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ABSTRACT To address how L2-specific antibodies prevent human papillomavirus
(HPV) infection of the genital tract, we generated neutralizing monoclonal antibodies
(MAbs) WW1, a rat IgG2a that binds L2 residues 17 to 36 (like mouse MAb RG1), and
JWW3, a mouse IgG2b derivative of Mab24 specific for L2 residues 58 to 64. By
Western blotting, WW1 recognized L2 of 29/34 HPV genotypes tested, compared to
only 13/34 for RG1 and 25/34 for JWW3. WW1 IgG and F(ab=)2 bound HPV16 pseu-
dovirions similarly; however, whole IgG provided better protection against HPV vagi-
nal challenge. Passive transfer of WW1 IgG was similarly protective in wild-type and
neonatal Fc receptor (FcRn)-deficient mice, suggesting that protection by WW1 IgG
is not mediated by FcRn-dependent transcytosis. Rather, local epithelial disruption,
required for genital infection and induced by either brushing or nonoxynol-9 treat-
ment, released serum IgG in the genital tract, suggesting Fc-independent exudation.
Depletion of neutrophils and macrophages reduced protection of mice upon passive
transfer of whole WW1 or JWW3 IgGs. Similarly, IgG-mediated protection by L2
MAbs WW1, JWW3, and RG1 was reduced in Fc receptor knockout compared to
wild-type mice. However, levels of in vitro neutralization by WW1 IgG were similar in
TRIM21 knockout and wild-type cells, indicating that Fc does not contribute to
antibody-dependent intracellular neutralization (ADIN). In conclusion, the Fc domain
of L2-specific IgGs is not active for ADIN, but it opsonizes bound extracellular pseu-
dovirions for phagocytes in protecting mice from intravaginal HPV challenge. Sys-
temically administered neutralizing IgG can access the site of infection in an abra-
sion via exudation without the need for FcRn-mediated transcytosis.

IMPORTANCE At least 15 alpha HPV types are causative agents for 5% of all cancers
worldwide, and beta types have been implicated in nonmelanoma skin cancer, whereas
others produce benign papillomas, such as genital warts, associated with considerable
morbidity and health systems costs. Vaccines targeting the minor capsid protein L2 have
the potential to provide broad-spectrum immunity against medically relevant HPVs of
divergent genera via the induction of broadly cross-neutralizing serum IgG. Here we ex-
amine the mechanisms by which L2-specific serum IgG reaches the viral inoculum in the
genital tract to effect protection. Abrasion of the vaginal epithelium allows the virus to
access and infect basal keratinocytes, and our findings suggest that this also permits the
local exudation of neutralizing IgG and vaccine-induced sterilizing immunity. We also
demonstrate the importance of Fc-mediated phagocytosis of L2 antibody-virion com-
plexes for humoral immunity, a protective mechanism that is not detected by current in
vitro neutralization assays.
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Over 200 types of human papillomavirus (HPV) have been described, and these
small DNA tumor viruses are generally classified into either cutaneous or mucosal

types based on their epithelial tissue tropism (1). The mucosal types are then further
subcategorized into “low-risk” types (lrHPV) associated with genital warts (e.g., HPV6
and HPV11) and 15 “high-risk” types (hrHPV), which have oncogenic potential. Of
particular importance among the hrHPV types is HPV16, which accounts for 50% of all
cervical cancer cases and approximately 90% of all HPV-associated cancers at other
anatomical sites (2, 3).

The licensed HPV vaccines (Gardasil, Gardasil-9, and Cervarix) are based upon highly
immunogenic virus-like particles (VLPs) assembled from the major capsid protein L1 (4)
and safely confer durable and robust protection against their targeted HPV types (5).
They all contain L1 VLPs of HPV16 and HPV18, genotypes that account for approxi-
mately 50 and 20% of all cervical cancer cases, respectively, and Gardasil-9 contains L1
VLPs derived from the 5 next most common HPV genotypes detected worldwide in
cervical cancer. Both Gardasil vaccines also contain HPV6 and HPV11 L1 VLPs, as these
two genotypes cause �90% of genital warts, a benign sexually transmitted disease. L1
VLP vaccines elicit a strong type-restricted neutralizing response against the HPV type
from which the L1 protein was derived (6–10). Although L1 VLPs can elicit some
cross-neutralization and protection against very closely related types (8), their limited
breadth of protection and the complexity of producing more multivalent formulations
have spurred efforts to produce simpler HPV vaccines that are effective against all
oncogenic HPV types and types associated with cutaneous disease.

Another minor component of the nonenveloped viral capsid is the late protein L2,
which mediates endosome escape and, in the absence of L1, traffics to the nucleus with
the viral genome (reviewed in reference 11). The amino-terminal sequence of L2
possesses several motifs that are both functional in viral infection and conserved,
broadly neutralizing epitopes (12–14), including residues 17 to 36 recognized by
monoclonal antibody (MAb) RG1 (15) and residues 58 to 81 and residues 108 to 120
mapped with antisera and MAbs (13, 14, 16–18).

