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Purpose: The heat shock proteins (HSPs) of Mycobacterium have been identified as immunogenic antigens with chaperone functions.
This study evaluated a method to enhance host immune responses against cancer cells by utilizing commercial antibodies conjugated
with HSP70 derived from Mycobacterium avium subsp. paratuberculosis.

Methods: Recombinant HSP70, in conjugation with the monoclonal antibodies trastuzumab and bevacizumab, was employed for both
in vivo and in vitro treatment of tumor cells. The cytotoxicity of the antibody-HSP70 complex was assessed on the MCF-7, LS174T,
and HEK293T cell lines, after characterization of the cells for expression of the targets. The stimulation of complement activation
pathways was examined using a complement fixation assay. The in vivo effects of the HSP70- antibodies were evaluated against
xenograft LS174T and MCF-7 tumors in mice. The tumor tissues were evaluated through histopathological analysis.

Results: The cytotoxic effect of the antibody-HSP70 complex was significantly greater than that of other treatments against the MCF-
7 and LS174T cell lines; this effect was confirmed in the presence of human plasma and leukocyte samples. Additionally, activation of
the classical complement pathway has been demonstrated using HSP70 antibodies. Treatment of xenograft tumors with the antibody-
HSP70 complex significantly reduced both tumor weight and growth rate, as well as decreased the expression of platelet endothelial
cell adhesion molecule-1 (PECAM-1). Histopathological analysis, along with the observed therapeutic efficacy, confirmed the safety of
this approach.

Conclusion: Overall, stimulating the immune system against cancer cells by targeting innate immune responses could enhance the
effectiveness of targeted therapies.
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Introduction

In recent decades, targeted therapies have been developed for cancer immunotherapy; however, their effectiveness,
specificity, and accessibility remain limited. The targeted therapy approach faces challenges due to the presence of non-
specific antigens on cancer cells. Antibodies have been employed to target tumor growth factors, ligands, and angiogenesis
factors.! Monoclonal antibodies used in cancer treatment induce tumor cell cytotoxicity through various mechanisms. This
collaboration between antibodies and the immune system is facilitated by processes such as antibody-dependent cell-
mediated cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC). Additionally, these antibodies can be used
to deliver functional molecules, such as drugs and toxins, thereby enhancing cytotoxic effects.?

Trastuzumab, marketed under the trade name Herceptin, is a monoclonal antibody that specifically binds to the human
epidermal growth factor receptor 2 (HER2) protein. This receptor could be found in various tissues, including breast and
stomach tissue. HER2 stimulates the epidermal growth factor, promoting the growth and division of cancer cells.
Additionally, it activates two primary signaling pathways that simultaneously sustain cell division and inhibit mechan-

isms of cell death.® Bevacizumab, known by the trade names Avastin and Stivant, is a recombinant monoclonal antibody
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that inhibits angiogenesis and have been used in cancer immunotherapy. By binding to vascular endothelial growth factor
(VEGF), this antibody inactivates and impedes the angiogenesis process. Bevacizumab was employed in the treatment of
colorectal, lung, kidney, and prostate cancers.*

HSPs of Mycobacterium have been identified as immunogenic antigens with chaperone functions.”® Subsequent
studies have confirmed the presence of these proteins in various bacteria and protozoan parasites. These proteins are
highly immunogenic and stimulate innate immune responses. Heat shock proteins, which maintain stable structures
across all living organisms, exhibit increased expression in response to adverse environmental conditions. HSP70, in
particular, demonstrates significant immunogenic properties, showing over 50% sequence similarity between bacterial
and eukaryotic organisms.’” This protein has been characterized as a potent adjuvant that enhances both innate and
adaptive immune responses.® Furthermore, immunization of mice with HSP70 conjugated to a-photoprotein has activated
cytotoxic T cells against the associated antigen. Based on these findings, clinical trials were conducted for certain
conjugate vaccines containing HSP70.°

This study aimed to develop a novel approach to enhance the host’s immune response against targeted cancer cells.
Innate immune cells and humoral components, particularly the complement system, efficiently recognize bacterial
antigens. HSP70 from Mycobacterium avium subsp. paratuberculosis (MAP-HSP70) was utilized to stimulate immune
responses. In addition, serum and leukocyte cytotoxicity against MCF-7, LS174T, and HEK293T cells was evaluated in
the presence of MAP-HSP70 and a monoclonal antibody targeting surface markers or secretory proteins. Subsequently,
the cytotoxicity of the antibody-HSP70 complex was assessed through in vivo evaluation of the xenografted tumors.

Materials and Methods

Preparation of HSP70
The recombinant protein of MAP-HSP70 was prepared in the previous research. Briefly, the HSP70 gene (AF254578)
was cloned into the pET-24a plasmid. The recombinant plasmid was expressed in E. coli strain BL21 and purified using

cobalt chelating resin and endotoxin removal kit (EtEraser, er0015).'°

Ethics Statement

All steps of preparing rabbits hyperimmune serum and conducting animal testing on mice were carried out in accordance
with the animal rights protection directive of Shahid Chamran University of Ahvaz, Ahvaz, Iran, with acceptance code
EE1401.2.24.159941/scu.ac.ir. The human blood samples were collected between September 23 and November 15, 2023,
and the study was approved by the Ethical Research Committee of Shahid Chamran University of Ahvaz, Ahvaz, Iran,
under acceptance code EE1401.2.24.159941/scu.ac.ir and in complies with the declaration of HelsinkiThe temperature
was maintained at 22°C, with a 12-hour cycle of light and darkness. Throughout the study, the animals were provided
with adequate food and water.

