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In recent years, Non-Hodgkin lymphoma (NHL) has been one of the most fast-growing malignant tumor diseases.
NHL poses severe damages to physical health and a heavy burden to patients. Traditional therapies (che-
motherapy or radiotherapy) bring some benefit to patients, but have severe adverse effects and do not prevent
relapse. The relevance of emerging immunotherapy options (immune-checkpoint blockers or adoptive cellular
methods) for NHL remains uncertain, and more intensive evaluations are needed. In this work, inspired by the
idea of vaccination to promote an immune response to destroy tumors, we used a biomaterial-based strategy to
improve a tumor cell-based vaccine and constructed a novel vaccine named Man-EG7/CH@CpG with antitumor
properties. In this vaccine, natural tumor cells are used as a vector to load CpG-ODN, and following lethal
irradiation, the formulations were decorated with mannose. The study of the characterization of the double-
improved vaccine evidenced the enhanced ability of DCs targeting and improved immunocompetence, which
displayed an antitumor function.

In the lymphoma prevention model, the Man-EG7/CH@CpG vaccine restrained tumor formation with high
efficiency. Furthermore, unlike the non-improved vaccine, the double-improved vaccine elicited an enhanced
antitumor effect in the lymphoma treatment model. Next, to improve the moderate therapeutic effect of the
mono-treatment method, we incorporated a chemotherapeutic drug (doxorubicin, DOX) into the process of
vaccination and devised a combination regimen. Fortunately, a tumor inhibition rate of ~85% was achieved via
the combination therapy, which could not be achieved by mono-chemotherapy or mono-immunotherapy. In
summary, the strategy presented here may provide a novel direction in the establishment of a tumor vaccine and
is the basis for a prioritization scheme of immuno-chemotherapy in enhancing the therapeutic effect on NHL.

1. Introduction However, the side effects caused by these methods, which brings ad-

ditional trouble to patients. Meanwhile, challenges of drug resistance,

Non-Hodgkin lymphoma (NHL) is a kind of malignant tumor disease
that originates in the lymphoid and hematopoietic system. In recent
years, due to an increasingly aging population and changes in people's
lifestyle, the morbidity and mortality of NHL have increased promptly
[1,2]. According to statistics, the NHL is one of the ten leading cancer
types, which globally caused more than 488,000 new cancer cases and
249,000 deaths in 2017. The incidence of NHL has increased by 39%
since 2007, and younger people are starting to be affected, making NHL
a significant threat to the public health and social development [3,4]. It
has been traditionally treated by chemotherapy or radiotherapy [5].
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relapse, and others compromise to a large extent the NHL therapy
[6-9]. Thus, new solutions are urgently required.

Cancer immunotherapy, which harnesses the delicate specificity of
the immune system to destroy tumors, has been attempted and devel-
oped for more than a century [10-13]. Following the development of
oncology and immunology as sciences, the complexity of immune
therapeutics in the immune system is exemplified by the myriad of
ongoing investigations taking place in parallel [14]. Some immune
therapeutics have been approved by the FDA and were successfully
used in the clinic [15,16]. The representative immuno-therapeutic drug
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of NHL is rituximab, which targets the marker of CD20 of lymphoma
cells. The rituximab plus CHOP (a chemotherapy program) combination
(R-CHOP) regimen indeed improved long-term outcomes of patients
and has been used as the first-line treatment for many patients [16].
However, problems associated with chemotherapeutic drugs remain,
namely the poor targeting capability and severe side effects, which
result in a modest curative effect and harmful organism adaptation.
ICBs (Immune-Checkpoint Blockers) has recently emerged, and also
utilized to treat NHL patients. Still, its efficacy should be further eval-
uated [17]. Adoptive cellular therapy (ACT) is another immunotherapy
strategy [18]. For certain NHLs, ACT-based therapies are available for
precise targeting in several individuals. However, the severe adverse
effects due to cytokine release syndrome (CRS) or others restricts the
application of these therapies [19]. Given the shortcomings of tradi-
tional and emerging treatment options, improved methods are urgently
needed to tackle NHL.

In contrast to the above strategies, tumor vaccines, which are de-
signed to expand tumor-specific T-cell responses through enhanced
active immunization, have long been anticipated as probable effective
cancer immunotherapy [20,21]. The antigen categories of the tumor
vaccines are varied [22,23], among which, whole tumor cell-based
vaccines have been employed in numerous studies over the past decade,
which can offer several advantages over subunit and peptide vaccines
[24,25], and hundreds of them were tested in clinical trials to date
[26-28]. Repeated freeze-thaw and irradiation methods are commonly
used to prepare whole tumor cell vaccines [29]. In particular, the ir-
radiation method, which can induce immunogenic cell death (ICD) to
produce numerous antigens to activate the antitumor effect, is widely
adopted [30]. Although the polyclonal immune response with the ex-
pansion of individual antigen-specific T cells is primed via tumor cell
vaccines, most of the responses elicited by a mixture of self-antigens
and non-self-antigens may not reach the threshold for the number of
anticancer T cells needed, and adversely side effects may appear after
the administrations [31]. Optimizations have been tried, such as ge-
netically modifying tumor cells to produce cytokines (GM-CSF, TGF-f3,
and so on), which enhanced the stimulation of antitumor response or
relieved the immunosuppressive effect [32,33]. In addition, biomater-
ials with good biocompatibility have been recently developed to de-
livery therapeutics [34-40], which can be flexibly designed to meet the
modification needs of vaccines to enhance antitumor immune activity
[41-43]. Unfortunately, these optimizations cannot solve the existing
challenges substantially, and multi-treatments provide new directions
of lymphomas’ therapy potentially. Traditional tumor cell vaccines
have a low DC-targeting effect, which generates a weak immune re-
sponse and poor tumor-resist effect [44]. Therefore, the antigen im-
munogenicity of tumor cell vaccine, and the function of a DC-targeting
vaccine should be improved.

