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Enhancing breast Cancer
Immunotherapy using gold
nanoparticles carrying tumor
antigens

Mahtab Moshref Javadi?, Neda Soleimani*"* & Ashkan Zandi?**

Cancer immunotherapy combined with standard treatments could provide an effective approach to
enhancing anti-tumor responses. Activating antigen-presenting cells, such as dendritic cells (DCs),
plays a central role in generating robust anti-tumor immune responses. Freund'’s adjuvant together
with nanoparticles (NPs) and tumor antigens, promotes significant immune responses and shift
antigen-specific T-cell activity from a Th2 to a Th1 response. Herein, Freund’s adjuvant was combined
with gold nanoparticles and tumor cell lysate (TCL). The AuNPs exhibited a spherical morphology.
The in vitro release studies demonstrated a continuous and gradual release of AUNPs and TCL from
Freund’s adjuvant. The immunogenicity studies revealed high levels of cytokine secretion for IFN-y,
IL- 1, IL- 18, and TCD8+, along with reduced levels of IL- 4 cytokine in immunized mouse models

in various treatment groups. In the prophylactic group, tumor growth was delayed, while in the
therapeutic group, mouse models had more than 85% reduction within 31 days compared to the
control group. The tumor size in the combination strategies, shrank to ~86% of its first size in just 17
days after treatment, while the control group tumor size increased by approximately 52%. These data
suggest that the proposed drug system is an effective anti-tumor vaccine and also potentiate innate or
adaptive immune responses for cancer therapy.

Keywords Breast cancer, Freund’s adjuvant, Gold nanoparticles, Tumor antigens, Metronomic
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Abbreviations

CFA Complete Freund’s adjuvant
IFA Incomplete Freund’s adjuvant
AuNPs Gold nanoparticles

TCL Tumor cell lysate

CP Cyclophosphamide

Thl T helper cell type 1

Th2 T helper cell type 2

IFN-y Interferon gamma

IL-1 Interleukin-1

IL-4 Interleukin-4

IL-18 Interleukin-18

DCs Dendritic cells

NK cell Natural killer cells

SEM Scanning electron microscope
DLS Dynamic light scattering
UV-Vis Ultraviolet-visible spectroscopy
EDX Energy dispersive X-ray spectroscopy
PCR Polymerase chain reaction

H&E Hematoxylin& Eosin
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DMEM Dulbecco’s Modified Eagles Medium

FBS Fetal bovine serum
BSA Bovine serum albumin
PBS Phosphate-buffered saline

DEPC Diethylpyrocarbonate
GAPDH  Glyceraldehyde-3-Phosphate Dehydrogenase

HKG Housekeeping gene

IP Intraperitoneal injection
oD Optical density

NT Nontreatment

CT CFA-TCL

CA CFA-AuNPs

CTA CFA-TCL-AuNPs

CFA TCL-AuNPs-CP: CTA-CP

Breast cancer is the most commonly diagnosed cancer in women all over the world!. Nowadays, severe breast
cancer is not currently controlled by most conventional methods of cancer treatment (e.g. surgery, chemotherapy,
hormone therapy, and radiation therapy)?. Conventional solid tumor therapies, on the other hand, reduce
tumor size but come with a slew of drawbacks, including a low survival rate, a high chance of recurrence, and
a negative impact on patients’ lifestyles, etc®. Therefore, scientists are currently looking for alternative therapies
with low side effects?. Among the conventional methods in cancer therapy, immunotherapy has illuminated a
revolutionary way in the treatment of cancer. Inmunotherapy, at the forefront of the therapeutic approach, plays
a prominent role in strengthening particular immune responses against disseminated cancer cells’. Hence, the
immune system can recognize and respond to foreign substances, including tumor antigens. Immunotherapy
aims to enhance host immune responses to the tumor cells without impacting normal cells. Complementary
therapies aim to naturally strengthen the body’s immune system in the treatment of cancers and infections®=’.

Various immunostimulants, so-called adjuvants, can influence the immune system by increasing immunity
response. Adjuvants lead to the enhanced immunogenicity of attenuated antigens and play a critical role in
increasing the persistence of immune responses and antigen-presenting cells (APCs)!%-!2. Stimulating adjuvants
and immune boosters are classified into several main categories such as Nanoparticles, Mineral Salts, Bacterial
Components, Oily Emulsions, Immunological Adjuvants, and Mucosal Adjuvants!'>14.

