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1 | INTRODUCTION

Abstract

Cancer treatment has gradually developed from toxic chemotherapy to targeted
therapy with fewer side effects. Approximately 30% of breast cancer patients over-
express human epidermal growth factor receptor 2 (HER-2). Previous studies have
successfully produced single-chain antibodies (scFv) targeting HER-2+ breast cancer;
however, scFv have poor stability, easy aggregation and a shorter half-life, which have
no significant effect on targeting therapy. Moreover, scFv has been considered as a
drug delivery platform that can kill target cells by effector molecules. However, the
functional killing domains of immunotoxins are mainly derived from plant or bacterial
toxins, which have a large molecular weight, low tissue permeability and severe side
effects. To address these concerns, we designed several apoptotic immune molecules
to replace exogenous toxins using endogenous apoptosis-related protein DNA frag-
mentation factor 40 (DFF40) and tandem-repeat Cytochrome c base on caspase-3
responsive peptide (DEVD). Our results suggest that DFF40 or Cytc fusion scFv spe-
cifically targets HER-2 overexpressing breast cancer cells (SK-BR-3 and BT-474) rather
than HER-2 negative cells (MDA-MB-231 and MCF-7). Following cellular internaliza-
tion, apoptosis-related proteins inhibited tumour activity by initiating endogenous ap-
optosis pathways, which significantly reduced immunogenicity and toxic side effects.
Therefore, we suggest that immunoapoptotic molecules may become potential drugs

for targeted immunotherapy of breast cancer.
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scientists discovered that the HER-2 gene was amplified or overex-

pressed in approximately 20%-30% of breast cancers.*® Excessive
Breast cancer is known as the "pink killer" and represents the most HER-2 expression activates signal transduction pathways that lead

common malignant tumour for women all over the world.*3 In 1987, to uncontrolled cell proliferation and tumour progression, and
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overexpressing patients also have correspondingly lower survival
rates and faster relapse.®”® Recently, antibody-based immunotherapy
for cancer has grown in popularity due to its specific targeting and
remarkable efficacy. Clinically, the humanized monoclonal antibody,
trastuzumab, has primarily been used to treat HER-2 overexpressing
metastatic breast cancer. Trastuzumab attaches itself to HER-2 to
block ligand binding and down-regulate both angiogenic and metastatic
genes.s”11 Despite the significant efficacy of trastuzumab, several pa-
tients continue to develop resistance and disease progression.u'15

Single-chain antibodies (scFv) are small molecule fragments formed
by linking the heavy-chain variable region (VH) and light-chain variable
region (VL) with a short (15 aa-20 aa), flexible peptide that has excel-
lent targeting and reduced immunogenicity. The recombinant immu-
notoxin constructed with scFv as a vector-induced cell death through
the inhibition of toxin-mediated translation; however, various toxins
(e.g. pseudomonas exotoxin, staphylococcal enterotoxin and ribosome-
inactivating protein gelonin) have strong side effects, including gastro-
intestinal toxicity, liver toxicity, hypoalbuminemia and vascular leakage
syndrome.**~%8 To reduce these side effects, we incorporated endoge-
nous apoptosis-related proteins instead of plant or bacterial toxins with
scFv, thereby inhibiting tumour progression by initiating apoptosis.

Apoptosis is an essential means by which the homeostasis of mul-
ticellular organisms is maintained and can selectively eliminate poten-
tially harmful or infected cells.”"?! The accepted biological markers of
apoptosis include chromatin concentration and DNA fragmentation,??2
which is primarily triggered by activation of the DNA fragmentation fac-
tor, DFF40. DFF40, known as caspase-activated DNase (CAD), has been
identified as a downstream molecule of caspase-3. In addition, DFF40
and its natural inhibitor molecule, DFF45, typically constitute heterodi-
mers. Previous studies indicate that upon DFF45 cleavage by activated
caspase-3, DFF40 was isolated and inhibition of its nuclease activity
was lifted, which subsequently degrades double-stranded DNA.?*
DFF40 fusion expression and gonadotropin-releasing hormone (GnRH)
have been used as targeted therapy for adenocarcinoma.?® In addition,
Cytochrome c (Cytc) also represents a key molecule involved in apopto-
sis.2% In the mitochondrial-induced endogenous apoptotic pathway, after
cells respond to apoptotic stimuli, the mitochondrial outer membrane is
permeabilized, and Cytc is released into the cytoplasm to bind to apop-
totic enzyme activating factor 1 (Apaf-1). After recruiting pro-caspase-9,
they form a giant Dalton complex: apoptotic bodies, which can promote
caspase-3 activation and induce apoptosis as described above.?%®

