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Presently, the seroprevalence of human papillomavirus (HPV) minor capsid antigen L2-reactive antibody is not well under-
stood, and no serologic standard exists for L2-specific neutralizing antibodies. Therefore, we screened a total of 1,078 serum
samples for HPV16 L2 reactivity, and these were obtained from four prior clinical studies: a population-based (n � 880) surveil-
lance study with a high-risk HPV DNA prevalence of 10.8%, a cohort study of women (n � 160) with high-grade cervical intra-
epithelial neoplasia (CIN), and two phase II trials in women with high-grade vulvar intraepithelial neoplasia (VIN) receiving
imiquimod therapy combined with either photodynamic therapy (PDT) (n � 19) or vaccination with a fusion protein compris-
ing HPV16 L2, E7, and E6 (TA-CIN) (n � 19). Sera were screened sequentially by HPV16 L2 enzyme-linked immunosorbent as-
say (ELISA) and then Western blot. Seven of the 1,078 serum samples tested had L2-specific antibodies, but none were detectably
neutralizing for HPV16. To develop a standard, we substituted human IgG1 sequences into conserved regions of two rodent
monoclonal antibodies (MAbs) specific for neutralizing epitopes at HPV16 L2 residues 17 to 36 and 58 to 64, creating JWW-1
and JWW-2, respectively. These chimeric MAbs retained neutralizing activity and together reacted with 33/34 clinically relevant
HPV types tested. In conclusion, our inability to identify an HPV16 L2-specific neutralizing antibody response even in the sera of
patients with active genital HPV disease suggests the subdominance of L2 protective epitopes and the value of the chimeric MAbs
JWW-1 and JWW-2 as standards for immunoassays to measure L2-specific human antibodies.

Persistent infection with a high-risk human papillomavirus
(hrHPV) is a necessary, although insufficient cause of cervical

cancer and subsets of other anogenital and oral-pharyngeal can-
cers (1, 2). Despite the licensure of two HPV vaccines based on L1
virus-like particles (VLP) that have been shown to be highly effec-
tive, cervical cancer remains the third most common cancer
worldwide, with 80% of cases occurring in the developing world
(3). This disparity reflects both limited vaccine implementation
and certain technical and logistic issues in cervical cancer screen-
ing in the developing world.

The first L1 VLP vaccines licensed (Gardasil [Merck & Co.] and
Cervarix [GSK]) targeted the two most problematic hrHPV geno-
types, HPV16 and HPV18, which together cause �70% of all cer-
vical cancer cases. Gardasil also contains L1 VLP types derived
from HPV6 and HPV11 and provides protection from benign
genital warts caused by these viruses (4). Recognizing the impor-
tance of a greater breadth of coverage, a nonavalent vaccine tar-
geting 7 of the 15 high-risk HPV types (5) was recently approved
by the FDA. Emerging data suggest that the genotype distribution
of HPV that causes cervical pathology differs by country, ethnic-
ity, and in HIV� individuals (6–8). However, increasing vaccine
valency to further expand coverage will raise manufacturing costs
and complexity. Importantly, �85% of the cervical cancer disease
burden lies in low-resource settings, reflecting in part the insuffi-
cient resources for screening programs and HPV vaccination (9).
Although some cross-protection against very closely related HPV
types has been identified in current vaccines, it does not cover all
hrHPV types, and its longevity is uncertain (10, 11). Thus, there
remains a clear need to develop an affordable vaccine that broadly
protects against all hrHPV types. Finally, none of these vaccines
target cutaneous HPV genotypes associated with common warts

or betapapillomaviruses associated with nonmelanoma skin can-
cer in persons with epidermodysplasia verruciformis (EV) or who
are immunocompromised.

Vaccination with the minor capsid protein L2 has potential as
an approach in comprehensive and inexpensive HPV vaccination,
as the N-terminal protective epitope sequences are well conserved.
Preclinical vaccine studies demonstrate that this region of L2 can
elicit protection against diverse papillomavirus types (12–14).
Further, the passive transfer of L2-specific neutralizing antibodies
into naive animals is sufficient for protection from experimental
challenge, providing evidence to support their central role in pro-
tective immunity. Additionally, because the neutralizing epitopes
of L2 are linear and conserved, in contrast to the type-restricted
conformational epitopes of L1 VLP vaccines, cross-reactive L2
vaccines can be produced as a single antigen in bacteria, which
may reduce manufacturing costs compared to those of the li-
censed L1 VLP vaccines. However, while L2-specific antibodies
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are broadly reactive, their ability to neutralize less evolutionarily
related types is weaker than for the cognate type. Therefore, we
and others have sought to enhance cross-protection by either the
concatenation of L2 epitopes derived from several HPV types or
the display of L2 epitopes on VLPs. Both approaches can provide
broad protection in vaccinated animals against experimental chal-
lenge with diverse HPV types (15–19).

To lay the groundwork for L2 vaccine trials, the prevalence of
L2-specific neutralizing antibodies should be understood in both
healthy patients and those with HPV disease. Preclinical studies
suggest that L2 is immunologically subdominant to L1 in the con-
text of the capsid, suggesting that responses to infection with gen-
ital HPV are likely to be rare and/or weak when they are detectable.
To date, studies addressing L2-specific antibody responses to HPV
infection are both limited in number and inconsistent with respect
to seroprevalence (20–26). Some of these inconsistencies may re-
flect reliance upon a single assay format and/or the use of bacteri-
ally expressed L2 antigens only (20–26). To address this, we exam-
ined the serologic responses to HPV16 L2 in both an unscreened
healthy population at risk for HPV infection and in patients with
high-grade cervical or vulvar intraepithelial neoplasia grade 2/3
(CIN2/3 or VIN2/3, respectively), using HPV16 L2 enzyme-
linked immunosorbent assay (ELISA), followed by a confirmatory
Western blot analysis (i.e., a two-step approach). We also exam-
ined whether the topical application of a Toll-like receptor 7
(TLR7) agonist, imiquimod, at the lesion site and either ablation
of the lesion with photodynamic therapy or intramuscular vacci-
nation with HPV16 L2E7E6 fusion protein (TA-CIN) elicit serum
antibody responses to L2.