Preparation of Rabbit Anti-HSP70 Antibody

Antibodies against the HSP70 protein of MAP were produced in two female New Zealand White rabbits, each weighing
2 + 0.2 kg, obtained from the Razi Vaccine and Serum Research Institute, Karaj, Iran. These rabbits were hyperimmu-
nized by injecting a mixture of antigen and Montanide adjuvant ISA763B VG (Seppic, France) in four steps with specific
intervals. Briefly, 0.5 mL of HSP70 antigen at a concentration of 300 pg/mL was mixed with 0.5 mL of adjuvant and then
injected into the muscle and at four points on the skin. The first injection was administered at day zero, the second
injection was given 14 days later, the third injection was performed 12 days after the second injection, and the fourth
injection was administered 10 days after the third injection. At the end of the immunization period, the animals were
anesthetized via subcutaneous injection of a mixture containing 2% xylazine solution (10 mg/kg) and 10% ketamine
solution (100 mg/kg). The hyperimmune serum samples were then collected from the animals. The purification of
specific IgG from hyperimmune serum was achieved using ion exchange and affinity chromatography, as described by
Khosravi et al.'' The activity, purity and concentration of the antibodies were evaluated using enzyme-linked
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immunosorbent assay (ELISA), sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and the
Bradford assays, respectively.

Conjugation of HSP70 to Antibodies

The HSP70 (250 pg/mL) was mixed with 800 puL of MES buffer (100 mM, pH 6) (Sigma Aldrich, 69892) in a total
volume of 1 mL. Subsequently, 100 uL. of EDC (4 mg/mL) was added to the mixture and hand-shaken for 5 minutes. The
mixture was then shaken at 90 rpm for 30 minutes. Following this, 100 uL. of NHS (6 mg/mL) was incorporated into the
sample and shaken manually for an additional 5 minutes. The samples were shaken for another 30 minutes. Next,
Trastuzumab or Bevacizumab (AryoGen Pharmed, Iran) (100 pL, 1 mg/mL) was added to the mixture and shaken for
1 hour. The resulting conjugates were incubated overnight at 4°C. After incubation, Tris buffer was added to the samples
as a blocking agent, achieving a final concentration of 50 mM, and the mixture was shaken for 1 hour on ice. The
resulting conjugates were stored at 4°C."2

Purification of Antibody-HSP70

According to Berg and Fishman (2020),"° 5 g of Sephadex G-150 (Sigma Alderich, G15050) was dissolved in
double-distilled water at 4 °C for 24 hours. After this period, the Cefadex was soaked and rinsed twice with
distilled water. The powder was then mixed with 100 mL of PBS and poured into a column. The column was
washed three additional times with PBS, using a volume equal to that of the column. A sample containing
trastuzumab conjugated to HSP, with a volume of 250 puL and a concentration of 100 ug/mL, was introduced into
the column and allowed to flow through for 10 minutes. Subsequently, 30 fractions of 500 uL each were collected.
The protein content of the isolated fractions was determined using the Bradford method, and related fractions were
combined. The fractions containing the conjugated antibody were identified through SDS-PAGE analysis.
Additionally, the conjugation of the antibodies to HSP70 was assessed using Western blotting and ELISA.

SDS-PAGE and Western Blotting Assay

SDS-PAGE was performed using an 11% resolving gel and a 4% stacking gel. Electrophoresis was conducted on samples
including antibodies, HSP70-conjugated antibodies, HSP70, and a protein ladder (Sinaclone; Cat. No: SL7001). The pre-
stained protein molecular weight marker contained proteins ranging from 11 to 245 kDa. The polyacrylamide gels were
stained with Coomassie Blue staining solution for 20 minutes, followed by overnight destaining using a destaining solution.
An unstained gel was used for Western blot analysis. Briefly, after electrophoresis, the gel was transferred to a PVDF
membrane (Elabscience; Cat. No: E-BC-R266). Protein transfer was performed for 2 hours at 12 V using a Mini Trans-Blot
Electrophoretic Transfer Cell (Bio-Rad). The membrane was blocked by incubation in 5% skim milk solution for 2 hours.
Subsequently, it was incubated with 10 mL of PBS containing rabbit anti-HSP70 antibody (10 pg/mL) for 1 hour at 37°C. The
membrane was then washed three times and incubated with HRP-conjugated goat anti-rabbit antibody (ImmunoChemistry
Technologies, USA) at a 1:5000 dilution for 60 minutes at room temperature. After four washing steps, the prepared substrate
solution (25 mg of 4-chloro-1-naphthol (Sigma Aldrich, C8890) dissolved in 5 mL of cold methanol, 20 mL of cold PBS, and
25 uL of 30% H202) was added to the membrane. After 15 minutes, the membrane was washed three times.

Cell Culture

The cell lines including MCF-7 (HTB-22), LS174T (CL-188), and HEK293T (CRL-1573) were obtained from the Pasteur
Institute of Iran. The cells were cultured in 50 cm? flasks using Dulbecco’s Modified Eagle Medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) (Gibco, A5256701) and penicillin-streptomycin (100 U/mL and 100 pg/mL, respec-
tively). The cells were incubated at 37°C with 5% CO2, and the medium was refreshed every two days.

Characterization of Cells

Quantification of Surface Expression Markers

The expression of HER2, VEGFR1, VEGFR2, and membrane-bound Hsp70 was quantified by flow cytometry using
a MACSQuant Analyzer 9 flow cytometer (Miltenyi Biotec). Briefly, harvested and washed cells (2 x 10°) were
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incubated with the corresponding fluorochrome-conjugated monoclonal antibodies in flow cytometry buffer (PBS
containing 2% v/v FBS) for 30 min on ice in the dark. The used antibodies were APC conjugated ErbB-2 (Her-2/
CD340) Antibody, anti-human, REAfinity™ (130-124-474 Miltenyi Biotec), APC conjugated VEGFR-1 (Flt-1)
Antibody, anti-human, REAfinity™ (130-120-776 Miltenyi Biotec), APC conjugated CD309 (VEGFR-2) Antibody,
anti-human, REAfinity™ (130-117-984 Miltenyi Biotec), and FITC conjugated Anti-human cmHsp70.1 (multi-
mmune GmbH). After incubation, cells were washed twice and resuspended in flow cytometry buffer containing
SYTOX™ Blue (Invitrogen) to exclude dead cells. For each sample, at least 1 x 10* viable cells were acquired. The
percentage of positive cells was determined by comparison with an isotype-matched antibody control, which was used
to define the positive gates. The mean fluorescence intensity (MFI) fold change was calculated by dividing the MFI of
positively stained cells by the MFI of the isotype control. Data were analyzed using FlowJo™ software (ver-
sion 10.1).