Unlike necrosis,?’ cells shrink following apoptosis, without the
swelling and rupturing of organelles and plasma membranes. The cell
membrane structure remains intact, and apoptotic cells eventually
split into multiple apoptotic bodies wrapped in membranes, which
can be quickly phagocytosed and cleared by phagocytes residing
nearby.*° Such a process is not associated with many adverse ef-
fects (e.g. inflammatory reactions) and is a safer means of inhibiting
tumour progression. This study aimed to construct immunoapop-
totic molecules by fusing anti-HER-2 scFv as a binding domain with
DFF40 or tandem-repeat Cytc (3Cytc) and evaluate the anti-tumour
efficacy of these constructs.

2 | MATERIALS AND METHODS

2.1 | Celllines and cultures

Thehumanembryonickidneycellline, HEK-293T(ATCC®CRL-11268),
and human breast cancer cell lines, SK-BR-3 (ATCC®HTB-30), BT-
474 (ATCC®HTB-20), MDA-MB-231 (ATCC®HTB-26), and MCF-7
(ATCC®HTB-22) were authenticated according to ATCC guidelines.
All cells were cultured in DMEM medium (Gibco) supplemented with
10% FBS (Gibco) and a 1% mixture of penicillin and streptomycin
(Invitrogen). The cells were routinely tested for mycoplasma con-
tamination with negative results. All cells were grown at 37°C in a

humidified atmosphere containing 5% CO,,.

2.2 | Generation of anti-HER-2 scFv and
fusion scFvs

2.2.1 | Construction of recombinant
expression plasmids

The gene encoding anti-HER-2 scFv was composed of the heavy-
chain variable region (VH) and the light-chain variable region (VL)
of trastuzumab, which were connected by a flexible peptide linker,
(G,S);. The scFv cDNA sequence was artificially synthesized and
cloned into the prokaryotic expression vector, pET-32a(+), thereby
creating the recombinant expression plasmid termed pET-32a(+)-
scFv. Either a DFF40 or Cytc coding sequence was inserted upstream
of scFv through Bgl Il and Nco | to construct the expression plasmid
of the fusion protein, DFF40-scFv or Cytc-scFv. 3Cytc-scFv was de-
signed by simultaneously connecting three Cytc molecules through
the caspase-3 cleavage site, DEVD, and cloned into pET-32a(+)-scFv
as described above. A list of the primers used for homologous recom-

bination are listed in Table 1.

2.2.2 | Expression and purification of different
protein constructs

All recombinant plasmids were transformed into Escherichia coli
BL21(DE3) competent cells, selected by ampicillin. To obtain the
maximum yield, the bacterial solution was added with isopropyl-#-
p-thiogalactopyranoside (IPTG) at a final concentration of 0.1, 0.2,
0.5 and 1.0 mM, and shaken for 12 h at 20, 25, 30 and 37°C. The
cells were harvested, resuspended in the lysis buffer and sonicated
for 20 min. After centrifugation, the supernatant was retained and
filtered (0.45 pum) to be applied to a Ni-NTA chromatography column
(Qiagen). Bound proteins were eluted in a gradient with different
concentrations of imidazole buffer and the fractions were dialysed
against PBS overnight at 4°C. Each purified protein was concentrated
with a 10-30 kDa MWCO ultrafiltration tube (Millipore) according to
the molecular weight.
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Insert Primers

TABLE 1 Primers used for PCR

ScFV F:5'-CGACGACGACGACAAGGCCATGGCTGAAGTTCAGCTGGTTGAATCTGG-3'
R:5'-CGACGGAGCTCGAATTCGGATCCTTAGCGTTTAATTTCCACTTTGGTGC-3'

DFF40  F:5-CCAGCACATGGACAGCCCAGATCTCATGCTCCAGAAGCCCAAGAGC-3'
R:5'-CAACCAGCTGAACTTCAGCCATGGTCTGGCGTTTCCGCACAGGCTG-3'
Cytc F:5'-CCAGCACATGGACAGCCCAGATCTCATGGGTGATGTTGAGAAAGGC-3'
3cytc  Ri5"CAACCAGCTGAACTTCAGCCATGGTCTCATTAGTAGCTTTTTTGAGATAAG
c-3'
2.3 | Analysis of protein characterization, 2.5 | Apoptosis assays: morphological

expression, and binding activity

2.3.1 | Immunoblotting

Purified eluate proteins were denatured by boiling for 10 min and sep-
arated on a 10% SDS-polyacrylamide gel and visualized by Coomassie
blue staining. After transferred to a PVDF membrane, membrane
was incubated with a mouse anti-6His mAb (Yeasen) and a goat anti-
mouse IgG-HRP (Proteintech) secondary antibody. Specific binding

was detected with an enhanced chemiluminescence kit (Millipore).