In addition to seroprevalence, validated serologic assessment
methods that are both functionally sensitive and high throughput
are required to assess the neutralizing antibody responses in pa-
tients. Recently, several new in vitro assays with enhanced sensi-
tivity to L2-specific neutralizing antibodies were developed
(27–29). A key requirement for their routine validation is a repro-
ducible positive control (30). Indeed, the need for the standard-
ization of assays for assessing responses to HPV L1 VLP vaccina-
tion led the World Health Organization (WHO) to develop
international serologic standards for HPV16 and HPV18 L1 VLP
reactive antibodies using serum pooled from HPV-infected
women (30, 31). Here, we sought to use a similar approach in
generating a standard for future L2-based vaccination validation
studies by identifying patient sera with L2-reactive neutralizing
antibodies.

MATERIALS AND METHODS
Human samples. The studies using human sera were reviewed and ap-
proved by the Johns Hopkins University institutional review board. Hu-
man serum samples were collected previously from women in four pub-
lished clinical cohorts: (i) a 38% random sample (n � 880) of serum
samples collected as part of a population-based (n � 2,331) surveillance
study in India with a high-risk HPV DNA prevalence of 10.8% (Commu-
nity Access to Cervical Health [CATCH] study) (32) (see Tables 1 and 2
for patient demographics), (ii) patients (n � 160) with high-grade cervical
intraepithelial neoplasia (CIN) (33), (iii) patients (n � 19) with high-
grade vulvar intraepithelial neoplasia (VIN) enrolled in a phase II study
and who were treated with imiquimod for 8 weeks, followed by photody-
namic therapy (34), and (iv) high-grade VIN patients (n � 19) who were
treated with imiquimod for 8 weeks, followed by vaccination three times
at monthly intervals with a fusion protein comprising HPV16 L2, E6, and
E7 (TA-CIN) (35). In both phase II trial studies, sera were obtained prior

to and after imiquimod treatment (weeks 0 and 10, respectively) and after
PDT/TA-CIN vaccination (week 26).

Enzyme-linked immunosorbent assays and neutralization assays.
Immobilon plates (Nunc) were coated with 500 ng/well purified baculo-
virus-derived HPV16/18 L1 VLPs (36), HPV16/31/45/58 pseudovirions
(PsVs), or bacterially expressed and 6His-tagged HPV16 L2 (37), or L2�
11-88x5 multimer polypeptide (17). The plates were incubated overnight
at 4°C. The wells were then blocked with 1% bovine serum albumin
(BSA)–phosphate-buffered saline (PBS) for 1 h at 37°C and incubated
with human serum at a 1:50 dilution for 1 h at 37°C. Following a washing
step with PBS– 0.01% (vol/vol) Tween 20, peroxidase-labeled sheep anti-
human (GE Healthcare) antibody diluted 1:5,000 in 1% BSA–PBS was
incubated for 1 h. The plates were then washed and developed with 2,2=-
azino-bis(3-ethylbenzthiazoline-6-sulfonic acid solution (Roche) for 10
min, and the absorbance at 405 nm was measured. For JWW-1 and WW-1
ELISA reactivity comparisons to HPV16 L2 and L2� 11-88x5, a total of
400 ng of antibody in 100 �l/well (26.7 nM) was utilized as the starting
concentration. A neutralizing assay comparison between JWW-1,
JWW-2, and control IgG was done using our recently described furin-
cleaved pseudovirion-based neutralization assay (FC-PBNA) (38).

SDS-PAGE and Western blotting. Four to 15% gradient SDS-PAGE
gels were loaded with 40 �g of lysate of 293TT cells transfected with
expression vectors for either enhanced green fluorescent protein (eGFP)
or HPV16 L2. The gels were run at 110 V for 1.5 to 2 h. The proteins were
then transferred onto a nitrocellulose membrane for 90 min at 50 V. The
membranes were blocked for 1 h at room temperature (RT) with 5%
nonfat dried milk in phosphate-buffered saline containing 0.1% (vol/vol)
Tween 20 (PBST). The membranes were then incubated with serum di-
luted at �1:300 (highest, 1:5,000, due to limiting sera) in 5% milk in PBST
overnight at 4°C. The membranes were then washed for 10 min three
times with PBST. The membranes were incubated with anti-human IgG
horseradish peroxidase (HRP) secondary antibody diluted 1:5,000 to

TABLE 1 Characteristics of 880 CATCH study patients who provided a
sample for the serology study

Characteristic No. (%)a

Age (yr)
30–34 174 (19.6)
35–39 121 (13.6)
40–44 95 (37.1)
45–49 54 (6.1)
50–54 50 (5.6)
55–59 29 (3.3)
60� 36 (4.0)
Not reported 34 (3.8)

Cytology
Normal 763 (86.5)
ASCUS or more severe 119 (13.5)

HPV
Negative 787 (89.2)
Positive 95 (10.8)

Histology
Normal 222 (24.9)
CIN1 2 (0.22)
CIN2 5 (0.56)
CIN3 3 (0.34)
Cancer 4 (0.45)
Other 6 (0.67)
No biopsy performed 648 (72.8)

a This 38% sample was younger than the total enrolled population (P � 0.01) but did
not differ by enrollment cytology result (P � 0.18) or hrHPV result (P � 0.56).
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10,000 in 5% milk in PBST and incubated for 1 h at RT. The membranes
were then washed three times with PBST, for 10 min each time. Chemi-
luminescent substrate was added to develop the membranes.

Design and generation of JWW-1 and JWW-2 expression plasmids.
The rat monoclonal antibody WW-1 is broadly neutralizing and reactive
with HPV16 L217–36 (29). The WW-1 heavy- and light-chain sequences
were obtained by sequencing the hybridoma cDNA (Aldevron, Fargo,
MN, USA). Variable region sequences for the mouse monoclonal anti-
body MAb24B were derived from Nakao et al. (39). Both the constant
light- and heavy-chain regions of WW-1 and MAb24B were replaced with
the constant light- and heavy-chain regions of human IgG1 sequence and
directly synthesized (Bio Basic, Inc., Ontario, Canada). The chimeric
heavy and light chains of WW-1 and MAb24B were each cloned into a
double expression vector, pVITRO1-neo-mcs (InvivoGen, San Diego,
CA), to generate the JWW-1 and JWW-2 plasmids, respectively. The plas-
mids and cDNA sequence information to produce these human chimeric
monoclonal antibodies are available from Addgene (see https://www
.addgene.org/Richard_Roden/).