Hence, in this work, CpG compounding, DC targeting by a double-
improved vaccine, and a chemotherapeutic agent combination system
was established by modifying the tumor cells to improve their im-
munocompetence using chemotherapeutics, thus uniting im-
munotherapy and chemotherapy against lymphoma (Scheme 1). First,
we have condensed the CpG-ODN adjuvant via chitosan, which is de-
rived from chitin and was approved by the FDA to deliver antigens or
adjuvants [45,46]. Furthermore, we prepared formulations by in-
troducing a chitosan-coated CpG complex (CH@CpG) to EG7 cells. CpG-
ODN is ubiquitous in the bacterial genome but is not present in the
invertebrate genome. It can prompt the body to produce a defense effect
and activate the immune response, making it an ideal adjuvant [47,48].
Efficient antigen delivery to DCs is a prerequisite for an antitumor
immune response [44]. Avrameas et al. found that many lectin-like
receptors exist on the surface of DCs, which can phagocytize mannose
effectively via a binding reaction [49,50]. Next, after lethal irradiation
to ease the EG7/CH@CpG formulation, the formulation was further
modified with DSPE-PEG-Mannose ligand to targeting DCs [51,52].
Eventually, a double-improved vaccine of Man-EG7/CH@CpG was

698

Bioactive Materials 6 (2021) 697-711

constructed and shown to have improved immunocompetence and en-
hanced targeting effect. The vaccine of Man-EG7/CH@CpG effectively
inhibited tumor formation in the lymphoma prevention model and
decreased tumor growth in the lymphoma treatment model compared
with traditional tumor cell vaccines. Furthermore, numerous studies
have indicated that it is challenging for a mono-treatment to achieve
the antitumor effect threshold [53,54]. Although side effects existed,
chemotherapeutic drugs (e.g. doxorubicin) are still widely applied in
multi-subtypes of lymphoma in clinical settings, which can inhibit
tumor growth to some extend [2]. Therefore, based on the treatment of
a murine lymphoma model with the Man-EG7/CH@CpG vaccine, we
added a chemotherapy drug (doxorubicin, DOX). We developed a
combined regimen, expecting to destroy tumors as efficiently as pos-
sible. A synergistic therapeutic effect was observed that significantly
boosted tumor suppression compared with mono-chemotherapy or
mono-immunotherapy. Our work offered a simple immunotherapy and
chemotherapy combined strategy to enhance the immunocompetence
of vaccines by targeting modified and adjuvant compounds and im-
prove the little relief of chemotherapy via a synergistic multi-ther-
apeutic effect. This work lays the foundation for the design of potential
novel strategies to expand the curative effect of immuno-chemotherapy
to NHL.

2. Materials and methods
2.1. Materials

Chitosan was purchased from Sigma-Aldrich
(catalog:448869,50000-190000Da,75-85% deacetylation, Saint Louis,
USA). CpG-ODN (phosphorothioate modified, TCCATGACGTTCCTGAC
GTT) and doxorubicin hydrochloride (DOX) were purchased from
Sangon Biotech (Shanghai) Co., Ltd. DSPE-PEG-FITC and DSPE-PEG-
Mannose were purchased from Xian ruixi Biological Technology Co.,
Ltd. Roswell Park Memorial Institute medium (RPMI-1640), Dulbecco's
modified Eagle's medium (DMEM), penicillin-streptomycin liquid
(100X), and fetal bovine serum (FBS) were purchased from HyClone
(Logan, USA). Murine GM-CSF was purchased from peprotech (USA).
PrimeScript™ RT reagent Kit was purchased from TaKaRa (Japan).
iTaq™ Universal SYBR® Green Supermix was purchased from BIO-RAD
(USA). CFDA SE Cell Proliferation Assay and Tracking Kit was pur-
chased from Beyotime (Shanghai). F4/80-FITC monoclonal antibody
(catalog:123107, clone:BM8) and CD3-PE monoclonal antibody (cat-
alog:100205, clone:17A2) were purchased from BioLegend (USA). CD3-
FITC monoclonal antibody (catalog:555274,clone:17A2), CD4-APC
monoclonal antibody (catalog:553051,clone:RM4-5), CD8a-APC
monoclonal antibody (catalog:553053,clone:53-6.7), Foxp3-PE mono-
clonal antibody (catalog:563101,clone:R16-715), IFNy-PE monoclonal
antibody (catalog:554412,clone:XMG1.2), CD11c-FITC monoclonal
antibody (catalog:553801,clone:HL3), CD80-PE monoclonal antibody
(catalog:553769,clone:16-10A1) and CD86-APC monoclonal antibody
(catalog:558703,clone:GL1) monoclonal antibody for flow cytometry
and immunofluorescence were all purchased from BD Biosciences
(USA).

2.2. Cell culture

EG7-OVA cells were originally obtained from American Type
Culture Collection (Rockville, MD) and were respectively cultured in
RPMI-1640 and DMEM media containing 10% FBS, penicillin (100 U/
mL), and streptomycin (100 mg/mL). The cell cultures were maintained
in an incubator at 37 °C with a humidified 5% CO2 atmosphere.