Passive-transfer studies demonstrate that neutralizing antibodies specific for either
L1 VLPs or L2 are sufficient to mediate protection in animal challenge models. Vacci-
nation with L2 generates lower titers but more broadly neutralizing antibodies than L1
VLPs (19), raising questions about the durability of L2-specific immunity (18, 20). To
enhance the titer of the neutralizing serum antibody response, several approaches have
been tested, including the use of strong adjuvants and concatenation of L2 epitopes
and/or repetitive display on macromolecular scaffolds, such as viral VLP platforms, to
increase epitope density (11, 18, 21–23). While these approaches are beneficial, the
L2-specific in vitro neutralization titers elicited in serum are still lower than the type-
specific responses to L1 VLP vaccines. Nevertheless, active vaccination with L2 or
passive transfer of L2 antiserum confers robust protection against viral challenge
(24–26).

It is unclear how protective IgG in the systemic circulation reaches the viral inoculum
at the epithelial site of infection in the anogenital mucosa or in skin. This may occur via
active transcytosis out of the bloodstream mediated by the neonatal Fc receptor (FcRn)
and/or possibly exudation associated with epithelial abrasion at the site of infection.
Indeed, experimental infection of the murine genital tract requires epithelial brushing
(or disruption by pretreatment with nonoxynol-9 [N9]) such that pseudovirions (PsV)
can reach and bind to heparin sulfate proteoglycans on the basement membrane (BM).
Likewise, cutaneous papillomavirus infection in several animal models requires scarifi-
cation (27).

Binding of the virus to the BM induces conformational changes in the capsid, which
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promote their association with the basal keratinocyte and infection. Importantly, this
conformational change renders certain amino-terminal L2 epitopes, including residues
17 to 36 recognized by RG1, accessible on the capsid surface to permit neutralization
(28). This is not required for HPV L1 antibodies, whereby high concentrations of L1
VLP-specific antibodies block the initial association with the BM, whereas lower anti-
body levels permit BM association but block the binding of pseudovirions to basal
keratinocytes (24), as is also seen for neutralization by L2-specific antibody (for a review,
see reference 29). Importantly, antibody-bound pseudovirions on the BM are cleared
over 18 h, and this is associated with neutrophil infiltrates. This is suggestive of
Fc-mediated opsonization and phagocytosis, but its role in protection was never
directly tested.

L2-specific neutralizing antibodies do not prevent virion binding to cultured cell
monolayers (28, 30). Day et al. (14) found that following binding, the L2 antibody-virion
complex slowly accumulated on the extracellular matrix (ECM) but did not enter cells.
However, in another study, uptake was only partially inhibited. Rather, the bulk of L2
antibody-bound pseudovirions accumulated in the perinuclear region in large lamellar
bodies and lysosome-like multivesicular bodies, suggesting that neutralization may
occur by preventing L2-viral DNA egress from the vesicular compartment (14). Alter-
natively, L2 antibody-dependent neutralization may occur in the cytoplasm by a
mechanism recently described for several viruses as a final defense to counter the
“persistent fraction” of virions bound by otherwise nonneutralizing antibodies that
escape into the cytoplasm (31, 32). In this mechanism, the Fc of the antibody-virus
complex is bound with high affinity by the cytosolic Fc receptor TRIM21. TRIM21 then
catalyzes the attachment of K63-linked polyubiquitinated chains, which both commits
the antibody-virion complex to proteasomal degradation and activates an innate
response, presumably to combat early viral replication (31–34). Since L2 traffics to the
nucleus during infection, this TRIM21 Fc receptor-dependent mechanism might con-
tribute to sterilizing immunity provided by L2-specific antibody. Here we examine the
potential to induce broadly cross-neutralizing L2-specific antibody by using a poly-
epitope vaccine containing sequences from diverse HPV types and the mechanisms by
which such serum IgGs access the viral inoculum and mediate protection.

RESULTS
Generation of L2-specific rat MAbs WW1 and S10. Previous studies showed that

