hydrogels loaded with CpG and tumor lysates are subcutaneously
injected into both groins to further promote anti-tumor immune responses. The results confirm that this com-
bined strategy reduces the toxicity of CTX, and produces the cytotoxic T lymphocyte response to effectively
inhibit tumor growth, prolong survival, and significantly improve the tumor cure rate. Moreover, a long-lasting
immune memory response is observed in the mice. About 90% of the cured mice survive for at least 60 days after
being re-inoculated with tumors, and the distant tumor growth is also well inhibited. Hence, this PLEL-based
combination therapy may provide a promising reference for the clinical promotion of chemotherapy com-

bined with cancer vaccines.

1. Introduction

Immunotherapy, which is one of the important methods for the
treatment of cancer, aims to induce the body’s anti-tumor immune
response to eliminate tumors [1,2]. Cancer vaccines, immune check-
point inhibitors (ICB), and adoptive T cell therapy are three key ap-
proaches to cancer immunotherapy [3]. Unlike the other two
treatments, cancer vaccines have received widespread attention for their
role in the early stages of the cancer-immune cycle, causing a sustained
anti-tumor immune response and lasting tumor regression [4-6].
Although Sipuleucul-T, a therapeutic dendritic cells (DCs) cancer vac-
cine [7], was approved by the FDA in 2010 for the treatment of meta-
static prostate cancer, it still has a low clinical response rate [8]. In most
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cases, vaccines against cancer antigens rely on DCs to function. DCs are
the sentinels of the immune system that swallow, process, and present
cancer antigens to T cells and other immune cells, triggering and guiding
cancer-specific immune responses [9]. The source and type of antigen
are one of the important factors affecting the effect of DCs-based cancer
vaccines [10]. Neoantigens, namely tumor-specific antigens, are
non-self peptides produced by tumor cell mutations in the host system
[11,12]. Although neoantigens stimulate tumor-specific anti-tumor
immunogenicity [13], they are limited by their expensive and compli-
cated production process [14]. Tumor lysates (TLs) are an inexpensive
and safe source of antigens that contain all of the patient’s specific
tumor-associated antigens (TAAs), including neoantigens, avoiding the
long and expensive process of identifying and generating neoantigens
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[15]. A large number of tumor antigens in tumor lysates can provide
multiple targets for the immune system, and these antigens can be
derived from each patient to prepare a personalized cancer vaccine [16].
However, clinical trials of traditional tumor lysate vaccines have shown
limited immune efficacy [17], so it is of great significance to find new
strategies to improve the immune effects of tumor lysate vaccines.
Recent studies have shown that the clinical efficacy of chemothera-
peutic agents is not entirely dependent on their toxicity to tumor cells
[18]. The tumor cells killed by some chemotherapeutic drugs release
immune-related danger signals to cause a certain degree of
tumor-specific immune response, that is, immunogenic cell death (ICD)
[19-21]. Cyclophosphamide (CTX), routinely used in cancer chemo-
therapy and autoimmune diseases, is also considered to be an
ICD-inducing drug. For example, low-dose rhythmic cyclophosphamide
treatment was proved to restore the activity of natural killer cells and T
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cells [22]. However, cyclophosphamide treatment alone induces only a
weak anti-tumor immune response, requiring multiple or large doses
[23], and is limited by systemic toxicity and drug resistance [24].
Cyclophosphamide combined with immunotherapy has been proven to
be effective for cancer patients [25], but combination therapy deserves
more focus on its safety and some combination programs may lead to
further side effects [26,27], or the anti-tumor immune response of
combination strategies is still not potent enough [28], so it is necessary
to further explore safer and more effective combination therapy
strategies.

Although systemic administration is commonly used in the clinic, it
has obvious side effects on normal tissues [29]. In terms of immuno-
therapy, local administration may trigger a systemic anti-tumor immune
response and may be safer than systemic administration [30,31]. The
injectable intelligent hydrogel is one of the best candidates for local drug
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Scheme 1. Schematic illustration of the PLEL-based combination strategy to amplify cancer immunotherapy. a) the preparation process of CTX@PLEL and
CpG&TL@PLEL hydrogels. b) In vivo immune mechanism of PLEL hydrogel-based combination therapy strategy (Step 1: CTX@PLEL intratumoral injection to prime
antitumor immune response; step 2: CpG&TL@PLEL subcutaneous vaccination to boost tumor-specific immunity).
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delivery [32]. They can be used not only as a chemotherapeutic
sustained-release system but also as a carrier for cancer vaccines [33].
The drug-loaded hydrogel forms a local drug repository, releasing the
agents continuously and slowly, which in turn activates the body’s im-
mune cells and/or protects these agents from degradation [34]. Among
them, temperature-responsive hydrogels are ideal biomaterials for sus-
tained and controlled local drug release [35]. They are sol-state at room
temperature, at which time the drug could be loaded and injected into
the body, and then they transform into the gel at physiological tem-
perature to realize local sustained release of drugs [36].

