
J. Microbiol. Biotechnol. (2012), 22(5), 721–728
http://dx.doi.org/10.4014/jmb.1112.12001
First published online February 10, 2012
pISSN 1017-7825 eISSN 1738-8872

Neutralization of Human Papillomavirus by Specific Nanobodies Against
Major Capsid Protein L1

Minaeian, Sara
1
, Fatemeh Rahbarizadeh

2
*, Sayyed Hamid Zarkesh-Esfahani

1
, Davoud Ahmadvand

3
,

and Oliver Jay Broom
4

1Department of Biology, Faculty of Sciences, University of Isfahan, Isfahan, Iran
2Department of Medical Biotechnology, Faculty of Medical Sciences, Tarbiat Modares University, Tehran, Iran
3School of Allied Medical Sciences, Tehran University of Medical Science, Tehran, Iran
4KIPA - Krahbichler Intellectual Property Advisors AB, SE-251 10 Helsingborg, Sweden

Received: December 1, 2011 / Revised: December 31, 2011 / Accepted: January 4, 2012

The human papillomavirus (HPV) is the main cause of

cervical cancer in developing countries. Rapid diagnosis

and initiation of treatment of the HPV infection are

critical. Various methods have been employed to reduce

the immunogenicity of antibodies targeting HPV serotypes.

Nanobodies are the smallest fragments of naturally

occurring single-domain antibodies with their antigen-

binding site compromised into a single domain. Nanobodies

have remarkable properties such as high stability,

solubility, and high homology to the human VH3 domain.

In this study, a phagemid library was employed to enrich

for nanobodies against the L1 protein of the human

papilloma virus. Binding reactivity of the selected clones

was evaluated using phage enzyme-linked immunosorbent

assay (phage-ELISA). Finally, two nanobodies (sm5 and

sm8) with the best reactivity against the Gardasil vaccine

and the purified HPV-16 L1 protein were expressed and

purified using a Ni
+

-NTA column. The accuracy of expression

and purification of the nanobodies was confirmed by

sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE) and immunoblotting assays. In vitro studies

demonstrated that neutralization was achieved by the

selected nanobodies. The ease of generation and unique

features of these molecules make nanobodies promising

molecules for the new generation of HPV diagnosis and

therapy.
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Despite the widespread performance of cytological screening

in many countries, cervical cancer remains a major cause

of mortality [32]. This disease is the second most common

female cancer in the world, claiming around 270,000 lives

annually [23]. More than 99% of cervical tumors are

positive for DNA of the human papillomavirus (HPV), and

a subset of HPV types are the causative agents of cervical

cancer. Other tumors related to this virus, such as vaginal,

vulvar, penile, anal, and oropharyngeal, represent an additional

0.7% of all cancer sites in both men and women, so that

HPV is estimated to be responsible for 5.2% of all cancers

and, as such, can also be considered as the most common

known sexually transmitted agent [22]. The viral types that

infect the genital tract fall into two categories: high-risk

(associated with anogenital cancers) and low-risk (causing

benign genital warts). Although over 115 genotypes of

HPV have been identified, some are considered “high-

risk”, notably HPV-16 and HPV-18 [20].

HPV is a small, double-stranded DNA virus that is non-

enveloped and has an icosahedral capsid [19]. The HPV

genome is approximately 8 kb in length, which encodes 6

early (E1, E2, E4, E5, E6, and E7) and 2 late (L1 and L2)

proteins. The late genes encode structural proteins that

form the viral icosahedral capsid consisting of 72 capsomers

[8]. It has been demonstrated that neutralization epitopes

are present in the L1 major capsid protein. Both linear and

conformational epitopes have been identified on the surface

of HPV-16 L1 VLPs. More than three L1 regions (such as

amino acids 111 to 130, 174 to 185, and 261 to 280) contain

linear epitopes. The results suggest that conformational B-

cell epitopes of HPV, VLPs, induce neutralizing antibodies.