Some adjuvants can produce an antigen depot effect, which might last for weeks to months, allowing a
slow and continuous release of antigens from the injection site over time!>!®. One of the microbial products
such as Complete Freund’s adjuvant (CFA), is attributed to Jules Freund in the 1950 s. The Complete Freund’s
adjuvant, water-in-oil emulsion, is composed of heat-killed Mycobacteria (M. tuberculosis), paraffin oil, and
surfactant, which is widely used to boost the immune system!”!%. These types of adjuvants can potentially affect
innate immune cells, macrophages, neutrophils, and dendritic cells. Dendritic cells are the backbone of cancer
immunotherapy by producing cytokines such as IFN-a, -f, or -y, IL- 12, and activating natural killer (NK)
cells. T lymphocytes, macrophages, and NK cells are the main parts of the immune system, which infiltrate into
the tumor environment and destroy cancer cells!*~22. Incomplete Freund’s adjuvant (IFA) contains, without the
addition of heat-killed mycobacteria, the same as Complete Freund’s adjuvant®®. Incomplete Freund’s adjuvant is
one of the most notable types of common adjuvants in cancer vaccine trials (e.g. Melanoma, kidney carcinoma,
and Multiple Sclerosis). IFA can mostly induce Th2 response. T helper 2 cells are associated with humoral
immune response. Most of the studies show that Th2 responses promote tumor angiogenesis and suppress the
cellular immune response against tumor cells. For instance, IL- 4 is a cytokine that is produced by Th2 cells
and inhibits the function of Th1 lymphocytes, and produces IFN-y, which ultimately provides the conditions
for tumor growth?. Other ingredients, such as gold nanoparticles (AuNPs), have been used as antigen
carriers?!and adjuvants in vaccine candidates®®. AuNPs are able to induce the antigen’s presentation to immune
cells effectively, and they can also penetrate various immune cells and activate the production of cytokines?*?’.
Gold nanoparticles (AuNPs) are widely utilized in vaccine development not only as antigen carriers but also
as immunostimulatory agents. Studies have shown that AuNPs can induce tumor immunogenic cell death
(ICD)?. ICD s a class of regulatory cell death that reactive the specific tumor immune response by release of
danger signals, damage-associated molecular patterns (DAMP), from dying tumor cells?®. Gold nanoparticles
can trigger immunogenic cell death by releasing the damage-associated molecular patterns, activating dendritic
cells against cancer cells, and boosting the activity of effector cells. Additionally, AuNPs can induce oxidative
stress within tumor cells, further contributing to their elimination. This process that not only helps eliminate
harmful cells but also supports the development of long-lasting adaptive immunity®’. Tumor cell lysates are
used to induce dendritic cell maturation and as a source for the delivery of all tumor-specific antigens. Many
tumor-related antigens have been identified, and some of them are used as peptide-based vaccines for cancer
immunotherapy?.

In the present study, we researched the in vitro and in vivo effects of Freund’s adjuvant along with tumor
cell lysate (TCL), AuNPs, and low-dose cyclophosphamide (CP) for stimulating the immune system, and
we analyzed the efficiency of these therapeutic approaches by measuring survival rates and rate of tumor
shrinkage in mouse models. An oxidation-reduction procedure was used to synthesize the AuNPs, and different
characterization methods, such as ultraviolet-visible spectroscopy (UV-Vis), scanning electron microscopy
(SEM), and dynamic light scattering spectroscopy (DLS) were used to optimize the synthesized AuNPs. The
tumor cell lysate was made by seven freeze-thaw cycles between — 196 °C and 37 °C and the concentration was
determined by using nanodrop spectrophotometers. The efficiency of Freund’s adjuvant in releasing AuNPs and
TCL was assayed. The administered treatments were evaluated with different methods during the animal phase
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study. Consecutive tumor volume measurements and body weights, real-time PCR (on spleen cells to assess
the cytokines™ expression), and pathological slide section (Hematoxylin and Eosin) were used to analyze the
therapeutic and prophylactic effects in the mouse model groups.

Materials and methods
All experiments and methodologies in this study were approved by the Review Board and Institutional Ethical
Committee of the Shahid Beheshti University, Tehran, Iran.

Cell culture

This research is an experimental-laboratory type. Triple-negative breast cancer mouse model cell line, 4T1,
was purchased from the Pasture Institute of Iran (National Cell Bank of Iran). 4T1 cell tumor development
and metastatic dissemination in BALB/c mouse models closely resembles human breast cancer. 4T1 cell line
was cultured in the medium containing DMEM (Sigma, Germany), supplemented with 10% fetal bovine serum
(FBS) (Gibco, Germany), penicillin 100 U/mL, streptomycin (Sigma, Germany) 100 pg/mL in an incubator at 37
°C and 5% CO,. To subculture, once the cells covered at least 70% of the container, first they were detached by
using 0.25% trypsin-EDTA (Gibco, Germany), and then 1 x 10° cells were transferred into new flasks.

Tumor cell lysate Preparation

The tumor cell lysate was prepared using the freeze-thaw cycle method®. Briefly, 4T1 cell pellets were
resuspended in ice-cold phosphate-buffered saline (PBS) (Sigma, Germany), 1x 107 cell/mL, and subjected to
7 freeze-thaw cycles of rapid freezing in liquid nitrogen (5 min) and thawing in a bain-marie at 37 °C (5 min).
Then, the lysates were centrifuged at 2000 g for 10 min to remove cellular debris. The supernatant was collected
and filtered using a 0.22 pm membrane filter to ensure sterilization. The protein concentration of tumor cell
lysates was recognized by nanodrop spectrophotometers (Thermo ND- 2000) at 280 nm.

