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Abstract
High-risk human papillomavirus (HPV16 and HPV18) are now widely recognized as responsible for cervical cancer, which
remains to be the most common gynecologic malignancy in women worldwide. It is well known that viral oncoproteins E6/E7
play key roles in HPV-associated cervical carcinogenesis. Thus, in vivo detection of the two oncoproteins may provide important
diagnostic information influencing patient management. More recently, affibody molecules have been demonstrated to be a
promising candidate for development as molecular imaging probes. Based on the two monomeric affibody molecules (ZHPV16E7
and ZHPV18E7) generated in our laboratory, here, we used a peptide linker (Gly4Ser)3 to link ZHPV16E7 and ZHPV18E7 to develop a
novel heterodimeric affibody ZHPV16E7–(Gly4Ser)3–ZHPV18E7. Both biosensor and immunofluorescence assays have proved that
the heterodimeric affibody molecule targeted simultaneously HPV16 and HPV18E7 proteins by binding to the viral
oncoproteins. In vivo tumor-imaging experiments using the Dylight755-labeled heterodimeric affibody revealed that strongly
high-contrast tumor retention of the heterodimers occurred in both HPV16- and HPV18-derived tumors of nude mice 0.5 h post-
injection. The accumulation of Dylight755-labeled heterodimers in tumors was achieved over 48 h. Therefore, we believe that
this novel heterodimeric affibody molecule has great potential utility in molecular imaging in vivo and diagnosis of HPV-
associated cervical cancers.
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Introduction

Use of bi- or multispecific affinity proteins targeting simulta-
neously several disease-related proteins is emerging as novel
strategy for accurate molecular diagnosis of diseases and re-
ducing likelihood of drug resistance in cancer therapy

(Kontermann 2012; Byrne et al. 2013). Several studies have
shown that persistent infection of the cervix with high-risk
HPV genotypes is necessary for its immediate precursor le-
sion, cervical intraepithelial neoplasia grade 3 (CIN3), and
development of cervical cancer (Saslow et al. 2012).
Epidemiological studies have shown that high-risk HPV is
present in nearly 99% of cervical cancer cases (Walboomers
et al. 1999). HPV16 is by far the most dominant carcinogenic
genotype, responsible for 55–60% of the cervical cancer in the
world, followed by HPV18 present in at least 15% of invasive
cervical cancers (Walboomers et al. 1999; de Sanjose et al.
2010; Muñoz et al. 2003). Therefore, HPV-based cervical
cancer screening is very important for predicting the inci-
dences of invasive cancer. Published data have demonstrated
improved efficacy and great protection of HPV-based com-
pared with the cytology-based screening against invasive cer-
vical cancers (Ronco et al. 2014; Ogilvie et al. 2017).
Accurate diagnosis of cervical cancer, especially tumor’s in-
vasion and metastasis, is central to determine the appropriate
treatment approach and measure the clinical outcome. As we
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know, the standard surgical treatment for cervical cancer pa-
tients is radical hysterectomy with pelvic lymphadenectomy.
However, up to now, no effective method can be used for
intraoperative detection of lymph node metastasis,
parametrical involvement, and deep cervical stromal invasion
of cervical cancers.

HPV viral DNA fragments are frequently found to inte-
grate into the host genome (Badaracco et al. 2002; Hopman
et al. 2004; Romanczuk and Howley 1992). The integrated
HPV DNA fragments include E6/E7 oncogenes and other
viral DNAs. The integrated E6/E7 oncogenes express sus-
tainably viral oncoproteins, which play the key roles in
cervical carcinogenesis (Badaracco et al. 2002; Hopman
et al. 2004; Romanczuk and Howley 1992). E6 and E7
protein impedes and degrades the normal physiological
function of tumor suppressor p53 and pRb, respectively,
which leads to transformation of human cells and thus con-
tributing to cervical carcinogenesis (Scheffner et al. 1990;
Roman and Munger 2013; Mirabello et al. 2017). It is well
documented that E6 and E7 oncogenes are persistently
retained and highly expressed in HPV-positive cervical
cancer cells (Schwarz et al. 1985). Therefore, HPV E6/E7
oncoproteins act as appropriate targets for diagnostic and
therapeutic strategies against HPV-associated tumors due
to their specific expression in HPV infected tissues.

