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AbstrAct
Triple-negative breast cancer (TNBC) is a heterogeneous disease in which the 

tumors do not express estrogen receptor (ER), progesterone receptor (PgR) or human 
epidermal growth factor receptor 2 (HER2). Classical receptor-targeted therapies such 
as tamoxifen or trastuzumab are therefore unsuitable and combinations of surgery, 
chemotherapy and/or radiotherapy are required. Photoimmunotheranostics is a 
minimally invasive approach in which antibodies deliver nontoxic photosensitizers 
that emit light to facilitate diagnosis and produce cytotoxic reactive oxygen species 
to induce apoptosis and/or necrosis in cancer cells. We developed a panel of 
photoimmunotheranostic agents against three TNBC-associated cell surface antigens. 
Antibodies against epidermal growth factor receptor (EGFR), epithelial cell adhesion 
molecule (EpCAM) and chondroitin sulfate proteoglycan 4 (CSPG4) were conjugated 
to the highly potent near-infrared imaging agent/photosensitizer IRDye®700DX 
phthalocyanine using SNAP-tag technology achieving clear imaging in both breast 
cancer cell lines and human biopsies and highly potent phototherapeutic activity 
with IC50 values of 62–165 nM against five different cell lines expressing different 
levels of EGFR, EpCAM and CSPG4. A combination of all three reagents increased the 
therapeutic activity against TNBC cells by up to 40%.
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IntroductIon

Despite recent reduction in breast cancer mortality, 
breast cancer remains the leading cause of women’s 
cancer death worldwide [1]. The molecular basis of breast 
cancer is well understood and five molecular subtypes 
are recognized: luminal A and B, HER2+, basal-like and 
normal breast-like [2]. Targeted therapies that rely on the 
expression of the estrogen receptor (ER), progesterone 
receptor (PgR) and epidermal growth factor receptor 2 
(HER2) are effective treatments for luminal and HER2+ 
breast cancers [3]. 

Triple-negative breast cancer (TNBC) is a 
heterogeneous disease characterized by the absence of 
ER, PgR and HER2, and up to six distinct biological 
subgroups are reported. TNBC is more common in 
premenopausal patients, accounting for up to 20% of 
breast cancer cases [4]. TNBC has a generally poor 
prognosis with lower disease-free and overall survival 
[5] when compared to luminal tumors. TNBC patients 
do not benefit from drugs such as tamoxifen, aromatase 
inhibitors, trastuzumab, pertuzumab, trastuzumab-emtansin 
(TDM- 1) or palbociclib, which target the absent receptors. 
Treatment therefore relies on surgery, chemotherapy and/
or radiotherapy. 

Targeted therapy is a successful paradigm in 
oncology, increasing both efficacy and safety. Antibody-
drug conjugates (ADC) are promising tumor-targeting 
drugs that selectively eliminate cancer cells by combining 
the receptor-targeting specificity of a monoclonal antibody 
(mAb) with a highly potent cytotoxic agent [6]. The first-
in-class ADC for breast cancer treatment is TDM-1, 
which combines trastuzumab and emtansine and is highly 
effective against recurrent HER2+ breast cancer, even after 
trastuzumab therapy [7]. However, the cytotoxic agents in 
ADCs are typically conjugated randomly to the antibodies 
using either the reduced sulfhydryl groups of cysteine 
residues, or the amino groups of lysine side chains. This 
generates heterogeneous ADC populations with variable 
drug-to-antibody ratios (DARs) [8]. Alternative strategies 
for drug conjugation that generate homogeneous ADCs 
can significantly improve efficacy, pharmacokinetic 
properties and tolerability. 

Although several site-specific conjugation methods 
have been developed to generate ADCs with defined 
pharmacokinetic properties, therapeutic indices, and 
safety profiles, their complexity and high production costs 
are significant drawbacks [9]. Self-labeling proteins such 
as the SNAP-tag provide an elegant solution to these 
challenges. The SNAP-tag is a derivative of the human 
O6-alkylguanine-DNA alkyltransferase (AGT) which has 
the ability to conjugate benzylguanine (BG) molecules 
depending on its folding pattern [10, 11]. SNAP-tag 
technology is ideally suited for protein modification and 
allows a fusion protein to be equipped with many different 
chemical entities under physiological conditions with high 

efficacy and a 1:1 stoichiometry. This technology has been 
applied in diverse experimental systems, ranging from the 
in-cell labeling of tagged proteins to the immobilization 
of proteins on chip surfaces. The SNAP-tag has also been 
used to generate several recombinant antibody-based 
fusion proteins for diagnostic and therapeutic purposes 
[12–15].

Another drawback of current ADCs is that 
constitutively active cytotoxic components must be 
delivered to the target cells, such that receptor binding 
and uptake into the cytosol are required. The ADC binds 
to its receptor and is internalized into lysosomes where 
it is degraded by lysosomal proteases, thereby releasing 
the cytotoxic drug into the cytosol as required to induce 
cell death. However, the free drug can also be released 
from the degraded antibody into the blood, a phenomenon 
known as premature drug release that can damage 
healthy cells. In many ADCs, cleavable linkers are used 
to conjugate drug molecules to the antibody in order to 
facilitate drug release inside the cells, which exacerbates 
the problem of premature release and the associated off-
target toxicity [8, 16].

Theranostic agents, which combine diagnosis and 
therapy in one molecule, represent a promising new 
paradigm in cancer treatment. Most theranostics currently 
undergoing clinical development are nanoparticle-based 
reagents, which suffer drawbacks such as systemic and 
cellular toxicity, off-target accumulation, complexity and 
high production costs [17]. Photoimmunotheranostics 
combine the highly potent phototherapeutic activity and 
powerful imaging properties of photosensitizers with 
the specificity of mAbs or their fragments to detect and 
selectively eliminate tumor cells. This is a minimally 
invasive approach that uses nontoxic photosensitizers and 
harmless light, which in combination with oxygen leads 
to the production of cytotoxic reactive oxygen species 
that kill malignant cells by inducing cell apoptosis and/
or necrosis [18]. 