Herein, considering the advantages of the hydrogel system and the
deficiencies of cancer vaccines and cyclophosphamide, we designed a
prime-boost combination therapy strategy. As shown in Scheme 1, first
we physically mix cyclophosphamide (CTX) and poly (D, L-lactide)-poly
(ethylene glycol)-poly (D, r-lactide) (PDLLA-PEG-PDLLA, PLEL) hydro-
gel and then perform the intratumoral injection. Cyclophosphamide is
sustained released at the tumor site to kill tumor cells, and then dead
tumor cells release personalized tumor antigens (TAAs) and immune-
stimulating danger signals such as damage-associated molecular pat-
terns (DAMPs), which are taken up and recognized by dendritic cells,
thereby priming anti-tumor immunity; Three days later, tumor lysates
and the adjuvant cytosine-phosphate-guanine oligonucleotide (CpG-
ODN) are co-loaded into the PLEL hydrogel to form a hydrogel cancer
vaccine, which is injected subcutaneously into bilateral groins. After the
gel is formed at body temperature, the tumor antigens and adjuvants are
continuously released. This promotes the migration of dendritic cells
after ingesting and recognizing tumor antigens to the hydrogel vaccine
sites so that they are further activated and matured, which boosts the
antitumor immunity [37]. In the previous study, we have confirmed that
the PLEL cancer vaccine loaded with granulocyte-macrophage colo-
ny-stimulating factor (GM-CSF), CpG-ODN, and tumor lysate promotes
effective DCs maturation and activation in lymph nodes. Orthogonal
experiments were also used to screen the optimal dose of each compo-
nent. However, orthogonal experiments showed that the anti-tumor
effect of GM-CSF in the formula was not significant, so CpG-ODN was
only used as an adjuvant in this paper [38]. As a toll-like receptor 9
agonist, CpG-ODN is more effective than other TLR ligands in improving
the migration of antigen-presenting cells (APCs) [39-41], provoking
TH1 cell-type immunity and tumor-specific CD8" T cell immune re-
sponses [42,43]. The hydrogel acts as a barrier to prevent the degra-
dation of CpG and antigens. The entire treatment strategy synergistically
promotes tumor immunotherapy in a prime-boost manner. It is observed
that compared with free cyclophosphamide combined hydrogel vaccine
or soluble vaccine, PLEL-assisted combination therapy has better
anti-tumor effects, better immune stimulation effects, and lower side
effects. Besides, this treatment strategy promotes the maturation and
activation of DCs in lymph nodes, enhances cancer-specific CD8" T cell
responses, and down-regulates the ratio of CD4*CD25+FoxP3+ Treg
immunosuppressive cells in the spleen. Moreover, the PLEL-based
combined treatment strategy effectively inhibits mouse CT26 colon
cancer and forms immune memory to significantly reduce the tumor
recurrence rate. Furthermore, this PLEL hydrogel-based strategy sup-
presses distant tumors through systemic anti-tumor immunity mediated
by the local administration. Last but not least, our PLEL hydrogels have
reversible phase transition characteristics and are easy to produce, store,
and apply [44]. Since this combined treatment strategy enhances the
anti-tumor effect of tumor lysates-based cancer vaccine and reduces the
toxic and side effects of traditional chemotherapy, it is beneficial to
cancer immunotherapy and provides a new idea for the combined use of
cancer vaccine and chemotherapy in clinical practice.

2. Materials and methods
Materials: Poly (ethylene glycol) (PEG, Mn = 1500, 1000, and 2000,

respectively), stannous octoate (Sn (Oct)2, 95%), cyclophosphamide
(CTX), and e-caprolactone (e-CL) were purchased from Sigma-Aldrich
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(USA). Penicillin-streptomycin, RMPI 1640 medium, and fetal bovine
serum (FBS) were all obtained from Gibco (USA). CpG-ODN1826 (5'-
TCCATGACGTTCCTGACGTT-3") was obtained from Sangon Biotech
(China). CD3-FITC, CD4-APC, CD8a-PE Cyanine7, CD11c-PE Cyanine7,
CD44-PE, CD45-PE, CD62L-APC, CD86-APC were got from eBioscience
™ (USA). FITC anti-mouse H-2Dd Antibody and True-Nuclear™ Mouse
Treg Flow™ Kit (FOXP3 Alexa Fluor®488/CD4 APC/CD25 PE) were
purchased from Biolegend (USA). Mouse Inflammation CBA Kits were
purchased from BD Pharmingen (USA).