Expression and purification of JWW-1 and JWW-2. For initial test-
ing, 5 	 106 293TT cells were seeded into a 6-well plate the day before
transfection. The cells were transfected with either pVITRO1-neo-mcs
empty vector template (mock transfection) or JWW-1/JWW-2 using Mi-
rus TransIT-2020 (Mirus Bio, Madison, WI), according to the manufac-
turer’s protocol, and maintained in Opti-MEM reduced-serum medium
(Gibco, Life Technologies, Grand Island, NY). After 72 h, the supernatant
was clarified by centrifugation (1,600 rpm for 4.5 min at room tempera-
ture) and passage through a 0.2-�m pore filter (Millipore, Billerica, MA)
to remove cellular debris. The filtrate was used for Western blot studies at
a 1:100 dilution to determine reactivity. For large-scale purification, the
cell line Expi293 was utilized, as per the manufacturer’s instructions (Life
Technologies), and purified using HiTrap protein G high-performance
(HP) columns (GE Healthcare Bio-Sciences, Pittsburgh, PA). The quan-
tity of antibody was determined using a Pierce BCA protein assay kit, per

the manufacturer’s instructions. Purity was assessed by SDS-PAGE and
Coomassie blue staining.

Statistics and data analysis. For all ELISAs, the mean absorbance
and standard deviation (SD) of the entire study cohort were first cal-
culated. Subsequently, a positive ELISA value for HPVL2 was defined
as an optical density (OD) value greater than the mean � 3 SD. The
results of the ELISA screens were plotted using R package ggplot2. The
FC-PBNA neutralization titer was defined as the reciprocal of the di-
lution that caused a 50% reduction in luciferase activity. FC-PBNA
comparisons of RG-1, JWW-1, and JWW-2 were done in triplicate and
titrated 2-fold with a starting concentration of 200 nM. The values
were plotted on GraphPad Prism 6 and fit using the nonlinear model
y � bottom � (top 
 bottom)/(1 � 10(logEC50 
 x) 	 Hill slope), where
EC50 is the titer or concentration reducing signal by half estimated.

RESULTS
Prevalence of HPV16 L2-specific antibody in sera of an un-
screened population at high risk for HPV infection. Since the
WHO reference reagents for human PV L1 antibodies to HPV16
and HPV18 are based on serum pooled from several infected pa-
tients, we attempted to screen for L2-reactive sera from patients
who are at high risk for or have active HPV genital disease. We first
assessed the prevalence of HPV16 L2-reactive serum antibody re-
sponses in a random subset of women enrolled in the Community
Access to Cervical Health (CATCH) study (Table 1) designed to
evaluate the feasibility and impact of introducing cervical screen-
ing methods in a previously unscreened population in Medchal
Mandal, Andhra Pradesh, India (32). Using ELISAs, serum sam-
ples from 880 women enrolled in the CATCH study were screened
for reactivity with full-length HPV16 L2 protein. When employ-
ing a cutoff of mean OD � 3 SD by our L2 ELISA, 18 of the 880

TABLE 2 Summary of L2 ELISA-screened patient seraa

Patient group Sample no. Visit no.

ELISA antigen

Western blotHPV16 L2 HPV16 VLP HPV18 VLP HPV31 PsV HPV58 PsV HPV45 PsV L2� 11-88x5

CATCH study 1 1 1.039 Neg Neg Neg Neg Neg Neg Y
2 1 0.979 Neg Neg Neg Neg Neg Neg Y
3 1 0.910 Neg Neg Neg Neg Neg ND N
4 1 0.869 Neg Neg Neg Neg Neg Neg Y
5 1 0.850 Neg Neg Neg Neg Neg ND N
6 1 0.804 1.087 Neg Neg Neg Neg ND N
7 1 0.797 Neg Neg Neg Neg Neg Neg Y
8 1 0.783 Neg Neg Neg Neg Neg ND N
9 1 0.747 1.170 Neg Neg Neg Neg Neg Y
10 1 0.701 Neg Neg Neg Neg 0.728 ND N
11 1 0.700 Neg Neg Neg Neg Neg Neg Y
12 1 0.605 0.796 Neg Neg Neg Neg ND N
13 1 0.587 Neg Neg 0.821 0.413 1.095 ND N*
14 1 0.558 Neg Neg Neg Neg Neg ND N
15 1 0.553 Neg Neg Neg Neg Neg ND N
16 1 0.550 0.432 Neg Neg Neg Neg ND N*
17 1 0.548 Neg Neg 0.606 Neg 0.966 ND N
18 1 0.534 0.703 0.707 Neg Neg Neg ND N

CIN 19A 1 0.752 ND ND ND ND ND Neg Y
19B 2 0.803 ND ND ND ND ND Neg Y
19C 3 0.776 ND ND ND ND ND Neg Y
19D 4 0.755 ND ND ND ND ND Neg Y

