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. Arecombinant produced C-terminus of the C. perfringens enterotoxin (C-CPE) was conjugated to gold
nanoparticles (AuNPs) to produce a C-CPE-AuNP complex (C-CPE-AuNP). By binding to claudins, the
C- CPE should allow to target the AuUNPs onto the claudin expressing tumor cells for a subsequent cell
killing by application of the gold nanoparticle-mediated laser perforation (GNOME-LP) technique.

. Using qPCR and immunocytochemistry, we identified the human Caco-2, MCF-7 and OE-33 as well as

. the canine TiHoDMglCarc1305 as tumor cells expressing claudin-3, -4 and -7. Transepithelial electrical

: resistance (TEER) measurements of Caco-2 cell monolayer showed that the recombinant C-CPE bound

. tothe claudins. GNOME-LP at a laser fluence of 60 mJ/cm? and a scanning speed of 0.5 cm/s specifically
eliminated more than 75% of claudin expressing human and canine cells treated with C-CPE-AuNP. The
same laser fluence did not affect the cells when non-functionalized AuUNPs were used. Furthermore,

. most of the claudin non-expressing cells treated with C-CPE-AuNP were not killed by GNOME-LP.

: Additionally, application of C-CPE-AuNP to spheroids formed by MCF-7 and OE-33 cells grown in

. Matrigel reduced spheroid area. The results demonstrate that specific ablation of claudin expressing

- tumor cells is efficiently increased by activated C-CPE functionalized AuNPs using optical methods.

Despite advances in diagnostic and treatment, cancer is still a leading cause of death worldwide. Therefore, the
development of new tools to tackle neoplastic and malignant cells while causing minimal harm to non-neoplastic
¢ cells is still an ongoing research goal addressed by different methodical approaches. In this context, analysis of

:tumor specific molecules that can be specifically targeted is a promising strategy’.

' Among different tumor cell markers, the epidermal growth factor 2 receptor HER2 has attracted the research
community. In about 25% of breast cancer diagnosed patients, HER2 is amplified. Because of the aggressive
nature of HER2™ breast cancers, the amplification of HER2 correlates with poor prognosis*’. Consequently, the
use of HER2 antibody (Trastuzumab) was proposed as part of a new class of drugs. Although, treatment of HER2™*
metastatic breast cancer revealed beneficial effects**, several patients developed a therapeutic resistance?. Other

. molecules targeting the EGF signaling system such as Lapatinib, a small molecule that inhibits tyrosine kinase,

. have been developed. However, like in the case of Trastuzumab, resistance to this molecule was observed’.
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New approaches are oriented towards using gold nanoparticles mediated tumor cell killing as a new and mini-
mally invasive method to eliminate malignant tumor cells®. For this, gold nanoparticles are applied to tumor cells.
After adhesion onto the cells, the gold nanoparticles are activated by application of a laser beam. The interaction
between the laser and the gold nanoparticles induces localized surface plasmon resonance (LSR) and heat genera-
tion, which irreversible perforate the cells resulting in cell death®. The efficiency of the method was shown in vitro
and even in animal models. Studies showed that gold nanoparticles applied intravenously to animals, harboring
a human tumor xenograft composed of SK-BR-3 cells, allowed a complete elimination of the tumor by an optical
activation of the gold nanoparticles'®'2. The challenge of this approach is to achieve a specific targeting of gold
nanoparticles onto the cancer cells. In this context, the functionalization of gold nanoparticles with biological
molecules recognizing target molecules specifically expressed in the membrane of tumor cells seems to be a
promising option. Consequently, it was shown that anti-HER?2 antibody functionalized gold nanoparticles bound
six times better to tumor cells than non-functionalized gold nanoparticles'®. Similarly, the usage of an antibody
against transferrin receptor promoted the binding of gold nanoparticles on Neuro2A tumor cells which upregu-
late their expression of transferrin receptor'.

The aim of the present report was to analyze whether the C-terminus of the C. perfringens enterotoxin
(C-CPE) could be used for a functionalization of gold nanoparticles in order to specifically address and kill tumor
cells. The use of C. perfringens enterotoxin (CPE) to target tumor cells raised after it was observed that the devel-
opment of many tumor types correlated with a dysregulated expression of claudin-3 -4 or -7'5"'7. In breast, esoph-
agus and colon tumors these claudins are often upregulated which is frequently associated with poor survival of
the patients'8-2. The elevated expression of claudin-3, -4 and -7 in tumor development is particularly interesting
since they are natural receptors for the CPE*'~%°. Accordingly, several studies using cell cultures and animal mod-
els showed that CPE was able to destroy cancer cells. It was shown, for example that CPE efficiently killed cancer
cells derived from chemotherapy-resistant human ovarian cancer and implanted in an animal model?. Similarly,
CPE destroyed human breast tumor xenografts when directly applied to the tumor. Unfortunately, intraperitoneal
administration of the CPE to the animal in order to destroy the tumor was lethal to the animals although the dose
were the same as those applied directly to the tumor?. The data strongly indicates that a systemic application of
the complete CPE as therapeutic agent might cause deleterious side effects.

Combination of genetic, biochemical, and structural biologic methods to decipher the structure/function rela-
tionship of the 319 amino acid residues CPE polypeptide revealed that CPE is a three-domain protein, character-
istic of several other pore forming toxins®. The C-terminus of the CPE (C-CPE; D194-F319) serves as the binding
domain to claudin-3, -4 and -7%°-*!. Due to the C-CPE binding to a subset of claudins, C-CPE modulates the tight
junctions and thus the barrier function of epithelial tissues without triggering cell death. Therefore, a functional-
ization of an active cell destroying component (e.g. nanoparticles) by C-CPE is thought to represent a promising
valid approach in tumor therapy. As proof of principle, we propose to use a combination of the GNOME-LP pho-
tonic technique and C-CPE functionalized AuNPs (C-CPE-AuNP) to specifically kill claudin expressing tumor
cells. The GNOME-LP technology has been used as a rapid method for a transient cell permeabilization allowing
an uptake of molecules, like dyes or siRNA into cells*>-%. The reversible cell permeabilization was achieved by
heat generated through the interaction of a femtosecond laser pulse and gold nanoparticles randomly adherent
on the cells. In these experiments, energy density of the applied laser beam was adjusted to achieve a transient cell
permeabilization®>*>, followed by closing of the cell membrane. Using C-CPE-AuNP, our hypothesis is that the
AuNP should specifically bind claudin expressing cells and an adjusted laser energy should activate the AuNP to
irreversible permeabilize the cells, inducing thereby their death.

This report demonstrates that a recombinant produced C-CPE construct can be used to functionalize gold
nanoparticles (AuNP) in order to elicit tumor cell death by activation of the AuNPs using a laser beam in a
photonic technique known as gold nanoparticle-mediated laser perforation (GNOME-LP). Implementation of
functionalized gold nanoparticles was done by fusion the N-terminal domain of C-CPE with the Strep-Tag II.
The Strep-Tag is a classical octo-amino acid peptide (W-S-H-P-Q-F-E-K) allowing a simple protein purifica-
tion using affinity chromatography®’. Importantly, the Strep-Tag warrants protein coupling to diverse materials
such as chromophores or nanomaterials conjugated with the Strep-Tag ligand Strep-Tactin. Accordingly, our
results show that the C-CPE could be used to functionalize Strep-Tactin conjugated chromophores for a claudin
visualization at cell membranes, or Strep-Tactin conjugated gold nanoparticles for efficiently killing of claudin
(claudin-3, -4 and -7) expressing tumor cells using the GNOME-LP technique. This report opens the possibility
for a development of GNOME-LP technique with C-CPE functionalized gold nanoparticles for tumor therapy.

Results

The goal of our study was to test whether the C-CPE-AuNP complex composed of gold nanoparticles (AuNP)
coupled to a recombinant produced C-terminus of C. perfringens enterotoxin (C-CPE) could be used for an effi-
cient and specific killing of claudin expressing tumor cells (Fig. 1). Since, claudin-3, -4 or -7, the CPE receptors,
can be upregulated in tumor cells, the use of C-CPE-AuNP could be a promising technique for a specific cancer
therapy.