Affibody molecules are a class of small (58 amino acids,
~ 6 kDa), non-immunoglobulin affinity proteins based on the
Z domain derived from staphylococcal protein A (Löfblom
et al. 2010). Rapid tumor localization, fast clearance from
blood, and non-specific compartments make them very at-
tractive for many medical applications, including in vivo
molecular imaging, receptor signal blocking, and delivery
of toxic payloads (Frejd and Kim 2017; Ståhl et al. 2017).
To date, over 400 studies published show that affibody mol-
ecules have been selected for targeting more than 40 differ-
ent proteins and used as affinity moieties in a variety of
applications (Ståhl et al. 2017). The affibody-targeted pro-
teins include human epidermal growth factor receptor 2
(HER2), epidermal growth factor receptor (EGFR), human
epidermal growth factor receptor 3 (HER3), vascular endo-
thelial growth factor (VEGF), and HPV16E7 (Orlova et al.
2006; Andersson et al. 2016; Kronqvist et al. 2011;
Fedorova et al. 2011; Xue et al. 2016). Furthermore, because
of their small size, disulfide-independent and rapid-folding,
affibody molecules are suitable for ideal candidates for de-
veloping bi- or multispecific affibody proteins. The size of
multispecific affibody molecules remains to be small, for
example, the molecular weight of multispecific affibody
molecules that contain two or three binding domains was
similar to a single-chain fragment variable (scFv) (Malm et
al. 2014; Ekerljung et al. 2012; Friedman et al. 2009).
Importantly, biosensor assays and cell-binding assays have
shown that bispecific affibody molecules, targeting HER2

and HER3, EGFR, and HER2, can bind simultaneously to
both proteins.

Currently, there is intense interest in developing bispecific
affibody molecules targeting HPV16E7 and HPV18E7
oncoproteins that are highly associated with cervical cancer.
In our previous studies, we engineered separately several
affibody molecules from phage display library for specific
binding of HPV16E7 (Xue et al. 2016) and HPV18E7
oncoprotein (Electronic supplementary material). The specific
binding of the generated affibody molecules to HPV16E7
oncoprotein have been confirmed by in vitro biosensor assays
and in vivo xenograft mouse model (Xue et al. 2016). Here,
we report a novel format of the bispecific affibody molecules
that bind simultaneously to the two oncoproteins. We describe
characterization of bispecific heterodimeric HPV16 E7- and
HPV18 E7-binding affibody molecules and their applications
to molecular imaging in vivo in xenograft mice.

Material and methods

Production of bispecific affibody molecules

The gene fragments encoding ZHPV16E7 (GenBank accession
no. MH166809) and ZHPV18E7 (GenBank accession no.
MH166810, ZHPV18E7:228, Figs. S1 and S2) were isolated by
PCR amplification from recombinant plasmids pET21a(+
)/ZHPV16E7 and pET21a(+)/ZHPV18E7 with high-fidelity DNA
polymerase KOD plus neo (Toyobo Life Science, Japan). The
dimeric constructs were generated by ligation of both DNA
fragments into the prokaryotic expression vector pET21a(+)
using T4 DNA ligase in subsequent cloning steps. Two do-
mains were separated by 20-amino-acid-long (Gly4Ser)3 link-
er. In addition, homodimeric ZHPV16E7–ZHPV16E7 and
ZHPV18E7–ZHPV18E7 and monomeric ZHPV16E7 and ZHPV18E7
were constructed as controls. DNA sequence of the bispecific
affibody molecules was verified by DNA sequencing.

The His-tagged affibody variants were expressed in
Escherichia coli (E.coli) BL21(DE3) cells and induced by
addition of 1 mM isopropyl-L-thio-β-D-galactopyranoside
(IPTG, Sigma-Aldrich Co., St. Louis, MO). After 4–6 h, the
cultured cells were harvested and resuspended in PBS (pH
8.0). Then, the cells were disrupted by sonication on ice until
the cells were thoroughly homogenized. After centrifugation
at 12,000 rpm for 30 min at 4 °C, the supernatant was filtered
with 0.45 μm filter and the proteins were loaded on an Ni-
NTA agarose resin (Qiagen, Hilden, Germany) column and
washed with PBS (pH 8.0), followed by washing buffer
(20 mM sodium phosphate, 0.5 M NaCl, 10 mM imidazole,
pH 8.0). The bound proteins were eluted with elution buffer
(20 mM sodium phosphate, 0.5 M NaCl, 100 mM imidazole,
pH 8.0). The purity and the correct molecular mass of the
fusion proteins were confirmed by SDS-PAGE and Western
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blot with the mouse anti-His monoclonal antibody (mAb)
(MultiSciences Biothech Co., Ltd., China). Subsequently,
the purified proteins were further dialyzed against PBS using
Slide-A-Lyzer (Pierce, Rockford, IL, USA) according to the
manufacturer’s protocols. After determining concentration
using bicinchoninic acid (BCA) protein quantitation method,
the purified proteins were stored at − 80 °C.