The heterogeneity of TNBC limits the success 
of targeted treatments and it is widely acknowledged 
that no single therapeutic agent has the same effect 
on all TNBC patients. Therefore, we have developed 
photoimmunotheranostic agents against three receptors 
that are strongly expressed in TNBC: the epidermal 
growth factor receptor (EGFR), the epithelial cell adhesion 
molecule (EpCAM) and chondroitin sulfate proteoglycan 4 
(CSPG4) also known as melanoma-associated chondroitin 
sulfate proteoglycan (MCSP) [19–21]. We generated 
three recombinant fusion proteins by genetically linking 
the SNAP-tag protein to single chain antibody fragments 
(scFv) targeting each receptor, namely scFv-425 (targeting 
EGFR), anti-EpCAM(scFv) and anti-CSPG4(scFv). 
The recombinant fusion proteins were conjugated 
with the highly potent photosensitizer, IRDye®700DX 
phthalocyanine (IR700) using SNAP-tag technology. 
These agents are inherently safe due to the non-toxic 
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effect of free IR700 even after irradiation, and our results 
demonstrate their powerful imaging properties and potent 
phototherapeutic activity, individually and in combination, 
against four different TNBC cell lines (Hs758T, MDA-
MB-231, MDA-MB-453 and MDA-MB-468) and ER+ 

breast cancer cell line (MCF-7) expressing different levels 
of EGFR, EpCAM and CSPG4.

Our study combines several different approaches 
that allow the development of novel diagnostic and 
therapeutic options suitable for TNBC patients. This 
approach could facilitate patient pre-screening, real-
time treatment monitoring and in situ or on-demand 
drug activation as well as longitudinally quantifying the 
efficacy of treatment.

results 

Site-specific conjugation of the fusion proteins 
with BG-modified fluorophores 

The BG-Vista Green, BG-Alexa Fluor®647 and 
BG-PEG24-IR700 molecules were conjugated to the 
three fusion proteins using the BG-SNAP-tag reaction 
as described above (Figure 1, lanes 1–6). The site-
specific conjugation of BG-modified IR700 to the 
SNAP-tag fusion protein was confirmed by a BG 
irreversible blocking assay. The proteins were treated with 
bromothenylpteridine (BTP) which blocks the SNAP-
tag by irreversible transfer of the alkyl group to cysteine 
residue. Following treatment, the coupling of the fusion 
proteins to BG-PEG24-IR700 was completely obstructed.

(Figure 1, lanes 7–9). Furthermore, we achieved a 
conjugation efficiency of ~90% using the BG-modified 
fluorophores. This was confirmed by spectrophotometry 
using the extinction coefficients of the fluorescence dyes 
and the theoretical extinction coefficient of the proteins 
(Table 1). 

Protein serum stability 

The stability of the labeled proteins was analyzed 
using AIDA software following incubation with mouse 
serum for up to 6 h at 37°C. Analysis of the fluorescence 
signal and subsequent staining with Coomassie Brilliant 
Blue revealed no significant loss of the fluorescence 
signal (Figure 2A) or protein degradation (Figure 2B) 
after incubation in mouse serum for 6 h. Figure 2 shows a 
representative protein stability assay (scFv-425-SNAP) but 
similar results were observed for the anti-EpCAM(scFv)-
SNAP and anti-CSPG4(scFv)-SNAP proteins. 

Flow cytometry and confocal microscopy

The binding properties of the Alexa Fluor®647-
labeled proteins was tested against four different TNBC 
cell lines (MDA-MB-468, MDA-MB-453, MDA-MB-231 

and Hs758T) as well as the ER+ cell line MCF-7 by flow 
cytometry. Consistent with previous studies [19–21], 
we found that the receptors were expressed at different 
levels on these cell lines (Table 2 and Figure 3). MDA-
MB-468, MDA-MB-453 and MCF-7 cells expressed 
high levels of EpCAM, whereas MDA-MB-468, MDA-
MB-231 and Hs578T cells expressed high levels of EGFR. 
The MDAMB-231 and Hs758T cell lines expressed high 
levels of CSPG4. The MDA-MB-453 and MCF-7 cell 
lines expressed minimal levels of EGFR, and the MDA-
MB-231 and Hs578T cells lines expressed minimal levels 
of EpCAM. Cell lines MDA-MB-468, MDA-MB-453 and 
MCF-7 expressed minimal levels of CSPG4 (Table 2). 

The binding of the labeled fusion proteins to the cell 
lines was confirmed by automated confocal microscopy. 
The breast cancer cell lines were incubated with Alexa 
Fluor® 647- labeled fusion proteins at 37°C. The differential 
staining of the cell membrane and the cellular uptake of the 
fusion proteins corresponded to the expression levels of 
EGFR, EpCAM and CSPG4 (Figure 4). 

Binding of fusion proteins to human samples

To investigate the clinical potential of our fusion 
proteins in human breast cancer, particularly their ability 
to distinguish between breast tumors and healthy tissues, 
fluorescence immunohistochemistry analysis was carried 
out to determine the binding properties of all Alexa 
Fluor®647-labeled proteins against human breast cancer 
biopsies and normal breast tissues. We confirmed the 
specific binding of the labeled proteins to breast cancer 
tissues, and observed no significant binding to normal 
human breast tissues (Figure 5).

Photoimmunotoxicity 

Cell viability was determined using the formazan 
dye-based cell proliferation XTT kit II (Roche, Mannheim 
Germany). Cell viability was reduced in a dose-dependent 
manner following light treatment after cell incubation with 
each of the individual photoimmunotheranostic reagents 
for 24 h at 37°C, corresponding to the expression levels of 
EGFR, EpCAM and CSPG4. The photoimmunotheranostic 
reagents were able to eliminate target TNBC cell lines 
with IC50 values of 62–165 nM (Table 3). Furthermore, 
an equimolar mixture of all three photoimmunotheranostic 
agents increased the toxicity towards TNBC cells by up 
to 40% compared to the individual reagents (Table 3). 
Unconjugated IR700 had no toxic effect against any of 
the treated cells even under illumination. Also, no toxic 
effects were observed when the cell lines were incubated 
with a mixture of all three photoimmunotheranostic agents 
without NIR light treatment. (Figure 6A). 