Synthesis and characterization of AUNPs

Before the synthesis of AuNPs, all the glassware was washed with HCl or hydrochloric acid (1%) and then washed
with deionized water (DI water). Gold nanoparticles were synthesized according to the technique described
elsewhere?®. In brief, we used an oxidation-reduction reaction for the synthesis of Gold NPs?’. Tetrachloroauric
acid or HAuCl, (1%) (10 mg/ml, 500 uL) (Sigma, USA) was added to 25 ml of double-distilled water (ddH,0)
(Sigma, USA). When the solution is boiled, trisodium citrate or Na,C,H.O.-2H,0 (1%) (10 mg/ml, 3 ml) (Sigma,
USA) is added to the boiling solution. After 20 min, when the color of the solution turned reddish, the solution
was brought back to room temperature (25 °C) and stored at 4 °C. The size and morphology of the AuNPs were
determined by ultraviolet-visible spectroscopy (UV-Vis), scanning electron microscopy (SEM), and dynamic
light scattering (DLS). The zeta potential of AuNPs and AuNPs-TCL was determined by the Zetasizer Nano ZS
(Malvern Instruments, UK) at 25 °C.

Freund’s adjuvant release assessment

Complete Freund’s adjuvant (CFA) containing 1 mg Mycobacterium, suspended in 0.85 ml mineral oil and 0.15
ml mono-oleate (Sigma, USA), was emulsified (1:1 (v/v)) in TCL (Group #1) and, AuNPs (Group #2). In the first
step, CFA was vortexed to suspend the Mycobacterial particles. Then, separate syringes were used to emulsify
CFA with TCL and AuNPs for nearly 10-15 min. Finally, a drop test was performed to ensure the structural
integrity of the droplets. In each group (each group was divided into 7 microtubes), 100 uL of the prepared
emulsion was dropped in PBS (pH 6.1) and was kept at 37 °C. For one week, the bottom layer of the solution was
taken out daily and the absorbance was measured at 280 nm and 525 nm using a spectrophotometer (BioTek,
Us).

Preparation of animal models

For this study, seventy female BALB/c mouse models with 4 to 5 weeks and weighing approximately 19to 20 g
were purchased from the Pasture Institute of Iran and kept in laboratory animal housing under controlled and
standard conditions at 22 +2 °C room temperature, 55 +2% relative humidity with a 12/12 h light-dark cycles
and feeding schedule standards.

Ethical statements

All animal care and use were performed according to the guidelines of the Shahid Beheshti University Committee,
Tehran, Iran under the ethical code IR.SBU.REC.1401.131. This research has been conducted in conformity with
the ARRIVE (Animal Research: Reporting in Vivo Experiments) guidelines, as outlined on the official website
(https://arriveguidelines.org).

Immunization protocols

For Immunization, seventy female inbred 4-5 week-old BALB/c mouse models were randomly divided into
one of three treatment groups: one focusing on a prophylactic course of action, another group focusing on
therapeutic treatment, and the last group utilizing a combination of the aforementioned strategies.

Tumor challenge in prophylactic group

In the prophylactic strategy, twenty female inbred 4-5 week-old- BALB/c mouse models were divided into
the following treatment groups (n= 10): (1) Control group (PBS), (2) Prophylactic group (CFA-TCL). Mouse
models were immunized twice by intra-peritoneal (IP) injections of 100 uL (the concentration of TCL was
100 pg/mouse, 1:1, (v/v)) of vaccine at days —14 and —7. Subsequently, the tumor challenge experiment was
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performed by subcutaneously injecting 1x 1064 T1 cells/100 pL into the right flank on day 0 in each group, and
tumor challenge with the control group was assessed.

Tumor challenge in therapeutic group

In the therapeutic strategy, forty female inbred 4-5 week-old BALB/c mouse models were divided into the four
treatment groups (n= 10). Mouse models were injected with 1x 10° 4 T1 cells/100 pL into the right flank on
day 0. Tumors appeared and were palpable ten days after injection. On days 10, 17, 24, and 31 post-tumor
inoculation, mouse models were IP injected with 100 puL (the concentration of TCL and AuNPs were 100 and 50
pg/mouse, respectively, 1:1, (v/v)) of PBS (control group), CFA-TCL (group #2), CFA-AuNPs (group #3), CFA-
TCL-AuNPs (group #4).

Combination of immunotherapy and chemotherapy

This group was introduced to evaluate immunotherapy combined with chemotherapy, after tumors formed,
along with Freund’s adjuvant and TCL-AuNPs. Cyclophosphamide (CP) was dissolved in sterile saline and given
intraperitoneally following a metronomic schedule (20 mg/kg every other day) and tumor growth was compared
with control and other treatment groups.

Tumor growth measurement

In each group, mouse models were monitored regularly. Tumor volume was assessed using a digital caliper
with 0.01 mm accuracy, body weight by digital scales with 0.001 g accuracy, and general condition (Table S1,
Supplementary Information). The tumor volume was calculated by the formula:**

Tumor volume (mm3) = (4/3) x © x (Length/2) x (Length/2) x (Depth/2)

On days 45 and 38 in the prophylactic and therapeutic groups, respectively, five mouse models from each group
were euthanized. Spleen, liver, kidney, and lungs were excised and assessed using real-time PCR to cytokine
assay and histopathology. Other mouse models were all maintained in standard conditions until natural death.
After the last death in each group, Kaplan-Meier curves were analyzed with the log-rank test.