Template-based structure prediction

Three-dimensional (3D) structure of the fusion proteins was
predicted using SWISS-MODEL workspace, and the bio-
physical properties were calculated by submitting the amino
acid sequence of bispecific affibody molecules on ExPASy
server (https://swissmodel.expasy.org/interactive).

Biosensor interaction analysis

To assess the target binding of the bispecific affinity protein to
HPV16E7 and HPV18E7, surface plasmon resonance (SPR)
was performed on a Biacore T200 (GE Healthcare, Uppsala,
Sweden). The HPV16E7 and HPV18E7 proteins served re-
spectively as the ligands and were immobilized onto the sur-
face of Sensor Chip CM5 (GE Healthcare), as described pre-
viously (Xue et al. 2016). Subsequently, eight different con-
centrations of each sample were prepared and injected over
the chip surface to record sample binding to the surface. All
SPR experiments were carried out with a flow rate of 30 μL/
min at 25 °C. SPR data of the homodimeric molecules were fit
with bivalent model and the others were fit globally using a
1:1 L binding model and analyzed by BIA evaluation 3.0.2
software.

Cell culture

Two cervical cancer cell lines and one melanoma cell line
were obtained from the American Type Culture Collection
(ATCC). SiHa cell (ATCC: HTB-35) expressing the HPV16
E7 protein, HeLa (ATCC: CCL-2) expressing HPV18E7 pro-
tein, and melanoma cell line A375 (ATCC: CRL-1619) nega-
tive for HPV DNA. All cell lines were maintained by serial
passage in 5%CO2 incubator at 37 °C and cultured in DMEM
supplemented with 10% fetal bovine serum, 100 units/mL of
penicillin, and 0.1 mg/mL of streptomycin.

Immunofluorescence detection

To determine whether the bispecific affibody molecule could
simultaneously bind to the HPV16E7 and HPV18E7 native
proteins, indirect immunofluorescence analysis was per-
formed as previously described with minor modifications
(Xue et al. 2016). Briefly, SiHa cell (expressing HPV16 E7
protein), HeLa cell (expressing HPV18 E7 protein), and A375

melanoma cell (negative for HPV DNA) were seeded on 24-
well plates in 5% CO2 incubator at 37 °C. Twenty-four hours
later, the medium was replaced with fresh media supplement-
ed with 100 μg/mL affibody molecules or wild ZWT control.
After incubation for 6 h, cells were washed with PBS and
fixed with 4% paraformaldehyde (PFA) at room temperature
(RT) for 10 min. Subsequently, treated cells were perme-
abilized by 0.3% Triton X-100 at RT for 10 min, followed
by blocking with 20% FBS in RPMI-1640. Two hours later,
the cells were used for analyzing of bispecific affibody mole-
cules binding to HPVE7 proteins by mouse anti-His mAb,
followed by the addition of secondary antibodies at RT for
1 h. The nuclei of cells were counterstained with 50 μg/mL
propidium iodide (PI) (Beyotime Biotech Co., Ltd., China) at
RT for another 5 min, and the fluorescence were observed
with a confocal fluorescence microscope (Nikon C1-i, Japan).