Identification of tumor cells expressing claudin-3, -4 or -7.  As human tumor cells, the colon ade-
nocarcinoma cell line Caco-2, the cervix adenocarcinoma cell line Hela, the mammary gland adenocarcinoma
cell lines MCF-7 and MDA-MB-231 as well as the esophageal squamous carcinoma cell line Kyse-140 and the
esophageal adenocarcinoma cell line OE-33 were used. Real-time PCR with GAPDH and ACTB as housekeeping
genes was performed for a quantitative comparison of the claudin expression between the different cells (Fig. 2a).
Since, gene expression for GAPDH and ACTB were similar, data for ACTB are not shown. Caco-2 cells are known
to express claudins, which allow the Caco-2 cells to form a very tight barrier as attested by measurements of the
transepithelial electrical resistance (TEER)?®. Correspondingly, the real-time PCR results for claudin-3, -4 and
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Figure 1. Schema depicting of the C-CPE-AuNP complex binding to claudin-3, -4 and -7 expressing tumor cell
exposed to a laser beam.

-7 detected in the different cells were normalized to the respective claudin expression found in Caco-2 cells. As
shown in Fig. 2a, human cells used in this study can be classified in a group of high-expression of claudin com-
prising Caco-2, MCF-7, and the OE-33 versus a group of claudin low-expression cells comprising MDA-MB-231,
Kyse140 as well as Hela. At the protein level, immunocytochemistry showed presence of claudin-3, -4 and -7 at
cell-cell junctions in Caco-2, MCF-7 and OE-33 cells (Fig. 2b) which was expected from the PCR data for these
claudin expressing cells. In Hela, MDA-MB-231, Kyse140 cells, the claudins were not detected by the immunos-
taining (Fig. 2b) suggesting to consider these cells as claudin non-expressing cells.

In previous works, expression of claudin-3, -4 and -7 was studied in cells derived from canine mammary
tissues. Real-time PCR analysis showed a high expression of the claudins in the TiHoDMglCarc1305 cells, while
TiHoDMglCarc1406.1 and TiHoDMglIRef53A cells showed a very low expression of claudin-3, -4 and -7°*%.
Similarly, for the human cells, immunocytochemistry experiments found claudin-3 and -4 at cell-cell junc-
tions of TiHoDMglCarc1305 cells, while none of these claudins were detected in TiHoDMglCarc1406.1 and
TiHoDMgIRef53A cells (Fig. 2c). Taken together, the data identified the human Caco-2, MCF-7 and OE-33 cells
as well as the canine TiHoDMglCarc1305 cells, expressing claudin-3, -4 and -7, as good candidates to test whether
claudin expressing tumor cells can be specifically targeted using GNOME-LP technique in combination with the
C-CPE-AuNP complex.

The functionality of the recombinant C-CPE. To investigate whether our recombinant produced
C-CPE bound to claudins, we performed two types of experiments. First, we analyzed whether the recombinant
produced C-CPE was efficient in reduction of TEER of Caco-2 cell monolayer cultivated on the membrane of
transwell inserts. TEER measurements were performed for post-confluent monolayer Caco-2 with a TEER of
800-1000 Q - cm? In a time- and dose-dependent manner, 1-20 ug/ml C-CPE constantly reduced the TEER by
30-60% (Fig. 3a). Additionally, the non-cytotoxicity of C-CPE*! was confirmed with the MTT viability assay
(Fig. 3b). Secondly, the C-CPE was coupled to Strep-Tactin Chromeo 488 and applied to the different tumor cells
for 3h. The C-CPE-Chromeo 488 complex marked the boundaries of claudin expressing human Caco-2, MCF-7,
OE-33 as well as canine TiHoDMglCarc1305 cells but not the claudin non-expressing Hela, MDA-MB-231 and
Kyse140 cells or TiHoDMglCarc1406.1 and TiHoDMglIRef513A cells (Fig. 3¢,d). In summary, the data show that
the recombinant produced C-CPE construct bound specifically to claudins at cell-cell junctions between adjacent
cells and thus dose-dependently disturbed the barrier function of tight junctions without affecting the viability
of the cells.

Application of the C-CPE-AuNP complexforan opticinducedkilling of claudin expressing tumor cells.
In order to test the applicability of GNOME-LP mediated killing by the C-CPE-AuNP complex, Strep-Tactin
conjugated 25 nm AuNPs were mixed with the C-CPE construct at a final concentration of 2.5 - 10'* AuNPs/ml
and 5pg/ml C-CPE. The C-CPE concentration was chosen after we observed that the 5ug/mL was enough for
binding to claudin expressing cells and destabilization of the barrier function of a Caco-2 monolayer (Fig. 3a).
The C-CPE-AuNP complex was applied to the Caco-2 cells and the setting parameters of GNOME-LP were tested
by observing whether the treatment induced propidium iodid uptake (Fig. 4a). Detection of promidium iodid
uptake was considered as indicator of cell death. The counting of cells stained with Hoechst and propidium iodid
allowed to estimate the killing efficiency. Cells stained with Hoechst but not with propidium iodid were consid-
ered as not killed. First, the GNOME-LP was applied at the maximal laser fluence (60 mJ/cm?) at a scanning speed
of 0.5 cm/s on cells that were incubated with the C-CPE-AuNP complex for different time points to allow complex
adhesion to the cells surface.

As shown in Fig. 4b, the survival of Caco-2 cells decreased with the duration of the adhesion time, achieving
a minimal survival of less than 30% for an adhesion time of 3h. Further prolongation of the incubation time did
not increase the killing effect (data not shown). Therefore, an adhesion time of 3h was chosen for further exper-
iments. In control groups, treated either with AuNP or C-CPE alone, GNOME-LP application did not impair
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Figure 2. Claudin gene expression in different tumor cells (a) Quantification of claudin (CLDN) gene
expression with qRT-PCR. Heterogeneous claudin-3, -4, -7 gene expression in MCF-7, MDA-MB-231, OE-
33, Kyse140 and Hela cells. The graphs represent the mean - SEM gene expression level of CLDN-3, -4 and
-7 relative to GAPDH. The results were analyzed with Student’s t test. *Significant difference to the control
reference: *P < 0.05, **P < 0.01 and **P < 0.001. (b,c) Immunostaining of claudins in human (b) and canine
(c) tumor cells. Expression pattern of CLDN-3, -4 and -7 (green) was variable between tumor cells. In Caco-
2, MCF-7 and OE-33 cells CLDN-3, -4 and -7 (green) are localized at cell-cell junctions. Signals of CLDN
expression were absent in MDA-MB-231, Kyse140 and Hela cells. Canine cell lines Carc1305, express CLDN
-3 and -4 but not CLDN-7 at cell-cell junctions whereas Carc1406.1 and Ref53A cells lack CLDN expression.
Nuclei are stained with DAPI. Scale bar, 20 um.
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Figure 3. Functionality of the recombinant C-CPE. (a) TEER measurement of Caco-2 cell monolayer treated
with different C-CPE concentrations. C-CPE reduced TEER of Caco-2 cells over time in a dose dependent
manner. Elution buffer (EB) of C-CPE did not affect TEER. Graphs represent the mean 4+ SEM of TEER
relative to untreated cells as control reference. (b) Cell viability analyzed with MTT cytotoxicity assay after 24
h C-CPE treatment. No effect of C-CPE application on cell viability. Graphs represent the mean + SEM of cell
viability relative to untreated cells as control reference. (c,d) Specific binding of C-CPE-Strep-Tactin Chromeo
488 complex (C-CPE + Strep-Tactin C488) on claudin (CLDN) expressing cells. C-CPE binding at cell-cell
junctions of Caco-2, MCF-7, OE-33 and Carc1305 cells (green). No binding of C-CPE on MDA-MB-231,
OE-33, Kyse140, Hela, Carc1406.1 and Ref53A cells. Application of 5 pg/ml C-CPE conjugated to Strep-Tactin
Chromeo 488 for 3 h. Nuclei are stained with Hoechst. Scale bar, 20 um.

cell survival (Fig. 4b). Further, we observed that the killing efficiency was inversely dependent on the scanning
speed. Application of a constant laser fluence of 60 mJ/cm? at scanning speed from 8 cm/s to 0.5 cm/s increased
the killing efficiency. To analyze this dependency, the relative cell survival was plotted against the reverse of the
respective scanning speed. Using the non-linear curve fit assistant of OriginPro 2017, the data points were fitted
to the exponential equation (Fig. 4c).
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Figure 4. Killing tumor cells using gold nanoparticles functionalized with C-CPE (C-CPE-AuNP).