Cytokine assay by real-time polymerase chain reaction (PCR)

The concentration of IL- 1, IL- 4, IL- 18, IFN-y, and TCDS8 + cytokines was assessed by real-time PCR assay,
one week after the last immunization. To this end, we used five mouse models randomly. For anesthesia, 30
uL of xylazine/ketamine mixture (10 mg/kg xylazine and 90 mg/kg ketamine) was injected intraperitoneally
into the mouse models. Then, they were euthanized morally by exposure to carbon dioxide (CO,) gas, and
their spleens were collected. Other mouse models were maintained under standard conditions for survival
assessment. Total RNA extraction from mouse spleens was performed by TRIzol reagent (Sigma, USA) according
to the manufacturer’s instructions. DEPC water (Sigma, USA) was used to dissolve spleen RNA. The RNA
concentration was conducted by measuring NanoDrop UV-vis spectrophotometer (Thermo ND- 2000), based
on the absorbance value at 260 nm. DNase-I (RNase-free) was used to eliminate or degrade any contaminating
genomic DNA. We used a reagent kit (BIOFACT Co., Ltd) including reverse transcriptase (RT) for cDNA
synthesis from purified mRNAs. The cDNA was synthesized using a reagent kit (BIO FACT Co., Ltd) containing
reverse-transcribed RNA enzyme. The transcription process was performed for 15 min at 37 °C, and finally, the
transcription conditions were stopped for 15 s at 85 °C. Then, the polymerase chain reaction (PCR) was applied
to amplify the synthesized cDNAs. Real-time PCR was performed by a thermal cycler real-time PCR System
(TaKaRa, Japan). First, to break the hydrogen bonds (H-bonds) between the complementary DNA strands, the
thermocycler (DNA enhancer) was set at 95 °C for 5 min to activate the DNA polymerase (DNAP) enzyme. Then
45 two-step replication cycles for 10 s at 95 °C, and then for 30 s at 60 °C were performed to increase the amount
of synthesized cDNA. Finally, in order to stop the PCR reaction, the thermal cycler device was set to 75 ° C for
10 min. GAPDH as an endogenous housekeeping gene (HKG) was used to normalize the gene expression data.
The alterations in the gene expression were calculated using the 2724€T method. The sequences of primers are
listed in Table 1.

Histopathology examination

Hematoxylin and Eosin (H&E) staining was done for the test and control groups on the liver, lung, kidney, and
spleen. After euthanizing animals, tissues were collected and fixed in a 10% formaldehyde solution. Sections
of 4 um were made from the paraffin-embedded tissues and staining was performed following the standard
procedures. All tissue sections were evaluated by optical microscopy and x100 magnification for histological
changes.

Statistical analysis method
Statistical data analysis was performed by GraphPad Prism 8.0 (GraphPad Software, Inc., US), and SPSS 21.0
(SPSS, Inc., US). All data are shown as mean + standard error. P< 0.05 was considered statistically significant.

Results

AuNPs synthesis and characterization

Gold nanoparticles were synthesized using redox reactions or an oxidation-reduction method. The synthesis of
AuNPs was validated by UV-Vis, SEM, and DLS. The UV-vis absorption spectrum results in Fig. 1-A indicated
a strong absorption spectrum at X = 523 nm which confirms the synthesis of gold nanoparticles®. UV-vis
spectra can be used to determine both the size and concentration of AuNPs*. SEM and DLS techniques were
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Gene ‘ Sequence

F 5 ATCATCGGCATTTTGAACGAGGIC 3*

L4 R 5 ACCTTGGAAGCCCTACAGACGA 3°
F 5 ' GACAGCCTGTGTTCGAGGATATG 3'
IL-18 R 5 ' TGTTCTTACAGGAGAGGGTAGAC 3°
F 5 TGGACCTTCCAGGATGAGGACA 3*

-1 R5' GTTCATCTCGGAGCCIGTAGIG 3'
F 5'CAGCAACAGCAAGGCGAAAAAGG 3'

IEN-y R 5 TITCCGCTTCCTGAGGCTGGAT 3'
F 5" ACTACCAAGCCAGTGCTGCGAA 3°

CD&+ R 5 ATCACAGGCGAAGTCCAATCCG 3°
F 5" CATCACTGCCACCCAGAAGACTG 3’

GAPDH

R 5" ATGCCAGTGAGCTTCCCGTTCAG 3°

Table 1. The List of the primers for the genes and for the GAPDH.

used as analytical tools to study the shape, size, and structure of AuNPs. SEM and DLS results shown in Fig.
1-B and 1-C that revealed the average particle size of the synthesized gold nanoparticles is about 50-60 nm. In
addition, Fig. 1-D depicts SEM-EDX analysis of the sample.