Female Balb/c mice were obtained from HFK Bioscience Co., Ltd.
(China) and kept under a specific-pathogen-free condition with free
access to standard food and water. All animal experiments were per-
formed following the protocols approved by the Ethics Committee of the
Animal Experimental Center of West China Hospital of Sichuan Uni-
versity. ECAEC checking number: 20190919001 (Chengdu, P. R. China).

Preparation of CpG&TL@PLEL hydrogel vaccine and CTX@PLEL:
Tumor cell lysates (TLs) were prepared following the previously re-
ported method. In short, after 5 times repeated freeze-thaw cycles, the
supernatant was collected centrifugally and the protein was quantified
and then lyophilized for subsequent use. PDLLA-PEG-PDLLA (PLEL)
copolymers were synthesized as described previously then dissolved in
phosphate-buffered saline (PBS, pH = 8.0) [36]. CpG-ODN (50 pg) and
TL (100 pg) were dissolved in PBS (pH = 7.0) and mixed with PLEL
copolymer solution (10 wt%) at room temperature (T = 25 °C). Simi-
larly, the CTX solution (100 mg kg~1) was added to the PLEL copolymer
solution (5 wt%) to obtain CTX@PLEL. Dynamic rheological measure-
ments were conducted using a HAAKE Rheostress 6000 rheometer
(Thermo scientific, USA), the strain sweeps were carried out on PLEL
and CTX@PLEL at 1 Hz in a strain range from 0.1% to 1000%, and the
frequency sweeps were measured from 0.1 to 100 rad s~! by using 1%
strain [45].

Controlled release of CTX from PLEL hydrogel: Transwell co-culture
system was used to analyze the controlled release of CTX. Briefly,
CTX@PLEL was placed on the upper layer and the lower layer was PBS,
which was placed in a 37 °C incubator whilst shaking. Part of the lower
layer PBS was taken out at a specific time point and new PBS was added.
The released CTX was quantified by HPLC.

Evaluation of anti-tumor effect in vivo: 1 x 10° CT26 tumor cells were
inoculated on the lower right dorsal of female Balb/c mice, and the mice
were randomized to treatment when the tumor volume reached 50-80
mm? or progressed for 7 days. The tumor’s length and width were
recorded every other day or twice a week, and tumor volume was
calculated as follows: 0.5 x length x (width)z. Mice were sacrificed
when the length exceeded 20 mm.

To assess immune response induced by combination therapy, Balb/c
mice bearing CT26 tumors were got various therapeutics, and the
inguinal lymph nodes, spleens, and serum were removed for flow
cytometry analysis 7 days later.

To confirm the presence of antitumor immune memory in the cured
mice treated with CTX@PLEL + CpG&TL@PLEL, 1 x 10° CT26 cells
were inoculated again in five normal Balb/c mice and nine cured Balb/c
mice. The tumor size was measured with a vernier caliper every other
day until the mice were sacrificed. The spleen cells from four mice in
each group were collected for flow cytometry analysis.

To investigate the effect of the combination therapy on distant tu-
mors, female Balb/c mice were inoculated with 1 x 10%® CT26 colon
cancer cells on the right lower dorsal, and the same number of CT26 cells
were inoculated on the left lower dorsal 2 days later. 50 pl CTX or
CTX@PLEL were injected into the tumor on the right in situ 5 days after
the initial inoculation, and 100 pl CpG&TL or CpG&TL@PLEL were
injected into both groins 3 days later. The tumor size was measured with
a vernier caliper every other day until the mice were sacrificed.

Statistical Analysis: All data in the research were indicated as the
mean + standard error of the mean (SEM). The statistical difference
analysis was evaluated by two-way ANOVA or T-test using GraphPad
Prism 7 software.
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3. Results

3.1. Free CTX combined with the hydrogel cancer vaccine promotes tumor
inhibition but also increases systemic toxicity

According to the previous method, PLEL hydrogel was synthesized
and a hydrogel cancer vaccine loaded with tumor cell lysate and adju-
vant CpG was prepared [38,44]. Our previous studies had confirmed
that the hydrogel vaccine loaded with GM-CSF, CpG-ODN, and tumor
lysates promoted effective DCs maturation and activation in lymph
nodes [38]. GM-CSF indeed activates the DCs. However, in the previous
report of our group, the orthogonal experiment with three factors and
three levels showed that CpG-ODN played a greater role than GM-CSF in
affecting the anti-tumor effect and the production of serum anti-tumor
cytokines, and GM-CSF was more expensive, so CpG-ODN was only
used as an adjuvant in this work. Moreover, the characterization of the
hydrogel vaccine was described in detail in our previous research [38],
therefore, here we do not examine the relevant characteristics of the
hydrogel vaccine. Considering that direct intratumoral injection of free
cyclophosphamide is the simplest and most direct method, we first
investigated the therapeutic effect of free cyclophosphamide combined
with the hydrogel cancer vaccine.