Immunohistochemical staining

Four-week-old female nu/nu (Balb/C) mice were used to es-
tablish SiHa, HeLa, and A375 xenograft tumor models. Mice
used in this study were purchased from the Shanghai Slac
Laboratory Animal Co., Ltd. (Shanghai, China), and all ani-
mal experiment studies and protocols were approved by the
Ethical Committee of Wenzhou Medical University. About
1 × 107cells/100 μL PBSwere subcutaneously inoculated into
the scapular region of nude mice. When the tumors size
reached approximately 300–500 mm3, the animals were
sacrificed and the tumor samples were collected immediately
and subsequently placed in 4% PFA overnight for immuno-
histochemical (IHC) staining or hematoxylin and eosin (HE)
staining. After sectioning, the tissues were incubated with
bispecific and monospecific affibody molecules (used as pri-
mary antibodies) for 1.5 h followed by incubation with mouse
anti-His mAb overnight at 4 and HRP-conjugatedgoat-anti-
mouse antibody at 37 °C for 1 h. Rabbit polyclonal anti-
HPV16E7 and anti-HPV18E7 serum (prepared in-house)
were used as positive control in IHC. In addition, the tissues
were washed four times with PBS prior to incubation with
either affibody or antibody.

Biodistribution of bispecific affibody molecules
in tumor xenograft mice model

The dynamic distribution and tumor-targeting ability of the
bispecific affibody were investigated in nude mice using
near-infrared (NIR) optical imaging. Establishment of SiHa,
HeLa, and A375 xenograft mice models have been described
as above. Briefly, about 1 × 107cells/100 μL PBS were sub-
cutaneously inoculated into the scapular region of nude mice.
When the average tumor volume have reached approximately
300–500 mm3, the xenograft mice model were used for NIR
imaging. Dimeric and monomeric affibody molecules and
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ZWT affibody were labeled with Dylight-755 molecules
(Thermo Fisher Scientific, USA) according to the manufac-
turer ’s recommendations. Subsequently, 100 μg of
Dylight755-labeled affibody proteins dissolve in 200 μL
PBS were injected via tail vein under isoflurane anesthesia,
and the imaging was performed using anNIR Imaging System
(CRi Maestro 2.10, USA) at various time points after injec-
tion. Additionally, the tumor/skin tissue ratio were analyzed at
various time points post infection.

Results

Production of novel bispecific affibody molecule

The HPV16E7- and HPV18E7-targeting bispecific affibody
molecule ZHPV16E7–ZHPV18E7 was subcloned for expression in
E. coli. Additionally, two homodimeric ZHPV16E7–ZHPV16E7,
ZHPV18E7–ZHPV18E7, and two corresponding monomeric con-
trol proteins ZHPV16E7 and ZHPV18E7 were expressed as His-
tag fusion proteins in E. coli. In all dimeric constructs, the two
E7 affibody molecules were joined by a peptide linker (G4S)3
(Fig. 1a). The linker peptide was flexible to facilitate separa-
tion of the two binding arms and maintain their particular

three-dimensional (3D) structure (Lu and Feng 2008; Wen et
al. 2013; Dall'Acqua et al. 1998). 3D structure prediction
showed that the structure of each domain of dimers was sim-
ilar to the natural structure of SPA-Z without conformational
change (Fig. 1b). Thereafter, the His-tag fusion proteins were
obtained by chromatography with Ni-NTA agarose and veri-
fied by SDS-PAGE and Western blot. The fusion proteins
were successfully expressed with the size of about 15 kDa,
which was consistent with the expected molecular weight.
The results of Western blot showed that the fusion proteins
could specifically react with mouse anti-His mAb (Fig. 1c).
SDS-PAGE analysis showed that the purity of the final prod-
ucts was approximately 95%, which can be used for subse-
quent investigations.

Biosensor analysis

SPR biosensor assay was performed to verify the binding
affinity of the bispecific affibody molecule to target proteins
HPV16E7 and HPV18E7. The bispecific affibody molecule
was injected at different concentrations over the flow-cell sur-
faces of a sensor chip containing immobilized recombinant
HPV16E7 and HPV18E7, respectively. The results demon-
strated a concentration-dependent increases in resonance

Fig. 1 Schematic presentation, SDS-PAGE, and Western blot analysis of
the dimeric affibody molecules. a Schematic presentation of the dimeric
affibody molecules. ZHPV16E7, HPV16E7-specific affibody molecule;
ZHPV18E7, HPV18E7-specific affibody molecule; Linker, (G4S)3 peptide
linker. b The predicted 3D structure of the dimeric affibody molecules. c
SDS-PAGE andWestern blot analysis of the purified affibody molecules.