For carrying tumor cell lysate through gold nanoparticles, firstly the pH of gold nanoparticles was adjusted
using 0.5 M Potassium Hydroxide (KOH) to approximately pH =8. The tumor cell lysate was then slowly added
to the AuNPs and incubated with gentle mixing for several hours. To prevent aggregation at the end of the
reaction, 1% bovine serum albumin (BSA) solution was added. Following incubation, to remove any unbound
antigens and excess BSA, the solution was centrifuged at 7000 rpm for 10 min. The zeta potential (ZP) of the
gold nanoparticles (AuNPs) and AuNP-tumor cell lysate (TCL) complexes was measured using a Zetasizer Nano
ZS (Malvern Instruments, UK). The zeta potential of AuNPs shifted from —0.183 mV to 0.500 mV after the
addition of tumor antigens. This change indicates a modification of the nanoparticle surface charge, reflecting
the successful conjugation of tumor antigens to the gold nanoparticles (Fig. 1E & F).

In vitro release of tumor cell lysate and AuNPs from Freund’s adjuvant

The in vitro release of tumor cell lysate (Group #1), and gold nanoparticles (Group #2), from Freund’s adjuvant
in phosphate buffer saline (pH 6.1) is shown in Fig. 2. For one week, the underlayer of each group suspension,
CFA-TCL and CFA-AuNPs, was taken daily and the absorbance was measured at 280 nm and 525 nm using a
spectrophotometer. The results indicate that Freund’s adjuvant showed good performance in controlled release,
meaning TCL and AuNPs were released slowly and continuously. The results suggest that Freund’s adjuvant
creates an antigen depot, which can last for weeks to months. This adjuvant is able to release the antigen slowly
but continuously from the injection site causing the immune system to be exposed to antigens for a long time
while also providing long-term stimulation!®-¢.

Vaccination with CFA-TCL induces prophylactic antibreast cancer effects

Twenty female inbred 4-5 week old BALB/c mouse models (n= 10 each group) were inoculated IP with PBS
(Control group), and CFA-TCL (Prophylactic group), on days — 14 and — 7. One week after the last vaccination
(on day 0), 1 x 10°4 T1 cells/100 uL were injected subcutaneously for tumor challenge. Once the tumor masses
were established, on day 25, treatment with CFA-TCL, was resumed, and finally, five mouse models in each
group were euthanized on day 45 (Fig. 3-A).

As is clearly shown by Fig. 3-B, the control group’s (PBS-treated mouse models) tumor size progressively
increased following tumor inoculation, but administration of CFA-TCL exhibited a significant delay in tumor
growth (P= 0.0093). Also, after the tumor appeared and reached a certain volume, treatment was resumed in
the CFA-TCL group, on day 25. The tumor size in this group was significantly reduced compared to the control
group. The body weight results are shown in Fig. 3-C, which indicates there was no significant difference in
mouse models’ body weights among those groups (P= 0.5677). The results in Fig. 3-D revealed that vaccination
of CFA-TCL for inhibiting breast cancer tumors significantly increased the survival rate of this group compared
to the control group (P= 0.0024).

Freund’s adjuvant induces therapeutic antibreast cancer effects
In this group, fifty female inbred 4-5 week old BALB/c mouse models were injected with 1x 104 T1 cells/100
uL into the right flank on day 0. Approximately ten days after the injection of the cancer cells, tumor growth
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Fig. 1. Characterization of gold nanoparticle. (A) ultraviolet-visible spectroscopy (UV-Vis), (B) scanning
electron microscopy (SEM) analysis of the particle morphology and size, (C) dynamic light scattering (DLS)
size distribution of gold nanoparticles, (D) SEM-EDX analysis of the gold NPs, (E) Zeta potential results

of Gold NPs, and (F) Gold NPs-TCL. As all the characterizations reveal, synthesized Gold NPs are well
synthesized and well-shaped. The scale bars are set to 150 nm.

was visible, and as soon as the tumors became palpable, they were measured by caliper, and the healing process
on days 10, 17, 24, and 31 post-tumor inoculation began (Fig. 4-A). The summary of all treatment groups and
factors are listed in Table 2.