a Shaded rows show the patients (n � 7/19) whose serum samples displayed reactivity for full-length HPV16 L2 by both ELISA and Western blot. Serum numbers 1 to 18 were from
the CATCH study near Hyderabad, Andhra Pradesh (AP), India, and serum 19 was from the CIN cohort study at Johns Hopkins University, Baltimore, MD, USA. Neg, negative;
ND, not done; Y, yes; N, no; N*, serum was limiting, and Western blot analysis could be done only at a dilution of 1:5,000.
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serum samples screened were considered potentially positive (Ta-
ble 2, patients 1 to 18). Since the recombinant HPV16 L2 antigen
used in the ELISA was purified from Escherichia coli, there was a
possibility that bacterial protein-specific antibody responses
might contribute to false positives by reacting with bacterial con-
taminants in the HPV16 L2 antigen. Therefore, the 18 serum sam-
ples putatively positive for HPV16 L2-specific antibody by ELISA
were rescreened in a Western blot-based assay, in which lysates
of 293TT cells transfected with either an expression vector for
HPV16 L2 or with GFP as a negative control were probed with
individual patient serum and a peroxidase-linked secondary anti-
body specific to human IgG. While the presence of the �70-kDa
HPV16 L2 protein in the 293TT lysates was confirmed by Western
blotting using the mouse monoclonal antibody RG-1 (Fig. 1E and
F), only 6/18 putative positive serum samples reacted specifically
with a band of �70 kDa in the lysates of 293TT cells expressing
HPV16 L2 (Fig. 1E and summarized in Table 2). This finding
suggests that despite a cervical high-risk HPV DNA prevalence of
10.8% (as determined by Qiagen hc2 assays) in the CATCH study
patients (Table 1), only a minor (0.68%) fraction of their serum
was reactive with HPV16 L2 (by both ELISA and Western blot,
Fig. 1E).

HPV-infected individuals frequently mount a type-specific
L1 VLP-reactive serum antibody response (30). Therefore, the
serum samples of these 18 patients from the CATCH study
identified in the HPV16 L2 ELISA screen were also tested for
reactivity in two ELISAs using either baculovirus-derived
HPV16 or HPV18 L1 VLP and previously defined cutoffs and
standards (36). Importantly, only 1/6 of the verified HPV16
L2-reactive serum samples was also reactive in the HPV16 L1
VLP ELISA. None of the 6 patients also displayed reactivity
against HPV18 L1 VLP (Table 2).

Given that L2 is highly conserved, it is possible that the negative
HPV16 and HPV18 L1 VLP ELISA results were due to infection by
other related HPV types. To explore this possibility, we performed
HPV31/45/58 pseudovirion ELISAs with the patient sera. How-
ever, none of these 6 HPV16 L2-reactive serum samples (deter-
mined by both ELISA and Western blot) of the CATCH study
patients reacted with these additional HPV genotypes either.

HPV16 L2 seroreactivity of women with HPV16� CIN. We
next assessed for HPV16 L2-reactive serum antibodies a cohort of
patients at Johns Hopkins Hospital (n � 160; mean age, 29.5
years) with cervical intraepithelial neoplasia grade 2/3 (CIN2/3)
(Table 3) enrolled in a longitudinal cohort protocol, in which
serially collected (�4) blood samples were obtained. A total of 298
serum samples from this cohort were available for testing. Al-
though the cervical swabs of 99 of the 160 patients were HPV16�

(62%), only one of their serum samples (Table 2, sample 19) was
reactive to HPV16 L2 by both ELISA and Western blot assays (Fig.
1B and F). The serum sample was provided by a patient diagnosed
with an HPV16� CIN2 at study entry. Her cone excision at study
week 16 was benign, suggesting that her lesion underwent spon-
taneous regression. A year later, she was diagnosed with an
HPV16
 CIN3, which also regressed. She had donated serum
samples at four visits over this period, and each was similarly re-
active to HPV16 L2 both via ELISA and Western blot (Table 2,
samples 19A to D) but none to either HPV16 or HPV18 L1 VLP by
ELISA (Table 2). Together, these data suggest that a systemic an-
tibody response to HPV16 L2 was uncommon even in women
with HPV16� CIN2/3.

Neither imiquimod nor PDT elicits an HPV16 L2 antibody
response in VIN patients. The low prevalence of a serum anti-
body response to HPV16 L2 detectable in the cohort of women
with HPV16� CIN2/3 may reflect HPV infection that is confined
to the mucosal epithelium. To address the possibility that infec-
tion at a different site, such as the vulva, might be more immuno-
genic, serum samples of 19 patients with high-grade vulvar intra-
epithelial neoplasia 2/3 (VIN2/3), of which 15 were HPV16�,
obtained during a phase II study, were tested for HPV16 L2-spe-
cific antibody (34). None were positive (Fig. 1C and D).

The lack of an L2 antibody response might also reflect the lo-
calized and nonlytic replication of HPV and thus the minimal
inflammation associated with genital HPV16 infection. Therefore,
we reasoned that topical application of the TLR7 agonist imi-
quimod at the lesion site might act as an adjuvant that would
promote a serologic response to L2. The patients were treated
subsequently with imiquimod applied to the lesion once in the
first week, twice in the second week, and three times weekly for six
subsequent weeks. At week 10, 1 week after completing the imi-
quimod regimen, a peripheral blood sample was obtained. No
L2-specific serologic response was detected in any of the subjects.

TABLE 3 Characteristics of the cohort of 160 women with high-grade
CIN enrolled in a natural history study (33) and treated at Johns
Hopkins University, Baltimore, MD, USA

Diagnosisa No. (%) of patients

HGSIL 132 (82.5)
Benign/CCSM 11 (6.9)
ASCUS 2 (1.3)
ASC-H 2 (1.3)
AIM 1 (0.6)
LSIL-H 1 (0.6)
LSIL 11 (6.9)

HPV16 status (HGSILs only)
HPV16� 87 (54.4)
HPV16
 42 (26.3)
Not done 3 (1.9)

HPV16 status (all patients)
HPV16� 99 (61.9)
HPV16
 53 (33.1)
Not done 7 (4.4)
Indeterminate 1 (0.6)

Race/ethnicity
White 109 (68.1)
Black 37 (23.1)
Asian 5 (3.1)
Hispanic 9 (5.6)