In contrast, cross-reactive epitopes are linear epitopes and

mostly non-neutralizing. It has been suggested that such

linear epitopes are not surface-exposed [2]. The HPV L1

proteins are capable of self-assembly into virus like

particles (VLP) in vitro [14]. VLPs are immunogenic in

humans and induce neutralizing antibodies [13, 31]. Gardasil

is a prophylactic vaccine that is composed of VLPs formed

by self-assembly of the recombinant L1 capsid proteins of
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HPV-6, HPV-11, HPV-16, and HPV-18 [12, 25]. There are

several reports of monoclonal antibodies generated against

HPV that bind to the L1 protein [3, 4, 18]. These

monoclonal antibodies were analyzed for their binding

affinities to L1-only VLPs and L1 linear epitopes [6].

Recombinant antibody technology is a rapidly developing

field that specializes in developing recombinant fragments

that can be used in therapy and diagnosis [11]. Recombinant

antibodies are produced by expressing antibody fragments

on the surface of filamentous phages, whereupon clones

are selected based on their antigen reactivity [10]. Throughout

the 1990s, to reduce the immunogenicity, innovative

recombinant DNA technology dramatically reduced the human

anti-mouse antibody (HAMA) response and enhanced the

clinical efficiency of mouse monoclonal antibodies. The

recombinant antibodies, partly owing to their ability to be

highly expressed in prokaryotic and lower eukaryotic

microorganisms, are currently in the late stages of clinical

development. Various methods have been devised to improve

the characteristics of the single-chain fragment variables

(scFvs). By chance, in 1993, Hamers-Casterman and et al.

[9] discovered a new type of antibody in Camelidae. This

kind of antibody, contrary to conventional antibodies,

consists of only heavy chains. Although it does not contain

light chains and CH1 domains, it is functional and binds to

its antigen like conventional antibodies. The antigen-

binding site of this antibody consists of a single domain.

This antibody was named as VHH or nanobody, and is less

than 20 kDa in size and has a lot of potential applications

in medical sciences [27]. Nanobodies have remarkable

properties that can provide new opportunities for diagnostic

and therapeutic purposes. This single-domain antibody

remains functional even at high temperatures such as 90oC

and is also readily soluble in aqueous solutions. Because of

its small size, it can penetrate rapidly into the tissue and is

an efficient tool for targeted tumor therapy. Specific binding

with high affinity to its antigen and high homology to human

VH3 are the other advantages of these molecules [21].

Since infection with certain HPV types, most commonly

HPV type 16 (HPV-16), is associated with progression to

high-grade dysplasia, in the present study we tried to

isolate specific nanobodies against the HPV-16 major

capsid protein L1. Camelid single-domain antibodies have

several advantageous properties as compared with conventional

antibodies, making them highly desirable molecules for

the future development of novel diagnostic and therapeutic

methods against human papillomavirus.

MATERIALS AND METHODS

Materials

The purified HPV-16 L1 protein was kindly provided by Dr. Martin

Müller (German Cancer Research Center, Germany). Gardasil vaccine

manufactured by Merck & Co., Inc (West Point, PA, USA) was used

as an antigen. Monoclonal anti-hemagglutinin (anti-HA) conjugated to

horseradish peroxidase (HRP) was purchased from Roche (Mannheim,

Germany). HRP-conjugated anti M13 antibody (anti-M13-HRP) was

purchased from Amersham-Pharmacia-Biotech (Vienna, Austria). All

other reagents used in this study were at least of analytical grade

and purchased from Sigma Chemical Co. (St. Louise, MO, USA).

Cell Lines and Cell Culture

A431 cells (human vulvar squamous carcinoma cells) were cultured

and infected in DMEM supplemented with 5% FBS. These cells

were infected in DMEM (10% FBS) lacking both phenol red and

hygromycin in the infection medium.

Strains and Media Composition

E. coli TG1 (Pharmacia, Uppsala, Sweden) was used as a host for

phagemid manipulation and antibody high expression. The E. coli

Rosetta gami 2 strain (Novagen, Madison, WI, USA) was used for

soluble antibody production.

2×YT medium supplemented with 100 µg/ml ampicillin were

used for the selection of transformants. Luria-Bertani (LB) medium

supplemented with 0.01 M MgCl2 and 0.02 M glucose was the

medium of choice for electroporation, and 2×YT medium supplemented

with ampicillin (150 µg/ml) and IPTG (1 mM) was used as expression

medium.