The results of tumor growth in the control group and the treatment groups are presented in Fig. 4-B. Based
on the results, there is a significant difference in tumor size between the control group and the other treatment
groups. As shown in Fig. 4-C, all of the therapeutic components significantly reduced tumor growth compared to
the control group. Furthermore, the administration of CFA-TCLAuNPs-CP significantly reduced tumor growth
in comparison to other groups. There was no significant difference in mouse models’ body weight among those
five groups (Fig. 4-D). Figure 4-E reveals that therapeutic components for breast cancer tumors significantly
increased the survival rate; this survival rate increase in the therapeutic and prophylactic groups opens a new
horizon in using Freund’s adjuvant as a cancer immunotherapy approach. Another parameter indicating an
enhanced immune response in treated animals was their enlarged spleen. The spleen is one of the largest immune
organs, and the spleen index can be used to measure immune function”. Figure 4-F, G & H presents that the
spleen size, weight, and length in mouse models exposed to treatment components increased without affecting
other organs. Splenomegaly was recognized in all animals treated compared to the control group and there were
no significant differences intragroup.
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Fig. 2. UV-Vis spectrophotometry to determine release of tumor cell lysate and AuNPs from Freund’s
adjuvant. Absorption was measured at (A) 280 nm for tumor cell lysate and (B) 525 nm for AuNPs by UV-vis
spectrophotometer over one week. According to these results, slow release of the CFA-TCL and CFA-AuNPs
cause high stimulation and long-lasting immune responses which can be attributed to establishing an antigen
depot and a slow release of antigens.
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Fig. 3. Prophylactic immunization of BALB/c mouse models with CFA-TCL. Vaccination was performed
twice in 1-week intervals. One week after the last booster, the mouse models were challenged (s.c) with 1x 10°
4 T1 cells. Mouse models vaccinated with PBS developed palpable tumors within 10 days of tumor challenge,
while mouse models vaccinated with the CFA-TCL developed tumors after two weeks. This means mouse
models vaccinated with CFA-TCL had the smallest tumors compared to the control group. (A) Schematic
illustration of the experimental timeline. (B) In vivo evaluation of tumor growth in each group. Tumor volume
was measured using calipers regularly. (C) Body weight of mouse models immunized with PBS, CFA-TCL. (D)
The chart depicting survival rate of prophylactic group comparing to control group.
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Fig. 4. Therapeutic antitumor effect induced by CFA with TCL, AuNPs, and CP. (A) Schematic
representation of the experimental timeline. (B) Optical images of the control and treated mouse models. The
tumors in the treated mouse models have been shown to be significantly reduced and destroyed. (C)Tumor
size alterations in the five groups of the study. It is obvious that treated groups depict significant reduction in
tumor size. (D) Body weight from mouse models immunized with PBS and therapeutic components. (E) The
Kaplan—Meier survival curves depicting survival rate of different groups of the study (log-rank test). (F) The
spleen size, (G) Spleen weights index, and (H) Spleen length of a control mouse and enlarged spleen of other
treatment groups. This reduction in tumor size and increased spleen volume reflects stimulation of immune
cells like spleen lymphocyte cause the secretion of multiple cytokines and stimulating the immune system. CT:
CFA-TCL; CA: CFA-AuNPs; CTA: CFA-TCL-AuNPs; CTA-CP: CFA-CTL-AuNPs-CP.
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Groups Factors | cra | TeL | Aunps | cp ::Jt::::lz ';’r:‘j?c':gn": TreTaitr:‘eent
(Days) (Days)
Control X X X X X X 28
CT (CFA-TCL*) v | Vv x x 7 4 28
CA (CFA-AuNPs**) v x v X 7 4 28
CTA (CFA-TCL-AuNPs) v | v v x 7 4 28
CTA-CP (CFA-TCL-AuNPs-CP***) v | v v v 7 4 28

* 100 pg/mouse
** 50 ug/mouse
*** 20 mg/kg every other day

Table 2. Provides a summary of all experimental groups and factors.

Measurement of cytokine levels

In order to evaluate the cell-mediated immune responses on days 45 and 38 in prophylactic and therapeutic
groups, respectively, five mouse models from each group were randomly selected and euthanized. As mentioned,
after RNA extraction from fresh frozen tissue and cDNA synthesis, the real-time PCR technique was employed
to quantify the cytokine genes expression, including IL- 1, IL- 4, IL- 18, IFN-y, and CD8+.

Real-time PCR results (Fig. 5) in prophylactic and therapeutic groups demonstrated that the expression level
of all measured cytokines, except IL- 4, was higher than the control group (Fig. 5-A, C, D, & E), and a significant
decrease in IL- 4 production was observed (Fig. 5-B), that represents switching the immune response from Th2
to Th1 response. In the prophylactic group, CFA-TCL, there was no remarkable difference in IL- 1, IL- 18, IL- 4,
and CD8+ (Fig. 5-A, B, C, & D), while the amount of IFN-y, in pro-CFA-TCL, raised sharply compared to other
groups (Fig. 5-E).

For intergroup comparison in therapeutic groups, the amount of IL- 4, and IFN-y did not show a significant
difference (Fig. 5-B, & E). Quantification of IL- 1 cytokine (Fig. 5-A) showed interleukin- 1 expressions were
enhanced in all groups especially, in mouse models treated by AuNPs. In addition, the amount of CD8 +T
cells in the mouse models immunized with CFA-AuNPs showed a significant change in inter and intragroup
comparisons (Fig. 5-D). In Fig. 5-C in mouse models immunization with CFA-TCL shows significantly more
IL- 18 production compared to the control group and other groups.

Hematoxylin and Eosin staining

The sections of excised tissue (kidney, liver, lung, spleen) of the mouse models treated by CTA-CP were stained
with H&E one week after the last immunization. Comparative analyses depict no histopathological effects on
mouse model organs. As shown in Fig. 6 no obvious malformations were observed in treated and control groups
which indicates low systemic toxicity and is safe for in vivo applications.

Discussion

Although established over a century ago, cancer immunotherapy remains a revolutionary way in cancer
treatment. The immune system contains several types of immune cells that have a landscape of possibilities in
cancer development, progression, and clearance of tumor masses*.

To increase the performance and immunogenicity of some antigens, it is far very beneficial to apply a few
unique compounds known as adjuvants. Adjuvants can store the antigens at the injection site and this sustained
release of the antigen to the antigen-presentation cells increases the immune system’s response®”.