Confocal Microscopy

The surface expression of HER2, VEGFR1, VEGFR2, and membrane-bound HSP70 was visualized by confocal
microscopy. Cells (2 x 10* per well) were seeded overnight on p-Slide 8-well chamber slides (ibidi GmbH). The
following day, cells were washed twice with PBS and incubated on ice for 20 min with the respective fluorochrome-
conjugated monoclonal antibodies diluted in PBS containing 2% v/v FBS. After staining, cells were washed gently with
ice-cold PBS and subsequently fixed with 4% w/v paraformaldehyde (PFA) in PBS for 15 min at room temperature (RT).
Nuclei were counterstained with DAPI (2 pg/mL; Thermo Fisher Scientific) for 5 min at RT in the dark. After final
washing steps, cells were imaged using a Leica TCS SP8 confocal laser scanning microscope (Leica Microsystems)
equipped with Leica LAS X software.

Evaluation of Antibody and HSP70 Interaction with Cancer Cells

ELISA was used to determine the reactivity of the HSP70 and antibody to antigens of the tumor cell lines. Briefly, an
indirect ELISA was performed by coating the wells of ELISA microtiter plates (Biofile, China) with 100 pL of whole cell
lysate of MCF-7, LS174T or HEK293T at a concentration of 10 ng/mL. The antigens were diluted in a 0.1 M carbonate
buffer with a pH of 9.6. After overnight incubation at 4°C, the coated plates were washed with 0.1 M PBS (pH 7.2)
containing 0.05% Tween-20 (PBS-T) and blocked with 200 pL of 4% skim milk in PBS. The plate was incubated for
2 hours at 37°C and then washed with PBS-T. The prepared dilutions of the reagents, including Trastuzumab,
Bevacizumab, and rabbit anti-HSP70, or HSP70 protein, in a volume of 100 puL (20 pg/mL), were added to their
respective wells. The plates were incubated at 37°C for 1 hour. The rabbit anti-HSP70 antibody or the HRP-conjugated
anti-human antibody was added to the wells that had been treated with HSP or HSP70-antibodies and antibodies,
respectively. In the next step, the wells that were treated with rabbit anti-HSP70 antibody were incubated with HRP-
conjugated anti-rabbit antibody. The plates were incubated for 1 hour, washed as described above, and then 60 pL of
TMB substrate was added to each well. The plates were incubated in the dark for 10 minutes. The reaction was stopped
by adding 60 puL of 2 M sulfuric acid. The optical density was measured using an spectrophotometer at 450 nm
(AccuReader, Taiwan).

Preparation of the Human Serum and Leukocyte Samples

According to hypothesis of current study, the antibody-HSP70 conjugates could activate the cells and humoral compo-
nents of the innate immune system adjacent to tumor cells more effectively than alone antibodies. The activation of these
immune system components could lead to the destruction of tumor cells. To evaluate this hypothesis, we prepared human
plasma samples. Two mL of blood were collected from six healthy adult participants, both male and female, aged 24 to
28 years, in accordance with ethical guidelines and with informed written consent for participation in the study. The
plasma samples were separated and transferred into sterile microtubes. They were then stored in a freezer at —70°C for
future experiments. The WBCs were separated from blood buffy coat samples. The remaining red blood cells (RBCs)
were eliminated using sterilized RBC lysis buffer. The cell concentrations equal to 100,000 white blood cells per 1 mL of
DMEM culture medium were prepared and used for experiments.
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In-vitro Cytotoxicity Assay

When the cell density of cultured MCF-7, LS174T, and HEK293T flasks exceeds 75%, the cells were detached from the
flask bottoms using trypsin. The collected cell pellet then resuspended in culture medium and centrifuged at 800 x g for
5 minutes. The resulting cell pellet was suspended in 10 mL of culture medium, and 100 pL of this cell suspension was
added to each well of a microtiter plate. After 48 hours of incubation, the culture media was removed, and the wells were
washed with PBS. Culture media containing varying concentrations of Bevacizumab, Trastuzumab, HSP70,
Bevacizumab-HSP, and Trastuzumab-HSP (each at 10 pg/mL) were prepared. Subsequently, 100 pL of these samples
were added to the designated treatment wells. Plasma samples, comprising 5% of the treatment volume, or leukocytes at
a concentration of 10,000 cells/mL, were added to the designated test wells. The control wells receive culture medium
containing either 5% human plasma or leukocytes at 10,000 cells/mL. Negative control wells contain cells supplemented
with standard culture medium only. Four wells were allocated per treatment, and the experiment was repeated three
times.

The MTT assay was performed 24 hours after the treatments were applied to the wells. To prepare for the assay, the
culture media containing the treatments were removed by washing the wells twice with sterile PBS. An MTT solution
(0.5 mg/mL) was prepared in culture medium. Then, 100 pL of the MTT solution was added to each well and incubated
at 37°C with 5% CO2 for 3 hours. After incubation, the MTT solution was carefully aspirated from the wells.
Subsequently, 100 uL. of DMSO was added to each well, and the plate was incubated for an additional 30 minutes at
37°C. The optical absorbance of the wells was measured at 600 nm. Cell viability was calculated relative to the negative
control wells.""