Furthermore, the ability of the photoimmunotheranostic 
agents to trigger selective apoptosis was confirmed using 
the Apo-ONETM Caspase-3/7 assay. The levels of activated 
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caspase-3 and caspase-7 in treated cells directly correlated 
with the expression levels of the target receptors (Figure 6B). 
More importantly, no significant reduction in cell viability 
and no induction of caspase-3 or caspase-7 was detected 
in cells treated with the unconjugated IR700 even under 
illumination (Figure 6B). 

dIscussIon

Antibody-based tumor-targeting therapies represent 
a substantial step towards improved cancer management 
by selectively targeting tumor cells and concomitantly 
reducing adverse effects [22]. Treatments with antibodies 

involve one of three mechanisms: receptor blockade, 
antibody-dependent cellular cytotoxicity, or complement-
dependent cytotoxicity. However, multiple high doses of 
the antibody are required for effective treatment [23]. 

The efficacy of passive therapeutic antibodies has 
been improved by covalently linking them to synthetic 
cytotoxic molecules to yield ADCs, which are now 
successful for the treatment of several forms of cancer, 
including CD30+ lymphoma and HER2+ breast cancer 
[24, 25]. 

Most of the cytotoxic components used in ADCs 
are highly potent membrane-permeable molecules [26], 
thus off-target toxicity due to premature toxin release 

Table 1: Labeling efficiency of the SNAP-tag fusion proteins
BG-Vista Green Alexa Fluor® 647 BG-IR700

scFv-425-snAP 92 90 88
Anti-EpCam(scFv)-SNAP 90 90 89
Anti-CSPG4(scFv)-SNAP 92 89 88

Data are presented as percentage for three replicated experiments.

Figure 1: Fusion proteins labeling with BG-PEG24-IR700. (A) SDS-PAGE followed by fluorescence visualization and  
(b) subsequent Coomassie staining of BG-PEG24-IR700 or BG-Vista Green coupled to the SNAP-tag fusion proteins. Lanes 1–3: Fusion 
proteins (scFv-425-SNAP-tag, anti-EpCAM(scFv)-SNAP-tag and anti-CSPG4(scFv)-SNAP-tag) were labeled with a two-fold molar 
excess of BG-PEG24-IR700. Lanes 4–6: The same proteins were labeled with BG-Vista Green. Lanes 7–9: The SNAP-tag blocking reagent 
BTP was added to the fusion proteins, followed by incubation with a two-fold molar excess of BG-PEG24-IR700, then a two-fold molar 
excess of BG-Vista Green. M: Prestained Protein Marker Broad Range (7−175 kDa). Fluorescence visualization of Vista Green (green 
bands) and IR700 (red bands) was achieved using the CRi Maestro multispectral imaging system. 
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into the blood is a major safety challenge in ADC 
development [27]. One appealing approach to overcome 
this drawback is the use of photoimmunotheranostic 
agents, which can simultaneously improve cancer 
detection and achieve on-demand treatment. Such reagents 
combine the phototoxic and imaging properties of certain 
photosensitizers with the specificity of antibodies, 
allowing the detection and inducible elimination of tumor 
cells. Photoimmunotheranostic reagents offer a minimally 
invasive intervention that uses nontoxic photosensitizers 
that can be activated locally and on-demand using 
harmless light to produce cytotoxic reactive oxygen 
species that kill malignant cells by inducing cell apoptosis 
and/or necrosis [28].

Each of the components of our 
photoimmunotheranostic agents has minimal toxicity 
when presented alone, thus toxicity is achieved only when 
the components are applied together at the appropriate 
place and time. Consistent with previous studies [29–31], 
we found that treating cells with one component (i.e. 
light, the photosensitizer or the antibody) did not reduce 
cell viability or induce apoptosis. Furthermore, the overall 
toxicity of the photoimmunotheranostic reagents depended 
on the presence and copy number of cell surface receptors 
recognized by the antibody. Unlike other photosensitizers 
and small cytotoxic agents, free IR700 showed no off-
target effects even under illumination, and it only became 
active following receptor-antibody interactions [30]. 

Table 2: Expression profile for EGF, EpCAM and CSPG4 receptor in four different TNBC cell 
lines and ER+ MCF-7 cells

EGFR EpCAM CSPG4
MDA-MB-468 + + −
MDA-MB-231 + − +
MDA-MB-453 − + −
Hs758T + − +
MCF-7 − + −

Figure 2: Stability of fluorescence-labeled scFv-425-SNAP protein in mouse serum. (A) The IR700 fluorescence signal was 
detected using the CRi Maestro multispectral imaging system (black arrow). M: Prestained Protein Marker Broad Range (7−175 kDa). 
Lanes 1–8: scFv-425-SNAP-IR700 incubated with mouse serum for 0, 0.5, 1, 2, 3, 4, 5 and 6 h. Lane 9: scFv-425-SNAP-IR700 positive 
control. (b) Corresponding SDS-PAGE gel showing scFv-425-SNAP-IR700 stained with Coomassie Brilliant Blue. 
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Table 3: Toxicity of scFv-425-SNAP-IR700, anti-EpCAM(scFv)-SNAP-IR700 and anti-
CSPG4(scFv)-SNAP-IR700 against different TNBC cell lines and the ER+ cell line MCF-7, 
represented as IC50 values (nM)

scFv-425-snAP-
IR700

Anti-EpCAM (scFv)-
SNAP-IR700

Anti-CSPG4 (scFv)-
SNAP-IR700 Cocktail reagents

MDA-MB-468 26 165 - 18
MDA-MB-231 61 - 128 34
MDA-MB-453 - 40 - 36
Hs758T 29 - 131 18
MCF-7 - 56 - 51

Data are presented as means for three replicated experiments.