2.3.2 | Immunofluorescence

Cells were incubated with 5 pug/ml of various protein constructs.
After the non-specific binding sites were blocked with 4% BSA,
the cells were incubated with mouse anti-6His mAb (1:100 dilu-
tion) followed by an incubation with a goat anti-mouse IgG-FITC
(Proteintech) (1:200 dilution) antibody in the dark. The nuclei were
stained with DAPI (Solarbio). Labelled coverslips were examined

using a confocal laser scanning microscope (CLSM) (Leica).

2.4 | Cytotoxicity assays: cell viability and cell
proliferation activity

241 | CCK-8 assay

Cells were treated with different protein constructs at 37°C for 48 h,
and the concentration of the proteins varied from 0.01 to 100 nM.
According to the instructions, CCK-8 (Dojindo) reagent was added,
incubated and the absorbance was immediately measured at 450 nm

using a microplate reader (Bio-Teck). Each experimental group was

performed in triplicate.

2.4.2 | Crystal violet staining

Cells were subsequently fixed with 4% paraformaldehyde and re-
acted with a 1 ml crystal violet staining solution (Solarbio). Cell pro-
liferation activity was evaluated by comparing the number of stained
cells.

observations, apoptosis-related protein analysis and
flow cytometry

2.5.1 | Caspase-3 activity assay

Cells stimulated as described above were digested and lysed.
According to the manufacturer's instructions, the reaction solution
and caspase-3 cutting substrate-Ac-DEVD-pNA (Jcbio) were added
to establish the reaction system. The absorbance at 405 nm was

measured using a microplate reader. Each experimental group was

performed in triplicate.

2.5.2 | Level of Bcl-2 and Bax expression

Cells treated with 100 nM of the different protein constructs were
lysed with RIPA and the total protein concentration was confirmed
using a BCA detection kit (Thermo). The denatured proteins were
transferred to PVDF membranes as described above and incubated
with antibodies specific to Bcl-2 and Bax (CST) (1:1000 dilution). a-
tubulin (CST) (1:1000 dilution) was used as the internal reference.

2.5.3 | Annexin V-FITC/PI double staining

A total of 5 x 10° cells per well were seeded into six-well plates and
treated as described above. The cells were digested with EDTA-free
trypsin, collected and resuspended binding solution. Annexin V-FITC
and Pl were added in sequence and incubated together with the cells
in the dark. The processed samples were immediately detected using
a BD FACS Calibur (BD Biosciences). The results were analysed with
FlowJo software.

2.54 | Morphological changes

SK-BR-3 cells were seeded onto 9.6 cm? coverslips overnight
to achieve approximately 60% confluency and stimulated as
described above. The nuclei were stained with Hoechst 33258
(Solarbio) and observed using an inverted fluorescence micro-
scope (Leica). The nucleus of the apoptotic cells appeared bright
white after shrinking.
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In addition, the morphological changes of the SK-BR-3 cells were
continuously recorded under a 20x microscope lens in a Live cell
workstation (MD). The cell morphology at 0, 24 and 48 h under dif-
ferent treatment conditions was compared to assess the degree of
apoptosis. The cells that appeared shrunken, blistered and divided
into apoptotic bodies were considered to be apoptotic cells and

quantified using Image J software.

2.6 | 2.6.Invivo nude mouse xenograft model

All animals were obtained from the Local Model Animal Research
Center and housed under pathogen-free conditions at 24°C. All
procedures were performed in accordance with the guidelines
established by the National Institutes of Health and approved by
the Animal Ethics Committee of Nanjing University of Chinese
Medicine.