Complement Fixation Test

Three cell lines—LS174T, MCF-7, and HEK293T—were prepared as described. Each cell line was aliquoted into four
microtubes, each containing 1x10° cells in 1 mL of PBS. These tubes were designated for treatment with 100 pL
(20 pg/mL), of trastuzumab, bevacizumab, HSP70, antibodies conjugated with HSP70, and PBS as control samples.
The treated microtubes were incubated for one hour at 37°C and washed twice with PBS before being resuspended in
1 mL of PBS. A prepared mixture of serum from six healthy human donors (100 puL) was added to each tube and
incubated for one hour at 37°C. Sensitized sheep RBCs with IgG rabbit anti-RBC antibodies were then added to the
tubes at a final concentration of 1%. The treated microtubes were incubated for one hour at 37°C and centrifuged at
800 x g for 4 minutes. The supernatant (100 pL) was removed from each microtube, and its optical density was
measured using a spectrophotometer at 490 nm. Standard lysed RBC samples were prepared by diluting 100% lysed
1% RBCs used in the experiment.

In vivo Evaluation of the Anti-Tumor Effects of the Antibody-HSP70

Tumor Induction in Mice

Forty female immunocompressed BALB/C mice weighing 25+5 grams were underwent standard whole-body
irradiation at a dose of 3 Gy (Elekta compact, X-6 MV, Elekta Solutions AB, Stockholm, Sweden) 24 hours prior
to xenograft cell injection. The LS174T or MCF-7 cell line was cultured in T75 flasks, and the cells were harvested
when they reached 70—-80% confluence. After two washing steps of the flasks using PBS, 750 uL of 5% trypsin was
added to each flask. After 3 minutes, 1.5 mL of FBS was added to each flask to neutralize the trypsin. Then, the
detached cells were removed from the flask and centrifuged for 5 minutes at 800 g. The cell pellet was washed with
PBS and counted using Neobar slides. Cell viability was evaluated using trypan blue staining. The mice were
anesthetized with ketamine-xylazine at a concentration of 5-25 mg/mL and a dosage of 1 mL/kg of body weight.
The cells were mixed with FBS-free medium, and a volume of 150 pL containing 2x10° MCF-7 or LS174T cells was
injected subcutaneously into the dorsal flank area of twenty mice. After cell injection, the size of the tumors was
measured using a digital caliper. The formula including Volume (mm3) = (A) x (B2)/2, was used for defining of the
tumor sizes; where A represented the largest diameter (mm) and B represented the smallest diameter (mm) of

tumors.
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Treatment of Xenograft Tumors

Before conducting the main experiment, the optimal dosage and treatment schedules were determined in mice with xenograft
tumors. The tumor tissues were removed from the animals during the pre-experiment phase and were evaluated by
histopathological analyzed. As the tumor sizes reached 30 mm®, a few days after cell injection, the mice were randomly
divided into 4 groups (n=4). The LS174T xenografted mice were treated with bevacizumab, or bevacizumab-HSP, HSP or
PBS as control groups at a dose of 250 pg/mL (100 uL), three times every other day. The MCF-7 xenograft tumor were
treated with trastuzumab, or trastuzumab-HSP, or HSP or PBS as control groups at a dose of 250 pg/mL (100 pL), three times
every other day. The changes in tumor size were evaluated three times in 2 weeks. After completing the treatment period,
following euthanasia with high dose ketamine-xylazine, the size and weight of the tumor masses were measured in each
mouse. According to ethical standards, mice bearing tumors reaching 20 mm in size or greater than 15% of their body weight
were euthanized within 24 hours. The number of injected cells and the duration of the study were optimized to meet ethical
criteria throughout the study period, with no animals dying before meeting the criteria for euthanasia.

Pathology Evaluation

Each group of mice was euthanized using a high-dose injection of ketamine-xylazine. Subsequently, the skin was
removed and examined for the presence of tumors. The tumors were then isolated and evaluated for size and weight.
The tumor samples were transferred to a 10% formalin solution. Following this, the organs within the peritoneal cavity—
including the heart, lungs, stomach, liver, kidneys, and intestines—were excised and placed in a 10% formalin solution.
After completing the standard procedures for preparing tissue sections were followed including the tissues cutting,
embedding in paraffin, sectionning, and staining with hematoxylin and eosin (H&E). To assess the formation of collagen
strands in the connective tissue, the tumor samples were stained using the trichrome staining method. The prepared
pathological slides were analyzed in a blinded manner.

Immunohistochemistry for Analysis of CD3| Expression

The expression of CD31 was analyzed in prepared slides from three tumor tissue sections in each group to quantify blood
vessels. The slides were immersed in boiled Tris-buffered saline (1X, Sigma, P5912) for 20 minutes. Following three
washing steps with phosphate-buffered saline (PBS), a mixture of hydrogen peroxide and methanol (1:10) was applied to
the slides for 10 minutes to neutralize endogenous peroxidase activity. The slides were washed again, and a 1:100
dilution of the primary antibody (ORB10314) was incubated on the tissues for 60 minutes at room temperature. After this
incubation, the slides underwent three additional washing steps, and 100 pL of linker solution (Diagnostic BioSystems-
PVP1000D) was added and incubated for 15 minutes. The slides were washed three more times, and 100 pL of polymer
solution (Diagnostic BioSystems-PVP1000D) was applied for 30 minutes. After three washing steps, 100 pL of
diaminobenzidine solution (ScyTek-ACV999) was added to the slides for 5 minutes, followed by a wash with distilled
water for another 5 minutes. The slides were then immersed in hematoxylin staining solution for 10 minutes, washed,
dehydrated, clarified, and coverslipped. The prepared immunohistochemistry slides were analyzed in a blinded manner.
Imaging was performed using an optical microscope, and the positively stained brown cells were manually counted in 20
randomly selected microscopic fields.

Statistical Analysis
The data were compared among the groups using SPSS software version 22 and one-way ANOVA statistical tests.
A p<0.05 value was considered statistically significant. Data are presented as mean + standard deviations.