Lane 1, bispecific affibody molecule ZHPV16E7–ZHPV18E7; lane 2, ZWT;
lane 3, Western blot analysis of ZHPV16E7–ZHPV18E7; lane 4, ZHPV16E7–
ZHPV16E7; lane 5, ZHPV16E7; lane 6, Western blot analysis of ZHPV16E7–
ZHPV16E7; lane 7, ZHPV18E7–ZHPV18E7; lane 8, ZHPV18E7; lane 9, Western
blot analysis of ZHPV18E7–ZHPV18E7; M, protein ladder. The mouse anti-
His mAb served as the primary antibody in Western blot assay
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signals and indicated the bispecific affibody molecule could
bind directly to HPV16E7 and HPV18E7, respectively
(Fig. 2). In terms of HPV16E7 ligand, the equilibrium disso-
ciation constant (KD) of bispecific affibody molecule was
1.70 × 10−6 M, which was higher than that of monomeric
ZHPV16E7 (9.42 × 10−6 M) and homodimers ZHPV16E7–
ZHPV16E7 (9.86 × 10−6 M) (Fig. 2a, c). Similar phenomenon
was observed in HPV18E7 ligand, the KD of bispecific
affibody molecules was 1.42 × 10−6 M, which was also higher
than that of monomeric ZHPV18E7 (5.96 × 10−6 M) and
homodimers ZHPV18E7–ZHPV18E7 (1.22 × 10−5 M) (Fig. 2b,
d). As expected, there was no interaction between the ZWT

and both surfaces (Fig. 2e, f). The results show clearly that
the heterodimers (ZHPV16E7–ZHPV18E7) bind to the target
oncoproteins HPV16E7 and HPV18E7 with high affinity.

Cell binding

The SPR biosensor assay revealed that the bispecific affibody
molecule were able to bind to both recombinant HPV16E7
and HPV18E7. Thus, we investigated further whether the
bispecific affibody molecule could also interact with the na-
tive HPV16E7 and HPV18E7 proteins within cancer cells by
indirect immunofluorescence assay. As shown in Fig. 3, both
SiHa cells (expressing HPV16E7 protein) and HeLa cells (ex-
pressing HPV18E7 protein) were recognized by the bispecific
affibody molecule and brightly green fluorescence signals
were observed in perinuclear area and nuclear membrane.
As expected, there was no visible signals observed in cells
incubated with ZWT affibody molecule. Furthermore, only
SiHa cells incubated with monomeric ZHPV16E7 and

Fig. 2 SPR assay. Representative binding sensorgrams showing the
interaction of bispecific affibody molecules with immobilized
HPV16E7 (left panel) and HPV18E7 (right panel) proteins. a, c
Sensorgrams obtained after injection of the ZHPV16E7–ZHPV18E7 or
ZHPV16E7–ZHPV16E7 affibody molecules over a HPV16E7 flow-cell
surface at selected concentrations—12.8, 3.2, 0.8, and 0.2 μM. b, d
Sensorgrams obtained after injection of the ZHPV16E7–ZHPV18E7 or

ZHPV18E7–ZHPV18E7 affibody molecules over a HPV18E7 flow-cell
surface at selected concentrations—12.8, 3.2, 0.8, and 0.2 μM. e, f
Sensorgrams obtained after injection 12.8 μM of the purified affibody
molecules: ZHPV16E7–ZHPV18E7, ZHPV16E7–ZHPV16E7, ZHPV18E7–
ZHPV18E7, ZHPV16E7, and ZHPV18E7 over a sensor chip flow-cell surface
containing HPV16E7 or HPV18E7. Two independent experiments were
performed and ZWT was used as negative control
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homodimers ZHPV16E7–ZHPV16E7 showed brightly green fluo-
rescence signals. Same phenomenon was observed in HeLa
cells only labeled with monomeric ZHPV18E7 and homodimers
ZHPV18E7–ZHPV18E7. No fluorescence signal was observed in
A375 cells when the cells were incubated with all the affibody
molecules (Fig. 3). The data confirmed further that the
bispecific affibody molecule could specifically bind to both
HPV16E7 and HPV18E7 native proteins expressed within
HPV positive carcinoma cell lines.