Age group (yr)
18–20 16 (10.0)
21–30 86 (53.8)
31–40 39 (24.4)
41–50 13 (8.1)
�50 6 (3.8)

a Serum samples were collected at the screening visit and at subsequent treatment and
follow-up visits when available. HGSIL, high-grade squamous intraepithelial lesion;
CCSM, cervical cancer-specific mortality; ASC-H, high-grade atypical squamous cells;
AIM, atypical immature squamous metaplasia; LSIL-H; high-grade squamous
intraepithelial lesion; LSIL, low-grade squamous intraepithelial lesion.
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FIG 1 Screening of patient sera for HPV16 L2-specific antibody. Optical density values plotted for HPV16 L2 ELISA measurements of the serological
responses of previously unscreened CATCH study patients (n � 880), of which 10.3% were positive for high-risk HPV (A), high-grade CIN patients (n �
160) with 1 to 4 visits (n � 298) (B), high-grade HPV� VIN patients (n � 19) who underwent 10 weeks of topical imiquimod therapy, which activates
TLR7-dependent innate responses (IMQ) before being treated with photodynamic therapy (PDT) in a phase II study (34) (C), and high-grade HPV� VIN
patients (n � 19) who underwent 10 weeks of topical imiquimod therapy (INN), followed by three vaccinations with 125 �g of TA-CIN at monthly
intervals in a prior phase II study prior to serum collection (35) (D). The absorbance values to the right of the arrow in panels A and B (mean � 3 SD
cutoff) were considered putative positive responses and rescreened in a Western blot assay. (A) Eighteen data points corresponding to 18 different patients
were above the cutoff (arrow). Representative Western blot analyses from 4 out of 6 of these 18 high-risk HPV patients were HPV16 L2 ELISA positive (E).
(B) The 4 data points larger than the cutoff (arrow) correspond to four serum samples collected at different visits of a single HPV16� CIN2 patient, and
each was also reactive for HPV16 L2 by Western blotting (F). These results are summarized in Table 2.
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Following imiquimod treatment, the patients received photody-
namic therapy (using methyl aminolevulinate cream and red light
via an Aktilite 128 [Photocure ASA] set to deliver a dose of 50
J/cm2) at weeks 12 and 16 of the study (34). Peripheral blood was
obtained at week 26. No significant differences in L2 ELISA reac-
tivity were identified in within-subject comparisons before versus
after treatment (Fig. 1C and D). This finding suggests that any
potential adjuvant effect caused by local innate stimulation with
imiquimod, even upon lesion damage with photodynamic ther-
apy, was insufficient to elicit detectable systemic L2 responses in
the clinical setting of persistent HPV16� VIN2/3.

Vaccination elicits an HPV16 L2 antibody response in VIN
patients. The inability to detect a serologic response against
HPV16 L2 in patients with HPV16� high-grade anogenital intra-
epithelial neoplasia (AGIN) may reflect some technical issue with
the assay or that AGIN patients have a genetic background that is
incompatible with the induction of an L2 antibody response. To
further investigate, HPV16 L2-specific serologic responses in
high-grade VIN patients (n � 19) treated with imiquimod for 10
weeks, followed by three vaccinations with 125 �g of a fusion
protein composed of HPV16 L2, E7, and E6 (TA-CIN) were as-
sessed. Consistent with an earlier VIN cohort study, no HPV L2
responses were induced following topical imiquimod application
(Fig. 1D). However, after vaccination with TA-CIN, 63% of the
patient group (12/19) developed an HPV16 L2 response (Fig. 1D)
that was also detectable by Western blotting (data not shown).
Thus, the failure to detect an L2 antibody response in HPV16�

VIN patients prior to L2 vaccination does not reflect either a tech-
nical issue with the assay or the inability of most VIN patients to
mount an L2 antibody response.

L2 antibody responses induced by HPV infection are not de-
tectably neutralizing. Our screening efforts yielded 7 patients (see
Table 2) with HPV16 L2 antibody verified by both ELISA and
Western blot. As 6/7 were also HPV16 L1 VLP ELISA negative, we
next assessed if their L2 responses had neutralizing potential. Us-
ing the standard in vitro HPV neutralization assay against HPV16
pseudovirions, none were detectably neutralizing (all EC50 titers,
�1:50). It was surprising that sample 9 was not detectably neu-
tralizing, but this may reflect a greater sensitivity of the HPV16 L1
VLP ELISA. The key neutralizing epitopes of HPV16 L2 have been
mapped to its first 88 residues (40). However, none of the full-
length HPV16 L2-reactive sera reacted in an ELISA with the L2�
11-88x5, an antigen composed of amino acids 11 to 88 from the L2
of HPV6/16/18/31/39 (17). This negative ELISA result was consis-
tent with the inability of these sera to neutralize HPV16 pseudo-
virions (Table 2) despite their reactivity toward full-length HPV16
L2 by ELISA and Western blot. Taken together, these findings
suggest that the HPV16 L2 antibody responses identified by ELISA
are directed to nonneutralizing epitopes outside the region of
amino acids 11 to 88.

Development of chimeric human monoclonal antibodies
JWW-1 and JWW-2 as HPV L2 serological standards. The in-
ability to identify any naturally occurring neutralizing L2 sera
subsequently led us to graft two rodent monoclonal antibodies,
each targeting a different L2 neutralizing epitope, onto a hu-
man IgG1 backbone, which results in a chimeric human mono-
clonal antibody. Chimeric human monoclonal antibodies to L2
represent an alternate approach to developing a serological
standard and have the additional benefit of reproducibility,
ready quantification, and limitless supply. It has been reported

that HPV16 L2 contains conserved neutralizing epitopes be-
tween residues 17 and 36 (14), 58 and 81 (39), and 108 and 120
(41), as defined by rodent monoclonal antibodies and peptide
mapping. The neutralizing monoclonal antibodies WW-1 (29)
and MAb24B (39) are particularly broadly reactive. WW-1 is a
rat monoclonal IgG2a antibody that binds to HPV16 L217–36 but
neutralizes more HPV genotypes than the first-generation mouse
monoclonal antibody RG-1 (29). The mouse monoclonal anti-
body MAb24B developed by Nakao et al. (39) neutralizes several
genital HPV types and recognizes HPV16 L2 residues 58 to 64.
Their heavy- and light-chain sequences were obtained by sequenc-
ing WW-1 hybridoma cDNA or as described by Nakao et al. (39).
Human chimeric antibodies were then directly synthesized for
each, whereby the variable regions were retained, but the constant
regions of the parental rodent antibodies in both their heavy and
light chains were replaced with the equivalent constant regions of
a human IgG1. The resultant human chimeric sequences encod-
ing both chains derived from WW-1 or MAb24B then were sub-
cloned separately into a double expression vector and renamed
JWW-1 and JWW-2, respectively.