(a) Propidium iodide (PI) uptake as indicator of cell death of Caco-2 cells after GNOME-LP application

(60 mJ/cm? at 0.5 cm/s). The micrographs show an increased PI uptake in cells treated with GNOME-LP in
combination with C-CPE-AuNP complex compared to cells treated with GNOME-LP in combination with
non-functionalized AuNP. All nuclei are stained with Hoechst (blue). PI uptake (killing) is shown in red. Scale
bar, 100 um. (b) Increased efficiency of C-CPE-AuNP complex mediated cell killing by prolonged adhesion
time of the complex onto the cells. (c) The efficiency of cell killing was also enhanced by reduction of the
scanning speed as shown in the plot of the relative cell survival against the reverse of respective scanning speed.
All graphs represent the mean &= SEM of cell survival relative to untreated cells as control reference. Results
analyzed with Student’s t test. *Significant difference to the control reference: ***P < 0.001.

y=a+ (b - a)e(f%)

From the equation, a scanning speed for half-maximal efficiency (k) of 5cm/s was estimated. In the above
equation “y” gives the relative amount of cells, which survived the killing for each scanning speed. “b” is the rela-
tive amount of cell survival (100%) when a GNOME-LP was not applied. “a” is the relative amount of cells which
survived the treatment at minimal scanning speed (0.5 cm/s). o gives the reverse of the scanning speed, and oy,
is the reverse of the maximal scanning speed (0.15s/cm™") at which a significant cell killing was observed. For
further analyses, we applied a laser fluence of 60 mJ/cm? and a scanning speed of 0.5 cm/s to the other cells types
after an adhesion time of 3 h to test the efficiency of the killing method. Laser exposure of claudin expressing
cells such as the human MCEF-7 cells or the canine TiHoDMglCarc1305 cells decreased the cell survival up to
30% (Fig. 5a). For the OE-33 cells, GNOME-LP in combination with C-CPE functionalized AuNPs reduced the
cell survival by about 40%, GNOME-LP in combination with non-functionalized AuNPs did not affect the cell
survival. The reduced cell killing efficiency may be related to the size of OE-33 cells. Schomaker et al.* showed
that, small cells were less sensitive to GNOME-LP as compared to large cells. As shown in Fig. 5d OE-33 cells were
small in comparison to MCF7 or Caco-2 cells. In general, no significantly decreased cell survival of the claudin
non-expressing human Hela or the canine TiHoDMgl1406.1 and TiHoDMgIRef53A cells was observed after
the treatment of the C-CPE-AuNP complex combined with the GNOME-LP. In those cells, the application of
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Figure 5. Killing effect of different tumor cells with C-CPE functionalized AuNP. (a) GNOME-LP (60 mJ/cm” at
0.5cm/s) applied in combination with C-CPE-AuNP reduced cell survival of the claudin expressing Caco-2, MCF-7
and Carc1503 cells. The claudin non-expressing Hela, Carc1406.1 and Ref53A were not affected. Note the reduction
of cell survival of the claudin non-expressing MDA-MB-231 and Kyse140 cells. For these cells, the reduction of

cell survival was also achieved by non-functionalized AuNP. Graphs represent the mean + SEM of cell survival
relative to untreated cells as control reference. The results were analyzed with Student’s t test. *Significant difference
to the control reference: *P < 0.05 and ***P < 0.001. (b) Confocal fluorescence images showing endocytosis

of 40 nm nanobeads (red) by Caco-2, MDA-MB-231, and Hela cells. In MDA-MB-231 cells more beads (red)

and even beads contained in endocytosis vesicles (yellow) were detected compared to Caco-2 or Hela cells. Cell
membranes were stained with CellBrite (green) and Nuclei with Hoechst (blue). Scale bar, 25 um. (c) Application of
GNOME-LP in combination with the C-CPE-AuNP complex increased the reduced OE-33 cell survival compared
to non-functionalized AuNPs. Graphs represent the mean & SEM of cell survival relative to untreated cells as
control reference. The results were analyzed with Student’s t test. *Significant difference to the control reference:
*#%P <0.001. (d) Different cell size of OE-33, MCF-7 and Caco-2. Graphs represent the mean + SEM of area size.
(e) Exemplary micrographs showing the area (dotted lines) of OE-33, MCF-7 and Caco-2 cells. Staining of F-Actin
with Phalloidin iFluor 488 (green) and Nuclei stained with Hoechst (blue). Scale bar, 100 um.
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GNOME-LP in presence of the C-CPE-AuNP complex killed about 10% of the cells. The results are comparable to
that found when GNOME-LP was applied in combination with AuNP or C-CPE alone (Fig. 5a). For the claudin
non-expressing human MDA-MB-231 and Kyse140 cells the GNOME-LP treatment in combination with AuNPs
without C-CPE killed 39% and 46% cells respectively. This killing efficiency was not significantly increased when
GNOME-LP was combined with the C-CPE-AuNP complex. The killing of AuNP treated MDA-MB-231 cells
and Kyse140 cells may be related to endocytotic activity of these cells allowing them to internalize the AuNPs.
The high endocytotic activity of the MDA-MB-231 cells could be experimentally shown with fluorescent nano-
beads (40 nm). Compared to Caco-2 or Hela cells, MDA-MB-231 internalized more nanobeads (Fig. 5b). Taken
together, the result show that the functionalization of AuNPs with C-CPE increases the killing efficiency and
specificity of tumor cells expressing the relevant claudin proteins.

Application of the C-CPE-AuNP complex for an opticinduced killing of 3D tumor spheroid models.
Tumors are 3D cell systems with an extracellular matrix maintaining the cells together. For the cell killing within
a tumor, the C-CPE-AuNP complex must be able to diffuse through the matrix and bind to the cells. We there-
fore evaluated whether cells in extracellular matrix are still accessible for the C-CPE-AuNP complex. Cultivated in
Matrigel, OE33 and MCEF-7 cells formed spheroids whose volume increased with the cultivation duration (Fig. 6a,b).
Within the spheroids, the cells expressed claudins as revealed by staining with Strep-Tactin Chromeo 488 conjugated
to C-CPE. In the staining experiments, claudin was mostly found as expected in cell-cell junctions (Fig. 6a). The
data showed that the cells within 3D spheroids correctly express the claudin proteins. The results further suggest
that the C-CPE was able to enter the Matrigel and to specifically bind to claudin proteins in the cell-cell junctions.
Therefore, we tested the usability of the C-CPE-AuNP complex combined with GNOME-LP for spheroid killing.
The C-CPE-AuNP complex, C-CPE, or AuNP alone were given to the spheroids. After a diffusion and adhesion time
of 3h, microscopic images of the spheroids were taken followed by GNOME-LP (60 mJ/cm?, 0.5 cm/s) treatment
(Fig. 6¢). Images were again taken 2-4h after the GNOME-LP treatment in exactly the same plane of spheroids as
before GNOME-LP application to allow a comparison of the spheroid areas before and after GNOME-LP treat-
ment. The results indicated that GNOME-LP in combination with the C-CPE-AuNP complex reduced the spheroid
area (Fig. 6d). The spheroids treated with AuNP alone in combination with GNOME-LP showed less pronounced
reduced area compared to spheroids treated with GNOME-LP combined with the C-CPE-AuNP complex. The
images of spheroids after GNOME-LP with the C-CPE-AuNP complex application showed additionally destroyed
spheroid boundaries, probable due to cell death (Fig. 6¢). The killing efficiency was increased by multiple laser
exposure suggesting that a multiple laser treatment of tumor spheroids could result in a total ablation (Fig. 6d).
Furthermore, by staining the apoptosis marker annexin V 48 h after laser treatment, we found an increased apoptosis
in the spheroids treated with GNOME-LP combined with the C-CPE-AuNP complex as compared to GNOME-LP
combined with the non-functionalized AuNPs (Fig. 6¢), suggesting a long time effect of the GNOME-LP combined
with the C-CPE-AuNP complex. Collectively, the results clearly indicate that the C-CPE-AuNP complex increased
the killing efficiency of the GNOME-LP technique in an in vitro 3D culture system.

Discussion

The present report shows that C-CPE coupled to Strep-Tactin conjugated gold nanoparticles (C-CPE-AuNP)
can be combined with the gold nanoparticle-mediated laser perforation (GNOME-LP) technique® for a specific
targeting of claudin-3, -4 and 7 expressing tumor cells (Figs 1, 4 and 5).