Bioactive Materials 6 (2021) 3036-3048

We found that the medium-dose free cyclophosphamide combined
with hydrogel cancer vaccine did significantly inhibit the growth of
CT26 colon cancer (Fig. 1). The tumors in the other groups (saline, low-
dose free cyclophosphamide, medium-dose free cyclophosphamide,
hydrogel vaccine, and low-dose free cyclophosphamide combined with
hydrogel vaccine) grew progressively, while in the group of medium-
dose free cyclophosphamide combined hydrogel vaccine (M-CTX +
CpG&TL@PLEL), the tumors gradually decreased, and some tumors had
even regressed (Fig. 1a, ¢, d). However, obvious weight loss was also
observed in this group (Fig. 1b), suggesting a significant side effect.
Besides, serum cytokine levels of the mice were detected, and the M-
CTX + CpG&TL@PLEL group showed the highest levels of IFN-y and IL-
12p70 compared with other groups (Fig. le), suggesting its good anti-
tumor effect may be related to the role of anti-tumor cytokines.

Further, we investigated the changes of DC and T cell populations in
mice treated with a single medium dose of free cyclophosphamide, a
single hydrogel vaccine, and a combination of the two (Fig. 2 and
Fig. S2). After combined use, the proportion of CD3", CD3"CD4",
CD3"CD8" T lymphocytes was approximately twice that of the single
hydrogel vaccine group (Fig. 2a-d); The ratio of CD11c+, CD11lc +
CD86™, CD11c + MHC-I 4 DC cells were separately twice, 4 times, and
twice of that of the single free cyclophosphamide group (Fig. 2e-g),
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Fig. 1. Efficacy of free cyclophosphamide combined with the hydrogel cancer vaccine. a) Photographs of tumors in different groups. b) Bodyweight curves of CT26
tumor-bearing mice over time, the black arrows represent CTX administration and the red arrows represent hydrogel vaccine administration. ¢) Tumor weight in all
groups. d) Tumor growth curves of different treatment groups. e) Serum cytokine levels in CT26 tumor-bearing mice (n = 3-4). *p < 0.05, **p < 0.01 and ***p

< 0.001.
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Fig. 2. Immune cell activation of free cyclophosphamide combined with the hydrogel cancer vaccine. a) Representative flow cytometric analysis images. b-d)
Relative quantification of CD3", CD4", and CD8" T cells in inguinal lymph nodes. e-g) Relative quantification of CD11c+, CD86%, and MHC-I + DCs in inguinal
lymph nodes analyzed by flow cytometry. *p < 0.05, **p < 0.01 and ***p < 0.001.

suggesting that intratumoral injection of free CTX caused immunogenic
tumor cell death and promoted T lymphocyte proliferation and activa-
tion, and the hydrogel vaccine promoted the proliferation and activation
of DCs. However, compared with free CTX, the combined use of
hydrogel vaccine did not further synergistically promote the prolifera-
tion and activation of T lymphocytes; Compared with the single
hydrogel vaccine, the combined use of free CTX did not show the effect
of further promoting the proliferation and activation of DC cells. This
may be due to the reduced synergies caused by the rapid degradation or

3040

removal of free CTX at the injection site [46]. In any case, the above
results suggested that combination therapy does have certain advan-
tages over monotherapy.

3.2. CTX@PLEL combined with the hydrogel cancer vaccine reduces the
toxicity of CTX and enhances the antitumor effect

Inspired by the above experimental results, to reduce the side effects
of CTX and enhance the anti-tumor efficacy, PLEL hydrogel was used to
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load high, medium, and low concentrations of CTX, and then combined
with hydrogel vaccine to treat CT26 subcutaneous tumor (Fig. 3). In
vitro experiments showed that CTX-loaded hydrogel maintained the
temperature-sensitive characteristics (Fig. 3a, b, and Fig. S3).
CTX@PLEL is a solid-state at —20 °C and could be easily stored, and a sol
state at 25 °C, which is convenient for in vitro drug loading and in vivo
injection. It is in a gel state at 37 °C, which facilitates the formation of a
drug reservoir in the body to achieve slow and sustained release of
drugs, thereby reducing the degradation and inactivation of drugs. As
shown in Fig. S3 ¢, both PLEL and CTX@PLEL have linear viscoelastic
regions. Under the detection conditions of oscillation frequency 1 Hz
and temperature 37 °C, the storage modulus (G") of PLEL is greater than