Nanobody-Displayed Phage Libraries Amplification

The one-humped camel nanobody gene library (in pComb3x phagemid

vector, containing HA- and His-tag) was prepared as described

before [1]. The E. coli TG1 was grown in 2×YT medium at 37oC

and inoculated in logarithmic phase with nanobody-displayed library

phages. Infected cells were grown overnight at 37
o
C in 2×YT medium

containing 100 µg/ml ampicillin, under rapid shaking. After overnight

incubation at 37oC, phages were produced by rescue with helper

phage M13KO7 (Amersham-Pharmacia-Biotech) and purified using

PEG/NaCl (20 g/l and 2.5 M, respectively) precipitation. The phages

were titrated and stored at 4oC.

Enrichment of Nanobody Gene Library 

To obtain L1-specific phage displaying nanobodies, three consecutive

rounds of biopanning were performed on a nanobody library. Counter

selection was performed during each round of panning using bovine

serum albumin (BSA) (1.5 µg/ml diluted in phosphate buffered

saline, PBS)-coated 6-wells. In all of the experiments of this research,

for immoblization of the conformational epitope of the L1 protein

on the surface of the wells, the Gardasil was dialysed in PBS buffer,

with the buffer exchanged every 5-7 h for at least 2 days, and then

the dialysed solution (1.5 µg/ml in PBS) was incubated overnight at

4
o
C in 6-well plates (Nunc, Roskilde, Denmark). On the next day,

the wells were washed twice with PBS and blocked by PBS

containing 5% (w/v) ELISA-grade skimmed milk powder at 37oC

for 1.5 h. After removing the blocking solution, phage particles

(10
12

/ml virion) in a total volume of 3 ml of PBS with 4% BSA

were preincubated on the BSA-coated wells at 37oC for 1 h (to

remove nonspecific binders). The unbound phages were subsequently

loaded onto Gardasil (VLPs that contain a mixture of recombinant

L1 capsid proteins of HPV-6, -11, -16, and -18) coated 6-well plates

to recover the L1-specific nanobody-displayed phages. After incubation

at 37
o
C for 1 h, the supernatants were discarded and the wells were
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rinsed four times with 0.5% Tween 20 in PBS (PBST) and twice

with distilled water. The bound phages were eluted by adding 1 ml

of 100 mM triethylamine (TEA) (pH 10) and neutralized with 0.5 M

Tris/HCl (pH 7.4). For three rounds of panning, the eluted phages

were amplified by infecting log-phase E. coli TG1 cells, followed

by their superinfection with the helper phage, as detailed above. In

addition, the input and output phages were titrated. Three consecutive

rounds of panning were performed and the stringency of selection

was increased with each round by using increasing Tween concentrations

(0.5-8%) in the washing steps.

Polyclonal Phage-ELISA

The 96-well plates were directly coated with 1.5 µg/ml L1 capsid

proteins of HPV-6, -11, -16, and -18 (Gardasil) diluted in PBS

overnight at 4
o
C. The same concentration of bovine serum albumin

(BSA) was used as a negative control. The wells were washed with

PBS and then blocked with a 5% solution of skimmed milk powder

in phosphate buffer (MPBS) (10 mM, pH 7.2) for 1 h at 37
o
C. The

blocking reagent was discarded and ~1012 transducing units of the

library and output were pooled from each round of panning,

transferred to appropriate wells, and incubated while shaking for 2 h

at 37oC. The wells were washed four times with PBS containing

0.05% (v/v) Tween 20 and then four times with PBS. Mouse anti-

M13 monoclonal antibody conjugated to HRP (1:2,500) was added

to the well and incubated for 1 h at room temperature. At the end

of the incubation time, wells were washed, added with 50 µl of

substrate, 3,3',5,5'-tetramethyl benzidine (TMB), and incubated for

5-10 min. The enzyme reaction was terminated using 50 µl of 2 M

H2SO4 solution and the color was measured at a wavelength of

450 nm [30].

Phage Titration

At the end of the panning rounds, the phage titers of input and

output of selection were estimated by infection of logarithmically

growing TG1 cells with serially diluted phages and plating on 2×YT

ampicillin plates. 