2.3. Animals

Six to eight weeks old female C57BL/6 mice were purchased from
HFK Bioscience Co., Ltd. (Beijing, China) and kept under specific
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Scheme 1. Schematic view of Man-EG7/CH@CpG vaccine combination with DOX drugs in lymphoma therapy.

pathogen free (SPF) condition with free access to standard food and
water. All animal procedures were performed following the protocols
approved by the Institutional Animal Care and Treatment Committee of
Sichuan University (Chengdu, P. R. China).

2.4. Preparation of man-EG7/CH@CpG vaccine

The CpG-ODN binding ability of chitosan was evaluated by agarose-
retarding assay: 1 pg of CpG-ODN was separately mixed with different
mass ratios (chitosan: CpG-ODN = 0.5:1, 1:1, 2:1, 4:1, 5:1, 8:1) of
chitosan. Electrophoresis was then performed on a 1% (w/v) agarose
gel for 15 min at 120 V, which was stained with Gelred. Gels were
visualized and imaged using ChemiDoc Imagers.

EG7-OVA cells were seeded into a 6-well plate at a density of
1 x 10° cells per well 24 h before transfection. CY5 labeled CpG-ODN
(CpG-ODN®Y5, Sangon Biotech, Shanghai) was purchased as a visua-
lized reporter to test the uptake efficiency. The mass ratio of chitosan
and CpG-ODN(4 pg/mL) to 5:1 was incubated in RPMI-1640 medium
(serum-free) for 15-30 min at normal temperature, then sprinkled into
the cultured tumor cells. DOTAP/CpG (5:1, mass ratio) or Lipo3K/CpG
(5:1, mass ratio) complex with an equal amount of CpG-ODN was used
as control. Pictures of each well were taken under a microscope, and the
transfection efficiency was determined by flow cytometry after 12 h
(NovoCyte Flow Cytometer, ACEA Biosciences, USA). The EG7/
Chitosan/CpG complex was inactivated at lethally irradiated (150 Gy)
conditions using an RS-2000 irradiation equipment (Rad Source
Technologies, USA). Next, DSPE-PEG-Mannose(50 pg/ml) was mixed
with the inactivated modification tumor cells, which were absorbed
with adjuvant for 24 h at 37 temperature. This prepared formulation
was labeled as Man-EG7/CH@CpG.

2.5. BMDC's uptake of man-EG7/CH@CpG vaccine in vitro

FITC labeled CpG-ODN (CpG-ODNF™, Sangon Biotech, Shanghai)
was purchased to establish a vaccine to test the uptake efficiency. The
induction method of bone marrow-derived dendritic cells (BMDCs) was
described in a previous study [55]. After the process of BMDC
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induction, these cells were used for the next experiment directly.
BMDCs were seeded in 24-well plates at a density of 1 x 10° cells per
well 24 h before uptake. For uptake experiments, the prepared Man-
EG7/CH@CpG ™€ (1 x 10°) was added to the cultured BMDCs. BMDCs
mixed with an equal amount of EG7/CH@CpG™™¢ were used as con-
trols. 24 Hours later, pictures of wells were taken under a microscope,
and the uptake efficiency was further detected using flow cytometry
(NovoCyte Flow Cytometer, ACEA Biosciences, USA).

2.6. Mature assay of BMDCs after vaccine stimulations

The induced BMDCs were seeded into a 6-well plate at a density of
5 x 10° cells per well 24 h before stimulation. Then, the Man-EG7/
CH@CpG (5 x 10°) was added. Simultaneously, CpG, CH@CpG, EG7,
and EG7/CH@CpG (containing the same amount of CpG or cells) were
separately added and used as controls. 24 h post-stimulation, BMDCs
were collected and co-stained with FITC-conjugated CD11c, PE-con-
jugated CD80, and APC-conjugated CD86 antibodies for 30 min at 4 °C
and then analyzed by flow cytometry (NovoCyte Flow Cytometer, ACEA
Biosciences, USA).

2.7. Activation assays of BMDCs after vaccine stimulation

Cytokine secretion patterns reflect the activation BMDCs, and qPCR
(Quantitative Real-time PCR) was employed to measure the mRNA
expression level of cytokines in BMDCs. In this study, BMDCs were first
seeded into a 6-well plate at a density of 1 x 10° cells per well 24 h
before stimulation. The Man-EG7/CH@CpG (1 x 10°) was added to
wells. Equal amounts of EG7/CH@CpG were added into the corre-
sponding wells and acted as controls. BMDCs were harvested after 24 h,
and RNA was isolated and reverse transcribed to c¢cDNA by a
PrimeScript™ RT reagent kit (Takara, Japan). Next, qPCR amplification
for related primers was performed using iTaqTM Universal SYBR@
Green Supermix (Bio-Rad) and CFX96 Real-Time PCR Detection System
(Bio-Rad). All primers are shown in Supplementary Table 1.
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2.8. Targeting assay of the vaccine in vivo

CY5 labeled CpG-ODN (CpG-ODN, Sangon Biotech, Shanghai) was
used to produce Man-EG7/CH@CpG and EG7/CH@CpG. C57BL/6 mice
were subcutaneously injected with Man-EG7/CH@CpG (2 x 10°) or
EG7/CH@CpG (2 X 10%). Mice without immunization were used as
controls. Mice were sacrificed to detect the targeting efficiency at dif-
ferent time points (3 h and 6 h). In lymph node uptake detection, lymph
nodes from the subcutaneous model were minced into small pieces to
release immune cells; the obtained cells were next analyzed by flow
cytometry. For DCs or macrophage uptake detection, the collected
immune cells were first stained with FITC-conjugated CD11c or FITC-
conjugated F4/80 antibody for 30 min at 4 °C, then analyzed by flow
cytometry (NovoCyte Flow Cytometer, ACEA Biosciences, USA).