Immunohistochemistry (IHC)

To evaluate the simultaneous binding of the bispecific
affibody molecule to HPV16E7 and HPV18E7 ex vivo, im-
munohistochemistry (IHC) was carried out on formalin-fixed
paraffin-embedded xenograft tumor samples. Xenograft tu-
mors were generated using SiHa, HeLa, and A375 cells. A
standard IHC with anti-HPV16E7 polyclonal antiserum, anti-
HPV18E7 polyclonal antiserum, and bispecific affibody mol-
ecule staining was performed on the xenografts collected
when the average tumor size reached about 300–500 mm3.
IHC images of heterodimeric affibody molecule stained sec-
tions from SiHa xenograft showed brown signal, and similar
patterns have been observed for anti-HPV16E7 polyclonal
antibody, homodimeric ZHPV16E7–HPV16E7 and monomeric
ZHPV16E7 labeling. However, there was no visible signal ob-
served in sections incubated with homodimeric ZHPV18E7–

HPV18E7, monomeric ZHPV18E7, ZWT affibody molecules and
PBS (Fig. 4). Similarly, images of heterodimeric affibody-
stained sections from HeLa xenografts also showed brown
signal, which displayed a similar pattern of anti-HPV18E7
polyclonal antibody labeling, homodimeric ZHPV18E7–

HPV18E7, and monomeric ZHPV18E7. As expected, A375

xenografts did not show visible signal when the sections in-
cubated with all the affibody molecules (heterodimers or
homodimers) or polyclonal antibodies (against HPV16E7 or
HPV18E7). Thus, IHC data demonstrated further that the
bispecific affibody molecule could specifically bind to both
HPV16E7 and HPV18E7.

Bispecific affibody molecule binds to targets
and accumulated in tumor xenografts in vivo

To confirm further the biodistribution and in vivo tumor-
targeting ability of heterodimeric affibody, nude mice bearing
three cancer cell lines (SiHa, HeLa, and A375 cell lines) tumor
xenografts were intravenously injected with Dylight755-
labeled dimeric and monomeric affibody molecules (100 μg
in 200 μ LPBS per mouse) and then scanned using an NIR
imaging system at various time points after injection. As
shown in Fig. 5a, fluorescence signal of Dylight755-labeled
heteromeric affibody in subcutaneous xenografts of SiHa cells
(HPV16E7 protein positive) and HeLa cells (HPV18E7 pro-
tein positive) was detectable at 0.5 h post-injection (p.i.).
According to the tumor/skin ratio at different time points, we
obtained the optical image with high contrast at 4 h p.i., and
the fluorescence signal at tumor positions were maintained
in both SiHa- and HeLa-derived xenografts over 48 h p.i.
(Fig. 5a, c, and d). Additionally, the fluorescence signal of
the Dylight755-homodimeric ZHPV16E7–HPV16E7 and mono-
meric ZHPV16E7 affibody molecules only occurred in the xe-
nografts position of SiHa cells (HPV16E7 protein positive),
whereas no visible fluorescence signal was observed in the
xenograft position of HeLa cells (HPV18 E7 protein positive)
(Fig. 5a). Optical images with high contrast were obtained at
2 h p.i. in SiHa-derived xenograft, and the fluorescence signal

Fig. 3 Fluorescence staining of SiHa cells (expressingHPV16E7 protein)
and HeLa cells (expressing HPV18E7 protein) with the heterodimers
affibody molecules (× 400). FITC-conjugated goat anti-mouse IgG
served as secondary antibody, and mouse anti-His-tag mAb which
recognized His-tag of affibody was used to detect the affibody

molecules (green). SiHa cells, HeLa cells, and HPV-negative A375 cell
lines are labeled with the heterodimeric, homodimeric, and monomeric
affibodymolecules; ZWTantibodymolecule was set as control. The nuclei
of cells were counterstained with PI (red)
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at tumor positions were maintained over 24 h p.i. (Fig. 5a, c,
and f). Similarly, the fluorescence signal of Dylight755-
homodimeric ZHPV18E7–HPV18E7 and monomeric ZHPV18E7

affibody molecules only occurred in the tumor position of
HeLa cells (HPV18E7 protein positive), whereas no visible
fluorescence signal were observed in the xenograft position of
SiHa cells (HPV16 protein positive) (Fig. 5a). Optical images
with high contrast were obtained at 2 h p.i. in HeLa-derived
xenograft, and the fluorescence signal at tumor positions were
maintained over 12 h p.i. (Fig. 5a, d, and g).