The chimeric antibodies were expressed in serum-free cultures
of human 293 cells after transfection with JWW-1 or JWW-2 and
purified from the conditioned medium using protein G-coupled
beads. To test whether JWW-1 and JWW-2 chimeric antibodies
both retained reactivity with L2 and were recognized by a perox-
idase-linked secondary antibody to human IgG alongside them,
each, along with their respective parental rodent monoclonal an-
tibodies, was tested in an ELISA for reactivity to L2� 11-88x5, an
antigen that contains both of their neutralizing epitopes. In addi-
tion, the WHO standard serum for HPV16 (05/134), which reacts
with HPV16 L1 VLP, and the single serum sample from the
HPV16� CIN2 patient, which recognized HPV16 L2 (Table 2,
sample 19) outside residues 11 to 88, were also tested as controls.
Both JWW-1 and JWW-2 bound to L2� 11-88x5, and this was
reflected by the strong recognition via a peroxidase-linked sec-
ondary antibody to human IgG in this ELISA. However, neither
the HPV16� CIN2 patient serum (Table 2, sample 19) nor WHO
standard serum 05/134 reacted in this ELISA (Fig. 2A and B),
further suggesting non-L2 reactivity for the WHO standard and
the recognition of L2 epitopes outside the 11 to 88 region for
sample 19. The chimeric antibodies and patient sera were each
subsequently tested for reactivity by Western blotting with 293TT
cells transfected with either full-length HPV16 L2 or GFP expres-
sion vectors. As expected, JWW-1, JWW-2, and the HPV16�

CIN2 patient serum (Table 2, sample 19A) reacted with an �70-
kDa band consistent with HPV16 L2 when probed with a peroxi-
dase-linked secondary antibody specific for human IgG, whereas
05/134 was not reactive (data not shown).

The breadth of JWW-1 and JWW-2 reactivity toward pseudo-
virion preparations of 34 clinically relevant HPV genotypes was
next tested via Western blot (Fig. 3 and summarized in Table 4).
As a control, the presence of the L2 in the pseudovirion prepara-
tions was confirmed by reprobing the stripped blots with a broadly
reactive rabbit antiserum raised against L2� 11-88x5 (Fig. 3).
JWW-1 was able to react with L2 of 29/34 HPV types tested and
was consistent with its parental rat monoclonal antibody WW-1
in failing to recognize HPV6, -11, -33, -38, and -23 L2 only. In
contrast, JWW-2 was able to bind to 25/34 types, and its spectrum
of reactivity was distinct from that of JWW-1; for example,
JWW-2 failed to bind to HPV26 and HPV51, whereas JWW-1

Human/Chimeric Antibodies to HPV L2

July 2015 Volume 22 Number 7 cvi.asm.org 811Clinical and Vaccine Immunology

http://cvi.asm.org


recognizes them, and JWW-2 reacted with HPV6, -11, -33, and
-23, but JWW-1 did not. Thus, together, the two antibodies are
complementary with respect to their breadth of reactivity, and they
recognize 33/34 clinically relevant HPV types tested (Table 4).

JWW-1 and JWW-2 retain the neutralizing capacity of their
parental antibodies. We also tested whether the JWW-1 and
JWW-2 chimeric antibodies retained neutralizing capacity against
HPV16. Additionally, we selected a few HPV genotypes to assess if

FIG 2 Reactivity of JWW-1 and JWW-2 human chimeric monoclonal antibodies with L2 by ELISA. (A) Coomassie blue-stained SDS-PAGE gel analysis of JWW-1 and
JWW-2 monoclonal antibodies. (B) L2� 11-88x5 multimer ELISA using purified JWW-1 (closed squares), rat monoclonal WW-1 (open squares), WHO standard
(STD) HPV16 serum 05/134 (closed circles), and serum from an HPV16� CIN2 patient (visit 1, open circles) containing HPV16 L2-reactive antibodies. (C) L2� 11-88x5
multimer ELISA using purified JWW-2 (closed squares), mouse monoclonal MAb24b (open squares), WHO standard HPV16 serum 05/134 (closed circles), and serum
from an HPV16� CIN2 patient (visit1,opencircles)containingHPV16L2-reactiveantibodies. (BandC)ELISAswere testedwithanti-humanIgGsecondaryantibodies to test
for human specificity of the chimeric MAbs JWW-1 and JWW-2 (P � 0.001) versus their parental antibodies (WW-1 or MAb24), which were used as negative controls.

FIG 3 Reactivity of JWW-1 and JWW-2 human chimeric monoclonal antibodies with L2 of diverse HPV, as determined by Western blotting. Pseudovirion
preparations of 34 clinically relevant alpha- and beta-HPV types were separated by SDS-PAGE and transferred to a membrane. The reactivity of JWW-1 or
JWW-2 against L2 of each type was determined by probing with peroxidase-linked anti-human IgG for JWW-1 and JWW-2 or peroxidase-linked anti-rabbit IgG
for the L2� 11-88x8 antiserum. After washing, these Western blots were developed by chemiluminescence.
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the antibody’s spectrum of strong Western blot reactivity against
HPV6, -26, -45, and -58 was consistent with its in vitro neutraliz-
ing activity. Mouse monoclonal antibody RG-1 was also tested,
along with a human IgG control antibody. RG-1 neutralized
HPV16 and -26 only, but the EC50 for RG-1 against HPV16 was
lower than that of the more broadly reactive JWW-1 and JWW-2
antibodies. JWW-1 neutralized HPV16, -26, -45, and -58 but not
HPV6, consistent with prior Western blot data (Table 5) and
previous in vitro neutralization data for WW-1 (29). JWW-2
was able to neutralize HPV6, -16, -45, and -58, as described for
its parental antibody MAb24 (39), but not HPV26, and this
spectrum of neutralization was consistent with its strong reac-
tivity by Western blotting to L2 of these genotypes (Table 2).
Thus, JWW-1 and JWW-2 are complementary in terms of their
spectrum of neutralizing capability (Table 5) and similarly
neutralized HPV16 (Fig. 2D).