Monoclonal Phage-ELISA

After the third round of panning, 10
8
 TG1 bacteria cells were grown

to mid-logarithmic phase, infected by the output phagemids of the

last round of panning, spread on LB agar plates containing

ampicillin (100 µg/ml), and incubated overnight. At the end of the

incubation time, more than 85 bacterial colonies were picked up and

inoculated separately in 20 ml of 2×YT broth medium. Then phages

were produced by rescue with the M13KO7 phage and purified by

PEG-NaCl. The precipitated monoclonal nanobodies expressing

phage particles were resuspended in sterile PBS (a titer of 10
12

/ml)

and screened by phage-ELISA using anti-M13-HRP as a tracer, as

described above. The positive phage clones were sequenced to

identify the unique nanobody genes.

Selection of HPV-16 L1-Specific Nanobodies

In order to produce and evaluate the soluble nanobody, 10
9
 E. coli

(Rosetta gami 2) bacteria cells (the non-suppressor strain) were

grown to mid-logarithmic phase and the selected monoclonal phages

were transformed into them. The Rosetta gami 2 cells harboring

the recombinant phagamids were resuspended in 35 ml of 2×YT-

ampicillin and the expression was induced by addition of IPTG to

1 mM at 37
o
C until the OD600 reached 0.7. Then bacteria cells were

separated by centrifugation. The pellets were suspended in 800 µl

of PBS. The protease inhibitor phenylmethylsulfonyl fluoride

(PMSF) was added to a final concentration of 1 mM. The cytoplasmic

proteins were extracted by sonication and then clarified by

centrifugation. To evaluate the binding activity of selected clones

towards the conformational and linear epitopes of the L1 protein,

two different concentrations (0.1 and 2 µg/ml) of the Gardasil and

purified L1 protein, were coated onto the wells of microtiter plates.

Briefly, for conformational epitopes, the dialyzed Gardasil was

incubated overnight at 4oC, and for linear epitopes the recombinant

L1 protein (prepared in transgenic plants, kindly provided by

professor Martin Müller, German Cancer Research Center, Germany)

diluted in bicarbonate buffer (pH 10.8) and incubated overnight at

37oC (denaturation of L1 protein and disruption of second and third

structures) was used. The same concentration of BSA was used as a

negative control. The plates were washed and blocked with MPBS

(5%) for 1 h at 37oC. Then, wells were washed and added with

diluted cytoplasmic proteins. The contents of the wells were incubated

at 37oC for 2 h, washed, and monoclonal anti-HA conjugated to

HRP (1:10,000) antibody added and incubated at 37oC for 1 h. The

peroxidase enzyme activity was determined by adding 50 µl of

TMB as a substrate. The reaction was stopped by the addition of

50 µl of 12 M H2SO4 and read out at 450 nm.

Expression and Purification

For production and purification of nanobodies, selected clones were

cultured in 50 ml of LB medium at  37
o
C and 250 rpm until an

OD600 of 0.7 was achieved and inoculated in 1 L of 2×YT containing

casamino acids and ampicillin. The culture was induced with IPTG

(1 mM). After 24 h, the cultures were further induced by adding

1 mM IPTG and incubated for a further 24 h at 37oC. Induced

cultures were centrifuged and the cytoplasmic proteins were extracted

by sonication. The nanobody present in these extracts was purified

by immobilized metal affinity chromatography with 1 ml of nickel

nitrilo-triacetic acid (Ni
+
-NTA) resin (Qiagen) [28]. The purification

was confirmed using SDS-PAGE and immunobloting analysis [16].

For immunoblotting, cytoplasmic proteins of selected clones were

subjected to 12% SDS-PAGE and transferred from the gels onto

nitrocellulose membranes using a buffer consisting of 25 mM Tris-

HCl, 192 mM glycine, and 20% methanol. The membranes were

blocked for 1 h at room temperature in MPBS (5%). Subsequently,

the membranes were incubated with anti-HA conjugated to HRP

(1:1,000) for 90 min at room temperature. The membranes were

washed two times with PBST (PBS containing 0.01% Tween 20)

and two times with PBS. The immunoblot was visualized with

DAB (3,3'-diaminobenzidine) substrate [29].