Figure 3: Analysis of EGFR, EpCAM and CSPG4 protein expression in MDA-MB-468, MDA-MB-231, MDA-MB-453, 
HS578T and MCF7 cell lines. Flow cytometry was carried out after incubating the cells with Alexa Fluor®647-labeled scFv-SNAP 
fusion proteins against EGFR (black curves), EpCAM (dotted black curves) and CSPG4 (gray curves) for 30 min at 37°C in PBS. The filled 
gray curves represent the non-stained control. 

Figure 4: Confocal microscopy showing fluorescence-labeled scFv-SNAP fusion proteins targeting EGFR, EpCAM 
and CSPG4. The cells were incubated with 0.5 μg of each labeled scFv-SNAP-tag fusion protein (red signal) for 60 min at 37°C and then 
with Hoechst 33342 nuclear counterstain (blue signal). 
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The correlation between cytotoxicity and cell 
surface receptor density combined with the intrinsic 
safety of IR700 increases the therapeutic potential 
of our photoimmunotheranostic agents and offers a 
failsafe system to prevent off-target effects. In this 
context, a photoimmunotheranostic approach may also 
help to address the challenge of multidrug resistance in 
cancer cells, which is the main reason for the failure of 
several cancer treatments. Following the activation of 
photosensitizers with a suitable wavelength and duration 
of light, the energy-enriched photosensitizer releases the 
extra energy to the neighboring substrates and returns to 
its ground state [28]. A portion of the excited singlet state 
molecules is converted through intersystem crossing into 
the relatively long-lived (micro-to-milliseconds) excited 
triplet state, which can either generate free radicals or 
radical ions via hydrogen atom removal or electron 
transmission to the surrounding biological substrates, 
solvent molecules or oxygen. This reaction generates 
in situ toxic free radicals or reactive oxygen species, 
which ultimately cause tumor cells ablation by inducing 
apoptosis and/or necrosis [28]. Recently, the activation 
of IR700 with light at 500–780 nm for 1 min was shown 

to increase water diffusion into treated cells resulting in 
an expansion of the cell to its maximum size, ultimately 
damaging the membrane and inducing necrosis [32]. 
Direct tumor cell ablation by the induction of necrosis can 
provoke an immune response that leads to the release of 
inflammatory mediators. This stimulates neutrophils and 
macrophages that play a long-term role in the elimination 
of neoplastic cells [28]. These distinct mechanisms to 
induce cell death benefit the development of therapeutic 
modalities that can be used to overcome tumor cell 
resistance against other treatment strategies.  

Although we only investigated the in vitro imaging 
potential of the three photoimmunotheranostic agents, we 
found that all three were able to bind specifically to their 
target receptors in four TNBC cell lines resulting in their 
internalization, whereas no fluorescence was detected on the 
cell lines lacking these receptors. Furthermore, fluorescence 
immunohistochemistry experiments confirmed that our 
constructs can distinguish between healthy and TNBC tumor 
tissues, because the latter express high levels of EGFR, 
EpCAM or CSPG4. IR700-mAb constructs have recently 
demonstrated their promising theranostic properties in vivo 
against several types of cancer [29, 30]. Beyond detection 

Figure 5: Fluorescence immunohistochemistry of scFv-SNAP-Alexa Fluor®647-labeled proteins against EGFR, 
EpCAM and CSPG4 in human breast cancer tissues (A) and normal breast tissue (B). Biopsies were incubated with scFv-
425-SNAP-Alexa Fluor®647, anti-EpCam(scFv)-SNAP-Alexa Fluor®647 or anti-CSPG4(scFv)-SNAP-Alexa Fluor®647 overnight at 4ºC. 
A TCS SP5 confocal microscope was used to visualize Alexa Fluor®647 signals (red) on the breast cancer tissues. 
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Figure 6: Toxic activity of photoimmunotheranostic agents against four TNBC cell lines and MCF-7. (A) The cytotoxicity 
of scFv-425-SNAP-IR700 (▼), anti-EpCAM(scFv)-SNAP-IR700 (■), anti-CSPG4(scFv)-SNAP-IR700 (●), the mixture of all three 
photoimmunotheranostic agents (□), IR700 only (

∆
) and the mixture of all three photoimmunotheranostic reagents applied in the absence 

of NIR irradiation (▲) was evaluated by cell viability assays using four different TNBC cell lines (MDA-MB-468, MDA-MB-453, MDA-
MB-231 and Hs758T) and one ER+ cell line (MCF-7). Cells were incubated with increasing concentrations of each reagent, separately 
or in combination, or with IR700 (0, 10, 25, 50, 100, 200 and 400 nM). (b) Induction of apoptosis by photoimmunotheranostic agents 
(separately) and by IR700, assessed using the Apo-ONETM Homogeneous Caspase-3/7 assay. 
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and elimination of cancer cells, photoimmunotheranostic 
agents could also be used to monitor the duration of IR700 
fluorescence during surgery, thus providing an immediate 
assessment of treatment efficacy [33]. 

Photoimmunotheranostic agents should ideally be 
homogeneous products with defined DARs, because this is 
necessary for optimal pharmacokinetic, efficacy and safety 
profiles. ADCs with variable DARs show inconsistent 
pharmacokinetic behavior, affinity, toxicity and drug 
release properties, and site-specific conjugation methods 
should therefore be used to generate ADCs with improved 
pharmacokinetic properties, therapeutic indices, and safety 
profiles [9, 34–36] 

Although several methods have been developed for 
the conjugation of therapeutic agents to antibodies, only two 
are widely used: the modification of thiol groups in cysteine 
side chains and the modification of amine groups in lysine 
side chains. These methods are simple, but they cannot 
produce homogeneous ADCs or photoimmunotheranostic 
agents with defined pharmacological and safety profiles 
[8, 9]. We therefore used the self-labeling SNAP-tag to 
generate homogeneous and stable photoimmunotheranostic 
agents. SNAP-tag technology allows the covalent 
attachment of BG-modified IR700 to different scFv-
SNAP-tag fusion proteins by the irreversible coupling of 
an alkyl group to a cysteine residue in the SNAP-tag protein 
[37]. This is a simple, rapid, site-specific and reproducible 
method to equip any protein of interest with various BG-
modified molecules, ranging from small molecules such 
as photosensitizers [13] and fluorophores [15, 38] to large 
molecules such as drug nanocarriers [14]. 