Results
HSP70 and Antibody Characterization

The molecular weight and reactivity of Mycobacterium avium subspecies paratuberculosis HSP70, trastuzumab,
and bevacizumab conjugates were determined using SDS-PAGE and ELISA assays. Figure 1A shows HSP70 with
a molecular weight of 70 kDa and the antibodies with a molecular weight of 170 kDa. The conjugation of HSP70
to the antibodies was confirmed by SDS-PAGE (Figure 1B) and Western blotting (Figure 1C). The ELISA assays
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Figure | Reactivity of Mycobacterium avium subspecies paratuberculosis HSP70, bevacizumab, and trastuzumab with LSI174T, MCF-7, and HEK293T cell lines. (A) Sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of: | and 2, rabbit anti-HSP70 purified by ion exchange and affinity chromatography; 3, HSP70; 4 and 5,
bevacizumab and trastuzumab, respectively. (B) SDS-PAGE of: |, antibody-HSP conjugates; and 2, unconjugated antibody. (C) Western blot assay including: |, antibody-HSP
conjugates; 2, unconjugated antibody; and 3, HSP70 for detection of HSP-antibody conjugation. (D—F) illustrate ELISA tests detecting antibody and HSP70 reactivity with the
respective cell lines used: LS174T, MCF-7, and HEK293T. The reagents included PBS as a negative control (PBS), HSP70 (H), trastuzumab (T), HSP70-trastuzumab conjugate
(TH), bevacizumab (B), and bevacizumab-HSP70 conjugate (BH), with wells coated by whole cell lysates from LS174T, MCF-7, and HEK293T cells. A single asterisk (¥)
denotes p < 0.05, two asterisks (**) indicate p < 0.01, three asterisks (***) represent p < 0.001 and four asterisks (****) represent p < 0.0001.

(Figures 1D-F) demonstrated the reaction of trastuzumab (T), bevacizumab (B), trastuzumab-HSP70 conjugate
(TH), and bevacizumab-HSP70 conjugate (BH) to the coated LS174T, MCF-7, and HEK293T antigens.
Additionally, the assays confirmed the interaction of HSP70 with the tumor antigen-coated wells.

Cell Characterizations

Flow cytometric analysis demonstrated robust surface expression of HER2 across all three cell lines, with LS174T cells
exhibiting the strongest signal, followed by HEK293T and MCF-7. Membrane-bound Hsp70 was also detected on each cell
type, though its abundance varied considerably, being most prominent on MCF-7 cells and less pronounced on HEK293T.
VEGFRI1 expression was detectable only at low levels in HEK293T cells, while VEGFR2 was not observed in this line.
Collectively, these data highlight a heterogeneous distribution of tumor-associated antigens among the investigated cell lines.
Confocal microscopy confirmed these findings, revealing plasma membrane localization of HER2, VEGFR1, VEGFR2, and
mHsp70 in antigen-positive cells, with nuclear counterstaining by DAPI providing spatial context (Figure 2).

The Effect of HSP70-Antibodies on Cell Viability

According to Figure 3A, the LS174T, HEK293T, and MCF-7 cells treated with Trastuzumab-HSP70 plus serum
(THS) exhibited significantly lower viability compared to the other groups. Additionally, the LS174T cells treated
with Bevacizumab-HSP70 plus serum (BHS) also demonstrated significantly lower viability than the other groups.
The toxicity of the antibody-HSP70 complexes on the normal HEK293T cell line was evaluated; unlike the
significant cytotoxic effects observed with Trastuzumab-HSP70 plus serum, the Bevacizumab-HSP70 plus serum
(BHS) exhibited lower toxicity against HEK293T cells compared to the other treatments. Furthermore, the LS174T
cells treated with antibody-HSP70 and leukocytes (BHL and THL) showed significantly lower viability compared
to the other groups (Figure 3A). The conjugation of HSP70 with Trastuzumab or Bevacizumab did not enhance the
cytotoxicity of the antibodies against MCF-7 and HEK293T cells; however, Trastuzumab combined with leuko-

cytes exhibited the greatest cytotoxic effects against these cells.

Complement Fixation Test (CFT)

The CFT test demonstrated significantly increased activation of the complement system against sensitized LS174T,
MCF-7, and HEK293T cell lines when treated with antibody-HSP70 compared to alone antibodies. Additionally, HSP70-
treated cells significantly utilized complement more effectively than those subjected to other treatments. Furthermore,
trastuzumab mediated significantly greater complement activation than bevacizumab against MCF-7 and HEK293T cell
lines, in contrast to the insignificant difference observed with the LS174T cell line (Figure 3B).
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Figure 3 The cytotoxic effect of antibody-HSP70 plus serum or leukocyte against MCF-7, LSI174T and HEK293T cell lines. (A) The cell viability results after treatment
indicate the effectiveness of BH treatment in activating serum cytotoxicity against LS174T cells. The TH treatment also trigger serum cytotoxicity against three cell lines.
Additionally, activation of leukocyte cytotoxicity was observed following TH and BH treatments of LSI74T cells. (B) The complement fixation test demonstrated the
effectiveness of TH and H in activating the complement system in the presence of all three cell lines. Furthermore, BH results show a significant difference compared to B in
activating complement system. Trastuzumab (T), Serum (S), Bevacizumab (B), HSP70 (H), Trastuzumab (T), Leukocyte (L), the culture medium negative control (C). A single
asterisk (*) denotes a significance level of less than 0.05, two asterisks (**) indicate a significance level of less than 0.01, and three asterisks (***) represent a significance level
of less than 0.001 and and four asterisks (****) represent p < 0.0001.
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The in vivo Results

Anti-Tumor Effects of the Antibody-HSP70

Four days after xenograft tumor induction with LS174T cells, the cancer-bearing mice were treated three times with
HSP70, Bevacizumab (B), or Bevacizumab-HSP70 (BH) at a dose of 25 pug per mouse every other day (Figure 4A). As
shown in Figures 4B and C, the tumor sizes in the B and BH groups on days 10, 14, and 21 after tumor induction were
significantly smaller than those in the control group. Tumors were excised 21 days after induction, and tumor weights
were measured in milligrams (mg). As illustrated in Figure 4D, the tumor weight in the Bevacizumab-HSP70 group, 14
days after the last treatment, was significantly lower than in the other groups. Similarly, xenografted MCF-7 tumor-