Many tumor types such as colon and breast tumor, are characterized by a reinforced expression of the CPE
receptors claudin-3 -4 or -72*2443-45 (Fig. 2). It was therefore proposed to use CPE for tumor diagnosis and ther-
apy*®’. Previous experiments demonstrated that CPE by binding to a subset of claudins, e.g. claudin-3 and -4,
killed cancer cells'*-"7. Since a systemic application of CPE to kill tumor xenograft caused deleterious side effects®’
another way to use the enterotoxin for tumor killing should be developed. We suggest to use the non-cytotoxic
C-terminal domain (D194-F319), which binds to claudins®"2, for functionalization of a cell destroying compo-
nent e.g. gold nanoparticles (Fig. 1). The AuNPs can then be specifically targeted on claudin expressing cells e.g.
tumor cells. Optical method to activate the AuNPs can be applied for the tumor ablation. In this context, C-CPE
could be a tool in cancer therapy with less side-effects compared to the original CPE. The technique could be a
complement or an alternative to antibodies functionalized AuNPs!4%3-%°,

Our observations show that the Strep-Tag fused to the N-terminal domain of our C-CPE construct does
not alter the protein function and thus we used the C-CPE construct to functionalize gold nanoparticles.
The decreased TEER (Fig. 3a) of expressing cells Caco-2 cell monolayer as well as of the MCF-7, OE-33 and
TiHoDMglCarc1503 cell monolayer (data not shown) without affecting cell viability (Fig. 3b) suggests that the
C-CPE specifically targeted claudin proteins causing a modulated tight junction integrity (Table 1). Therefore,
C-CPE is not per se cytotoxic and might cause less harmful side effects. Concerning the binding affinity of C-CPE
to specific claudins, C-CPE binds to claudin-3 and claudin-4 with a K value around 1 x 108 M ™! estimated using
an optimized assay with claudin-3 and claudin-4 transfected cells??. For the 15 kDa C-CPE, 10 M~! correspond
to a concentration of about 1.2 ug/ml. In our experiments, we used a C-CPE concentration of 5ug/ml. This
concentration is in the concentration range, which was used by other authors (4-10 pg/ml) for cells naturally
expressing the C-CPE receptors in vitro and in vivo*>*. The reduced sensitivity to C-CPE is possible due to a
different expression of the proteins in native cells as compared to transfected cells. However, the data showed that
our recombinant C-CPE bound to its receptors in the cell membrane. The Strep-Tag was used to functionalize
chromophore labeled Strep-Tactin for imaging claudin expressing cells or Strep-Tactin conjugated gold nano-
particles for tumor cell killing. Imaging of C-CPE binding to tumor cells (Fig. 3¢c,d) confirmed that the protein is
capable to specifically target its receptors claudin-3, -4 and -7 expressed in the relevant tumor cells and demon-
strated that the functionalization did not alter the binding capacity to the claudins.
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Figure 6. Killing of cells grown in spheroids with C-CPE Functionalized AuNPs. (a) Spheroids formed by
OE-33 sand MCF-7 cells cultivated in Matrigel. Confocal images of spheroids showing C-CPE-Strep-Tactin
Chromeo 488 (green) binding at cell-cell contacts. The inserts are reconstituted images of the spheroids after
Z-stack recordings. Nuclei are stained with Hoechst (blue). Scale bar, 25 um. (b) OE-33 spheroids proliferate
in Matrigel indicated by increased spheroid area size over cultivation time. The spheroids were imaged in
the same plane 24 h and 96 h after seeding. Graphs represent the mean & SEM of area size. (c) Quantitative
evaluation of the spheroid area reduction by combination of GNOME-LP with non-functionalized AuNPs or
the C-CPE-AuNP complex. The C-CPE-AuNP complex increased the efficiency to reduce the spheroid area
of MCF-7 and OE-33. Multiple GNOME-LP application (3x) increased the reduction of the OE-33 spheroid
area. Graphs represent the mean &= SEM of the spheroid area reduction relative to the spheroid area before laser
irradiation. The results were analyzed with Student’s ¢ test. *Significant difference to the untreated spheroids:
*#%P < 0.001 and ***P < 0.001 significant difference to the AuNP treated spheroids. (d) Exemplary micrographs
showing OE-33 spheroids before (—) and after (+) GNOME-LP application with the C-CPE-AuNP complex or
non-functionalized AuNPs. The presence of the C-CPE-AuNP complex reduced spheroid area and disrupted
spheroid boundaries indicated by arrow heads. Scale bar, 100 um. (e) Annexin V staining (green) of non-
functionalized AuNPs and C-CPE-AuNP treated OE-33 spheroids after 4h and 48 h threefold GNOME-LP
applications. The C-CPE-AuNP complex in combination with GNOME-LP induced cell apoptosis after 48 h and

smaller spheroids compared to non-functionalized AuNPs treated spheroids. Nuclei are stained with Hoechst
(blue). Scale bar, 100 um.
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CLDN C-CPE C-CPE effect | Cell
Cell line Species Tissue expression binding on TEER killing
Caco-2 human colon adenocarcinoma CLDN-3,-4,-7 | + l +
MCE-7 human mammary adenocarcinoma CLDN-3,-4,-7 | + | +
MDA-MB-231 human mammary adenocarcinoma = - - +
OE-33 human Esophegal adenocarcinoma CLDN-3,-4,-7 | + ! +
Kysel40 human Esophegal squamous carcinoma — - - +
Hela human cervix carcinoma - - - -
TiHoDMglCarc1305 canine complex adenoma CLDN-3,and -4 | + 1 +
TiHoDMglCarc1406.1 canine carcinoma complex type - — - —
TiHoDMgl Ref53A canine non-neoplastic mammary tissue — — — -

Table 1. Result summary of claudin (CLDN) expression, C-CPE binding and cell killing of human and canine
cells.