The heterogeneity, complexity and clinically 
aggressive behavior of TNBC is challenging for targeted 
therapies, which work best with a single and defined 
molecular target. In most cases, anthracycline- and taxane-
based chemotherapy is used for the systemic treatment of 
TNBC, but chemotherapy with or without other treatment 
options often has a major impact on patient quality of life. 
Therefore, it is important to develop new strategies that 
reduce the impact on patients while retaining therapeutic 
efficacy. Photoimmunotheranostic agents could help 
to bridge this gap. It is unlikely that any single targeted 
therapy will be efficacious in all TNBC patients, so we 
investigated a cocktail of three photoimmunotheranostic 
agents targeting some of the most abundant receptors 
in TNBC cells that are also expressed at minimal levels 
in healthy tissue. Using SNAP-tag technology, specific 
antibody fragments targeting EGFR, EpCAM and CSPG4 
were conjugated with the highly potent photosensitizer 
IR700D. These reagents showed powerful imaging 
properties and highly potent phototherapeutic activity  
in vitro. We demonstrated their favorable effect, individually  
and in combination, against four different TNBC cell 
lines that express different levels of EGFR, EpCAM and 
CSPG4, with IC50 values in the nanomolar range. The 
robust safety profile of these reagents was demonstrated 
by the lack of toxicity caused by the free IR700 dye, even 

after irradiation. Our promising photoimmunotheranostic 
agents should now be tested to determine their activity  
in vivo [18, 30, 32, 33]. 

MATERIALS AND METHoDS

Cell lines

The human TNBC cell lines MDA-MB-468 
(ATCC®HTB-132TM), MDA-MB-231 (ATCC®HTB-
26TM), MDA-MB-453 (ATCC®HTB-131TM), Hs578T 
(ATCC®HTB-126TM) and ER+ MCF-7 (ATCC®HTB-22TM) 
were cultured in RPMI-1640 medium supplemented with 
2 mM L-glutamine, 10% (v/v) fetal bovine serum (FBS), 
and 100 U/mL penicillin−streptomycin. The cells were 
incubated at 37°C and 5% CO2. The medium and additives 
were purchased from Invitrogen, Darmstadt, Germany.

Modification of IR700 with a benzylguanine 
linker 

The IR700 N-hydroxysuccinimide ester (IR700) 
fluorophore (LI-COR Biosciences GmbH, Bad Homburg, 
Germany) was modified with a benzylguanine linker 
(BG-PEG24-NH2) (Covalys Biosciences AG, Witterswil, 
Switzerland) using the N-hydroxysuccinimide ester-
amino group reaction as previously described [39]. Briefly, 
IR700 was mixed with a two-fold molar excess of BG-
PEG24-NH2 in phosphate-buffered saline (PBS, pH 7.4) 
and incubated overnight in the dark at room temperature. 
BG-modified IR700 was analyzed and purified by high-
performance liquid chromatography (HPLC) (Water, 
Eschborn, Germany) using a Prontosil C-18 column 
(250 x 4.6 mm, 5 µm, 120Å) (Bischoff Chromatography, 
Leonberg, Germany). Runs were monitored at 286 
and 680 nm to visualize BG-linkers, IR700 and BG-
modified IR700 molecules. BG-PEG24-IR700 analysis 
and purification was carried out using a 55-min gradient 
from buffer A (0.1 M triethylammonium acetate, TEAA) 
to buffer B (70% acetonitrile) at a flow rate of 1 mL/min. 

Protein expression and purification

The scFv-425-SNAP-tag, anti-EpCAM(scFv)-
SNAP-tag and anti-CSPG4(scFv)-SNAP-tag fusion 
proteins were expressed in HEK-293T cells and purified 
from the supernatant using a Ni-NTA Superflow cartridge 
(Qiagen, Hilden, Germany) on an ÄKTA FPLC system 
(GE Healthcare Europe GmbH, Freiburg, Germany) as 
previously described [12, 13, 40, 41]. 

Preparation of the photoimmunotheranostic agents

BG-modified IR700 or BG-modified dyes (BG-Vista 
Green, BG-Alexa Fluor®647) (Covalys Biosciences AG) 
were conjugated to each scFv-SNAP-tag fusion protein 
by incubating at a 2:1 molar ratio for 2 h in the dark at 
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room temperature. Unconjugated dyes were removed by 
size-exclusion chromatography using Zeba Spin Desalting 
Columns, 7K MWCO (Thermo Fisher Scientific, Waltham, 
Massachusetts, USA). The site-specific conjugation of BG-
PEG24-IR700 to the SNAP-tag was confirmed by blocking 
the fusion proteins with bromothenylpteridine (BTP) 
(Covalys Biosciences AG) or by post-incubating them 
with BG-Vista Green fluorescent dye. The fluorescence 
signals of labeled proteins were visualized using the CRi 
Maestro imaging system (CRi, Woburn, Massachusetts, 
USA) after protein separation by SDS-PAGE. Protein 
labeling efficiency was estimated by photometry using the 
extinction coefficients of the fluorescence dyes and the 
theoretical extinction coefficient of the proteins. 

The stability of each scFv-SNAP-tag fusion protein 
in serum was estimated by conjugation with IR700 dye 
as described above followed by incubation in mouse 
serum for 0, 0.5, 1, 2, 3, 4, 5 and 6 h at 37°C. After protein 
separation by SDS-PAGE, the IR700 fluorescence signal 
was visualized using the CRi Maestro imaging system. 
Thereafter, SDS-PAGE gels were stained with Coomassie 
Brilliant Blue and advanced image data analyzer (AIDA) 
software was used to measure the fluorescent signal and 
Coomassie dye staining intensity. 