Analysis of Binding Specificity 

The individual nanobodies were tested for their specificity and

possible cross-reactivity with some cell surface receptors, mucosal

glycoproteins, and serum proteins by ELISA. The antigens included

MUC1 (DF3/Mucin 1, aberrantly glycosylated glycoprotein overexpressed

in tumors of epithelial origin, (including the genital tract); endoglin

(type I membrane glycoprotein located on cell surfaces and part of

the TGF beta receptor complex); P24 (CA, the capsid protein of the

HIV virus); skimmed milk; casein; and human serum albumin (HSA).

For binding specificity, 1 µg/ml of each antigen was immoblized on

96-wells plate. The L1 protein (Gardasil) with the same concentration

was used as a positive control. The selected nanobodies (400 ng/ml)
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were added to the wells and incubated for 1 h at 37oC. At the end of

the incubation time, the plate was washed, incubated with anti-HA

conjugated to HRP (1:10,000), and the peroxidase activity was

detected by adding TMB.

Nanobody-Mediated Neutralization

HPV-16 virions (1.0 × 10
8
 particles, 100 particles/cell) were incubated

with dilutions (1, 10, and 50 nM) of purified nanobodies for 1 h at

37oC. The mixture was then added to monolayers of A431 cells.

The medium was replaced again after 6 h. Infection was assayed

4 days post-infection by quantitative real-time RT-PCR (QRT-PCR).

Control cultures contained either no virus or virus-infected cultures

without nanobodies. After 4 days, cells were harvested and total

RNA was isolated using a Qiagen RNA purification kit (Qiagen,

Valencia, CA, USA) and used as a template for cDNA synthesis

(Roche). QRT-PCR for E1^E4 and β-actin (as an internal control)

transcripts was performed as described by Culp and Christensen [5].

Statistical Analysis

Different experimental groups within the study were compared by

using the Kruskal-Wallis test. Comparisons between the pairs of

groups were performed with the Mann-Whitney test. A probability

of less than 0.05 (p<0.05) was used for statistical significance.

RESULTS

Phage Biopanning

The nanobody gene library was selected against Gardasil

through three rounds of panning. In phage panning, we

eluted 3.1 × 102, 4.3 × 104, and 3.7 × 105 phages after the

first, second, and third rounds, respectively. Titration

experiments showed a gradual increase in the output/input

ratio of phage particles after each round of selection,

representing the progressive enrichment of the L1-specific

clones during these successive rounds of panning. This

ratio increased about 13-fold after the second round of

biopanning and 8.6-fold after the third round of cell

panning. The binding absorption (OD450) results of Gardasil

in the first, second, and third rounds of panning were 0.384

± 0.05, 0.628 ± 0.031, and 1.133 ± 0.012, respectively. These

increases in titers of output phages and the difference of

OD450 in consecutive rounds of panning compared with

negative control (BSA) in polyclonal phage-ELISA (0.323

± 0.014, 0.354 ± 0.0169, and 0.354 ± 0.007 after the first,

second, and third rounds, respectively) shows the accuracy

of the enrichment process.

Selection of Specific Nanobodies Against the L1 Protein

After the third round of panning, more than 85 nanobody-

expressing phages were screened using a monoclonal

phage-ELISA by using anti-M13-HRP as a tracer. Eight

clones specifically recognized recombinant linear epitopes

of the L1 protein (purified recombinant L1 protein) and

conformation-dependent epitopes (Gardasil) and did not

cross-react with the negative control. Fig. 1 shows

monoclonal phage-ELISA results using the anti-M13-HRP

as tracer. Among the selected nanobodies, sm5 and sm8

showed the best reactivity against the L1 epitopes. The

identity of the selected nanobodies was confirmed by

sequencing of the selected clones genome using nanobody-

specific primers. 

The Rosetta gami 2 bacterial cells were infected with

the selected phagemids that had specificity against the

major capsid protein L1 (sm3, sm4, sm5, sm6, sm7, sm8,

sm9, sm10). The bacterial cells harboring these phagemids

were induced by IPTG. The cytoplasmic extract of the

transformants was evaluated by ELISA. Two transformants

(sm5 and sm8) showed higher reactivity towards the HPV-

16 L1 protein. Table 1 shows the reactivities of these two

clones against two different concentrations of Gardasil and

the purified L1 protein. 