DISCUSSION

L2-based vaccination is strongly protective against experimental
viral challenge in numerous preclinical models (13, 15, 42–45). A
limited number of early phase TA-CIN vaccine trials suggest that
HPV16 L2 is also immunogenic in patients, although the response
is much weaker than that for L1 VLP (35, 46, 47). Nevertheless, the
passive transfer of serum of most TA-CIN-vaccinated patients was
robustly protective against heterologous-type genital challenge
when tested in a murine model (48). This suggests the need for an
adjuvant and/or virus display for L2-based vaccines to elicit dura-
ble titers. However, the immune response to L2 elicited by infec-
tion with HPV and its associated anogenital neoplasia is poorly
understood, and the few existing studies vary widely in their esti-
mates of seroprevalence. Here, using a two-step screening ap-
proach on serum specimens from a total of 1,078 patients entered
in four prior studies, we find that the prevalence of antibodies
toward HPV16 L2 is very low (�1%); only 7 out of 1,078 patients
(6 from the CATCH study and 1 from the HPV16� CIN2/3
group) showed reactivity against HPV16 L2 in both ELISA and
Western blot (Table 1). We also note that once HPV16� high-
grade neoplasia has been established, neither the topical treatment
of high-grade VIN lesions with imiquimod nor lesion ablation
with PDT elicited a detectable systemic L2 antibody response (Fig.
1C), suggesting that local inflammation was not a sufficient trig-
ger, although this may also reflect low L2 expression or the absence
of L2 expression in VIN2/3. In contrast, when these VIN patients
were subsequently vaccinated with TA-CIN, an L2 antibody re-
sponse was detected in 12/19 patients, even without the use of an

TABLE 4 Summary of JWW-1 and JWW-2 Western blot reactivity
against L2 of 34 clinically relevant alpha- and beta-HPV types

Sub-family HPV 
type 

Mucosal/ 
Cutaneousa  

Antibody Reactivityba  

JWW1 
L218-32 

JWW-2 
L258-62 

L2α(11-88)X8 
Rabbit Sera 

α1 32 M    

42 M    

α2 3 C/M    

α5 26 M    

51 M    

α6 53 M    

56 M    

66 M    

α7 18 M    

39 M    

45 M    

59 M    

68 M    

70 M    

α8 40 M/C    

43 M/C    

α9 16 M    

31 M    

33 M    

35 M    

52 M    

58 M    

α10 6 M    

11 M    

44 M    

α11 34 M    

73 M    

β1 5 C    

8 C    

β2 38 C    

23 C    

β3 76 C    

a M, mucosal; C, cutaneous.
b Green cells, band; red cells, no band detected by Western blotting of HPV
pseudovirion preparations. The Western blot data are provided in Fig. 3.

TABLE 5 In vitro neutralization capacity of purified JWW-1 and JWW-
2 monoclonal antibodiesa

HPV luciferase reporter Monoclonal antibody IC50 (95% CI) (nM)

HPV6 RG-1 �200 (NA)
JWW-1 �200 (NA)
JWW-2 160 (22–1,192)
Human IgG control �200 (NA)

HPV16 RG-1 �0.27 (NA)
JWW-1 0.4 (0.2–0.88)
JWW-2 4.8 (3.3–6.9)
Human IgG control �200 (NA)

HPV26 RG-1 3.2 (2.1–4.9)
JWW-1 �0.27 (NA)
JWW-2 �200 (NA)
Human IgG control �200 (NA)

HPV45 RG-1 �200 (NA)
JWW-1 6.6 (2.3–19)
JWW-2 71 (5.2–980)
Human IgG control �200 (NA)

HPV58 RG-1 �200 (NA)
JWW-1 67 (10–510)
JWW-2 75 (12–480)
Rat IgG control �200 (NA)

a Shown is a summary of the 50% inhibitory concentration (IC50) (95% confidence
interval [CI]) of purified monoclonal antibodies RG-1, JWW-1, JWW-2, and a
negative-control human IgG determined using the FC-PBNA against HPV6/16/26/45/
58 pseudovirions using a starting antibody concentration of 200 nM (30 �g/ml). NA,
not applicable.
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adjuvant (Fig. 1D). This suggests that the failure of most HPV-
infected patients to generate an L2 antibody response does not
reflect an inability to do so, but rather an inadequate presentation
of L2 to the immune system.

The use of the Western blot approach was important to
verify reactivity, as the HPV16 L2 antigen used in the ELISA
was generated by recombinant bacterial expression, and pa-
tients may have preexisting antibodies to bacterial proteins.
Indeed, 12/18 CATCH patient serum samples were positive in
the HPV16 L2 ELISA but failed to react with L2 by Western
blotting, suggesting their reactivity with low-level bacterial im-
purities in the HPV16 L2 preparations (summarized in Table 2,
Fig. 1E, and F). This issue may explain in part the wide varia-
tion in the seroprevalence of L2 antibodies reported in the
literature, as many studies did not use a second complementary
assay to verify reactivity.

None of the 6 patients from the CATCH study with HPV16
L2-specific antibodies were positive for high-risk HPV DNA by
Hybrid Capture 2 in contemporaneously collected cervical cyto-
logic specimens. These subjects had either normal pap smears or
atypical squamous cells of undetermined significance (ASCUS)
cytology (Table 1). The single high-grade CIN patient with
HPV16 L2-reactive serum was diagnosed at study entry with
HPV16� CIN2 that spontaneously regressed within 15 weeks (Ta-
ble 3). Importantly, 6/7 patient serum samples were nonreactive
to HPV16/18 VLP or the pseudovirion ELISAs, suggesting that
these patients lacked L1-specific antibodies to epitopes on the vi-
rion surface and that the antibodies potentially recognized buried
epitopes on the virion. These data also imply that HPV infection
generates a predominantly L1-specific antibody response or rarely
an L2-specific antibody response, but typically not both (Table 2).
Indeed, animal studies suggest that L2 is subdominant to L1 in the
context of a VLP. It is possible that the L1- and L2-specific re-
sponses are mutually exclusive, but we noted a discrepancy in one
CATCH study patient whose sample is part of the 7 reactive sam-
ples out of 1,078 (Table 2, patient 9), whereby the serum reacted
with HPV16 L1 VLP and HPV16 L2 by ELISA and Western blot-
ting. However, the serum failed to neutralize HPV16 pseudoviri-
ons. One possible explanation is that the serum contains antibod-
ies to either insect proteins or denatured L1 present in the HPV16
L1 VLP preparations that are generated in Sf9 insect cells.