In addition, accumulation in the kidneys was observed be-
cause the small size affinity proteins cleared via renal filtra-
tion. As expected, similar tumor-specific fluorescence signal
were not detected in the xenografts position (both SiHa and
HeLa cells) in mice injected with Dylight755-labeled ZWT

affibody (Fig. 5a). Meanwhile, no visible fluorescence signal
was observed in the xenograft sites of A375 cell lines (HPV
DNA negative) (Fig. 5b, e). These results demonstrated that
the heterodimeric ZHPV16E7–HPV18E7 affibody molecule could
accumulate in the HPV16- and HPV18-derived tumor with
high specificity in vivo.

Discussion

Unlike biopsy, molecular imaging in vivo can provide critical
additional information including a global view of potential
metastatic lesions in cancer diagnosis, therefore, molecular
imaging has the great potential to improve the diagnosis of
many diseases and to indicate appropriate treatment choices
(Ståhl et al. 2017). Radionuclide molecular imaging of thera-
peutic targets is non-invasive and can be easily repeated to
evaluate disease progression and monitor treatment effects
(Tolmachev et al. 2010). The use of radiolabelled mAbs or
bispecific antibodies is a more straightforward way to create
molecular imaging agents. More recently, bispecific antibody
blinatumomab (anti-CD3 and anti-CD19) has been approved

for tumor therapy (Wu et al. 2015), therefore, development of
bispecific antibodies as therapeutic or diagnostic agent has
attracted strong attention (Yu et al. 2017; Schoffelen et al.
2010; McBride et al. 2006). However, mAbs and bispecific
antibodies have some inherent limitations, such as large size
due to the multidomain structure which may cause a less effi-
cient tissue penetration.

Affibody molecules are a promising alternative to antibod-
ies for development of bispecific binders because they are
small (58 amino acids, ~ 6 kDa), disulfide-independent affin-
ity protein (Löfblom et al. 2011). The very small size endows
them efficient tumor penetration and rapid clearance from
healthy tissues, which facilitates high-contrast imaging only
a few hours after injection. The very rapid pharmacokinetics
in vivo of this affinity protein makes them compatible with
both longer-lived nuclides, such as 99mTc (t1/2 6 h) and 111In
(t1/2 2.8 days), for SPECT imaging or short-lived nuclides,
such as 18F (t1/2110 min) and 68Ga (t1/268 min), suitable for
PET imaging (Wållberg and Ståhl 2013). Affibody-based
tracers have been developed for imaging of molecular targets,
such as HER2 (Orlova et al. 2006; Sörensen et al. 2014; Choi
et al. 2016), EGFR (Cheng et al. 2016; Garousi et al. 2016),
and HER3 (Rosestedt et al. 2015). Moreover, several preclin-
ical and clinical studies have successfully demonstrated the
potential of affibody-based agents (Wållberg and Ståhl 2013;
Sörensen et al. 2014; Sörensen et al. 2016; Sandström et al.
2016).

The small molecular weight, absence of cysteine, and rapid
folding, render the alternative affinity protein an excellent
candidate for engineering of bi- and multispecific molecules.
The molecular sizes of bi- or multispecific constructs based on
affibody will remain to be smaller than the conventional anti-
body. Published data have shown that one bispecific affibody
molecule targeting HER3 and HER2, which included an
albumin-binding domain to allow a prolonged circulation time
in vivo not only have a smaller molecular weight than scFv
antibody fragment but also bind simultaneously to the two

Fig. 4 Bispecific affibody molecule binds simultaneously to xenografts
induced by either SiHa cells or HeLa cells. Representative image of SiHa-
, HeLa-, or A375 cell-induced xenograft tissues by hematoxylin and eosin
(HE) stain and immunohistochemistry (IHC) staining with bispecific
affibody molecule. Sections from HPV16-positive SiHa xenografts