The GNOME-LP technology was previously found as a high-throughput, cell friendly and rapid method for
a transient cell permeabilization allowing an uptake of molecules, like dyes or siRNA into cells***>3¢%, The gen-
tle cell permeabilization was achieved by heat generated through the interaction of laser pulses and gold nan-
oparticles randomly adherent on the cells. In these experiments, gold nanoparticles and energy density of the
applied laser beam were adjusted to achieve a transient permeabilization®*#>%. In consideration of the survival,
patch-clamp experiments suggested that the repair of the cells after GNOME-LP treatment had two components.
(i) The closure of a GNOME-LP induced pore that has to take place within about 10 s after GNOME-LP appli-
cation. (ii) A slow (about 20 min) rearrangement of the lipid bilayer in the former pore to build a totally intact
membrane. During the repair process, an uptake of small molecules from the external milieu is possible***’. The
survival depends on a success of these repair process. To analyze killing efficiency of GNOME-LP application
using PI uptake, it is important to give PI in the cell milieu after the repair process. Evidently, the survival of cells
could be strongly reduced by increasing the energy density of the applied laser beam®-%. In our cell treatment,
the GNOME-LP at a fluence of 60 mJ/cm? and a scanning speed of 0.5 cm/s in combination with large AuNP
(200 nm) without functionalization clearly reduced cell survival to about 50% (data not shown). However, the
efficiency and particularly the specificity were lower compared to tumor cell killing using C-CPE functionalized
gold nanoparticles (Fig. 5a). The functionalizing of AuNPs with C-CPE (C-CPE-AuNP) reduced the cell survival
to less than 30% of claudin expressing Caco-2, MCF-7 and TiHoDMglCarc1305, while the exposure of claudin
non-expressing cells such as Hela, TiHoDMglCarc1406.1 and TiHoDMgIRef53A did not affected the cell survival
(Fig. 5a). The increased cell killing efficiency could, at least partly, be related to the fact that the 25 nm (@) AuNPs
have an optimal absorbance at 527 nm®"%, which is very close to the used laser wavelength (532 nm). Moreover,
nanoparticles with reduced diameter may be appropriated for cell killing in vivo, since thy may diffuse better into
tumors. The increase of specificity is solely due to the close binding of the AuNPs on claudin expressing cells via
the hook constituted by C-CPE. Of note, firstly, the claudin expressing OE-33 cells seemed to be less tackled by
the combination of GNOME-LP and the C-CPE-AuNP complex (Fig. 5a). Schomaker et al.* reported that plas-
mon mediated cell permeabilization efficiency was related to the cell size. Thus, the reduced cell killing efficiency
OE-33 cells could be due to their small size in comparison to MCEF-7 or Caco-2 cells (Fig. 5d,e). Secondly, the
claudin non-expressing cells such as MDA-MB-231 or Kyse140 were significantly killed by GNOME-LP (60 m]/
cm?, 0.5cm/s) combined with C-CPE-AuNP or AuNPs (Fig. 5a) possibly due to elevated endocytotic activity of
these cells (Fig. 5b). However, the observation that C-CPE functionalized AuNPs increased killing of claudin
expressing cells up to more than 75% revealed the powerful efficiency of the AuNP functionalization by C-CPE.
Killing tumor cells by optical methods was also shown when gold nanoparticles were functionalized using anti-
bodies against EGF- or TF- receptorsel'®'%. The data in this report show that C-CPE could represent an easy and
competitive complement or alternative functionalization method to combat tumors. With respect to tumors, the
data produced using the esophageal adenocarcinoma OE-33 and the mammary adenocarcinoma MCF-7 cells
cultivated in 3D culture systems showed that C-CPE was still able to recognize the claudins at the cell membrane
within the 3D structures (Fig. 6a) and to link gold nanoparticles in a tissue-like system. OE-33 and MCF-7 cells
are particularly interesting cells models, which were largely used as xenografts and constitute good tumor mod-
els®*¢*, Mentionable is the reduced killing efficiency of the C-CPE-AuNP complex and that non-functionalized
AuNP achieved a non-negligible killing level (Fig. 6d). This is probable due to non-specific retention of the gold
nanoparticles in the matrix, which might take place in tissues. However, our results showed that when gold nan-
oparticle were functionalized with C-CPE, a significant more elevated killing of the cells within the matrix com-
pared to non-functionalized gold nanoparticles. However, we observed a reduced killing efficiency in the 3D
culture system compared to cells growing in monolayer using a laser fluence of 60 mJ/cm? and a scanning speed
of 0.5cm/s. It is possible that the Matrigel caused a loss of energy. We can also not exclude that the cells in 3D
may express less claudins as compared to the cells cultivated in 2D, although the imaging using chromeo 488 dye
labeled C-CPE did not show a strong reduction of claudin expression (Figs 3¢ and 6a). The possible energy loss
because of the matrix can be compensated by a multiple application of the GNOME-LP, where a threefold appli-
cation of GNOME-LP increased the killing efficiency (Fig. 6¢). Interestingly, we could show that the combination
of GNOME-LP and C-CPE functionalized AuNPs had a long time effect characterized by a continuous apoptosis
(Fig. 6¢) suggesting that even cells that were not directly destroyed, were irreparable injured by the treatment.
Moreover, the use of near-infrared (NIR) laser pulses (650-900 nm) which are less absorbed by tissue® could be
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Target gene | Primer sequence 5'-3/

CPE Frw GAAAGATGTGTTTTAACAGTTCCATCTACA

Rev TTAAAATTTTTGAAATAATATTGAATAAGGGTAATTTCCACTTA
C-CPE Frw GCGCATATGGATATAGAAAAAGAAATCCTTGATTTAGC

Rev GCCTCAAGAAATTTTTGAAATAATATTGAATAAGGG

Table 2. Primer sequences used for C-CPE production. Restriction site Ndel of forward primer (Frw) and Xhol
of reverse primer (Rev) are underlined.

an option to improve the cell killing in tumor tissues and tissue-like structures. For instance, the co-application of
NIR laser pulses with the C-CPE-AuNP complex could be used for cutaneous neoplasia. Furthermore, endoscopic
guided laser ablation in combination of pre-treated C-CPE-AuNP tumors could be a strategy to specific combat
chemo-resistant tumor types overexpressing the C-CPE receptor claudin-3 and -4 without adverse side effects.

Conclusion

Our observations show that C-CPE can be used to functionalize gold nanoparticles in order to specifically and
efficiently kill a broad spectrum of claudin expressing tumor cells using an optical device such as the GNOME-LP
(Fig. 1, Table 1). The method can be used even when cells proliferate in Matrigel showing that the method could
be an opportunity to target tumors in tissues during a therapeutic intervention. The report also demonstrates that
C-CPE can be linked to a chromophore labeled Strep-Tactin allowing the visualization of tumor cells expressing
claudins. For some cancers, metastatic cells express claudin proteins. Therefore, the C-CPE coupled to a chromo-
phore or AuNPs could be an interesting tool in cancer diagnosis and even therapy used for detection or killing of
metastatic cells in body fluids.

Materials and Methods

Preparation of the C. perfringens enterotoxin C-terminal fragment (C-CPE). The coding
region of C-CPE,g,_3,, protein (NCBI Acc. Nr. M98037.1) was amplified from the genomic C. perfringens DNA
(NCTC8239, DSMZ, Braunschweig, Germany) using specific primers (Table 2). Subsequently, the amplified c-cpe
gene was purified for TA-cloning in pGEM-T easy vector (Promega). After plasmid isolation, the c-cpe gene
fragment was amplified using primers with Ndel and XhoI restriction sites (Table 2). For protein expression in E.
coli Rosetta pLysSRARE2 (Novagen, Merck, Darmstadt, Germany) the c-cpe gene was inserted in the expression
vector pet22b using Xhol and Ndel restriction sites, which allowed fusion of the c-cpe gene with the Strep II-Tag.
The correct insertion of the gene in the vector (pet22b-strep-c-cpe) was verified by sequencing. After transfor-
mation in E. coli Rosetta, the expression of C-CPE protein was induced by adding 1 mM IPTG. Thereafter, the
cells were collected, lysed and the Strep II-Tag fusion C-CPE was isolated and purified using the Strep-Tactin
Superflow column (IBA, Gottingen, Germany). The elution buffer consisting of (in mM) 150 Nacl, 1 EDTA, 2.5
Desthiobiotin, 100 Tris/HCI (pH: 8) was used to separate Strep-C-CPE from the column. The product was quan-
tified by photometry and verified by western blot using the Strep-Tactin HRP antibody (1:4000).

Cell Culture. Human tumor cell lines Caco-2, MCF-7, Hela (DSMZ, Braunschweig, Germany), OE-33,
Kyse140, MDA-MB-231 as well as canine tumor cell lines***° TiHoDMglCarc1305 (former called T1204,),
TiHoDMglCarc1406.1 (former called DT14/06T) and TiHoDMgIRef53A (former called MTH53A) were grown
in tissue coated petri dishes at 37 °C in a humidified atmosphere containing 5% CO,. The human cell lines and
canine cell lines were cultured in, respectively, DMEM Ham’s F12 (Biochrom) and M199 medium (Sigma) sup-
plemented with 10% fetal calf serum, 100 units/mL penicillin and 100 ug/mL streptomycin.

Spheroid formation. Spheroids formed by OE-33 or MCF-7 cells grown in growth factor reduced Matrigel
(Corning). Briefly, 60 ul Matrigel were given in a well of a u-Plate 96 well (ibidi, Martinsried, Germany). The plate
was placed in cell culture incubator for 30 min to allow gel formation. Next, the Matrigel was overlaid with cell
culture medium (250 pl). Then cells were added in the wells (5 - 10 cells per well) and cultured for 3-4 days to
allow spheroid formation.

Cell viability. The effect of C-CPE on cell viability was assessed using MTT assay. Briefly, cells were grown
as monolayer in a 96 well plate. Subsequently, cells were incubated for 24h with C-CPE. MTT reagent (0.5 pg/ml
in PBS) was added to each well and incubated for 4h at 37 °C. The formed formazan crystals were lysed in 100 pl
isopropyl containing 40 mM hydrochloric acid. The absorbance was measured at 560 nm in a microplate reader
(Mithras LB940, Berthold Technologies, Germany).

Formation of C-CPE-Chromeo 488 and C-CPE-AUNP complex. For visualization the claudins in cells
the C-CPE-Chromeo 488 complex as well as for tumor cell killing the C-CPE-AuNP complex were freshly pre-
pared before usage. The C-CPE-Chromeo 488 complex was formed by mixing 2.5 ul Strep-Tactin® Chromeo™
488 as provided by the manufacturer (iba, Gottingen; Germany) with C-CPE in elution buffer. The mix was
incubated overnight at 4°C to allow a binding between C-CPE and Strep-Tactin® Chromeo™ 488. Thereafter, cell
culture medium was added achieving a working concentration of 5ug/ml C-CPE.