Bioactive Materials 6 (2021) 3036-3048

the loss modulus (G"), which shows the viscoelastic solid characteristics,
while G” of CTX@PLEL is greater than G’, which shows the viscoelastic
fluid characteristics. After adding CTX, the modulus of PLEL hydrogel
increased, especially the loss modulus (G"). The results of frequency
scanning at 1% strain and 37 °C showed that the modulus of PLEL
hydrogel decreased after CTX addition in low frequency region, while
the change of modulus before and after CTX addition was not obvious in
high frequency region (Fig. S3 d). More than 80% of CTX was released
on the third day (Fig. 3c). Under high concentration of CTX, after CTX
injection, the weight loss of mice in the free CTX group was about twice
that of the CTX@PLEL group (Fig. 3d and e), indicating that PLEL
hydrogel could significantly reduce the toxicity of CTX. As the
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Fig. 3. The therapeutic effect of PLEL hydrogel loaded with different concentrations of cyclophosphamide combined with hydrogel vaccine. a) Reversible sol-gel
phase transition process of CTX-loaded thermosensitive PLEL hydrogel. b) Change in storage (G") and loss (G") modulus for blank hydrogel and CTX-loaded
hydrogel with increasing temperature. ¢) Cumulative release of CTX from the hydrogel (n = 3). d) Bodyweight curves of CT26 tumor-bearing mice over time,
the black arrows represent CTX administration and the red arrows represent hydrogel vaccine administration. e) Relative body weight after administrating CTX. f)
Lowest relative body weight after administrating CTX and hydrogel vaccine. g) Tumor growth curves (when one mouse in each group was sacrificed, the tumor
growth curve of that group was stopped.) and h) Survival rate of different treatment groups. i) Representative photographs of CT26 tumor-bearing mice on day 23
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concentration of CTX increases, the weight of mice lost more, suggesting and the survival time of mice in group 4 is significantly prolonged
that the toxicity of the combination therapy increased with the con- (Fig. 3h); At the medium concentration of CTX, on day 28 (one mouse in
centration of CTX (Fig. 3f). But at high concentrations, the bodyweight group 5 (M-CTX + CpG&TL@PLEL) was sacrificed), the tumor inhibition
of mice in group 8 (H-CTX@PLEL + CpG&TL@PLEL) decreased less than efficacy in group 6 (M-CTX@PLEL + CpG&TL@PLEL) is better (Fig. 3g),
that in group 7 (H-CTX + CpG&TL@PLEL), indicating that the partici- while at the high concentration of CTX, there is no significant difference
pation of PLEL can alleviate the toxicity of CTX. At the low concentra- in the therapeutic effects of group 7 and 8 (Fig. 3g). These indicated that
tion of CTX, compared with the free CTX combined with hydrogel under the conditions of medium and low CTX, the auxiliary of PLEL
vaccine group (L-CTX + CpG&TL@PLEL, namely group 3), on day 25 hydrogel shows a better therapeutic effect. However, at high concen-
(one mouse in group 3 was sacrificed), the tumor inhibition efficacy in trations, CTX itself (group 9) has a very good therapeutic effect (Fig. 3g
the combination of CTX-loaded hydrogel with hydrogel vaccine group and h) and cannot show the advantages of PLEL hydrogel.
(L-CTX@PLEL + CpG&TL@PLEL, namely group 4) is better (Fig. 3g),
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Fig. 4. Immune cell population in mouse lymph nodes after different treatment. a) Representative flow cytometric analysis images of DCs. b-d) Quantification of
expression levels of CD11c, CD86 and MHC-I on the surface of DCs. e) Representative flow cytometric analysis images of T cells, and f-i) corresponding quantification
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3.3. Medium concentration of CTX@PLEL combined with the hydrogel
cancer vaccine shows the most powerful anti-tumor immune response

which indicated that PLEL hydrogel assisted combination treatment
promoted the maturation and activation of DCs. Again, this underscores
the importance of hydrogels and combination therapies. Besides,
compared with the low concentration (group 2), the medium and high
concentration of CTX@PLEL + CpG&TL@PLEL (group 3 and 4) signif-
icantly increased the proportion of CD11c + DCs but there was no dif-
ference between medium and high concentrations (Fig. 4a and b).
Although the proportion of CD3" T cells increased with the concentra-
tion of CTX (Fig. 4e and f), compared with the high concentration, the