2.9. Activation assays of the vaccine in vivo

For the detection of the vaccine in vivo, female C57BL/6 mice (6-8
weeks old) were subcutaneously injected with EG7, EG7/CH@CpG,
Man-EG7/CH@CpG, and CH@CpG (on days 0, 7, and 14), and the
vaccine of each group contained equal amount of CpG(4 pug/mL) or cells
(2 x 10°). Mice injected with PBS were used as controls (NS group, four
mice per group). One week after the third injection, murine spleen
lymphocytes in each group were isolated and marked by CFSE for
30 min at 37 °C. After that, lymphocytes in the different groups were
seeded in a 96-well plate at a density of 1 x 10° cells per well and then
stimulated by lethally irradiated EG7 cells (1 x 10°) for four days.
Lymphocytes without any stimulation were used as controls.
Eventually, lymphocytes were collected in tubes, stained with PE-con-
jugated CD3 antibody, and measured by flow cytometry (NovoCyte
Flow Cytometer, ACEA Biosciences, USA).

2.10. Antitumor performance in vivo

In the tumor-prevention model, female C57BL/6 mice (6-8 weeks
old) were first injected with a different vaccine, which was mentioned
in the assay of biological activation above. One week after the last in-
jection, high survival EG7 cells (1 x 10°) were inoculated on the back
of mice. 18 Days later, mice were sacrificed, tumors were photographed
and weighted, and lymph nodes were also harvested and photographed.
The tumor formation situation of each group was measured every day.

For the tumor subcutaneous treatment model, female C57BL/6 mice
(6-8 weeks old) were inoculated with 1 x 10° EG7 cells on day 0. On
day 3, mice were randomly divided into five groups (4 mice per group)
and injected with PBS (NS), CH@CpG, EG7, EG7/CH@CpG, and Man-
EG7/CH@CpG for three treatments (seven weeks apart in each injec-
tion), which was consistent in the assay of biological activation above.
On day 22, all mice were sacrificed, and tumors and immune organs
(spleens and lymph nodes) were photographed and weighed. The tumor
volume and bodyweight of mice were measured every other day; the
relative tumor volume was calculated using the formula: 0.5 X length
(mm) X width? (mm?).

2.11. Evaluation of in vivo tumor growth inhibition of combined therapy
strategies

C57BL/6 mice (female, 6-8 weeks old) were first subcutaneously
injected with 1 x 10° EG7 on the back. Three days later, the mice were
randomly divided into six groups (4 mice per group) and injected with
PBS (NS), CH@CpG, EG7, EG7/CH@CpG, or Man-EG7/CH@CpG on the
back (one week apart in each injection, three times), which was con-
sistent in the assay of biological activation above. After 4 days of the
first immune treatment, DOX (1.5 mg/kg) was intravenously injected
into the tail vein (one week apart in each injection, three times). The
dosing intervals of which is also widely adopted in previous study
[56-59]. Mice treated with DOX only were used as positive controls.
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For tumor volume detection, tumors were measured every other day,
and the relative tumor volume was calculated according to the fol-
lowing formula: 0.5 X length (mm) X width? (mm?). On day 25, mice
were sacrificed, tumors were weighed, and the main organs were col-
lected for further analysis. For the survival model, mice were treated
via same administration method, but instead of sacrificing the animals
on day 25, they underwent daily observation on 45 days.

2.12. Flow cytometry assay of lymphocytes of immune organs

Lymphocytes of spleens and lymph nodes from the combined
therapy mouse model were collected separately, with FITC-CD3, APC-
CD8, and PE-IFNy antibodies to detect the number of cytotoxic T cells,
and co-stained with FITC-CD3, APC-CD4, and PE-Foxp3 antibodies to
identify the number of Tregs cells via flow cytometry (NovoCyte Flow
Cytometer, ACEA Biosciences, USA).

2.13. Histological analysis

Tumor tissue and main organs were harvested from in vivo ex-
periments and embedded in paraffin. For the assay of tumor immune
infiltration, tumor sections were prepared, blocked, and subsequently
incubated with FITC-CD3 and PE-CD8 antibodies at 4 °C for 30 min.
4’,6-diamidino-2-phenylindole (DAPI) was stained next for 10 min at
room temperature as the nuclear counterstain. The fluorescent image
was visualized and captured by a fluorescence microscope (Olympus,
Japan). Besides, the main organ tissue sections were subjected to he-
matoxylin-eosin (HE) staining to detect the toxicity of the combined
therapy.

2.14. Statistical analysis

Data were expressed as means with 95% confidence intervals.
Statistical analysis was performed using a two-tailed Student's t-test or
one-way analysis of variance (ANOVA) using Prism 5.0c Software
(GraphPad Software, La Jolla, CA). For all results, a statistically sig-
nificant difference was defined by a value of * P < 0.05, **P < 0.01,
***p < 0.001.