Six-week-old female nude mice (BALB/c) were subcutaneously
inoculated in the right armpit with 1 x 107 SK-BR-3 cells mixed with
matrigel at 4:1. When the tumours reached an average volume of
50 mm?, 20 mice were randomly divided into four groups and ad-
ministered scFv, DFF40-scFv, Cytc-scFv or 3Cytc-scFv. Ten doses
of each protein construct were intraperitoneally administered at a
dose of 10 mg/kg every three days. The tumour size was calculated
every three days according to the following standard formula: V
(mm3) = width? (mm?) x length (mm)/2. At the experimental end-
point, all mice were euthanized, and the tumours were excised and
weighed. The tumour tissues were fixed in paraformaldehyde, sliced
into paraffin sections and analysed by a TUNEL Apoptosis Detection
Kit (Jcbio). The DNA fragmentation of the apoptotic cells produced

a 3'-OH end, which appeared brown under an optical microscope.

2.7 | Statistical analysis

Data analysis was conducted using the statistical program SPSS
v.20.0 (IBM). All results were expressed as the mean + SD. The sta-
tistical differences between groups were analysed by Student's t

test and aNova. A p value of <0.05 was considered significant.

3 | RESULTS

3.1 | Preparation and identification of different
protein constructs

Artificially synthesized cDNA fragments were cloned into pET-
32a(+), a vector expressing soluble proteins via TrxAtag, to con-
struct recombinant plasmids. The target genes consisted of scFv
alone and three fusion constructs: DFF40-scFv, Cytc-scFv and
3Cytc-scFv. All plasmid maps are shown in Figure 1A-D, with differ-
ent colours representing different structural units. Figure 1E shows
a two-dimensional structure diagram clearly displayed for each

component. All constructed recombinant plasmids were sequenced
and demonstrated to harbour the correct coding sequence.

Target gene expression was controlled by the bacteriophage
T7 promoter and lactose operon. The optimal induction condi-
tions of E. coli were determined by the control variable method
as 0.5 MM IPTG and a low temperature reaction for 12 h at 20°C.
SDS-PAGE confirmed that the purified proteins eluted from the
Ni-NTA column were primarily in the 100 mM imidazole eluent
(Figure 1F). Based on the optical density analysis of the band,
the purity of each protein was greater than 90%. After remov-
ing imidazole by dialysis, each protein construct was concen-
trated to 1-2 mg/ml in an ultrafiltration tube. Western blotting
was performed to confirm protein expression via an anti-6His
antibody, and the specific combination was clearly visible at the
corresponding position on the PVDF membrane. All recombinant
plasmids successfully expressed target proteins following trans-
formation into E. coli BL21 (DE3), with correct molecular weights
of 46 kDa for scFv; 84 kDa for DFF40-scFv; 58 kDa for Cytc-scFv
and 83 kDa for 3Cytc-scFv (Figure 1G).

3.2 | scFvs bind specifically to HER-2+ breast
cancer cells

The targeting activity of scFv was investigated with an immunofluo-
rescence analysis. Since breast cancer cells are divided into differ-
ent subtypes according to the expression of the estrogen receptor,
progesterone receptor, and HER-2, we selected different types of
cells to validate our protein constructs. Following an incubation with
the purified proteins, both the single scFv and scFv fusion proteins
were detected to bind strongly to HER-2 high-expressing breast can-
cer cells SK-BR-3 (ER-/PR-/HER-2+) and BT-474 (ER+/PR+/HER-2+)
cells (Figure 2). For normal cells, HEK-293T and HER-2 negative cells,
MDA-MB-231 (ER-/PR-/HER-2-) cells and MCF-7 (ER+/PR+/HER-2-)
cells, which serving as controls, no green fluorescence was observed
on the cytomembrane (Figure 2). These results indicate that the anti-
HER-2 scFv prepared by the prokaryotic expression system specifi-
cally bound to the breast cancer cell surface antigen, HER-2, and had
equivalent level of targeting as monoclonal antibodies. Moreover,
the binding activity was not impaired after coupling with DFF40 or
Cytc.