Further, we used flow cytometry to analyze the lymph node immune
cell typing of mice. Although the antitumor effect was similar in Fig. 3 at
high concentration CTX, compared with group 5 (H-CTX +
CpG&TL@PLEL) and group 6 (H-CTX@PLEL), the proportion of
CD1lc+, CD11c + CD86™, and CD11c + MHC-I + DCs in group 4 (H-
CTX@PLEL + CpG&TL@PLEL) was significantly increased (Fig. 4a-d),
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Fig. 5. CTL anti-tumor immune response caused by combination therapy. Representative flow cytometric analysis images of DCs a) and T cells b). c-e) Quantification
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proportion of CD8' T cells and the ratio of CD8" to CD4" were
remarkably increased at low and medium concentrations and there was
no difference between low and medium concentrations (Fig. 4h and i).
The above indicates that compared with low and high concentrations,
the medium concentration of CTX@PLEL + CpG&TL@PLEL not only
promoted DCs maturation but also enhanced the proliferation and
activation of CD8" T lymphocytes. Therefore, considering the toxicity
and the strength of the immune response and antitumor efficacy, we
chose the medium concentration of CTX for the next study.

3.4. The PLEL based combined treatment strategy has a significant
advantage over the single-agent treatment

Peripheral lymphoid organs, including lymph nodes and spleen, are
important sites for immune cells to present antigens and trigger immune
responses, where the proliferation and activation of immune cells indi-
cate the strength of subsequent anti-tumor immune responses [47]. After
extracting lymph nodes from mice in different treatment groups, we
performed flow cytometry and found that under the condition of me-
dium concentration of CTX, compared with the single CTX@PLEL and
the single CpG&TL@PLEL group, the combined treatment showed the
highest proportion of CD11c+, CD11c + CD86™, and CD11c 4+ MHC-I +
DCs (Fig. 5a, c-e), which implied that PLEL based combination therapy
significantly promoted DCs maturation and activation. Besides, this
combination strategy simultaneously down-regulated CD4" T cells
(Fig. 5f), up-regulated CD8" T cells (Fig. 5g), obviously increased the
ratio of CD8-+/CD4+ (Fig. 5h), promoting the transition of T cell subsets
to Thl type. These suggested that our combined treatment strategy
elicited a powerful cytotoxic T lymphocyte (CTL) anti-tumor immune
response. In addition, the tumor growth curve also verified the signifi-
cant inhibitory effect of the combined treatment strategy on CT26 tu-
mors (Fig. 5i). Also, after combined treatment, the ratio of
CD4"CD25+FoxP3+Treg inhibitory T lymphocytes in mouse spleen was
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remarkably reduced (Fig. 6a), and the ratio of CTL/Treg cells (Fig. 6b)
and anti-tumor related cytokines IL12p70, IFN-y and TNF were signifi-
cantly increased (Fig. 6¢). A similar trend was observed in blood im-
mune cells (Fig. S4). The PLEL hydrogel-based combination therapy
dramatically increased the proportion of CD45" total immune cells in
the blood and upregulated the proportion of CD8+/CD4+T lympho-
cytes. All of these further verified that our PLEL based-combined treat-
ment strategy caused a strong anti-tumor cellular immune response.

3.5. Anti-tumor immune memory response after CTX@PLEL +
CpG&TL@PLEL treatment to prevent tumor recurrence

Tumor recurrence is one of the important reasons for the failure of
many treatments. When tumor cells are reproduced, the memory tumor-
specific T cells in the body can recognize tumor antigens again and
quickly trigger an anti-tumor immune response to kill the tumor.
Therefore, the formation of anti-tumor immune memory is the key to
preventing tumor recurrence. For this reason, we investigated the anti-
tumor immune memory response mediated by the PLEL-based hydro-
gel combination treatment. As shown in Fig. 7a, two months after
treatment, the mice whose tumors completely regressed were again
inoculated with the same number of CT26 cells. After extracting the
spleens of the control and the cured mice for flow cytometry analysis, we
observed that the CD3*CD8"CD44™CD62L (effector memory T cells,
Tem) and CD3"CD8CD44™CcD62LM (central memory T cells, Toy) of
the cured mice increased by about 10% and 5% respectively (Fig. 7b, d),
suggesting that the combined treatment strategy triggered a powerful
immune memory response. Moreover, we found that compared with the
control group, the re-inoculated tumor growth of the cured mice was
significantly inhibited (Fig. 7e and f). Besides, all the cured mice sur-
vived for 40 days, and nearly 90% of the cured mice survived for at least
60 days, while the control mice were all sacrificed within 40 days
(Fig. 7c). These results meant that the CTX@PLEL + CpG&TL@PLEL
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Fig. 6. Suppressor Treg cells of spleen and serum cytokine analysis. a) Representative flow cytometric analysis images of Treg cells. b) Quantification of the CTL to