Fig. 1. Monoclonal phage-ELISA results in OD450 using anti-
M13-HRP as tracer. 
Among the 8 selected clones, sm5 and sm8 showed significant reaction

against both Gardasil and L1 protein and also did not cross-react with the

BSA as negative control. All data were expressed as mean ± SD. All assays

were performed in triplicates. Error bars represent standard deviation of a

triplicate determination.

Table 1. Reactivity of selected nanobodies against different concentrations of antigen in OD450 using anti-HA conjugated to HRP.

Nanobodies

Gardasil (µg/ml) HPV-16 L1 (µg/ml) BSA (µg/ml)

2 0.1 2 0.1 2 0.1

sm5 2.048 ± 0.372 0.498 ± 0.242 1.603 ± 0.282 0.691 ± 0.172 0.632 ± 0.114 0.312 ± 0.107

sm8 1.686 ± 0.150 0.392 ± 0.143 1.392 ± 0.211 0.421 ± 0.125 0.482 ± 0.157 0.292 ± 0.121

The results are the average of reactivity (OD450) for each nanobody and presented as mean ± SD. All assays were performed in triplicates.
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Expression and Purification of Selected Nanobodies

For expression analysis of the nanobody fragments, soluble

nanobodies were extracted from the bacterial cytoplasm,

and visualized by Coomassie blue staining of the SDS-

PAGE gel. Expression analysis by SDS-PAGE indicated

that the optimal IPTG concentration to be used was 1 mM.

The expression of the sm5 and sm8 nanobodies was found

to be 0.5% and 0.3%, respectively, of the total soluble

proteins of the bacterial cell lysates following the gel scanning

procedure. Recombinant nanobodies were purified from the

lysate extracts using (Ni+-NTA) resin affinity chromatography.

Elution fractions containing the pure recombinant protein

of each transformants were separated and combined as a

pool for neutralization assays. The molecular masses of

these two fusion proteins containing the nanobody and tags

were around 20 kDa. The purification was confirmed using

SDS-PAGE and immunobloting analysis. As showed in

Fig. 2, the protein bonds with an apparent molecular mass

of around 20 kDa were clearly present in the sm5 and sm8

nanobodies, which were not observed in the IPTG-induced

Rosetta gami 2 cells without the plasmid. The yield of

expression of the sm5 and sm8 nanobodies was between

0.3 and 0.1 mg/l of the bacterial cultures, respectively.

Neutralization of the Virions by HPV-16 L1 Reactive

Nanobodies

To test whether neutralization might be accomplished by

monovalent nanobodies against the L1 protein, purified

sm5 and sm8 nanobodies were incubated with HPV-16

virions and after 1 h layered over rinsed A431 monolayers.

Four days post-infection, total RNA was assayed for the

presence of E1^E4 transcripts using quantitative RT-PCR.

Neutralization experiments by quantitative RT-PCR revealed

that neutralization could be attained with these recombinant

proteins (Fig. 3). Relative E1^E4 expression of the sm5

and sm8 nanobodies at the 50 nM concentration showed

75% and 60% neutralization of HPV-16 virions, respectively.

A431 cell culture without infection by virions was used as

a negative control (no expression of E1^E4). A431 cell

culture infected by HPV and without nanobodies or with

nonspecific nanobody did not show any significant neutralization

reaction.

Fig. 2. Expression analysis. 
(A) SDS-PAGE analysis of cytoplasmic extracts; (B) Coomassie-stained

SDS-PAGE gel after affinity chromatography purification; (C) Immunoblot

analysis of purified nanobodies. (sm5) and (sm8), the selected nanobodies; (M),

molecular weight marker; (NC), negative control (non-transformed bacteria).

Fig. 3. Neutralization of HPV-16 virions by sm5 and sm8
nanobodies. 
Control cultures contained either no virus (negative control) or virus-

infected cultures without nanobodies (positive culture). Anti-MUC1 Nb

refers to a nanobody produced against MUC1 peptide that is found to be an

important epitope expressed in cancerous tissue. All data were expressed

as mean ± SD. All assays were performed in triplicates. Error bars

represent standard deviation of a triplicate determination. 