These observations describe the novel potential of complete Freund’s adjuvant (CFA), combined with gold
nanoparticles and tumor cell lysates, to induce an effective antitumor immune response, by intraperitoneal
injection. CFA has been utilized in studies for decades, as the most well-known type of adjuvant. CFA consists of
heat-killed Mycobacteria in mineral oil and surfactant. This adjuvant is able to emulsify in an aqueous solution,
form a thick water-in-oil (W/O) emulsion, and remain in the injection site for a long time.

These findings suggest that Freund’s adjuvant can be used as a powerful approach to overcome metastatic
cancer due to its stimulating effects on cellular immune responses (e.g. activation of macrophages, natural
killer (NK) cells, antigen-specific cytotoxic T cells). When CFA is injected intraperitoneally (IP), mycobacterial
pathogen-associated molecular patterns (PAMPs) in complete Freund’s adjuvant can active tumor-infiltrating
antigen-presenting cells like tumor-associated macrophages (TAMs) and tumor-infiltrating dendritic cells
(TIDCs)*°. Moderate amounts of inflammation are essential for inducing and stimulating the immune system.
Therefore, CFA, as a strong stimulant of the immune system, attracts inflammatory cells to the tumor site and

induces anti-tumor responses*’.
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Fig. 5. Cytokine release of mouse splenocytes stimulated by different components in therapeutic and
prophylactic groups. Level of IL- 1 (A),IL- 4 (B),IL- 18 (C), CD8+(D),and IFN-y (E) secretion were analyzed
in mouse splenocytes stimulated by CFA along with TCL, Au-NPs, and CP. This outcome was correlated to

a reduced Th2 and Predominant Thl, as indicated by insignificant level of IFN-y and low level of IL- 4 in all
groups. Data represented the mean +standard deviation of five mouse models per group (n=5). Statistical
analysis was perform using the t-test (GraphPad Prism8) and statistical significance was set at p< 0.05.

Judith et al.*'concluded that vaccination with an antigen and CFA induced the secretion of antigen-specific
T cells (CD4 +and CD8 +T cells). Interferon-gamma (IFN-y) is a critical cytokine that can be used for adjuvant
immunotherapy due to its anti-proliferative effects on tumors and a strong apoptosis inducer*2. Moreover, This
cytokine can inhibit tumor angiogenesis and metastatic tumors by activating CXCL10 and CXCL9*>*3,

Nagai et al.* showed that IFN-y could prevent tumor cell proliferation by improving targeted therapy and
increasing PD-L1 expression levels. Therefore, Freund’s complete adjuvant can significantly reduce tumor size
by activating IFN-y signaling in tumor cells.

Craig L et al.> evaluated the effect of incomplete Freund’s adjuvant (IFA) as an adjuvant in the melanoma
vaccine. Administration of peptide vaccine with incomplete Freund’s adjuvant can activate antitumor T cell
immune responses.

Antitumor immunity involves CD4 +and CD8 + T cells. CD8 + cytotoxic T cells are well-known lymphocytic
cells that can kill tumor cells through various mechanisms such as the production of TNF-a and IFN-y. Cytotoxic
CD4 +T cells can initiate antitumor immune responses by stimulating macrophages and CD8 T lymphocytes.
These immune cells can identify and destroy cancer cells*6:47.

Since cytotoxic T cells can directly lysis and kill tumor cells, one of the aims of this study is to induce T-cell
responses. Therefore, the type of cellular response, especially Thl, is very important to remove the tumor and
create an effective immune response. In this study, all groups of mouse models treated with different compounds
showed an increase in TCD8 +levels compared to the control group. Also, among the therapeutic groups, gold
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Treated

Control

Fig. 6. Hematoxylin and Eosin (H&E) staining results of the major organs in control and treated group.
The scale bars are set to 50 um.

nanoparticles along with Freund’s adjuvant were much more successful in inducing the TCD8 + response than
other therapeutic compounds, which can be due to the effect of gold nanoparticles on immune cells, including
macrophages, in stimulating TCD8 +and TCD4 + cells*®%°.

Nanoparticles have been studied for cancer therapy and vaccination as drug delivery and adjuvant,
respectively. Nowadays, the use of nanoparticles has been at the center of research due to their many effects
in increasing antigen processing®®>!. Among diverse nanoparticles, gold nanoparticles are one of the excellent
alternatives as nanocarriers, in accordance, with their appropriate attributes, which include non-toxicity and
biocompatibility®2. They also are capable of binding to diverse materials and antigens through strong chemical
bonds (e.g. hydrophilicity-hydrophobicity, surface charge, etc.)®’. Moreover, their synthesis and conjugation
reactions are not always toxic or biologically dangerous. AuNPs induce the expression of several cytokines,
including IFN-y, IL- 8 (in both dendritic cells and macrophages), IL- 1b, and IL- 63, Thus, AuNPs can penetrate
various immune cells and induce the production of cytokines®. Considering the effects of, first, AuNPs on
immune cells, induction and secretion of cytokines including; IFN-y, TCD8+, and TCD4+, second, the impact of
IFN-y and TCD8 + on lysis and killing of cancer cells by activating dendritic cells followed by T cell proliferation
and differentiation, and third, Th1 cell proliferation in cancer treatment, this study concluded that mouse groups
receiving gold nanoparticles had a significant increase in TCD8 + and IFN-y levels and also a decrease in tumor
size compared to the control group. Consequently, this study suggested and used AuNPs as one of the crucial
vaccine candidates.