Flow cytometry 

Although the IR700 dye has advantageous optical 
properties for in vivo imaging, traditional in vitro imaging 
devices based on flow cytometry and confocal microscopy 
fail to detect its narrow NIR fluorescence peak. To 
overcome this limitation, BG-Alexa Fluor®647 (Covalys 
Biosciences AG) was conjugated to the fusion protein 
instead of BG-IR700 for flow cytometry and confocal 
microscopy.

The binding of the labeled scFv-SNAP fusion 
proteins to TNBC cell lines expressing EGFR, EpCAM and 
CSPG4 (MDA-MB-468, MDA-MB-453, MDA-MB-231 
and Hs758T) and the ER+ breast cancer cell line (MCF- 7) 
was monitored by flow cytometry using a FACSCalibur 
device and CellQuest software (Becton & Dickinson, 
Heidelberg, Germany) after incubating 4 × 105 cells with 
0.5 μg of labeled protein in 200 μL PBS for 15 min on ice. 

Internalization assay

Protein internalization was measured by confocal 
microscopy. MDA-MB-468, MDA-MB-453, MDA-
MB-231, Hs758T and MCF-7 cells were seeded in 96- well 
plates suitable for fluorescence microscopy (Greiner 
Bio-One, Frickenhausen, Germany) to a density of  
4000 cells/well and incubated overnight at 37°C. The cells 
were incubated with the fluorescent scFv-SNAP-Alexa 
Fluor®647 fusion proteins specific for EGFR, EpCAM and 
CSPG4 for 60 min at 37°C. Hoechst 33342 fluorescent 
nuclear counterstain (Thermo Fisher Scientific, Darmstadt, 
Germany) was added to the cells and incubated for 20 min 

at 37°C. Images of the cells were captured using the Opera 
High Content Screening System (PerkinElmer, Rodgau, 
Germany) with a 40× air objective. 

Human patient samples 

Human breast cancer biopsies were provided by the 
RWTH Aachen University Centralized Biomaterial Bank 
(cBMB) according to its regulations, following RWTH 
Aachen University, Medical Faculty Ethics Committee 
approval (decision EK 206/09). 

Immunofluorescence analysis of human patient 
samples

The binding properties of the three scFv-SNAP-
Alexa Fluor®647 fusion proteins against human 
breast cancer tissues and normal breast tissues were 
visualized with a TCS SP5 confocal microscope (Leica 
Microsystems, Wetzlar, Germany). Human breast biopsies 
were cut into 8–12 µm sections on a Leica CM 3050 
cryostat and mounted on coated slides. After drying for 
72 h, sections were fixed for 10 min in dry acetone, air-
dried then incubated with 2 µg of each scFv-SNAP-Alexa 
Fluor®647 fusion protein in PBS overnight at 4ºC. Slides 
were washed three times with PBS, dried and mounted 
with Vectashield mounting medium and cover slips. 

Phototoxicity of scFv-425-SNAP-IR700

The phototoxicity of the scFv-SNAP-IR700 proteins 
and free IR700 was determined using Cell Proliferation 
(XTT) Kit II (Roche, Mannheim Germany) as previously 
described [13]. Briefly, MDA-MB-468, MDA-MB-453, 
MDA-MB-231, Hs758T and MCF-7 cells were seeded 
in 96-well plates and incubated overnight at 37°C. The 
cells were incubated with increasing concentrations (0, 10, 
25, 50, 100, 200 and 400 nM) of the scFv-SNAP-IR700 
fusion proteins or an equivalent concentration of IR700 
for 3 h at 37°C in the dark. As a toxic control, cells were 
incubated with 500 μg/mL Zeocin. After washing the cells 
three times with PBS, they were incubated in fresh phenol 
red-free culture medium and irradiated with visible light 
(VIS) plus water-filtered infrared light A (wIRA) using 
a Hydrosun Typ 750 radiator with a water-containing 
cuvette and orange filter OG590, with a spectrum in the 
range 580−1400 nm (Hydrosun Medizintechnik GmbH, 
Müllheim, Germany). The irradiation experiments were 
carried out according to the physical and photobiological 
laws described by Piazena and Kelleher [42]. The cells 
were irradiated at 140 mW/cm2, at a dose of 25 J/cm2 VIS 
or 76 J/cm2 wIRA, for an exposure time of 15 min. During 
irradiation, the cells were incubated in a temperature-
controlled water-bath. Finally, the cells were incubated in 
fresh medium as described above for another 24 h. 

To determine cell viability, cells were incubated 
with 50 μL of 2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-
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2H-tetrazolium-5-carboxanilide (XTT) reagents for 
4 h at 37°C and the reduction of XTT to formazan was 
monitored by spectrophotometry at 450 nm absorbance 
wavelength and 630 nm reference wavelength using an 
ELx808 microplate reader (BioTek Instruments GmbH, 
Bad Friedrichshall, Germany). 

To verify the ability of photoimmunotheranostic 
agents to induce apoptosis, the activities of caspase-3 and 
caspase-7 were analyzed in cell lysates using the Apo-ONE® 
Homogeneous Caspase-3/7 assay (Promega, Mannheim, 
Germany). After treating the cells as described above, 
they were incubated with 100 μL of Apo-ONE reagent for 
6 h, then the fluorescence signal was measured using the 
ELx808 microplate reader with an excitation wavelength of 
485 nm and an emission wavelength of 535 nm.

Data analysis

Statistical analysis was carried out using GraphPad 
Prism v5.00 for Windows (GraphPad Software, San 
Diego, California, USA). Data are presented as means ± 
SEM for at least three replicated experiments. 