3. Results

3.1. Fabrication of tumor cell-based double-improved man-EG7/CH@CpG
vaccine

In our study, chitosan was used to load and deliver CpG-ODN
(Fig. 1A, up). To evaluate the combination ability of chitosan with CpG-
ODN, a gel-retarding assay was performed. As shown in Fig. 1B, when
the mass ratio of chitosan: CpG-ODN was 5:1, no bright nucleotide band
could be observed, suggesting that the CpG-ODN nucleotide was com-
pletely loaded by chitosan through an interacting effect and formed a
CH@CpG complex. Besides, the transfection status of tumor cells was
also shown to be efficient (Supplementary Fig. 1). This ratio (chitosan:
CpG-ODN = 5:1) was therefore chosen for the following application in
our study. We further optimized the concentration of CpG-ODN, and
detected the transfection effciency with DOTAP or Lipo3K in vitro
(Supplementary Fig. 2). According to our results, the delivery efficiency
of CpG-ODN to tumor cells can be up to 90% under CpG = 4 pg/mL
condition with chitosan loaded. The devised cell-adjuvant complex
(EG7/CH@CpG) was next lethally irradiated (Fig. 1A, middle) and
decorated with mannose (Fig. 1A, down). We detected the situation of
lethally irradiated EG7/CH@CpG formulations (Supplementary Fig. 3)
and optimized the concentration of DSPE-PEG-Mannose
(Supplementary Fig. 4, 50 pg/mL). The assay of colocalization was
chosen to verify the CH@CpG uptake and efficiency of the ligand
decoration of tumor cells. To track these processes, CY5-conjugated
CpG-ODN and DSPE-PEG-FITC were used. According to our results, at
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24 h post-dual-ameliorating decoration, significant green-red fluores-
cence was observed in fluorescent images (Fig. 1C), and colocalization
efficiencies of > 80% were detected further (Fig. 1D). It is worth noting
that lethal irradiation by X rays (RS-2000) was added for inactivation
after the CH@CpG was absorbed into tumor cells.

3.2. Uptake characterization of man-EG7/CH@CpG vaccine by BMDCs

Next, we tested the uptake efficiency after targeting ligand dec-
oration of EG7/CH@CpG formulation. We first extracted and induced
primary BMDCs mixed with or without mannose-binding (FITC labeled
CpG-ODN) formulations and then detected the uptake characterization
of them. The results of all EG7/CH@CpG contained formulations, Man-
EG7/CH@CpG formulations showed the best absorption into BMDCs on
the whole; some BMDCs were even able to ingest multi-formulations
when the EG7/CH@CpG was decorated with mannose (Fig. 2B). The
Man-EG7/CH@CpG uptake by BMDC efficiency was > 75%, which is
almost 10% Points more than the uptake efficiency of EG7/CH@CpG
(Fig. 2C and D), and a significant increase in mean fluorescence in-
tensity (MFI) of Man-EG7/CH@CpG was also observed (P < 0.001)
(Fig. 2E). These data indicate that the mannose binding to EG7/
CH@CpG formulations improves the targeting of APCs (Fig. 2A).

3.3. Man-EG7/CH@CpG vaccine promotes BMDC's maturation and
increases cytokine secreting in vitro

We used the vaccine that involves CpG-ODN (TLR9 ligand), DSPE-
PEG-Mannose (APCs targeting ligand), and lethally irradiated EG7
(tumor-specific antigens) to activate BMDCs, which may generate
tumor-specific cytotoxicity killing via multiple pathways. According to
our results, Man-EG7/CH@CpG indeed increased the abundance of
CD11c*CD80"CD86 " DCs (matured DCs), when compared with other
formulations (Fig. 3A), and the matured population rate of stimulated
DCs reached 55%, which was nearly 30% Points higher than stimula-
tion before (Fig. 3B). The function of DCs mainly depends on the se-
creting of cytokines [60]. Next, we tested whether EG7/CH@CpG or
Man-EG7/CH@CpG formulations could stimulate DCs to produce
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cytokines. In our qPCR results (Fig. 3C-F), the test groups significantly
increased the mRNA expression levels of TNFa, IFNa4, IFNJ, and IFNy,
which were at least tenfold higher than those in the unstimulated
groups (P < 0.05). Compared with the vaccine without mannose
binding, the mRNA expression levels of IFNa, IFN, IFNy, and TNFa in
the Man-EG7/CH@CpG stimulation group were higher. However, no
significant difference was found between the two groups. Our results
indicate that the double-improved vaccine efficiently promotes the
maturation of DCs and stimulates the secretion of cytokines of DCs,
which may activate the immune response to inhibit the growth of tumor
cells in vivo.

3.4. In vivo APC targeting of man-EG7/CH@CpG vaccine

To investigate the APC targeting effect, Man-EG7/CH@CpG was
administered by subcutaneous injection at the back site of mice. We
selected the injection site because it is also the preferred injection route
in the tumor treatment model that we will later use. For convenient
detection, CpG-ODN was labeled with CY5 fluorochrome. The results
showed the lymph node targeting fluorescence uptake signals corre-
sponding to EG7/CH@CpG and Man-EG7/CH@CpG treatment groups
at designated time points in which the rate of CY5 positive cells of the
Man-EG7/CH@CpG vaccine group was nearly twofold higher than that
in the EG7/CH@CpG vaccine group (Fig. 4A and B). The MFI was also
quantified and is presented in Fig. 4C; the intensity of mean fluores-
cence was significantly increased in the Man-EG7/CH@CpG vaccine
group.

Lymph nodes are an essential immune organ of the bodys; it is ne-
cessary that the antigen-presenting cells in lymph nodes uptake and
process antigens efficiently for initiating an immune response to tumor
cells [61,62]. Therefore, the detached cells were stained with fluor-
escent-tagged CD11c or F4/80 antibody and analyzed further. In con-
trast to the non-improved vaccine group, a robust uptake rate was de-
tected in DCs (Fig. 4D), and a higher accumulation rate in macrophages
was observed at 3 h or 6 h after injection (Fig. 4E). The uptake rate of
the EG7/CH@CpG vaccine by APCs was just about half that of the Man-
EG7/CH@CpG vaccine. Mannose is the active ligand of lectin receptors
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Fig. 2. Uptake characterization of vaccine via BMDCs. (A) Schematic view of the uptake of vaccine via DCs. (B) Fluorescence assay of uptake efficiency by BMDCs of
double-improved vaccine (scale bar, 100 um). (C) Flow cytometry detection of uptake efficiency of Man-EG7/CH@CpG by BMDCs. (D, E) Statistics of BMDCs' uptake

efficiency of mono- or double-improved vaccine via flow cytometry detection. The results are shown as mean

group by two-tailed Student's t-test.

on the surface of APCs (DCs), and the results in our assay implied that
interstitial DCs might capture the mannose-binding Man-EG7/CH@CpG
vaccine DCs and indirectly enter the lymph node or are directly taken
by resident DCs in the lymph nodes, which results in an enhanced
immune response [50].