Recently shown tumor cell lysates are used to induce dendritic cell maturation and as a source for the delivery
of all tumor-specific antigens, but since the induction effect of this compound is not strong enough for dendritic
cell maturation, adjuvant should be used. Many tumor-related antigens have been identified, and some of them
are used clinically as peptide-based vaccines for cancer immunotherapy. These vaccine strategies primarily focus
on the activity of cytotoxic TCD8 +lymphocytes, which can effectively kill tumor cells'®. In this study, to increase
the efficiency of the immune system, we combined tumor antigens with adjuvant and gold nanoparticles, in
accordance, with studies on the effect of tumor antigens on immune system cells, including both dendritic cells
and antigen delivery. We observed the immune system stimulation and increased cytokine secretion in different
treatment groups.

These researches confirmed that there has been a remarkable correlation between the stimulatory effects of
complete Freund’s adjuvant and immune system response. Freund’s adjuvant enhances the functional activity
of lymphocytes and promotes the secretion of key anti-cancer cytokines (IFN-y, IL- 18) without necessarily
increasing their overall counts®. According to studies on the pivotal role of T cells and IFN-y, pro-apoptotic and
anti-proliferative effects, for tumor regression, Freund’s complete adjuvant is useful to generate strong immune
responses for cancer immunotherapy. Also, according to the results reported in the prophylaxis group, there
was a decrease in tumor growth rate compared to the tumorized control group. Furthermore, the mouse models
receiving the therapeutic compounds did not show any side effects during and after the treatment; and they were
similar in weight and general condition to the tumorized control group, which indicates the biocompatibility and
drug safety of the therapeutic compounds. Also, according to medical ethics, five mouse models in each group
were euthanized for further evaluation and the other mouse models were kept for survival evaluation. According
to the results of the study, the longevity of mouse models in the tumorized control group and different treatment
groups, which is presented as the Kaplan-Meier survival curve, shows that the survival of mouse models in all
treatment groups is higher than the tumorized control group and there is a significant difference between them.
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An increase in survival rate would strengthen the importance of this study and the administration of these
components as a promising therapeutic agent.

In this study, it was found that all therapeutic compounds reduced the size of the tumor compared to the
tumorized control group; by examining the tumor size in different treatment groups, we showed that CFA
with tumor cell lysate, gold nanoparticles, and anti-tumor drug cyclophosphamide, reduces tumor volume
much faster than other treatment groups. Therefore, according to the mentioned results, immunotherapy as
a complementary treatment along with other common treatments for cancer, including chemotherapy, plays a
significant role in improving the treatment process and reducing tumor size.

Conclusion

In conclusion, we used prophylactic and therapeutic vaccines with gold nanoparticles, tumor cell lysis, and
Freund’s adjuvant for immunization. Nanoparticles are effective candidates for delivering tumor antigens and
adjuvants to induce strong anti-tumor immunity due to their safety and adaptability. AuNPs with favorable
properties, such as low cytotoxicity and the ability to improve cytokine production, could be ideal platforms.
Tumor cell lysis has been used clinically in immunotherapy due to the delivery of tumor-derived antigens to
dendritic cells. To enhance tumor-specific immune responses, we used Freund’s adjuvant. Freund’s adjuvant
has an immune-stimulating effect due to the mycobacterial PAMPs, which can induce the production of Th1-
stimulating cytokines from monocytes and neutrophils. This compound, with the potential to alter immune
system responses, alters the phenotype from Th2 to the Thl phenotype by producing IFN-y. IFN-y increases
the expression of MHC class 1 and thus increases the function of TCD8 + cells, which plays an important role
in cancerous tumor treatment. The antitumor role of IFN-y has been confirmed in many studies that can inhibit
tumor spread by inhibiting angiogenesis.

Stimulation of spleen cells and lymphocyte proliferation led to enlarged spleens in treatment groups and
caused secretions of multiple cytokines, which, in turn, stimulated the immune systems, enhancing their ability
to kill the cancer cells.

According to the results of the high-performance CFA in the gradual release model, CFA induces long-term
immunity stimulation, which inhibits tumor growth.

All the results reported above show that the appearance of primary breast tumors in the prophylactic group,
vaccination with TCL along with CFA, was associated with a difference of 5-9 days compared to the control
group. Also, this combination significantly enhances the trend in tumor growth delay compared to the control
group. A good indication of this is that after two-dose CFA-TCL, the tumor completely disappeared.

Also, in therapeutic groups, 38 days after injection with different therapeutic compounds, tumor size and
growth were significantly reduced compared to the control group, and no complications were observed. Results
showed that 24 days after treatment, tumors targeted by immunotherapy and metronomic cyclophosphamide, an
antiproliferative drug, with at most two injections, completely disappeared. Given all this, for better performance
in such areas, the combinations of other medicinal and bacterial treatments require further study.

Data availability
All data supporting the findings of this study are available within the manuscript and its supplementary infor-
mation.
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