ACkNowLEDGMENTS AND FuNDING

This work was financially supported by University 
Hospital RWTH Aachen University. The authors thank 
Prof. Dr. Elmar Weinhold and Mrs. Gisela Hanz (Institute 
of Organic Chemistry, RWTH Aachen University, 
Germany) for the excellent assistance with the HPLC 
purification assays. We thank also Dr. Richard Twyman 
for his support in editing the manuscript.

conFlIcts oF Interest

The authors declare that they have no conflicts of 
interest.

reFerences 

 1. Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D. 
Global cancer statistics. CA Cancer J Clin. 2011; 61:69–90.

 2. Reddy KB. Triple-negative breast cancers: an updated review 
on treatment options. Curr Oncol. 2011; 18:e173–179.

 3. Montemurro F, Aglietta M. Hormone receptor-positive 
early breast cancer: controversies in the use of adjuvant 
chemotherapy. Endocr Relat Cancer. 2009; 16:1091–1102.

 4. Gelmon K, Dent R, Mackey JR, Laing K, McLeod D, 
Verma S. Targeting triple-negative breast cancer: optimising 
therapeutic outcomes. Ann Oncol. 2012; 23:2223–2234.

 5. Crown J, O'Shaughnessy J, Gullo G. Emerging targeted 
therapies in triple-negative breast cancer. Ann Oncol. 2012; 
23:vi56–65.

 6. Chari RV, Miller ML, Widdison WC. Antibody-drug 
conjugates: an emerging concept in cancer therapy. Angew 
Chem Int Ed Engl. 2014; 53:3796–3827.

 7. Verma S, Miles D, Gianni L, Krop IE, Welslau M, Baselga J,  
Pegram M, Oh DY, Dieras V, Guardino E, Fang L, Lu MW, 
Olsen S, et al. Trastuzumab emtansine for HER2-positive 
advanced breast cancer. N Engl J Med. 2012; 367:1783–1791.

 8. Perez HL, Cardarelli PM, Deshpande S, Gangwar S, 
Schroeder GM, Vite GD, Borzilleri RM. Antibody-drug 
conjugates: current status and future directions. Drug 
Discov Today. 2014; 19:869–881.

 9. Strop P, Liu SH, Dorywalska M, Delaria K, Dushin RG, 
Tran TT, Ho WH, Farias S, Casas MG, Abdiche Y, Zhou D, 
Chandrasekaran R, Samain C, et al. Location matters: site 
of conjugation modulates stability and pharmacokinetics of 
antibody drug conjugates. Chem Biol. 2013; 20:161–167.

10. Gronemeyer T, Chidley C, Juillerat A, Heinis C, 
Johnsson K. Directed evolution of O6-alkylguanine-DNA 
alkyltransferase for applications in protein labeling. Protein 
Eng Des Sel. 2006; 19:309–316.

11. Juillerat A, Gronemeyer T, Keppler A, Gendreizig S, 
Pick H, Vogel H, Johnsson K. Directed evolution of O6-
alkylguanine-DNA alkyltransferase for efficient labeling of 
fusion proteins with small molecules in vivo. Chem Biol. 
2003; 10:313–317.

12. Hussain AF, Amoury M, Barth S. SNAP-tag technology: 
a powerful tool for site specific conjugation of therapeutic 
and imaging agents. Curr Pharm Des. 2013; 19:5437–5442.

13. Hussain AF, Kampmeier F, von Felbert V, Merk HF, Tur MK,  
Barth S. SNAP-tag technology mediates site specific 
conjugation of antibody fragments with a photosensitizer 
and improves target specific phototoxicity in tumor cells. 
Bioconjug Chem. 2011; 22:2487–2495.

14. Hussain AF, Kruger HR, Kampmeier F, Weissbach T, Licha K,  
Kratz F, Haag R, Calderon M, Barth S. Targeted delivery 
of dendritic polyglycerol-doxorubicin conjugates by scFv-
SNAP fusion protein suppresses EGFR+ cancer cell growth. 
Biomacromolecules. 2013; 14:2510–2520.

15. Kampmeier F, Ribbert M, Nachreiner T, Dembski S, 
Beaufils F, Brecht A, Barth S. Site-specific, covalent 
labeling of recombinant antibody fragments via fusion 
to an engineered version of 6-O-alkylguanine DNA 
alkyltransferase. Bioconjug Chem. 2009; 20:1010–1015.

16. FitzGerald DJ, Wayne AS, Kreitman RJ, Pastan I. Treatment 
of hematologic malignancies with immunotoxins and 
antibody-drug conjugates. Cancer Res. 2011; 71:6300–6309.

17. Thakor AS, Gambhir SS. Nanooncology: the future of 
cancer diagnosis and therapy. CA Cancer J Clin. 2013; 
63:395–418.

18. Watanabe R, Hanaoka H, Sato K, Nagaya T, Harada T, 
Mitsunaga M, Kim I, Paik CH, Wu AM, Choyke PL, 
Kobayashi H. Photoimmunotherapy targeting prostate-



Oncotarget54936www.impactjournals.com/oncotarget

specific membrane antigen: are antibody fragments as 
effective as antibodies?. J Nucl Med. 2015; 56:140–144.

19. Choccalingam C, Rao L, Rao S. Clinico-pathological 
characteristics of triple negative and non triple negative 
high grade breast carcinomas with and without basal marker 
(CK5/6 and EGFR) expression at a rural tertiary hospital in 
India. Breast Cancer (Auckl). 2012; 6:21–29.

20. Kreike B, van Kouwenhove M, Horlings H, Weigelt B,  
Peterse H, Bartelink H and van de Vijver MJ. Gene 
expression profiling and histopathological characterization 
of triple-negative/basal-like breast carcinomas. Breast 
Cancer Res. 2007; 9:R65.

21. Wang X, Osada T, Wang Y, Yu L, Sakakura K, Katayama A, 
McCarthy JB, Brufsky A, Chivukula M, Khoury T, Hsu DS, 
Barry WT, Lyerly HK, et al. CSPG4 protein as a new target 
for the antibody-based immunotherapy of triple-negative 
breast cancer. J Natl Cancer Inst. 2010; 102:1496–1512.

22. Fleck R, Bach D. Trends in personalized therapies in 
oncology: the (venture) capitalist's perspective. J Pers Med. 
2012; 2:15–34.