3.5. Man-EG7/CH@CpG vaccine promotes endogenous lymphocyte
proliferation in vitro and effectively prevents EG7 tumor formation

To detect the immune activation of Man-EG7/CH@CpG, the pro-
liferation of the lymphocytes from the vaccinated mice was tested in
vitro via CFSE labeling method. The population of CD3*CFSE™ T cells,
which represents the activated T lymphocytes, was analyzed. The rate
of proliferation of T cells was significantly enhanced by Man-EG7/
CH@CpG immunization compared to the control. Importantly,
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SEM, ***P < 0.001 compared to the related control

compared with EG7 or CH@CpG vaccination group, T cells of the Man-
EG7/CH@CpG group proliferated twofold more after stimulation by
antigen in vitro (Fig. 5E). To further examine the antitumor function of
the Man-EG7/CH@CpG vaccine, we used a lymphoma prevention
model (Fig. 5A). Mice were immunized with PBS, CH@CpG, EG7, EG7/
CH@CpG, or Man-EG7/CH@Cp three times, and then 1 x 10° EG7
cells were inoculated on the back of mice after 7 days. To calculate the
tumor formation rate of different treatment groups, mice were observed
daily. Six days after inoculation, tumors were formed in all animals of
the PBS group, and the percentages of mice with tumors were 75%,
25%, and 0% in the CH@CpG, EG7/CH@CpG, and Man-EG7/CH@CpG
groups, respectively. Following with the progress of tumor growth, all
mice of the CH@CpG group formed tumors sixteen days after inocula-
tion and 75% of the mice in the EG7 group established tumors eighteen
days after inoculation, and for the EG7/CH@CpG group, tumor
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Fig. 3. Man-EG7/CH@CpG vaccine efficiently activates BMDCs in vitro. (A) Mature situations of BMDCs in different stimulation conditions. (B) Statistics of mature
efficiency after the different stimulations. (C) The mRNA expression of cytokine of tumor necrosis factor (TNFa) was detected by a qPCR assay. (D-F) The mRNA
expression of interferons (IFNa4, IFNB, and IFNy) was detected by qPCR. The results are shown as mean + SEM, *P < 0.5, **P < 0.01.

formation stayed at 25% rate. It is encouraging that we did not find
tumors in the Man-EG7/CH@CpG treatment group during the ob-
servation period (Supplementary Fig. 5), which indicates a potential
antitumor effect for the therapy in the murine model. Eighteen days
after inoculation, mice were sacrificed for further management, and the
results of tumor formation and growth were consistent with the tumor
formation rate assay (Fig. 5B and C). As significant immune cells (DC or
T cell) are located in lymph node, studies have revealed that immune
cells in lymph node may be proliferated and activated following with
the effective uptake of vaccine, and intense immune response in which
may enlarge the lymph nodes of mice [63-65]. We preliminarily de-
tected the immune response in mice, especially in the lymph nodes
(lymph nodes of mice in each group were detached, and the re-
presentative lymph nodes were captured and are presented in Fig. 5D).
Compared with the EG7/CH@CpG group, the size of the lymph nodes in
the Man-EG7/CH@CpG group has nearly doubled, frozen sections of
lymph nodes stained with DAPI also confirmed this result.
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3.6. Man-EG7/CH@CpG vaccine can inhibit and delay tumor growth in the
lymphoma treatment model

Next, we examined the antitumor effect of Man-EG7/CH@CpG and
the protocol is shown in Fig. 6A. Twenty-two days after inoculation,
mice were sacrificed, and tumors were separated for further analysis.
Tumors in the CH@CpG and EG7 treatment groups were almost the
same as in the PBS group. Tumors of the EG7/CH@CpG treatment
group decreased a little, and in the Man-EG7/CH@CpG treatment
group, tumors effectively diminished (Fig. 6C). Except for the Man-
EG7/CH@CpG vaccine treatment, no significant difference in tumor
growth volumes was observed between the control group and other
treatment groups (Fig. 6B). The results of tumor weight showed that the
tumor inhibition rate in Man-EG7/CH@CpG treatment could reach
66%, which was consistent with tumor growth curves (Fig. 6D). Our
results indicate that vaccines based on whole tumor cells can be en-
hanced by decoration with multiple molecules to improve the im-
munocompetence and effectively boost the antitumor function in vivo.
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3.7. Combined with a chemotherapeutic drug, man-EG7/CH@CpG vaccine
inhibits lymphoma growth of mice with high-efficiency

To optimize the therapeutic efficacy further, we combined che-
motherapy with the Man-EG7/CH@CpG vaccine to remarkably inhibit
tumor growth. The detailed dosage regimens are shown in the experi-
mental section (Fig. 7A). No significant difference in tumor growth was
found between PBS and DOX treatment alone; tumor growth was
slightly and equally inhibited in CH@CpG and EG7 combined with DOX
groups (Fig. 7B). In addition, for the group of EG7/CH@CpG or Man-
EG7/CH@CpG combined with DOX, tumor growth was significantly
inhibited. Compared with the EG7/CH@CpG-DOX combination ad-
ministration, some tumors of mice in the Man-EG7/CH@CpG-DOX
combination group had indeed completely regressed, and the tumor
inhibition rate in the Man-EG7/CH@CpG-DOX treatment can reach
85% (Fig. 7C and D).The tumor growth curves of mice in each group
shown in Fig. 7E are consistent with the tumor weight result (Red da-
shed line means the average tumor volume). For the survival study in a
relatively long period, Man-EG7/CH@CpG and DOX combination group
effectively prolonged the survival of mice (nearly ten days more than
the control group, Fig. 7F). Our combination therapeutic method
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obtained a favorable antitumor effect in the lymphoma mice model,
which may offer a new therapeutic venue to treat tumors.