Table 2. Sensitivity of selected nanobodies. 

Antibodies

Antigens (1µg/ml)

Gardasil BSA MUC1 Skimmed milk Casein Endogline HSA P24

SM5 2.142 ± 0.12 0.626 ± 0.01 0.650 ± 0.03 0.707 ± 0.02 0.774 ± 0.11 0.552 ± 0.04 0.728 ± 0.07 0.781 ± 0.06

SM8 1.708 ± 0.07 0.484 ± 0.02 0.506 ± 0.14 0.596 ± 0.04 0.622 ± 0.01 0.504 ± 0.12 0.612 ± 0.09 0.594 ± 0.02

The results are the average of reactivity (OD450) for each nanobody and presented as mean ± SD. All assays were performed in triplicates. HSA refers to

human serum albumin, which is an aboundant plasma protein. MUC1 is a human tumor antigen, which is overexpressed in tumors of epithelial origin

(including genital tract). P24 is a capsid protein of the HIV.
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Results of the Binding Specificity

To ensure the specificity of the nanobodies, direct binding

of the anti-L1 nanobodies to the L1 protein and irrelevant

antigens was investigated by ELISA. Based on the results,

the selected nanobodies exhibited significant binding to

the L1 protein but also revealed slightly cross-reaction

with irrelevant antigens. Table 2 lists the results of the

nanobody binding specificities.

DISCUSSION

Infection with the high-risk types of HPV is now considered

to be the most significant risk factor in the development of

cervical cancer [14]. The HPV major capsid protein L1 is

an efficient target protein for the human humoral immune

response and also a useful marker for revealing the status

of productive and active HPV infections [13]. This is due

to the high prevalence of HPV malignancies and HPV-

associated lesions, and the application limitations of

mouse-originated monoclonal antibodies such as, expensive

production methods (due to them being based on mammalian

expression systems) and their potential immunogenicity.

The phage display technique has proven to be a powerful

technique for the selection of specific peptides or proteins

against a specific target. One of the most successful

applications of phage display has been in the isolation of

monoclonal recombinant antibodies from a large antibody

gene library [35]. The discovery of nanobodies has now

opened unprecedented opportunities to obtain soluble

antigen-binding fragments of minimal size by phage

display technology. Nanobodies are a unique form of

monoclonal antibodies, characterized by a single antigen

binding domain. They are small molecules and strictly

monomeric. These molecules bind their target with nM

affinity as well as being pH, solvent, and temperature

stable (e.g., stable for one week in serum in 37oC). This

variable fragment with a typical immunoglobulin fold and

prolate shape (4.4 nm high; 2.8 nm diameter) shares a

large sequence identity with the human VH3 gene family,

but with four amino acid substitutions in framework 2.

These substitutions render the surface more hydrophilic

and explain the soluble behavior and concomitant higher

functional expression levels of nanobodies [21]. The single

domain nature of nanobodies also makes molecular manipulation

easy and facilitates the production of multivalent formats

of monoclonal antibodies as compared with conventional

recombinant antibodies, which is problematic owing to

aggregation and reduced affinity due to mispairing of

variable H and L domains, in addition to being well

expressed in bacterial expression systems and thus they are

cheaper and easier to produce in all kind of formats than

standard monoclonal antibodies. Moreover, nanobodies

often bind to epitopes that prove to be less immunogenic

for conventional antibodies. Collectively, these features make

nanobodies as ideal small-sized candidates for immunotherapy,

and thus opening the path to new and sophisticated design

solutions for the treatment of cancer.

Improved VLP vaccines (such as Gardasil) would promote

the production of neutralizing antibodies targeting multiple

HPV types [6, 17, 18, 26, 34]. Here, we enriched a one-

humped camel nanobody gene library against Gardasil as a

source of conformation-dependent epitopes of human

papillomavirus in phage display technology. The enrichment

was performed after three rounds of panning. For evaluation

of the biopanning process, phage titration and polyclonal

phage-ELISA were used and the increase in titer of the

output phages and OD450 in the consecutive rounds of

panning demonstrated the accuracy of processing. 