A)
o] —~
————— 0 4 i 1i) 1I4 ) 21Day
Whole body - - - .
X-ray (3 Gy) I I I I Euthanization
4 6 8
Cell injection S— "
reatments
B) D)
C) 500 I#
ARAkK
500
@ CTRL (U1 i S S o523 i oif0 e a
—~ ®H R T s gl 400
. i S
g 400 _ g = =
e
E |es CRL » @ & & @ £ o]
© 3004 -
N H > ) ) (3 g
) { >
,6 2004 ;:’ 6 200
£ B & s P - oo £
2 1001 |2 100- ATA
- BH ¢ J ®» > e J .
4 7 10 . 14 . 21 Day 4 7 10 14 21 o
Days after tumor induction CTRL H B BH
E
) nl‘l‘ ~
——— 0 5 i 1I3 1I7 : 21 Day
Whole body I I Euthanization
X-ray (3 Gy)
5 7 9
Cell injection — -
reatmen
F 800+ Aok
) 5007 o CTRL G) H) o
eH n -l i S hd [
&> 4004 T ) ( g 600
£ CTRL L o E
E ] O™ S | £
o 3001 . v - 3 )
N =) T 400
7 7 Lo E
5 200 - &
g ot g
= 1004 3 = 2007
il TH
. T ° - 0.5cm
v T T ¥ T T T L 1 0
5 9 13 17 21 25 Day 7 14 21 cTRL H pa TH

Days after tumor induction

Figure 4 In vivo evaluation of the effects of antibody-HSP70 conjugates on the growth rate of xenograft tumors. (A) Four days after tumor induction with the LS174T cell
line, cancerous mice were treated with three doses of Bevacizumab (B), Bevacizumab-HSP70 (BH), or HSP70 (H). (B and C) Size of LSI74T tumors in each group is
expressed as the mean # standard error (mm?). (D) Final LSI74T tumor weight of the treated cancerous mice. (E) Five days after tumor induction with the MCF-7 cell line,
cancerous mice were treated with Bevacizumab (B), Trastuzumab-HSP70 (BH), or HSP70 (H). (F and G) Size of MCF-7 tumors in each group is expressed as the mean *
standard error (mm?). (H) Final MCF-7 tumor weight of the treated cancerous mice. Two asterisks (**) indicate p < 0.0, three asterisks (***) indicate p < 0.001, and four
asterisks (****) indicate p < 0.0001.
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bearing mice were treated three times with HSP70, Trastuzumab (B), or Trastuzumab-HSP70 (TH) at a dose of 25 pg per
mouse, starting five days after tumor inoculation and administered every other day (Figure 4E). As shown in Figures 4F
and G, tumor sizes in the B and TH groups on days 17, 21, and 25 after tumor induction were significantly smaller than
those in the control group. Tumors were excised 25 days after induction, and tumor weights were recorded in milligrams
(mg). As shown in Figure 4H, the tumor weight in the Trastuzumab-HSP70 group, 14 days after the last treatment, was
significantly lower than in the other groups.

Pathological Evaluation of the Xenograft Tumors

On macroscopic examination, the organs of the cancerous mice including the intestine, stomach, lungs, kidneys, and liver
appeared normal in color and size. Microscopic examination of the selected tissues revealed no tumor-related lesions in
any of the samples. Furthermore, all prepared tissue sections appeared normal and free of lesions (Supplementary
Figure 1). Tumor samples were collected on days 7, 10, and 14 following induction, and their microscopic characteristics
were evaluated across all groups. The proliferation and mitotic figures were observed 7 days after tumor induction
(Supplementary Figure 2). The presence of liquefactive necrosis may result from immune cell activation, while mitotic

figures arise from the division of tumor cell nuclei. The varying sizes and shapes of tumor cells indicate their degree of
malignancy. Liquefactive necrosis develops due to immune cell activity within 14 days following tumor induction
(Figure SA and B). A thin scaffold of connective tissue forms around the tumor tissue 7 days post-induction,
accompanied by mitotic figures resulting from cell division. Additionally, a thick layer of connective tissue forms around
the tumor 7 days after treatment with Bevacizumab (B), reflecting the immune response to the xenograft tumor. Fourteen
days after treatment with Bevacizumab, liquefactive necrosis appears due to neutrophil activity in the tumor center and
surrounding connective tissue.

The formation of collagen strands in the connective tissue surrounding the tumor was evaluated across different
groups using the trichrome staining method. As shown in Supplementary Figures 2 and 3, the tumor connective tissue in

the control group appeared purple. Additionally, the turquoise-colored scaffold was surrounded by the tumor within 7
days post-treatment and was located at the center of the necrotic tissue. Fourteen days after treatment with BH, caseous
necrosis developed at the center, with connective tissue and collagen fibers forming around it (Supplementary Figure 3).

Immunohistochemistry demonstrated the significant effects of HSP70 antibodies in reducing tumor blood vessels
compared to control antibodies (Figures 5C-F). Furthermore, trastuzumab and bevacizumab significantly reduced
blood vessel density compared to the control groups. However, HSP70 did not exhibit any significant effect on the
reduction of CD31 expression (Supplementary Figure 4).

Discussion

Evading the host immune response is the initial step in cancer development. Tumor cells employ several mechanisms to
escape surveillance by both innate and adaptive immunity. These include the secretion of immunosuppressive agents
such as transforming growth factor-p (TGF-f), interleukin-10 (IL-10), and prostaglandin E2 (PGE2); the expression of
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4); and the production of anti-apoptotic factors as Bel-2 family or
immune cell apoptotic factors like programmed death-ligand 1 (PD-L1)."* These well-known strategies promote cancer
progression. Pharmacological agents that can alter this tolerogenic tumor microenvironment, leading to metabolic
reprogramming and pro-tumorigenic effects, could result in beneficial health outcomes for cancer patients.'”