3.8. The combination of DOX and man-EG7/CH@CpG vaccine can trigger
the adaptive immune response and reverse the immunosuppression state

As primary cytotoxicity cells, TILs are considered a manifestation of
an antitumor reaction [66,67]. The combinations of Man-EG7/
CH@CpG and DOX showed evident antitumor efficiency in the EG7
lymphoma model. Thus, we investigated the mechanism of the anti-
tumor effect further. Immunofluorescence was used to measure the
levels of CD3 and CD8 in EG7 tumor tissue. According to our assay,
mice in the Man-EG7/CH@CpG and DOX combination group showed
more CD37CD8" cells than other groups, which indicates the activa-
tion of TILs in the tumor area (Fig. 8A). Adaptive immunity plays a vital
role in tumor immunotherapy, and for most unsuccessful im-
munotherapies, the immune microenvironment of the body is on the
suppression state [68,69]. For the assay of the immune microenviron-
ment, lymphocytes were separated from the murine spleens or lymph
nodes and co-stained with CD3, CD4, and FOXP3 (markers of Tregs), or
CD3, CD8, and IFNy (markers of CTLs). As shown in Fig. 8B, the
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population of the CD3*CD4*FOXP3™" in Man-EG7/CH@CpG and DOX
combination group decreased nearly two-fold compared to the other
groups, which means that the combination therapy weakened the im-
munosuppression. Furthermore, the proportion of CD3*CD8*IFNy™ T
cells in the combination group increased almost two-fold compared to
the other groups. Lymphocytes separated from the murine lymph nodes
were also tested, and the observations were consistent with the role of
splenic lymphocytes (Fig. 8C). Our results suggest that the combination
of chemotherapy and immune activation contributes to the antitumor
effect and support the use of this combined therapy.

3.9. The safety evaluation of the immune-chemo combination therapy

We also preliminarily evaluated the safety of this combined anti-
tumor method. In macroscopic changes, no relevant adverse effects,
such as skin ulcerations, ruffled fur, or toxic death, were found (data
not shown). We further detected pathologic lesions in the heart, lungs,
spleen, liver, and kidneys of each group, and no microscopic toxic signs
were found (Fig. 9A), which means that no evidence for autoimmunity
was gathered. The body weight curves of the Man-EG7-CH@CpG and
DOX inoculated group were similar to those of the other groups
(Fig. 9B). Since toxicity correlates with weight loss, these data indicate
a lack of toxicity in the groups treated with the DOX drug and/or the
Man-EG7/CH@CpG vaccine. We also did not find a risk of tumor
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formation due to the Man-EG7/CH@CpG vaccine (Supplementary
Fig. 6). Our results indicate that this combination therapy is an effective
and safe lymphoma treatment method. This therapy should be further
studied and could potentially be applied in preclinical or clinical lym-
phoma research.

4. Discussion

A whole tumor cell vaccine provides a vast repertoire of antigens
released from the dying tumor cells, which could theoretically initiate
concurrent CD4 and CD8 T cells based antitumor immunity along with
antibodies related to the tumor reaction. This strategy has been studied
and applied for a long time [26,70]. Recently, a meta-analysis of nearly
200 clinical trials reported that tumor cell vaccines have higher re-
sponse rates (~8%) than subunit and peptide vaccines (~4%) [71].
However, the level of purity and content of tumor-specific antigen is
below the optimal levels to trigger a favorable antitumor effect, which
indicates that new strategies to develop tumor cell vaccines are re-
quired [31]. Feasible improvements such as genetically modifying
strategies and biomolecules or adjuvants engineering operations led to
the generation of vaccines that produce GM-CSF or TGF-f classified
cytokines spontaneously or boosted the amount of antigenic component
of the vaccine [32,33,72].

Toll-like receptor (TLR) agonists were widely used as adjuvants in
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recent years [42,73], among which, TLR9 agonists was developed
especially. Toll-like receptor 9 (TLR9) is expressed mainly on immune
cells, for example, macrophages and dendritic cells. Growing evidence
suggests that the activation of TLR9 plays a vital role in initiating the
innate immune response and inducing an adaptive immune response
[74]. The potent immune response elicited from the pathogens-derived
CpG oligonucleotide (CpG-ODN) has unambiguously revealed it as a
TLR9 ligand [47]. A cell-particle hybrid contains tumor cells, and the
TLR9 ligand was tested in low-volume melanoma and prostate cancer
disease [75]. A similar whole tumor cell vaccine for melanoma and
colon carcinoma comprised immunogenic tumor cells and TLR9 ligands
[76]. Our study, however, internalized the CpG-ODN into tumor cells,
and comprehensively specified the immunocompetence in vitro and the
antitumor efficacy in vivo. Notably, the Man-EG7/CH@CpG vaccine
that we engineered combines the tumor cell with TLR9 ligand and is
further decorated with a mannose ligand, which excited the TLR9
pathway and targeted dendritic cells for amplifying the tumor-specific
cytotoxic lymphocyte (CTL) effect. The critical design of our vaccine
revolves around the access of CpG-ODN and linkage of mannose ligand
to whole tumor cells. Our report illustrates that the chitosan-coated
CpG-ODN (CH@CpG) was easily absorbed into cells. Via affinity in-
teraction, DSPE-PEG-Mannose establishes tight links to lethally irra-
diated tumor cells. The man-EG7/CH@CpG vaccine was eventually
manufactured.