23. Tai YT, Anderson KC. Antibody-based therapies in multiple 
myeloma. Bone Marrow Res. 2011; 2011:924058.

24. Bradley AM, Devine M, DeRemer D. Brentuximab vedotin: 
an anti-CD30 antibody-drug conjugate. Am J Health Syst 
Pharm. 2013; 70:589–597.

25. Corrigan PA, Cicci TA, Auten JJ, Lowe DK. Ado-
trastuzumab emtansine: a HER2-positive targeted antibody-
drug conjugate. Ann Pharmacother. 2014; 48:1484–1493.

26. Spring BQ, Abu-Yousif AO, Palanisami A, Rizvi I, Zheng X,  
Mai Z, Anbil S, Sears RB, Mensah LB, Goldschmidt R,  
Erdem SS, Oliva E, Hasan T. Selective treatment and 
monitoring of disseminated cancer micrometastases in vivo 
using dual-function, activatable immunoconjugates. Proc 
Natl Acad Sci U S A. 2014; 111:E933–942.

27. Dosio F, Brusa P, Cattel L. Immunotoxins and anticancer 
drug conjugate assemblies: the role of the linkage between 
components. Toxins (Basel). 2011; 3:848–883.

28. Allison RR, Moghissi K. Photodynamic Therapy (PDT): 
PDT Mechanisms. Clin Endosc. 2013; 46:24–29.

29. Mitsunaga M, Nakajima T, Sano K, Kramer-Marek G, 
Choyke PL, Kobayashi H. Immediate in vivo target-specific 
cancer cell death after near infrared photoimmunotherapy. 
BMC cancer. 2012; 12:345–345.

30. Mitsunaga M, Ogawa M, Kosaka N, Rosenblum LT, 
Choyke PL, Kobayashi H. Cancer cell-selective in vivo near 
infrared photoimmunotherapy targeting specific membrane 
molecules. Nat Med. 2011; 17:1685–1691.

31. Mitsuanga M, Nakajima T, Sano K, Choyke PL, Kobayashi H.  
Near Infrared Theranostic Photoimmunotherapy (PIT): 
Repeated Exposure of Light Enhances the Effect of 
Immunoconjugate. Bioconjug Chem. 2012; 23:604–609.

32. Ogawa M, Yamauchi T, Iwai H, Magata Y, Choyke PL, 
Kobayashi H. Investigation of dynamic morphological 
changes of cancer cells during photoimmuno therapy (PIT) 

by low-coherence quantitative phase microscopy. Progress 
in Biomedical Optics and Imaging. 2014; pp. 893113–
893113–893110.

33. Nakajima T, Sano K, Mitsunaga M, Choyke PL, Kobayashi H.  
Real-time monitoring of in vivo acute necrotic cancer 
cell death induced by near infrared photoimmunotherapy 
using fluorescence lifetime imaging. Cancer Res. 2012;  
72:4622–4628.

34. Hamblett KJ, Senter PD, Chace DF, Sun MM, Lenox J, 
Cerveny CG, Kissler KM, Bernhardt SX, Kopcha AK, 
Zabinski RF, Meyer DL, Francisco JA. Effects of drug 
loading on the antitumor activity of a monoclonal antibody 
drug conjugate. Clin Cancer Res. 2004; 10:7063–7070.

35. Jeffrey SC, Burke PJ, Lyon RP, Meyer DW, Sussman D,  
Anderson M, Hunter JH, Leiske CI, Miyamoto JB,  
Nicholas ND, Okeley NM, Sanderson RJ, Stone IJ, et al. 
A potent anti-CD70 antibody-drug conjugate combining 
a dimeric pyrrolobenzodiazepine drug with site-specific 
conjugation technology. Bioconjug Chem. 2013;  
24:1256–1263.

36. Junutula JR, Raab H, Clark S, Bhakta S, Leipold DD, Weir S,  
Chen Y, Simpson M, Tsai SP, Dennis MS, Lu Y, Meng YG, 
Ng C, et al. Site-specific conjugation of a cytotoxic drug to 
an antibody improves the therapeutic index. Nat Biotechnol. 
2008; 26:925–932.

37. Gautier A, Juillerat A, Heinis C, Correa IR, Jr., Kindermann M,  
Beaufils F, Johnsson K. An engineered protein tag for 
multiprotein labeling in living cells. Chem Bio. 2008; 
15:128–136.

38. Kampmeier F, Niesen J, Koers A, Ribbert M, Brecht A, 
Fischer R, Kiessling F, Barth S, Thepen T. Rapid optical 
imaging of EGF receptor expression with a single-chain 
antibody SNAP-tag fusion protein. Eur J Nucl Med Mol 
Imaging. 2010; 37:1926–1934.

39. Hermanson G. Bioconjugate Techniques Academic Press. 
2008.

40. Amoury M, Kolberg K, Pham AT, Hristodorov D,  
Mladenov R, Di Fiore S, Helfrich W, Kiessling F, Fischer R,  
Pardo A, Thepen T, Hussain AF, Nachreiner T, et al. 
Granzyme B-based cytolytic fusion protein targeting 
EpCAM specifically kills triple negative breast cancer cells 
in vitro and inhibits tumor growth in a subcutaneous mouse 
tumor model. Cancer Lett. 2016; 372:201–209.

41. Amoury M, Mladenov R, Nachreiner T, Pham AT, 
Hristodorov D, Di Fiore S, Helfrich W, Pardo A, Fey G, 
Schwenkert M, Thepen T, Kiessling F, Hussain AF, et al. A 
novel approach for targeted elimination of CSPG4-positive 
triple-negative breast cancer cells using a MAP tau-based 
fusion protein. Int J Cancer. 2016.

42. Piazena H, Kelleher DK. Effects of infrared-A irradiation 
on skin: discrepancies in published data highlight the need 
for an exact consideration of physical and photobiological 
laws and appropriate experimental settings. Photochem 
Photobiol. 2010; 86:687–705.