Previous research demonstrated the activation of immune responses against the MCF-7 cell line using antibodies
conjugated to bacterial antigens.'' The current study has developed a novel approach to stimulate the innate immune
system within tumor tissue by utilizing the HSP70 protein from MAP. Cells of the innate immune system recognize
bacterial antigens through pattern-recognition receptors. Additionally, humoral components of the innate immune system,
such as the complement system, mannose-binding lectins, and C-reactive protein, can detect bacterial antigens. Natural
antibodies also recognize bacterial antigens and may activate innate immune responses on the surface of tumor cells.

This study evaluated the cytotoxic effects of combination therapy involving HSP70 and the anticancer monoclonal
antibodies Trastuzumab or Bevacizumab on the MCF-7, LS174T, and HEK293T cell lines. In vitro assays indicated that
active serum destroys tumor cells more effectively when the antibodies were conjugated to HSP70. The role of HSP70 in
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Figure 5 Pathological and immunohistochemical evaluation of the effects of antibody-HSP70 conjugates on xenograft tumors. (A) Histopathological analysis of LSI74T
xenograft tumors 14 days after tumor induction. In the left image of the control group, coagulative necrotic areas (black arrow) and liquefactive necrosis accompanied by
hemorrhagic areas (blue arrow) are visible. The right image shows tumor cells of various shapes and sizes, along with mitotic figures (black arrow). In the bevacizumab group,
the left image depicts liquefactive necrosis (black arrow), while the right image shows neutrophils (black arrow) within liquefactive necrosis (blue arrow). In the bevacizumab-
HSP70 group, the left image reveals necrotic tumor cells in the center, surrounded by a thick layer of connective tissue. The right image shows fibroblasts (blue arrow) and
lymphocytes (red arrow) around the area of liquefactive necrosis (black arrow). (B) Histopathological analysis of MCF-7 xenograft tumors was conducted |4 days after
tumor induction. The control image shows tumor cells (yellow arrows) surrounding a central necrotic area (blue arrows) (left) and mitotic tumor cells (blue arrows) (right).
The trastuzumab group displayed replacement of tumor cells with connective tissue (blue arrows) and a necrotic area (Orange arrows) in the left image; the necrotic area
(blue arrows) and destruction of tumor tissue (orange arrows) are shown in the right image. The trastuzumab-HSP70 treated group exhibited tumor tissues with necrotic
cells located at the margins (yellow arrows) and in the center (blue arrows). Recruitment of inflammatory cells is indicated by green arrows (left and right images).
(€) Immunohistochemical analysis of CD3| expression in LS174T tumor samples was performed |4 days after treatment; the black arrows indicate differences in the
expression of the CD3 | marker. The significant effects of HSP70-antibody conjugates on reducing LS174T tumor blood vessels, compared to bevacizumab alone, are evident.
(D) Comparison of CD31 expression 14 days after LS174T tumor induction among treated mice. (E) Immunohistochemical analysis of CD31 expression (black arrows) in
MCF-7 tumor samples was conducted 14 days after treatment. (F) Comparison of CD31| expression 14 days following MCF-7 tumor induction among treated cancerous
mice. Three asterisks (**¥) indicate p < 0.001, and four asterisks (****) indicate p < 0.0001.
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activating immune responses against tumors was well established. These proteins serve as targets for the adaptive
immune system and presented by antigen-presenting cells.'® Anticancer antibodies typically enhance cancer treatment by
activating both ADCC and CDC.'” This study confirmed the cytotoxic effects of antibodies conjugated with HSP70
against cancer cells through activation of the classical complement pathway. Additionally, HSP70 demonstrated strong
activation of the complement system through antibody-independent pathways; these findings are consistent with those of
Prohaszka et al.'® Also, Seguin-Devaux also describes a method for complement activation against HER-2—expressing
tumor cells using a subunit of C4b-binding protein. The results of the mentioned study, in agreement, reveal the
effectiveness of therapeutics for complement activation within the tumor microenvironment. It is important to note
that, in addition to complement activation, as demonstrated by in vitro results, current method has the potential to directly
activate leukocytes independently of the humoral components of the innate immune response.'® Recognition of MAP-
HSP70 by receptors such as Toll-like receptor 2 (TLR-2) can initiate pro-inflammatory pathways, resulting in activation
of innate immune cells.?® Shevtsov et al investigated the effects of conjugating HSP70 to iron oxide nanoparticles on
glioma cancer in vitro and in vivo. They observed increased activity of cytotoxic T lymphocytes in the presence of
dendritic cells, along with nanoparticles conjugated to HSP70 that specifically target cancer cells. Moreover, mice treated
with this conjugate showed higher serum IFN-y levels and a lower tumor growth rate compared to other groups.?'
Various studies have shown that the expression of HSP proteins was elevated in all types of cancers.”? These proteins
expressed during various stresses and significantly enhance cell survival under diverse conditions. More evidence
indicates that HSP proteins actively interfere with the proliferation, differentiation, metastasis, and death of tumor
cells.? The level of HSP70 expression is directly correlated with the progression of breast, bladder, and colon cancers;
consequently, it is utilized as a target in cancer therapy.”* In current study, we successfully confirmed the effects of
immune system stimulation against tumor cells and tumor tissue destruction by conjugation of MAP-HSP70 and
antibodies. Yuan et al,® developed a fusion protein for immunotherapy of ovarian cancer and mesothelioma, utilizing
a single-chain antibody variable fragment (scFv) targeting mesothelin and Mycobacterium tuberculosis heat shock
protein 70. They demonstrated stimulation of antigen-presenting cells and activation of cytotoxic T lymphocytes against

1,° confirmed activation of cytotoxic T lymphocytes by human dendritic cells

tumors. Additionally, MacAry et a
presenting mycobacterial HSP70. However, the current study employed the full antibody structure to activate the
ADCC and CDC pathways.