Although the immunocompetence of the whole tumor cell vaccine
was enhanced, and there was an antitumor effect, it may be too modest
against rapidly advancing and developing tumor cells. Our treatment
results may be restrictive when the vaccine is administered after three
days interval from inoculation, i.e., tumor cells may have adapted to a
new environment, and immune tolerance could be already established
at this point [77-79]. Future studies will directly test how to admin-
istrate the vaccine to enhance the cross-priming effect, which is decisive
in active immunotherapy, for example, timely administration of vaccine
(administered after one day interval from inoculation) can be adopted
[80,81]. The limitations of our report also include the lack of a me-
chanism for the increased immunocompetence of adjuvant compound
Man-EG7/CH@CpG vaccine. We speculate that our novel vaccine may
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serve as a CpG-ODN depot, and by the engagement of the DCs targeting
function, the TLRO signal pathway is activated, then it may promote the
secretion of cytokines (e.g. TNF-a, IFN-y) to prime CTLs or inhibiting
the secretion of chemokines and cytokines (e.g. CCL5, IL-6). to interfere
Tregs’ development [74,82-85]. These possible mechanisms need to be
further assayed in tumor treatment models of TLR9 gene knockout
mouse in future studies.

Numerous treatment options have been used for NHL, including
CHOP and EPOCH chemotherapy regimens, which are first-line treat-
ments. However, a weak curative effect was achieved [86]. Moreover,
in the process of rapid tumor progression, the antitumor immune re-
sponse mediated by immunotherapy only is insufficient to prevent the
highly proliferative tumor cells, which generates unsatisfactory treat-
ment results [87]. Concerning this aspect, chemotherapeutic agents can
develop a positive function, which acts as a preferred option in tumor
disease therapies [88]. Thus, the combination of the
munotherapeutic regimen with the chemotherapy administration has
been tried, and a synergistic treatment effect was already demonstrated
[89,90]. As for NHL, the strategy of anti-CD20 monoclonal antibody-
based immunotherapy combined with chemotherapy improved lym-
phoma therapy, but the promoting effect was limited [91]. Man-EG7/
CH@CpG, which was shown to have enhanced immunocompetence and
can activate a delicate antitumor response, is well suited for combina-
tion with chemotherapeutic drugs (DOX, one of the first line adopted
drugs in lymphoma treatment) to improve the lymphoma treatment
further. Recent studies have found that DOX can induce the ICD of
tumor cells to stimulate the antitumor immune function, which was
illustrated by clinical data from patients [88]. The results of the com-
bined therapy in lymphoma model are encouraging. Our future ex-
plorations will focus on the state of recurrence after combined treat-
ment and the potential significance of the combination scheme using
the improved vaccine to cure multiple tumors.

im-

5. Conclusion

In our study, we report a novel tumor cell vaccine, Man-EG7/
CH@CpG, which composed with tumor antigen, TLR9 ligand and DCs’
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Fig. 7. The combination of chemotherapeutic drug and
Man-EG7/CH@CpG vaccine induced a synergetic anti-
tumor effect in vivo. (A) Schematic diagram of the estab-
lishment of the lymphoma model and the administration of
immune-chemotherapy. (B) Tumor images of each group
harvested from animals after immuno-chemotherapy
(n = 4 for each group, a white dashed circle means the
absence of tumors). (C) Tumor volume of whole groups
versus time monitored every two days. (D) Tumor weights
of each group. (E) Tumor volume of individual groups
versus time was monitored every two days. (F) Survival
curve of different treatments in established tumors. The
group of Man-EG7/CH@CpG vaccine and DOX drug ex-
hibited an overall survival benefit. (n 4, *P < 0.05,
**p < 0.01, ***P < 0.001.).
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targeting ligand, triggers an adaptive immune response and has ex-
cellent tumor rejection ability after subcutaneous immunization in a
preventive xenograft lymphoma mouse model. Moreover, to improve
the curative effect of immunotherapy alone, we added the DOX drug by
tail vein injection during the process of vaccine administration. The
scheme evidently increased tumor inhibition rate and prolonged the
survival period of the mice. In addition, no major risks or adverse
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reactions were detected, which suggests that this treatment scheme is
safe. In summary, our findings revealed the immunocompetence of a
new vaccine, namely its antitumor effect for immunotherapy, and
highlighted the benefits of combining immunotherapy with che-
motherapy.
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Abbreviations list
NHL Non-Hodgkin lymphoma

Man DSPE-PEG-Mannose
CH@CpG chitosan-coated CpG complex

ACT adoptive cellular therapy

ICBs Immune-Checkpoint Blocker

ICD immunogenic cell death

DOX doxorubicin

CRS cytokine release syndrome

Lipo3K Lipofectamine ™ 3000

TLR toll-like receptor

DOTAP 1,2-dioleoyl-3-trimethylammonium-propane
CFSE carboxyfluorescein succinimidyl amino ester
MFI mean fluorescence intensity

CTLs cytotoxic lymphocyte

Tregs regulatory T cells

TILs tumor-infiltrating lymphocytes
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