For the C-CPE-AuNP complex, Strep-Tactin®- AuNP were produced by conjugation of Strep-Tactin (iba)
with 25nm AuNP (Aurion, Wageningen, Netherlands). To produce the C-CPE-AuNP complex, C-CPE in elution
buffer and Strep-Tactin®-AuNP, as provided by the manufacturer, were mixed and incubated overnight at 4 C.
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Target gene | NCBI AccNo. Primer sequence 5’-3/ Amplicon size (bp)
ACTB. INMLOOIIOLA | p | GC A CAGAGCCTCGOCTT 2
GAPDH | NM_0012567992 | 300 | GASGATGAGGICGGAGTCA | 117
CLDN3 NMLo0130e3 || TGGacGaoGTaOTCANGIAT | ¥
CLDN-4  [NM_O013054 | g | (G CCACGATGATGCTGATGA 129
CLDN-7 | NMLOOUSS02 | 30 | GACHANTCGACCCCTCCAGT 138

Table 3. List of primer sequences used for real-time PCR.

Protein Antibody ‘Working concentration
CLDN-1 Eﬁtﬁ?ﬁfggg;‘gggg; 59-9000) | &Ml
CLDN-3 ?;Eeb;;znglsrﬁ}?etsgciggf 34-1700) | 2he/ml
CLDN-4 %ﬁgfrenznlgii-s};ﬁgastigﬁgfll\iﬁzx-1700) 3ug/ml
CLDN-7 ??Efffninﬁiﬂ’?ﬁ?’s‘gfﬁfa279400) 2ug/ml

Table 4. Antibodies used for immunofluorescence experiments.

Cell culture medium was added to achieve a working volume of 100 pl for each well of a p-Plate 96. The volume
of the C-CPE andStrep-Tactin®-AuNP solution in mixture were ajusted to a working concentrations of 5ug/ml
C-CPE and 2.5 - 10'° AuNPs.

Monitoring of transepithelial electrical resistance (TEER). TEER measurement was performed by
impedance spectroscopy using the cellZscope (nanoAnalytics, Muenster, Germany). For measurement, human
or canine cells were seeded in inserts consisting of a transparent PET membrane with pore size of 0.4 um (Cat. No:
353504; BD Falcon, Corning) in DMEM or M199 cell culture medium. Inserts with the cells were transferred into
the cellZscope and placed in the cell culture incubator. TEER data were automatically registered every 3h with
the cellZscope software. Once cells reached a constant TEER, cells were treated with C-CPE diluted in cell culture
medium and TEER was monitored every hour.

Real-time PCR. The level of mRNA expression of human claudin-3, -4 and -7 (CLDN-3, -4 and -7) was
examined by quantitative real-time PCR. Briefly, the total RNA was isolated using the peqGold Total RNA kit
(PEQLAB Biotechnologie GmbH, Erlangen, Germany) according to the manufacturer’s protocol. The following
cDNA synthesis was performed with the maximal first strand cDNA synthesis kit (ThermoScientific). Primer
pairs for CLDN-1, CLDN-3, CLDN-4 and CLDN-7 (Table 3) were designed according to the mRNA sequences
given in the National Center for Biotechnology Information (NCBI). The amplificates were sequenced to confirm
all genes. For real-time PCR 1 x Kapa SYBR FAST Universal mastermix (Sigma Aldrich) was used and PCR reac-
tion (40 cycles followed by a melting stage) was performed in the real-time PCR cycler peqSTAR 96q (PEQLAB
Biotechnologie GmbH). Gene expression was normalized to endogenous housekeeping genes 3-phosphate dehy-
drogenase (GAPDH) and beta-actin (ACTB), ratio of gene expression based on 2724¢,

Visualization of claudinsin cells.  Expressed claudin-3, -4 and -7 in cells were visualized with immunoflu-
orescence or the C-CPE-Chromeo 488 complex. For immunofluorescence, the cells were grown to monolayer on
rat collagen type I coated cover slips. After washing with PBS, the cells were fixed with 4% formaldehyde and per-
meabilized with 0.3% TritonX-100 in PBS. After washing with PBS unspecific binding sites were blocked with 1%
BSA in PBS for 30 min at 37 °C. Claudins were stained with primary antibodies (Table 4) diluted in PBS with 1%
BSA overnight at 4°C. Subsequently, the cells were washed with PBS and incubated with fluorescein conjugated
anti-rabbit (Merck Millipore) or FITC conjugated anti-mouse secondary antibody (Merck Millipore, AQ303F)
diluted 1:100 in PBS with 1% BSA (SigmaAldrich) for 1 h at 37°C. For nuclear staining, DAPI (2 uM) was added
during the staining with secondary antibody. For C-CPE-Chromeo 488 complex related claudin visualization,
cells similarly cultured as for immunofluorescence, were stained with C-CPE-Chromeo 488 complex as described
above. The cells were stained for 3 h in a cell culture incubator. Nuclei were stained with 1 uM Hoechst added to
the cells for the last incubation hour. The cells were fixed with 4% formaldehyde, washed with PBS, and stored in
PBS for further confocal microscopic analysis.

Gold nanoparticle-mediated (GNOME) laser perforation for tumor cell killing.  For tumor cell
killing confluent cells or spheroids were treated with the C-CPE-AuNP complex for 3h in cell culture incubator
to allow complex adhesion to the cells. Control groups were incubated with either non-functionalized AuNPs
or C-CPE alone. The pu-96 plate with the cells was transferred to the laser perforator (Laser Zentrum Hannover,
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Hannover, Germany) as described in Heinmann et al.*, and exposed to a 20kHz pulsed laser (532 nm) with
60 mW (60 mJ/cm?) at 0.5 cm/s. After optical treatment, the cells were transferred back into the incubator for
30-60 min to allow not killed cells to reseal the membrane as it was shown that only permeabilized but not killed
cells were able to reseal the membrane within 20 min*>*’. After optical treatment, the cells were transferred back
into the incubator for 30-60 min. Propidium iodide (10 uM) and Hoechst 33258 (Sigma Aldrich) were added to
the cells for 60 min. Under fluorescence microscope, dead cells were indicated by propidium iodide and Hoechst
uptake, while health cells were only Hoechst positive. Apoptotic cells were indicated by annexin V ATTO 488
conjugate (1:40 in cell culture medium) staining.

Cell Imaging. Immunofluorescence, C-CPE-Chromeo 488 binding or nanobead endocytosis was imaged
with Nikon Eclipse TE2000-E confocal laser scanning microscope (461 nm for DAPI/Hoechst, 488 for C-CPE/
CLDN/CellBrite/annexin V and 535 nm for nanobeads), with a 60x water immersion objective and EZ-C1 3.80
software program (Nikon, Diisseldorf, Germany).

Propidium iodide (PI) uptake after cell killing was performed with a Ti-E inverted fluorescence microscope
(Nikon, Duesseldorf, Germany). Images were taken with 10x objective and Nikon Software Nis-Elements 4.4
(346 nm for Hoechst 33258 and 535 nm for PI). All images were processed with Image]/Fiji for further quantita-
tive evaluation.

Statistical analysis. The result are given as mean of at least three independent experiments for each treat-
ment. The error bars represent S.E.M. Statistical comparison between groups was performed using the Student’s
paired two-sided t test.