Several studies have demonstrated that HPV capsids

contain neutralizing epitopes that are generally conformation-

dependent and involve the hypervariable loops. Although

neutralizing epitopes exist on the surface of the capsid,

immunodominance can be maintained in the context of the

VLPs [3, 24]. The antibodies that directly interact with the

hypervariable loops of L1 (dense in neutralization-sensitive

epitopes) are likely to be neutralizing antibodies [6]. Based

on these findings, for selection of the neutralizing and

specific nanobodies, we chose the clones that showed

significant reaction against both Gardasil and the L1

protein (purified non-VLP protein) among the 85 evaluated

clones. The selected clones were re-infected in a non-

suppressor strain of Escherichia coli (Rosetta gami 2),

which was unable to suppress the amber stop codon

between the gIII and the nanobody inserted gene, and

subsequently the expression of the soluble protein was

induced by IPTG. Our findings indicate that the selected

nanobodies are capable of specific recognition of the L1

epitopes and have low cross-reaction with irrelevant

antigens, perhaps by virtue of their smaller non-antigen

binding surface areas, minimizing unwanted cross-reactivities

as opposed to larger multidomain immunoglobulins. The

sm5 and sm8 nanobodies were selected by ELISA and the

results demonstrate that these soluble nanobodies bound to

the Gardasil vaccine and purified L1 protein effectively

and neutralized virions in cell culture experiments. They

were also capable of acting as both captors and detectors

for HPV-16 particles, indicating their potential as a

diagnostic and therapeutic agent. Since our goal in this

work was to prepare nanobodies with high binding activity

to the L1 protein, especially HPV-16, we chose the

nanobodies with highest reactivity against the Gardasil

(which is a mixture of recombinant L1 capsid proteins of

HPV-6, -11, -16, and -18) and the purified L1 protein. By

selecting antibodies that show some degree of cross-

reactivity for other types of HPV, this enhances their

ability to be utilized to neutralize virions in the cervix

immediately at the time of infection. 



NEUTRALIZATION OF HPV BY SPECIFIC NANOBODIES 727

Culp et al. [6] utilized some HPV-16-specific monoclonal

antibodies, Fab fragments, and scFv fragments to be able

to compare the effectiveness of monovalent and divalent

binding events on interrupting viral infection. Data derived

with whole monoclonal antibodies and their Fab fragments

showed that equivalent saturation of each corresponding

epitope results in comparable neutralization, regardless of

the valency of the binding molecule. Their finding suggests

that the parental antibodies, each targeting a different loop

of L1, can neutralize virions by a mechanism independent

of particle aggregation and L1 cross-linking [6]. Our results

confirmed these findings and showed that monovalent

binding events by nanobodies can also neutralize HPV

virions, as has been shown by scFv and Fab fragments.

In this work, our goal was not so much to compete with

the existing diagnostic and therapeutic antibodies for

papillomavirus but rather to begin exploring the capacity

of a novel type of antibody (nanobody) to recognize the L1

protein epitopes and neutralizing activities. Virus neutralization

is defined as the abrogation of virus infectiousness by the

association of an antibody with the viral particle. In

principle, neutralization can inhibit infectiousness by several

mechanisms. Prevention of virus attachment would inhibit

the entry process, and many neutralizing antibodies act by

abrogating virion attachment to the host cells. Antibodies

can also potentially interfere with post-attachment interactions

of a virus with its receptors or co-receptors or with the

cellular endocytic machinery [15]. Neutralizing antibodies

have also been described that act after viral endocytosis by

negatively affecting trafficking, membrane penetration,

uncoating, nuclear import, or viral transcription [7, 33, 36].

Since the host infection site of HPV-16 is the genital

mucosa, development of effective mucosal captors with

negligible cross-reactivity towards irrelevant proteins and

glycoproteins of that environment is of interest to neutralize

the primary infection by the virus. In the present work, we

produced two nanobodies that are stable and sensitive L1-

specific targeting agents, which could be used in vaginal

gels or washing solutions for the prevention of viral

infection. The unique features of the nanobodies make

them valuable tools for the prevention and therapy of

cervical cancer. Development of such new ligands and

improved understanding of tumor biology will allow HPV-

specific nanobodies to be used in combinational therapies

in a synergistic manner in the future.
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