(upper panel), HPV18-positive HeLa xenografts (middle panel), and
HPV-negative A375 xenografts (lower panel) were respectively labeled
with heterodimeric, homodimeric, and monomeric affiboby molecules,
HPV16E7 and HPV18E7 polyclonal antiserum. ZWT and PBS were set
as negative control
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Fig. 5 Tumor uptake of heterodimeric affibody molecules. a, b In vivo
uptake of affibody by subcutaneous tumor xenografts. Mice bearing
SiHa, HeLa (a), and A375 cell (b) xenografts (circles) were
intravenously injected with Dylight755-labeled heterodimer,

homodimer, or monomer affibody molecules followed by dynamic
scanning with in vivo NIR System. c–g Tumor-to-skin ratio of mice
injected with Dylight755-labeled affibody molecules. All results were
expressed as mean ± standard deviation (SD) (n = 3)
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targets when investigated in biosensor assays (Malm et al.
2014). Similarly, another bispecific affibody targeting EGFR
and HER2 was generated by genetic fusion of a ZEGFR to a
ZHER2 via a 20-amino-acid (G4S)3 linker. This bispecific af-
finity protein showed binding to both EGFR and HER2 in
SPR biosensor and flow cytometry analysis (Ekerljung et al.
2012; Friedman et al. 2009). In our laboratory, we aim to
develop bispecific affibody molecules targeting HPV16E7
and HPV18E7 oncoproteins that are derived from the two
high-risk HPVs associated tightly with cervical cancer.

In our previous studies, we engineered affibody molecules
respectively for specific binding of HPV16E7 (Xue et al.
2016) and HPV18E7 (ZHPV18E7:228, Figs. S1 and S2) from
phage display library. The affinity and specificity of the de-
veloped affibody molecules in binding to HPV16E7 and
HPV18E7 have been confirmed by in vitro SPR biosensor
assays and in vivo tumor xenografts. Here, we have generated
a novel bispecific affibody molecule via (G4S)3 linker that
binds simultaneously to two protein targets. 3D structure pre-
diction showed that the structure of each domain of heterodi-
mers and homodimers was similar to the natural format of
SPA-Z without conformational change. Biosensor analysis
demonstrated in vitro dual binding of the novel bispecific
affinity molecule to HPV16E7 and HPV18E7 proteins. In
addition, immunofluorescence analysis showed that the novel
bispecific affibody molecule binds to HPV16E7 protein in
SiHa cells and HPV18E7 protein in HeLa cells in in vitro cell
cultures in a similar manner. IHC analysis confirmed that the
novel bispecific affibody molecule binds simultaneously to
the xenograft tumors in mice in vivo derived from either
SiHa or HeLa cells. Thus, the novel bispecific affibody mol-
ecule ZHPV16E7–ZHPV18E7 can react with both HPV16 and
HPV18 E7 oncoproteins against the tumors induced by the
two high-risk HPV types in future diagnostic study.

Finally, the tumor uptake of heterodimeric affibody mole-
cule was determined by an in vivo NIR system. Specific and
quick accumulation of Dylight755-heterodimeric ZHPV16E7–
ZHPV18E7 affibody were observed in SiHa and HeLa tumor
xenografts in nude mice. Published study has shown that
radiolabeled affibody ZHER2:342 displayed a rapid tumor up-
take in xenograft models and provided better contrast in
HER2-positive SKOV-3 xenografts imaging than HER2-
specific scFv antibody fragment (Orlova et al. 2006). Similar
to the observation of previous studies (Orlova et al. 2006; Xue
et al. 2016), we also observed that Dylight755-labeled
bispecific affibody ZHPV16E7–ZHPV18E7 had deep penetration
into tumors and quick clearance from the body when used for
molecular imaging in vivo in subcutaneous xenografts mice
model. Thus, bispecific affibody molecule generated in the
present study used for tumor-specific fluorescence imaging
may improve the accuracy of diagnosing and staging,

indicating optimal treatment selection and thereby improve
prognosis of cervical cancer.

In conclusion, we have used a (G4S)3 linker to develop a
novel bispecific affibody molecule: ZHPV16E7–(G4S)3–
ZHPV18E7, which targets both HPV16E7 and HPV18E7
oncoproteins. This bispecific affibody molecule has shown
to detect simultaneously both HPV16-E7 and HPV18-E7 pro-
teins in the two HPV-positive cancer cells through its binding
to the two E7 oncoproteins in vitro and in vivo. Thus, the
novel bispecific affibody molecule ZHPV16E7–(G4S)3–
ZHPV18E7 developed in the present study has great potential
for molecular imaging in cervical cancer caused by infection
with HPV16 and HPV18 in the future.
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