References
1. Carpin, L. B. et al. Inmunoconjugated gold nanoshell-mediated photothermal ablation of trastuzumab-resistant breast cancer cells.
Breast cancer research and treatment 125, 27-34 (2011).
2. Nahta, R,, Yu, D, Hung, M.-C., Hortobagyi, G. N. & Esteva, E ]. Mechanisms of disease: understanding resistance to HER2-targeted
therapy in human breast cancer. Nature clinical practice. Oncology 3, 269-280 (2006).
3. Slamon, D.]. et al. Human breast cancer: correlation of relapse and survival with amplification of the HER-2/neu oncogene. Science
(New York, N.Y,) 235, 177182 (1987).
Cobleigh, M. A. et al. Multinational study of the efficacy and safety of humanized anti-HER2 monoclonal antibody in women who
have HER2-overexpressing metastatic breast cancer that has progressed after chemotherapy for metastatic disease. Journal of clinical
oncology: official journal of the American Society of Clinical Oncology 17, 2639-2648 (1999).
. Vogel, C. L. et al. Efficacy and safety of trastuzumab as a single agent in first-line treatment of HER2-overexpressing metastatic breast
cancer. Journal of clinical oncology: official journal of the American Society of Clinical Oncology 20, 719-726 (2002).
6. Nahta, R. & Esteva, E J. HER2 therapy: molecular mechanisms of trastuzumab resistance. Breast cancer research: BCR 8, 215 (2006).
Valabrega, G., Montemurro, E. & Aglietta, M. Trastuzumab: mechanism of action, resistance and future perspectives in HER2-
overexpressing breast cancer. Annals of oncology: official journal of the European Society for Medical Oncology 18, 977-984 (2007).
8. Abadeer, N. S. & Murphy, C. J. Recent Progress in Cancer Thermal Therapy Using Gold Nanoparticles. J. Phys. Chem. C 120,
4691-4716 (2016).
9. Ashiq, M. G. B, Saeed, M. A,, Tahir, B. A, Ibrahim, N. & Nadeem, M. Breast cancer therapy by laser-induced Coulomb explosion of
gold nanoparticles. Chinese journal of cancer research Chung-kuo yen cheng yen chiu 25,756-761 (2013).
10. Huang, X. & El-Sayed, M. A. Gold nanoparticles. Optical properties and implementations in cancer diagnosis and photothermal
therapy. Journal of Advanced Research 1, 13-28 (2010).
. Bartczak, D., Muskens, O. L., Millar, T. M., Sanchez-Elsner, T. & Kanaras, A. G. Laser-induced damage and recovery of plasmonically
targeted human endothelial cells. Nano letters 11, 1358-1363 (2011).
12. Lo, C.-L. et al. The effect of PEG-5 K grafting level and particle size on tumor accumulation and cellular uptake. International journal
of pharmaceutics 456, 424-431 (2013).
13. El-Sayed, I. H., Huang, X. & El-Sayed, M. A. Surface plasmon resonance scattering and absorption of anti-EGFR antibody
conjugated gold nanoparticles in cancer diagnostics: applications in oral cancer. Nano letters 5, 829-834 (2005).
14. Choi, C. H.J,, Alabi, C. A., Webster, P. & Davis, M. E. Mechanism of active targeting in solid tumors with transferrin-containing gold
nanoparticles. Proceedings of the National Academy of Sciences of the United States of America 107, 1235-1240 (2010).
15. Ding, L., Lu, Z., Lu, Q. & Chen, Y.-H. The claudin family of proteins in human malignancy: a clinical perspective. Cancer
management and research 5, 367-375 (2013).
16. Escudero-Esparza, A., Jiang, W. G. & Martin, T. A. The Claudin family and its role in cancer and metastasis. Frontiers in bioscience
(Landmark edition) 16, 1069-1083 (2011).
17. Singh, A. B., Uppada, S. B. & Dhawan, P. Claudin proteins, outside-in signaling, and carcinogenesis. Pflugers Archiv: European
journal of physiology 469, 69-75 (2017).
18. Shang, X., Lin, X., Alvarez, E., Manorek, G. & Howell, S. B. Tight Junction Proteins Claudin-3 and Claudin-4 Control Tumor Growth
and Metastases. Neoplasia 14, 974-IN22 (2012).
19. Blanchard, A. A. et al. Claudins 1, 3, and 4 protein expression in ER negative breast cancer correlates with markers of the basal
phenotype. Virchows Archiv: an international journal of pathology 454, 647-656 (2009).
20. Gyorfty, H. et al. Claudin expression in Barrett’s esophagus and adenocarcinoma. Virchows Archiv: an international journal of
pathology 447, 961-968 (2005).
Chiba, H., Osanai, M., Murata, M., Kojima, T. & Sawada, N. Transmembrane proteins of tight junctions. Biochimica et biophysica
acta 1778, 588-600 (2008).
22. Fujita, K. et al. Clostridium perfringens enterotoxin binds to the second extracellular loop of claudin-3, a tight junction integral
membrane protein. FEBS letters 476, 258-261 (2000).
23. Katahira, J., Inoue, N., Horiguchi, Y., Matsuda, M. & Sugimoto, N. Molecular cloning and functional characterization of the receptor
for Clostridium perfringens enterotoxin. The Journal of cell biology 136, 1239-1247 (1997).
24. Sonoda, N. et al. Clostridium perfringens enterotoxin fragment removes specific claudins from tight junction strands: Evidence for
direct involvement of claudins in tight junction barrier. The Journal of cell biology 147, 195-204 (1999).
25. Veshnyakova, A. et al. Mechanism of Clostridium perfringens enterotoxin interaction with claudin-3/-4 protein suggests structural
modifications of the toxin to target specific claudins. The Journal of biological chemistry 287, 1698-1708 (2012).
26. Santin, A. D. et al. Treatment of chemotherapy-resistant human ovarian cancer xenografts in C.B-17/SCID mice by intraperitoneal
administration of Clostridium perfringens enterotoxin. Cancer research 65, 4334-4342 (2005).
27. Kominsky, S. L. et al. Clostridium perfringens Enterotoxin Elicits Rapid and Specific Cytolysis of Breast Carcinoma Cells Mediated
through Tight Junction Proteins Claudin 3 and 4. The American Journal of Pathology 164, 1627-1633 (2004).

B

v

N

1

-

21.

—

SCIENTIFICREPORTS | (2018) 8:14963 | https://doi.org/10.1038/s41598-018-33392-0 13


https://doi.org/10.1038/s41598-018-33392-0

www.nature.com/scientificreports/

28.

29.

30.

3

—

32,

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.

47.

48.

49.
50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Kitadokoro, K. et al. Crystal structure of Clostridium perfringens enterotoxin displays features of beta-pore-forming toxins. The
Journal of biological chemistry 286, 19549-19555 (2011).

Black, J. D. et al. Clostridium perfringens enterotoxin (CPE) and CPE-binding domain (c-CPE) for the detection and treatment of
gynecologic cancers. Toxins 7, 1116-1125 (2015).

Kimura, J. et al. Clostridium perfringens enterotoxin interacts with claudins via electrostatic attraction. The Journal of biological
chemistry 285, 401-408 (2010).

. Mitchell, L. A. & Koval, M. Specificity of interaction between clostridium perfringens enterotoxin and claudin-family tight junction

proteins. Toxins 2, 1595-1611 (2010).

Heinemann, D. et al. Gold nanoparticle mediated laser transfection for efficient siRNA mediated gene knock down. PloS one 8,
58604 (2013).

Kono, T. et al. Claudin-4 binder C-CPE 194 enhances effects of anticancer agents on pancreatic cancer cell lines via a MAPK
pathway. Pharmacology research & perspectives 3,e00196 (2015).

Cocco, E. et al. Clostridium perfringens enterotoxin carboxy-terminal fragment is a novel tumor-homing peptide for human ovarian
cancer. BMC cancer 10, 349 (2010).

Baumgart, J. et al. Quantified femtosecond laser based opto-perforation of living GFSHR-17 and MTH53 a cells. Optics express 16,
3021-3031 (2008).

Begandt, D. et al. Gold nanoparticle-mediated (GNOME) laser perforation: a new method for a high-throughput analysis of gap
junction intercellular coupling. Journal of bioenergetics and biomembranes 47, 441-449 (2015).

Schmidt, T. G. M. & Skerra, A. The Strep-tag system for one-step purification and high-affinity detection or capturing of proteins.
Nature protocols 2, 1528-1535 (2007).

Doi, N., Tomita, M. & Hayashi, M. Absorption enhancement effect of acylcarnitines through changes in tight junction protein in
Caco-2 cell monolayers. Drug metabolism and pharmacokinetics 26, 162-170 (2011).

Hammer, S. C. et al. Claudin-1, -3, -4 and -7 gene expression analyses in canine prostate carcinoma and mammary tissue derived cell
lines. Neoplasma 63, 231-238 (2016).

Hammer, S. C. et al. Longitudinal Claudin Gene Expression Analyses in Canine Mammary Tissues and Thereof Derived Primary
Cultures and Cell Lines. International journal of molecular sciences 17 (2016).

Kondoh, M., Takahashi, A., Fujii, M., Yagi, K. & Watanabe, Y. A novel strategy for a drug delivery system using a claudin modulator.
Biological & pharmaceutical bulletin 29, 1783-1789 (2006).