3.3 | Selective cytotoxicity of immunoapoptotic
molecules to different tumour cells

Next, we closely monitored the viability of cultured cells exposed
to each of the four respective constructs for 48 h. As shown in
Figure 3A, the viability of the normal HEK-293T cells was not af-
fected. Although the growth of HER-2+ breast cancer cells, SK-BR-3
and BT-474, was effectively inhibited by fusion proteins, the single
scFv was virtually non-toxic. A concentration-dependent reduction
in vitality was observed. Under the same stimulation with 100 nM,
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FIGURE 1 Genetic engineering technology: construction of recombinant proteins and verification of expression. (A-D) pET-32a(+)
recombinant plasmid maps were inserted with scFv, DFF40-scFv, Cytc-scFv and 3Cytc-scFv gene sequences, respectively. All structural
units were marked. (E) Two-dimensional structural diagrams of the four protein constructs. It was mainly divided into two parts: (1)
tumour-targeting area and (2) apoptosis-inducing area. (F) SDS-PAGE electrophoresis results of four protein constructs purified by affinity
chromatography. M denotes the Marker lane, followed by the 100 mM imidazole eluate of each protein construct. (G) Western blot
results that further confirm the expression of all protein constructs. An anti-6His mAb antibody was used

DFF40-scFv was the most toxic, exhibiting a nearly 80% decrease,
followed by 3Cytc-scFv, whereas Cytc-scFv had low toxicity, in only
approximately half of the 3Cytc-scFv-treated cells. In addition, lit-
tle or no toxicity was detected in the HER-2 negative cells, MDA-
MB-231 and MCF-7 (Figure 3A), which clearly indicated that the
presence of higher levels of extracellular HER-2 expression was re-
quired for the specific cytotoxicity of the fusion proteins.

Similarly, based on the crystal violet staining images presented
in Figure 3B, the SK-BR-3 and BT-474 cell colonies incubated with
fusion proteins were significantly reduced compared to those incu-
bated with single scFv. DFF40-scFv exhibited the strongest inhibi-
tory activity on cell proliferation, whereas 3Cytc-scFv and Cytc-scFv
had a moderate and a weak effect, respectively, consistent with pre-
vious findings. Neither the growth of HEK-293T nor MDA-MB-231
and MCF-7 cells was affected by stimulation with DFF40-scFv.
Therefore, the presence of scFv was associated with the specific
toxicity of immunoapoptotic molecules towards cells overexpressing
HER-2 without affecting the activity of normal cells.

3.4 | DFF40 and Cytc induce target cell apoptosis

Previous studies have suggested that caspase-3 is an execu-
tor of the caspase family and plays a key role in the apoptosis
pathway.?”332 Here, the caspase-3 specific cleavage sequence,
DEVD, was coupled to the yellow group p-nitroaniline, was re-
leased when the substrate was cleaved by activated caspase-3, and
could be detected at 405 nm. We measured the level of caspase-3

activity to indirectly investigate whether scFv-delivered DFF40
and Cytc could induce the apoptosis of target cells. As shown in
Figure 3C, no caspase-3 activation was observed in the HER-293T
cells, whereas the degree of caspase-3 activation in SK-BR-3 cells
stimulated with DFF40-scFv, Cytc-scFv and 3Cytc-scFv was 6,
3 and 4.5 times higher than single scFv, respectively. The same
trend was detected in BT-474 cells. Similarly, no activation of cas-
pase-3 was detected in the HER-2 negative cells, MDA-MB-231
and MCF-7 (Figure 3C).

The immunoblotting results further confirmed the occurrence
of apoptosis. The Bcl-2 gene is one of the most important regula-
tors of apoptosis-related genes.>® Moreover, both Bcl-2 and Bax
are members of the Bcl-2 family, in which the former resists apop-
tosis and then promotes apoptosis.34 Bcl-2 can form a dimer with
Bax. If the level of Bax expression is higher than that of Bcl-2, it
will promote apoptosis, otherwise apoptosis will be inhibited.®>3¢
In SK-BR-3 cells, the level of Bcl-2 in the cytoplasm was signifi-
cantly reduced under the stimulation of DFF40-scFv, and Bax
was simultaneously increased. Moreover, the Bcl-2/Bax ratio was
confirmed to be reduced by quantification (Figure 3E). Similar to
the trends observed in previous experiments, the Bcl-2/Bax ratio
under 3Cytc-scFv stimulation also decreased, but to a lesser ex-
tent compared with that of DFF40-scFv, whereas Cytc-scFv did not
have a substantial effect.