Assuming the HPV16 L2 antibody responses were induced by
HPV16 infections, they were detectable only in patients who
cleared their infections, since none of the samples from 6 CATCH
study patients with HPV16 L2 antibodies was positive by the Hy-
brid Capture 2 (hc2), and the HPV16� CIN2 patient cleared her
HPV16 infection. Another possible reason why the six positive
patients in the CATCH study were currently hc2 negative might be
that the HPV16 L2 reactivity reflects the induction of a cross-
reactive L2 antibody induced by infection by HPV type(s) other
than those detected by the hc2 test.

Although these 7 patient serum samples were reactive toward
HPV16 full-length L2 by ELISA and Western blot, none were de-
tectably neutralizing for HPV16 (EC50, �1:50) using the standard
in vitro neutralization assay (L1-PBNA). One explanation for this
discrepancy is that ELISA using bacterially expressed L2 and West-
ern blots present primarily linear epitopes, while L2 neutralizing
responses require a specific conformation. However, the neutral-
izing epitopes of L2 are typically linear, suggesting this explana-
tion is unlikely. Further, these sera also failed to react detectably

with HPV16 L2 residues 11 to 88 (in the L2� 11-88x5 antigen) or
HPV16 pseudovirions (which contain full-length L2) by ELISA
(Table 2). Taken together, these observations suggest that the L2
antibodies in these serum samples are directed toward nonneu-
tralizing epitopes at the C terminus of the HPV16 L2 protein, a
region mostly buried below the virion surface (49). This sugges-
tion is also based on prior serologic studies mapping epitopes of
HPV L2 and/or L2 antibody prevalence that have reported immu-
noreactivity toward L2 amino acids (aa) 110 to 210 and 391 to 402
(20–23). In some studies, L2 antibodies were weakly associated
with HPV infection, CIN3, or cervical cancer, while others have
reported an L2 antibody seroprevalence of 20 to 30% in genital
wart and cervical dysplasia patients (24–26). Here, we observed a
much lower HPV16 L2 antibody seroprevalence (�1%). How-
ever, we note that in the above-mentioned studies, either Western
blot or ELISA with bacterially expressed L2 was solely utilized for
screening in several previous studies. In contrast, in this study,
while a two-step validation approach was used to minimize po-
tential false positives due to bacterial protein-specific serum anti-
body, it may compromise assay sensitivity.

The current WHO guidelines for HPV VLP vaccines require a
comparison of neutralizing antibodies induced from HPV vac-
cines to the responses from infection for specific HPV types (50).
Although there are WHO international standards for HPV16 and
HPV18 antibodies based upon pooled sera from infected patients,
they are unsuitable for validation of L2-specific antibody re-
sponses, as they failed to react to HPV16 L2 by Western blot (data
not shown) or ELISA (Fig. 2C and D). As these WHO standards
contain only type-specific anti-L1 antibodies, an alternate sero-
logical standard for human serum antibody responses to L2 is still
needed.

Despite reactivity by both HPV16 L2 ELISA and Western blot,
none of the seven serum samples from infected patients were de-
tectably neutralizing. While the sera of patients vaccinated with
TA-CIN could potentially be pooled and utilized as a standard, the
limited amount and value of the remaining sera render this ap-
proach impractical. An alternate strategy to derive a sustainable
and generalizable L2-specific neutralizing antibody standard is to
synthesize chimeric human L2-specific monoclonal antibodies
based upon well-defined neutralizing rodent monoclonal anti-
bodies. To this end, we created two chimeric human monoclonal
antibodies, JWW-1 and JWW-2, which retained, respectively, the
L2 aa 18 to 32 and 58 to 64 epitope specificity and neutralizing
activity of their parental rodent monoclonal antibodies. Both
JWW-1 and JWW-2 were detected using anti-human IgG second-
ary antibody, demonstrating its potential utility as a standard re-
agent for immunoassay validation when testing human sera by
ELISA. JWW-1 was reactive to many clinically relevant mucosal
and cutaneous HPV types (29/34), but, like WW-1, it does not
bind to L2 of two common low-risk types, HPV6 and HPV11, or
to high-risk HPV33 (Fig. 3 and Table 4). In contrast, JWW-2 is
able to bind to these three important types but not certain hrHPV
types, such as HPV26 and HPV51, which are recognized by
JWW-1 (Fig. 3 and Table 4). However, the avidity of each anti-
body to L2 of different HPV types varies significantly (Fig. 3), and
this also can be seen from the in vitro neutralization data, for
example (Table 5). Taken together, the ability of these antibodies
to recognize different epitopes on L2 and complement in terms of
their spectrum of reactivity suggests the utility of both antibodies
as potential reference standards. Importantly, both monoclonal
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antibodies individually were neutralizing to a variety of clinically
relevant HPV types (Table 5), thereby showing their utility for
neutralization studies and their functional relevance. The comple-
mentary neutralization of diverse HPV types by JWW-1 and
JWW-2 suggests the utility of incorporating both of their epitopes
in next-generation L2-based vaccines.

In conclusion, patients rarely have L2-specific serum antibod-
ies, even in populations at high risk for HPV infection in which
candidate L2-based preventive HPV vaccines would be tested.
Second, because spontaneous responses are rare and may contain
neutralizing L1-specific antibodies, the creation of an interna-
tional standard for L2-specific neutralizing antibody based upon
finite pools of sera from infected patients would be challenging.
Further, the natural L2-specific sera identified in our study were
not detectably neutralizing. In contrast, the human chimeric
monoclonal antibodies JWW-1 and JWW-2 are broadly reactive,
neutralizing, and readily replenished, and thus represent a prom-
ising alternative as antibody standards to validate in future L2-
specific immunologic assays, including in vitro neutralization, for
seroepidemiological or L2 vaccine studies.
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