Treg cells ratio. ¢) Serum cytokine levels of mice in each group (n = 3-4).
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Fig. 7. Anti-tumor immune memory response after CTX@PLEL + CpG&TL@PLEL treatment. a) Schematic diagram of evaluating immune memory response
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(n = 4). e, f) Tumor growth and c) Survival rate curves of control (n = 5) and the cured mice (n = 9). The cured: CT26 tumor-bearing mice survived for 60 days after

CTX@PLEL + CpG&TL@PLEL treatment.

strategy could not only inhibit the progression of primary tumors and
prolong the survival time of mice but also effectively restrain tumor
recurrence.

3.6. CTX@PLEL + CpG&TL@PLEL combined therapy induces immune
responses that treat distant tumors

In clinical practice, some early tumors are difficult to be found or
cannot be surgically removed, systemic anti-tumor immunity can
effectively inhibit the growth of these tumors to improve the cure rate.
Therefore, a distant tumor model was established to evaluate the
inhibitory effect of the combined treatment system on untreated tumors.
As is shown in Fig. 8a, the distant tumor on the left was established 2
days after the establishment of the tumor on the right, and local CTX
treatment for the tumor on the right was started 3 days later, and then
bilateral inguinal vaccine was administered 3 days later. In the saline
and the single hydrogel vaccine group, the tumors at the local injection
site and the distant site all grew gradually while there is a suppressed
trend in the CTX@PLEL, CTX + CpG&TL, and CTX@PLEL +
CpG&TL@PLEL groups (Fig. 8f and g). However, only in the CTX@PLEL
+ CpG&TL@PLEL group, the tumors at the treatment site and the distant
end showed a significant regression trend, and the complete regression
rate was 66.67% and 50%, respectively (Fig. 8b and c). The treated
tumors were significantly suppressed in group 5 compared to group 2,
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while the distant tumors of the two groups were both well suppressed,
possibly because the hydrogel vaccine alone could also produce a certain
degree of systemic anti-tumor immunity. Besides, the weight and vol-
ume of tumors on the treated and untreated sides were also minimal in
the CTX@PLEL + CpG&TL@PLEL group (Fig. 8d-g). This revealed that
the PLEL-based combination therapy strategy produced a stronger sys-
temic anti-tumor immune response than other groups. Namely, this local
administration strategy activates the systemic immune system to kill
distant untreated tumors that are undetected or cannot be removed
surgically in the clinic.

3.7. Safety evaluation of PLEL-based combined therapy

By comparing the weight changes of mice in different concentrations
of CTX before and after loaded with PLEL hydrogel in Fig. 3, it can be
seen that our PLEL hydrogel significantly reduced the toxicity of the
drug. Moreover, compared with the group not using hydrogel (CTX +
CpG&TL), the treatment effect of the CTX@PLEL + CpG&TL@PLEL
group was improved and the toxicity was reduced (Fig. S5). Besides,
H&E staining and detection of serum aspartate aminotransferase (AST),
alanine aminotransferase (ALT), alkaline phosphatase (ALP), creatinine
(CREA), urea (UREA), and uric acid (UA) levels showed that the liver,
kidney, and other major organs of the mice in each treatment group
existed no obvious damage (Figs. S6-9). These results meant that the
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Fig. 8. The PLEL-based combined therapy for treating distant tumors. a) Schematic illustration to evaluate the inhibition efficacy to distant tumors generated by
PLEL-based combination therapy strategy. b) Representative photographs of mice. ¢) Photographs of tumors in each group. d) Untreated and e) Treated tumor weight

of mice. f) Untreated and g) Treated tumor growth curves of mice.

PLEL-based combination therapy strategy is safe and has the potential to
be promoted to the clinic.