The activation of immune cells against tumors using HSP subunits has been previously established.?'*”-*® Stangl

et al,29

utilized three injections of a monoclonal antibody targeting the TKD epitope on the surface of tumor cells. This
approach effectively inhibited the growth of induced CT26 tumors and prolonged the survival of tumor-bearing mice.
The study also revealed elevated levels of NK cells, macrophages, and granulocytes within the tumor tissue. The
demonstrated mechanism was the induction of ADCC. Similarly, Lee et al,3° confirmed the activation of human
monocytes through the NF-xB and AP-1 signaling pathways by secretory extracellular HSP70. In contrast, some
evidence suggests anti-inflammatory effects of secretory microbial HSP70 through activation of autophagy and regula-
tory T cells.®' In the current study, we used MAP-HSP70 as a foreign immunogenic protein to activate innate immune
responses. According to the results, the sensitivity of the evaluated cells to bevacizumab correlates with expression of the
HER?2 on the cell surface. LS174T cells showed greater sensitivity to both trastuzumab and bevacizumab conjugated to
MAP-HSP70 in perecnce of serum and leukocyte compared to other cell lines. These findings support the application of
trastuzumab antibody in the treatment of HER-2 positive colorectal cancers. Additionally, bevacizumab-HSP70 con-
jugates did not exhibit increased cytotoxic effects against MCF-7 and HEK293T cell lines, in contrast to the significant
enhancement of cytotoxicity observed in LS174T cells. LS174T cells also demonstrated higher sensitivity to human
leukocytes and serum than the MCF-7 cell line; these factors may contribute to the increased sensitivity of LS174T cells
to BHS and BHL treatments. Beyond antibody binding to their targets on the cell surface, the expression of surface
HSP70, which may be attributed to dimerization with MAP-HSP that was shown in ELISA results, further sensitizes
cancer cells to HSP70-conjugated antibodies. Using other inducers of inflammatory responses, such as lipopolysacchar-
ide, leads to failure in this targeting mechanism of HSP dimerization. In addition, HSPs and their substitutes are well

known for potent activation of T cell immune responses, which are absent in most other immunogenic agents.™’
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The bacterial cell wall antigen of Bacillus Calmette-Guérin is a well-known agent used as an adjuvant in cancer
immunotherapy.*® Systemic injection of Clostridium novyi spores induces the production of inflammatory cytokines. It
also promotes the circulation of inflammatory cells, including neutrophils, monocytes, and lymphocytes, which mount
a response against cancer.>> Furthermore, these inflammatory reactions trigger a cellular immune response that generates
reactive oxygen species and proteolytic enzymes.>* The present study, consistent with related research, confirms that
bacterial antigens can be employed in a targeted manner as novel agents for cancer immunotherapy.

Current research, in agreement with the study by Milazzo et al,>> has demonstrated the effectiveness of the HER2-
specific antibody trastuzumab against LS174T and HEK293T cells. Additionally, Vadlamudi et al,’® confirmed the
expression of HER2 and its dimerization with HER3 in the LS174T cell line. They found that the expression of HER2
and its dimer form was influenced by treatment with an antibody reactive to HER3. Furthermore, treatment of LS174T
cells with the probiotic Bifidobacteria resulted in a 6.7-fold reduction in HER2 expression.>” The effects of the HER2-
reactive antibody on LS174T cells have also been reported by Lin et al.*®
of HER2 on the surface of the LS174T and HEK293T cell lines.

Based on the infiltration of immune cells including neutrophils, macrophages, and lymphocytes into the tumor

These studies are consistent with the expression

microenvironment, necrosis of tumor tissues, particularly peripheral tumor necrosis, and the formation of connective
tissue and collagen strands, pathological analysis confirms a reduction in the final size and weight of tumor cells. Given
the presence of bacterial HSP70, activated complement proteins are expected to induce chemotaxis of neutrophils and
monocytes. Activation of NK cells has previously been demonstrated using the TKD peptide derived from human HSP70
molecules®” (which share 77% identity with MAP-HSP70), suggesting infiltration and activation of these immune cells.
The foreign and immunogenic bacterial HSP70 is likely presented to T cells by antigen-presenting cells (APCs).
Additionally, macrophages and B cells may be activated against MAP-HSP70 as a result of complement activation on
the surface of tumor cells. The similarity between bacterial and human HSP70 (70% identity in the coding sequence of
mRNA) may further contribute to these effects through molecular mimicry. Based on these observations, it is predicted
that multifaceted pathways lead to tumor necrosis following treatment with antibody-HSP70 conjugates. Analyzing these
pathways requires extensive and rigorous testing to clucidate the precise involved mechanisms. Therefore, the current
method, which implies inspired anti-tumor effects, should be further investigated to clarify the actual mechanistic
pathways. It is important to consider the off-target effects of antibody-based targeted therapy, as prolonged use beyond
the duration of the current study may cause increased unwanted inflammation in healthy organs. Additionally, applying
this method to healthy individuals, rather than the immunocompromised mice used in the current study, could
theoretically result in more potent anti-tumor effects. However, membrane HSP70, a tumor-associated antigen not
expressed on normal cells,>® may still cause side effects related to excessive inflammation, necessitating optimization
of the antibody-HSP70 dosage according to the immune response status.

Conclusion

According to the results, conjugating antibodies with HSP70 from Mycobacterium avium subspecies paratuberculosis
effectively stimulates innate immune responses against MCF-7 and LS174T cancer cells. Tumor weight and size were
significantly reduced in the group treated with the antibody-HSP70 conjugate compared to both the antibody-only group
and the control group. Additionally, histopathological analysis revealed decreased CD31 expression in tumors treated
with this conjugate therapy, along with a higher level of necrosis in tumor cells in the antibody-HSP70 group. Necrosis
progressed more rapidly in this group than in the antibody-only group. Overall, stimulating the immune system against
cancer cells by targeting innate immune responses could enhance the efficacy of targeted therapies.
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