Next, we assessed the level of apoptosis by flow cytometry. The
abscissa and ordinate of the flow graph represented FITC and PI,
respectively. The apoptotic cells primarily existed in the right two
quadrants. In the HER-2+ breast cancer cell lines, SK-BR-3 and
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FITC Merged with DAPI
SK-BR-3 BT-474 MDA-MB-231

MCF-7

HEK-293T

FIGURE 2 Targeting activity of the scFvs. Normal cells (HEK-293T), high HER-2 expressing cells (SK-BR-3 and BT-474) and HER-2 negative
cells (MDA-MB-231 and MCF-7) were incubated with scFv and three other fusion proteins, respectively at 37°C for 30 min. All treated cells
were observed and imaged by confocal microscopy. Green denotes the target proteins labelled with a FITC fluorescent secondary antibody,

and blue denotes the nucleus stained with DAPI. Scale bar = 25 um

BT-474, the cells under scFv stimulation were largely Annexin V- and
Pl-, indicative of normal cells. In contrast, the fusion proteins DFF40-
scFv, 3Cytc-scFv and Cytc-scFv caused significant apoptosis, which
in turn decreased the apoptosis rate (Figure 4A,B). Similarly, none
of the protein constructs induced apoptosis in the HEK-293T con-
trol cells, and HER-2- cells, MDA-MB-231 and MCF-7 (Figure 4A,B).
Together, these data indicate that single scFv could not induce apop-
tosis, and only exerted anti-tumour activity when it was coupled
with DFF40 or Cytc.

3.5 | Significant morphological
features of apoptosis

Apoptosis is associated with obvious morphological characteristics,
including a reduced cell size, nuclear shrinkage, membrane bubbles,
chromatin condensation, cytoskeletal disintegration and the formation
of apoptotic bodies.®”*® Although there are many methods that can be
used to detect apoptosis, morphological observations are still reliable.

SK-BR-3 cells stimulated with different protein constructs were
stained with Hoechst to label DNA and observed with a fluores-
cence microscope. As shown in Figure 5A, the cells under the influ-
ence of single scFv exhibited normal nuclei. In contrast, DFF40-scFv
was associated with ruptured nuclei and a colour change from blue
to bright white, which represented the typical nuclear characteris-
tics given that the chromatin shrunk during apoptosis. Consistent
with the above findings, a similar phenomenon was observed in the
3Cytc-scFv-treated cells, whereas the nuclear changes in the Cytc-
scFv-treated cells were slightly visible.

We also monitored the growth of cells in real time within 48 h
of protein interaction using a live cell workstation. The morphol-
ogy of SK-BR-3 cells treated with single scFv remained intact with-
out apoptosis throughout the process. Following stimulation with
DFF40-scFv for 24 h, the cells contracted widely, and the volume
was significantly decreased. Ultimately, bubbles appeared on the cell
surface and fragmented apoptotic bodies formed at 48 h (Figure 5B).
As expected, cells treated with 3Cytc-scFv exhibited a dense cyto-
plasm at 24 h, with both blisters and apoptotic bodies also appearing
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FIGURE 3 Cytotoxicity and apoptosis-inducing activity of immunoapoptotic molecules in different cell lines. (A) Cytotoxicity data of
normal cells (HEK-293T), high HER-2 expressing cells (SK-BR-3 and BT-474) and HER-2 negative cells (MDA-MB-231 and MCF-7) treated

with different concentrations of the protein constructs. (B) Crystal vi

constructs. The proliferation activity was reflected by the number of

olet-stained images of cells stimulated with the different protein
cells. (C) The degree of caspase-3 activation in the cells stimulated

with the different protein constructs. (D) The level of expression of the apoptosis-related proteins, Bcl-2 and Bax, as detected by Western

blot. a-tubulin was used as an internal reference. (E) Statistical graph

obtained by a quantitative analysis of protein bands in (D), reflecting

the ratio of Bcl-2/Bax. n = 3 compared with the control group; **p < 0.01; ***p < 0.001; ns, not significant

at 48 h. The cells treated with Cytc-scFv showed a normal morphol-
ogy at 24 h, and contraction was observed until 48 h. Figure 5C-F
present the apoptosis rate quantification. For the HER-2 negative
cells, MDA-MB-231 and MCF-7, none of the four constructs induced
apoptosis (images not shown). In summary, DFF40 or Cytc fusion
scFv induced the apoptosis of target cells, which was associated
with typical morphological changes. Although both DFF40-scFv and
3Cytc-scFv could definitively cause apoptosis, the former took effect

at 24 h, whereas the latter was more obvious at 48 h.

3.6 | Immunoapoptotic molecules inhibit breast
tumours in vivo

To confirm the clinical relevance of the suppression induced by the
constructed immunoapoptotic molecules in HER-2+ breast cancer,
we subcutaneously injected SK-BR-3 cells into BALB/c nude mice to
establish a breast cancer xenograft model. Proteins were adminis-

tered intraperitoneally to treat the tumour-bearing mice (Figure 6A).