4. Discussion and conclusion

Many studies have shown that CTX activate the immune response by
inducing immunogenic cell death (ICD) of the tumor cells, and we
observed similar results in this work. The ICD caused by CTX injected at
the tumor site provided an initial personalized antigen for immuno-
therapy, which caused the proliferation and activation of T lymphocytes
(Figs. 1 and 2) [25,48]. However, effective immunogenicity requires
sufficient tumor cells killed by high dose CTX to produce a large number
of antigens [49]. A higher concentration of CTX has greater side effects
and has limited antitumor effects due to its rapid clearance. Facts have
proved that our PLEL hydrogel has overcome these limitations very well.
After the CTX-containing PLEL preparation was injected into the tumor
site, it formed a gel at body temperature and released CTX continuously
and slowly, avoiding the rapid clearance of CTX and reducing systemic
toxicity (Fig. 3). As shown in Fig. 3c, more than 60% of CTX was released
on day 1 and the release rate was the highest. According to our previous
studies and related literatures [50,51], the possible mechanism of PLEL
releasing CTX is mainly diffusion, and drug release due to hydrogel
degradation may occur in the later stage. Moreover, the tumor site
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formed a source for the release of personalized tumor-related antigens,
and anti-tumor immunity is primed. The dendritic cells after identifying
and ingesting the personalized tumor antigens in the first step were
further recruited and activated by the subsequent PLEL hydrogel tumor
lysates vaccine. Then the activated dendritic cells play a key role in the
early stage of the immune cycle, which in turn induces the subsequent
powerful CTL anti-tumor immunity (Figs. 4-6). The PLEL-assisted tumor
lysate vaccine not only continued the advantages of tumor lysate that is
cheap, safe, and contains all tumor antigens but also avoided the rapid
degradation of antigens and adjuvants in vivo. At the same time, it
formed a local repository of antigens and adjuvants, slowly releasing
danger signals to sustainedly activate antigen-presenting cells. Thus, our
PLEL hydrogel played a key role in the overall combination therapy
strategy, further demonstrating the great potential of PLEL as a good
drug carrier.

In clinical research, rhythmic chemotherapy combined with ICB
required multiple injections of chemotherapeutics or ICB [52], while our
PLEL-assisted combination therapy strategy only required one injection
of CTX and hydrogel vaccines, respectively, to achieve a good tumor
inhibition effect and even generate a lasting immune memory response
against recurrent tumors (Fig. 7). This strategy used CTX to generate
personalized tumor antigens to initiate the immune response then used
tumor lysates vaccine containing tumor-associated antigens (TAAs) and
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neoantigens to enhance the immune response, coupled with PLEL
hydrogel to form effective tumor suppression, improve survival rate and
reduce the recurrence rate. Fig. 3c showed that more than 80% of CTX
was released on day 3, meaning that most CTX was released to kill tumor
cells to produce sufficient antigens, at which point hydrogel vaccine
injection could further promote anti-tumor immunity. For this reason,
we chose vaccination three days later. Of course, in future research, it is
possible to screen for optimal injection intervals to find that which in-
duces the strongest immune response. Unlike ICB-induced non--
tumor-specific =~ immune responses, this tumor-vaccine-based
chemotherapeutic immunotherapy triggered tumor-specific immune
effects, similar to the personalized cancer vaccine whose preparation
process has been simplified. Moreover, unlike traditional DC vaccines
[53], the immune adjuvant used in this system was essential to greatly
enhance the tumor-specific immune response based on dendritic cells. In
a word, it could serve as a powerful cancer immunotherapy strategy
worthy of promotion, providing an important reference for clinical
chemotherapy and immunotherapy combination.

Targeted vaccines against patient-specific TAAs, namely neo-
antigens, were a promising strategy for generating patient-specific
strong immune responses [54]. However, this strategy required sam-
pling, sequencing, predicting immunogenic mutations, and synthesizing
antigens from the patient’s tumor before treatment to produce a
personalized vaccine for the patient, which had caused huge financial
expenditure and technical complexity [55]. In our work, the antigens
generated after ICD caused by CTX was directly derived from the
tumor-bearing mice. Moreover, the tumor lysates used were prepared
from tumor cells consistent with the established tumor type, and clini-
cally tumor lysates could also be prepared from the patient’s own sur-
gically removed tumor, thus avoiding the complexity of vaccine
preparation and reducing unnecessary financial costs. Additionally, this
treatment strategy could also be applied to other tumors besides CT26,
such as 4T1 breast cancer, and be combined with other immunother-
apies such as ICB, and the specific regimen needs further research.

In short, we designed a simple PLEL hydrogel-based treatment
strategy for the combination of chemotherapy and cancer vaccine. A
mixture of PLEL hydrogel and CTX was injected into the tumor site to
cause ICD to prime immunotherapy, and then the tumor lysates, adju-
vant CpG, and PLEL were simply mixed and injected into the groins to
further boost immunotherapy. We demonstrated its effective tumor
suppression function and ability to cause a cytotoxic T lymphocyte (CTL)
mediated immune response. This immunotherapy strategy based on
PLEL hydrogel had the characteristics of simple and easy-to-operate, and
at the same time, it could cause a long-lasting immune memory response
to prevent tumor recurrence and distant tumor growth, which was
beneficial to promote the commercial production of cancer vaccines and
clinical combination applications of chemotherapy and cancer vaccines.
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