Schomaker, M. et al. Biophysical effects in off-resonant gold nanoparticle mediated (GNOME) laser transfection of cell lines,
primary- and stem cells using fs laser pulses. Journal of biophotonics 8, 646-658 (2015).

Gao, Z. et al. C terminus of Clostridium perfringens enterotoxin downregulates CLDN4 and sensitizes ovarian cancer cells to Taxol
and Carboplatin. Clinical cancer research: an official journal of the American Association for Cancer Research 17, 1065-1074 (2011).
Veshnyakova, A. et al. On the interaction of Clostridium perfringens enterotoxin with claudins. Toxins 2, 1336-1356 (2010).
Oliveira, S. S. & Morgado-Diaz, J. A. Claudins: multifunctional players in epithelial tight junctions and their role in cancer. Cellular
and molecular life sciences: CMLS 64, 17-28 (2007).

Pahle, . et al. Rapid eradication of colon carcinoma by Clostridium perfringens Enterotoxin suicidal gene therapy. BMC cancer 17,
129 (2017).

Oliveira, S. S., de, Oliveira, I. M., de, Souza, Wde & Morgado-Diaz, J. A. Claudins upregulation in human colorectal cancer. FEBS
letters 579, 6179-6185 (2005).

Kulka, J. et al. Expression of tight junction protein claudin-4 in basal-like breast carcinomas. Pathology oncology research: POR 15,
59-64 (2009).

Hicks, D. A. et al. Claudin-4 activity in ovarian tumor cell apoptosis resistance and migration. BMC cancer 16, 788 (2016).

Ono, Y. et al. Claudins-4 and -7 might be valuable markers to distinguish hepatocellular carcinoma from cholangiocarcinoma.
Virchows Archiv: an international journal of pathology 469, 417-426 (2016).

Kokai-Kun, J. F. & McClane, B. A. Deletion analysis of the Clostridium perfringens enterotoxin. Infection and Immunity 65,
1014-1022 (1997).

van Itallie, C. M., Betts, L., Smedley, J. G. 3, McClane, B. A. & Anderson, J. M. Structure of the claudin-binding domain of
Clostridium perfringens enterotoxin. The Journal of biological chemistry 283, 268-274 (2008).

Hirsch, L. R. et al. Nanoshell-mediated near-infrared thermal therapy of tumors under magnetic resonance guidance. Proceedings of
the National Academy of Sciences of the United States of America 100, 13549-13554 (2003).

Qu, X,, Yao, C., Wang, J., Li, Z. & Zhang, Z. Anti-CD30-targeted gold nanoparticles for photothermal therapy of L-428 Hodgkin’s
cell. International journal of nanomedicine 7, 6095-6103 (2012).

Rau, L.-R., Huang, W.-Y,, Liaw, J.-W. & Tsai, S.-W. Photothermal effects of laser-activated surface plasmonic gold nanoparticles on
the apoptosis and osteogenesis of osteoblast-like cells. International journal of nanomedicine 11, 3461-3473 (2016).

Kalies, S. et al. Immobilization of gold nanoparticles on cell culture surfaces for safe and enhanced gold nanoparticle-mediated laser
transfection. Journal of biomedical optics 19, 70505 (2014).

Yao, S., Rana, S., Liu, D. & Wise, G. E. Electroporation optimization to deliver plasmid DNA into dental follicle cells. Biotechnology
journal 4, 1488-1496 (2009).

Li, J.-L. & Gu, M. Surface plasmonic gold nanorods for enhanced two-photon microscopic imaging and apoptosis induction of
cancer cells. Biomaterials 31, 9492-9498 (2010).

Tong, L. et al. Gold Nanorods Mediate Tumor Cell Death by Compromising Membrane Integrity. Advanced materials (Deerfield
Beach, Fla.) 19, 3136-3141 (2007).

Lukianova-Hleb, E. Y., Koneva, I. I, Oginsky, A. O., La Francesca, S. & Lapotko, D. O. Selective and self-guided micro-ablation of
tissue with plasmonic nanobubbles. The Journal of surgical research 166, e3-13 (2011).

Moser, E et al. Cellular Uptake of Gold Nanoparticles and Their Behavior as Labels for Localization Microscopy. Biophysical Journal
110, 947-953 (2016).

Yakunin, A. N., Avetisyan, Y. A. & Tuchin, V. V. Quantification of laser local hyperthermia induced by gold plasmonic nanoparticles.
Journal of biomedical optics. 20(5), 051030, https://doi.org/10.1117/1.JB0.20.5.051030 (2015).

Kim, J. B., O’Hare, M. J. & Stein, R. Models of breast cancer: is merging human and animal models the future? Breast cancer research:
BCR 6, 22-30 (2004).

Dreaden, E. C., Austin, L. A., Mackey, M. A. & El-Sayed, M. A. Size matters. Gold nanoparticles in targeted cancer drug delivery.
Therapeutic Delivery 3, 457-478 (2012).

Acknowledgements

The authors would like to thank Dr. B. Nitzsche, Charité, Universitatsmedizin Berlin for kindly providing
the OE-33 and Kyse140 cells and Prof. R. Hass, Hannover Medical School Hannover for kindly providing the
MDA-MB-231 cells. Prof. Dr. Alexander Heisterkamp and Dr. Maria Leilani Torres-Mapa, Institute of Quantum
Optics, Leibniz University Hannover for proof reading. The project was partly supported by DFG Transregio
TR73. The publication of this article was funded by the Open Access Fund of the Leibniz Universitit Hannover.

SCIENTIFICREPORTS | (2018) 8:14963 | https://doi.org/10.1038/s41598-018-33392-0 14


https://doi.org/10.1038/s41598-018-33392-0
http://dx.doi.org/10.1117/1.JBO.20.5.051030

www.nature.com/scientificreports/

Author Contributions

A.B.: conception of the experiments, experiments, writing of the manuscript. M.L.: Cloning and production of
the C-CPE. B.L.S.M.: Cloning and production of the C-CPE. S.C.H.: Establishment of the canine cells, analysis
of claudin expression in the canine cells. S.A.: Establishment of the canine cells, analysis of claudin expression in
the canine cells. H.M.E.: Establishment of the canine cells, analysis of claudin expression in the canine cells. A.N.:
experimental conception, writing of the manuscript, mentoring, funding.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

CE ] jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:14963 | https://doi.org/10.1038/s41598-018-33392-0 15


https://doi.org/10.1038/s41598-018-33392-0
http://creativecommons.org/licenses/by/4.0/

	Functionalization of gold-nanoparticles by the Clostridium perfringens enterotoxin C-terminus for tumor cell ablation using ...
	Results

	Identification of tumor cells expressing claudin-3, -4 or -7. 
	The functionality of the recombinant C-CPE. 
	Application of the C-CPE-AuNP complex for an optic induced killing of claudin expressing tumor cells. 
	Application of the C-CPE-AuNP complex for an optic induced killing of 3D tumor spheroid models. 

	Discussion

	Conclusion

	Materials and Methods

	Preparation of the C. perfringens enterotoxin C-terminal fragment (C-CPE). 
	Cell Culture. 
	Spheroid formation. 
	Cell viability. 
	Formation of C-CPE-Chromeo 488 and C-CPE-AuNP complex. 
	Monitoring of transepithelial electrical resistance (TEER). 
	Real-time PCR. 
	Visualization of claudins in cells. 
	Gold nanoparticle-mediated (GNOME) laser perforation for tumor cell killing. 
	Cell Imaging. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Schema depicting of the C-CPE-AuNP complex binding to claudin-3, -4 and -7 expressing tumor cell exposed to a laser beam.
	Figure 2 Claudin gene expression in different tumor cells (a) Quantification of claudin (CLDN) gene expression with qRT-PCR.
	Figure 3 Functionality of the recombinant C-CPE.
	Figure 4 Killing tumor cells using gold nanoparticles functionalized with C-CPE (C-CPE-AuNP).
	Figure 5 Killing effect of different tumor cells with C-CPE functionalized AuNP.
	Figure 6 Killing of cells grown in spheroids with C-CPE Functionalized AuNPs.
	Table 1 Result summary of claudin (CLDN) expression, C-CPE binding and cell killing of human and canine cells.
	Table 2 Primer sequences used for C-CPE production.
	Table 3 List of primer sequences used for real-time PCR.
	Table 4 Antibodies used for immunofluorescence experiments.