Tumour progression in mice treated with fusion proteins, DFF40-
Cytc, 3Cytc-scFv and Cytc-scFv, was significantly suppressed com-
pared with that of the scFv control group, and the anti-tumour effects
of the three were diminishing (Figure 6B-D). Images of TUNEL-stained
cells also showed different degrees of apoptosis in the tumour tissue
between groups (Figure 6E), of which the DFF40-scfv group exhib-
ited the largest proportion of apoptotic cells. These data were con-
sistent with the results of the in vitro experiments, indicating that
the immunoapoptotic molecules DFF40-scFv, Cytc-scFv and 3Cytc-
scFv showed targeted suppression of HER-2+ breast cancer cells
in vivo. Importantly, DFF40 was associated with more potent anti-
tumour activity compared to that of Cytc, and the introduction of
caspase-3 cleavage site to tandem-repeat Cytc enhanced such activity.

4 | DISCUSSION

Cancer immunotherapy has attracted increased attention in recent
years. Moreover, the combination of toxins and recombinant antibodies
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FIGURE 4 Flow cytometry detection of apoptosis induced by immunoapoptotic molecules. (A) The flow graphs of different cell lines
treated with four kinds of proteins for 48 h. The abscissa is represented by Annexin V-FITC and the ordinate is represented by PI. (B)
Statistical graphs were obtained by performing a quantitative analysis of the apoptosis data in (A). n = 3, compared with the control group;

**p < 0.001; ns, not significant

has made it possible to achieve tumour-specific cell killing.3*~* Single-
chain antibodies represent novel genetically engineered antibodies
that can often serve as drug delivery platforms due to their superior
targeting activity. In preclinical studies, several single-chain antibody
recombinant immunotoxins have been found to target different cell
surface antigens associated with tumour cells and function as effec-
tive anti-cancer drugs.*>"** Although cellular damage is the primary
method by which immunotoxins kill tumours, the adverse reactions
caused by exogenous toxins in normal human tissues are the main fac-
tors that limit their clinical application. Therefore, the development of
recombinant therapeutic molecules containing effector domains with
low toxicity has become an important research topic.

In the present study, we constructed single-chain antibody scFv
based on the clinical drug, trastuzumab, which targets the HER-2
antigen on the cytomembrane of breast cancer cells. Potential side
effects continue to be an important topic throughout drug develop-
ment and treatment, and trastuzumab is no exception. However, the
cardiotoxicity of trastuzumab is controversial. One clinical study*
trastuzumab cardiotoxicity retrospectively analysed cases of early
cardiac dysfunction (CD) treated with trastuzumab and found that
most patients had received previous anthracycline therapy and the
observed CD in response to trastuzumab resembled the cardiomyopa-
thy associated with previously described anthracycline cardiotoxicity.
Although the doxorubicin-induced cardiotoxicity generally appears to
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be dose-dependent, the cardiotoxicity of trastuzumab does not ap-

pear to increase with higher cumulative doses. In another seven-year
follow-up assessment*® of cardiac function in patients with HER2-
positive breast cancer, the result of the risk/benefit ratio of trastu-
zumab was found to be strongly in favour of trastuzumab therapy.

FIGURE 6 Anti-tumour activity of
immunoapoptotic molecules in vivo.

(A) Schematic diagram showing the
establishment of the tumour xenograft
model in nude mice and the associated
treatment plan. (B) Changes in the tumour
volume were recorded every three days.
(C) Tumour tissue was isolated at the end
of the experiment. (D) Final quality of

the tumour tissue. (E) Apoptosis rate in
the tumour paraffin sections by TUNEL
staining. Apoptotic cells appeared brown
under a light microscope. n = 5, compared
with the control group, **p < 0.01;

***p < 0.001

We developed DFF40 and Cytc to replace exogenous toxins and
fused them with scFv to construct immunoapoptotic molecules.
Such immunoapoptotic molecules deliver DFF40 or Cytc to target
cells through scFv and initiate tumour destruction. Since DFF40
and Cytc are endogenous proteins, the non-specific toxicity and
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immunogenicity induced by immunotoxins can be avoided. In addi-
tion, traditional anti-HER-2 therapeutic mAbs rely on the patient's
immune system or block the HER-2 signaling pathway to exert an tu-
mour killing effect.*” Moreover, at least 70% of patients with HER-2
positive breast cancer exhibit disease progression.48 Therefore, im-
munoapoptotic molecules can bypass the endogenous resistance
mechanism, thereby greatly reducing the resistance to mAb-based
drugs.

In addition to DFF40-scFv and Cytc-scFv, we creatively con-
structed tandem-repeat Cytochrome c (3Cytc-scFv). It is widely
known that the final step in the apoptosis cascade is the activation
of the caspase-3 executive protein, which inhibits DNA repair and
initiates DNA degradation.*”*° Moreover, caspase-3 is known as a
cysteine-containing aspartate proteolytic enzyme, which specifi-
cally recognizes and cleaves the peptide bond on the aspartic acid
residue of the target protein. Our results showed that the cleav-
age sequence of caspase-3 was Asp-Glu-Val-Asp (DEVD),***? and
3Cytc-scfv was formed by connecting three Cytc proteins in a series
through DEVD. The results showed that fusion proteins can specifi-
cally bind to breast cancer cells overexpressing HER-2 in vitro. Under
the same treatment conditions, DFF40-scFv was the most toxic, re-
sulting in the greatest degree of apoptosis, whereas only a weak ef-
fect was observed for Cytc-scFv. It was gratifying that even though
the activity of 3Cytc-scfv with the introduced caspase-3 cleavage
site was inferior to that of DFF40-scFyv, it was significantly better
than Cytc-scFv and could induce substantial apoptosis. Similar find-
ings were obtained in vivo.

As a downstream molecule of the apoptosis cascade, the activa-
tion of DFF40 will lead to irreversible DNA damage, thereby quickly
killing the cells.?* However, Cytc triggers a response process, which
is first released from the mitochondria into the cytoplasm to form
an apoptosome, which then activates apoptotic hydrolases.?¢28 We
considered that although DFF40-scFv has a stronger tumour killing
rate, it was also the most toxic and has a molecular weight that is
too large to have a negative impact on the body, making it a less
than ideal construct. Moreover, Cytc has a smaller molecular weight,
fewer side effects, and displayed better pro-apoptotic efficacy than
DFF40. When 3Cytc-scFv is internalized into the target cell and the
fusion protein induces apoptosis, activated caspase-3 can recognize
the DEVD amino acid sequence between Cytc and cut it off. As the
DEVD breaks, each 3Cytc-scFv construct will simultaneously release
three free Cytc molecules. This mechanism is thus a clever virtuous
cycle that activates the apoptosis pathway and in turn perpetuates
the effect. Importantly, 3Cytc-scFv can only limit its anti-tumour ef-
fects to apoptosis, thereby avoiding toxicity and other side effects,
which are not available for DFF40-scfv and many other types of im-
munoapoptotic molecules.

We can safely conclude that the single-chain antibody recombi-
nant immune molecules fused with apoptotic proteins constructed
in this study effectively targeted the breast cancer surface receptor,
HER-2, and induced apoptosis both in vivo and in vitro. No toxic ef-
fects were detected in the HER-2 negative cells. To the best of our
knowledge, there are few reports investigating the combination of

the apoptotic protein, DFF40, and a single-chain antibody for the
treatment of HER-2 positive breast cancer. Importantly, 3Cytc-scFv
introduced with caspase-3 restriction sites represents an important
supplement to the strategy of treating tumours through endogenous
apoptosis pathways. As an ideal immunoapoptotic molecule in this
study, although 3Cytc-scFv provides a more novel and effective tu-
mour antibody treatment approach, outstanding problems remain
to be solved prior to clinical application. First, we can improve the
purification process to eliminate possible contaminants. Secondly, it
is necessary to further optimize the dosing regimen in rodents and
try to implement recombinant antibodies for the treatment of non-
human primates. Finally, according to the design concept for 3Cytc-
scFv, new small endogenous effector proteins can be developed for
the combined use with Cytc. The above optimization and mechanis-
tic research may lead to more effective anti-tumour activity.

In summary, we combined single-chain antibodies with apop-
tosis and prepared a variety of immunoapoptotic molecules by
cloning technology. The 3Cytc-scFv strategy of connecting mul-
tiple small pro-apoptotic molecules in a series and releasing them
through enzymatic cleavage demonstrated superior tumour-
specific killing activity with fewer side effects, which is in line with
the concept of drug treatments with a high efficiency and low tox-
icity. Therefore, these findings support targeting tumour antibody
pathways to induce apoptosis in the future of cancer treatment.
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