vaccination of mice with a fusion protein comprising residues 11 to 88 of HPV types 6,
16, 18, 31, 39, 51, 56, and 73 (L2 �11– 88�8) provided robust protection against vaginal
challenge with 11 clinically relevant genital HPV genotypes (35). Rabbit antisera to
L2�11-88�8 also neutralized 34 clinically relevant HPV types from the alpha and beta
families in vitro (36) and was protective via passive transfer (35). Therefore, in an effort
to generate new, more broadly neutralizing L2-specific MAbs and identify their
epitopes in a new species, we vaccinated Lewis rats with the same L2 �11-88�8
antigen. L2 �11– 88�8 enzyme-linked immunosorbent assay (ELISA) screening of hy-
bridoma supernatants identified two rat IgG2a MAbs, named WW1 and S10. A second
round of ELISA screening using full-length L2 from HPV6, HPV11, HPV16, HPV18, or
HPV31 as the coating antigen showed that WW1 reacted with HPV16/18/31 L2 but not
HPV6 or HPV11 L2, whereas S10 reacted with the HPV6/11 L2 protein but not with
HPV16, -18, or -31 L2 (data not shown). These specificities were further confirmed by
Western blotting using the same L2 proteins (data not shown). To further test the
breadth of WW1 and S10 reactivity, pseudovirion preparations of 34 clinically relevant
HPV genotypes from the alpha and beta families were probed by Western blotting, first
with MAb WW1, S10, or RG1 and then, after stripping, with rabbit antiserum to L2
�11-88�8 as a positive control to confirm the presence of L2 in all of the pseudovirion
preparations (Fig. 1). S10 bound only to L2 proteins of HPV6, -11, and -44, members of
the �10 subfamily, as well as HPV58 L2 from the �9 subfamily. In contrast, WW1 reacted
with L2 proteins of 29 out of the 34 HPV genotypes tested, whereas RG1 recognized L2
in 13 of these 34 pseudovirion preparations (summarized in Fig. 1).
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WW1 recognizes a linear epitope within HPV16 L2 residues 18 to 32. A 15-mer
peptide array of L2 peptides within the regions spanning residues 11 to 88 of 15
different HPV types, each overlapping by 5 residues, was utilized to map the MAb
epitopes. WW1 recognized only two overlapping L2 peptides, comprising residues 13
to 32 and 18 to 37 derived from HPV16 L2, as well as the equivalent L2 peptides from
HPV types 18, 31, 35, 39, 45, 51, 52, 58, 59, and 73. WW1 did not bind to HPV16 L2
peptide amino acids (aa) 23 to 42, suggesting that its epitope likely resides within
residues 18 to 32 of HPV16 L2 (LYKTCKQAGTCPPDI). To further map the epitope, we
analyzed WW1 binding via an ELISA using HPV16 PsV containing either wild-type L2 or
several point mutants within this region (Fig. 2). Mutation to alanine of either of the
conserved cysteines at HPV16 L2 amino acid 22 or 28, or proline 29, eliminated WW1
binding, as previously described for MAb RG1 (37). However, while RG1 binding to
HPV16 L2 was also previously reported to be affected if lysine 20 was changed to
alanine, WW1 binding was not affected by this mutation.

S10 binds L2 residues 63 to 89 of HPV types 6, 11, 44, and 58. To determine
whether S10 bound L2 on the surface of pseudovirions, we further performed ELISAs
with HPV6, -11, -44, and -58 and HPV16 pseudovirions. S10 bound to pseudovirions
with a type specificity consistent with the Western blot data (data not shown). How-

FIG 1 Summary of RG1 and WW1 reactivity with diverse HPV genotypes. Red boxes indicate no MAb
binding detectable by Western blotting, and green boxes indicate detectable reactivity. The WW1
epitope on HPV16 L218 –32 and the corresponding regions of other HPV types were aligned using UCSF
chimera software. Red boxes in the multiple-sequence alignment indicate putative key amino acid
mutations from HPV16L218 –32 that resulted in WW1 nonreactivity.
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ever, S10 failed to bind to any of the overlapping 15-mer HPV6 L2 peptides in the array
by an ELISA (data not shown). Since S10 binds within residues 12 to 88 of HPV6 L2 but
not to the overlapping peptide array, an alternative strategy was devised to map its
epitope, specifically, Western blotting of three previously described L2 fusion proteins
containing HPV6 L2 residues 12 to 88 (within L2 �11-88�8) (20) and HPV6 L2 residues
12 to 46 and 63 to 88 (within L2�11-88�8ΔTM) (21) and residues 12 to 46 (within
13-47�15) (38). S10 bound to �11-88�8 and �11-88�8ΔTM but not to the 13-47�15
fusion protein (data not shown). This indicates that the L2 region spanning residues 63
to 89 is required for S10 recognition of L2.

In vitro neutralization of HPV PsV by WW1 and S10. The in vitro neutralizing
activities of WW1 and S10 (serially titrated from 1,666 �M) were compared against
HPV6/16/31/35/45/58 PsV using the standard L1 pseudovirion-based neutralization
assay (PBNA). MAb RG1 and an irrelevant rat IgG were also included as positive and
negative controls, respectively (Table 1). Consistent with previous findings (39), RG1
could neutralize only HPV16 and HPV18 (�13 nM) (15, 39), whereas WW1 neutralized
HPV16 (�13 nM), HPV18 (26 nM), and HPV45 (69 nM). WW1, however, did not neutralize
HPV31 or HPV58 PsV even at 1,666 nM. S10 also failed to consistently show any
neutralization activity, even against HPV6 PsV (Table 1).

We then performed passive-transfer studies of WW1 and S10 followed by vaginal
challenge of mice with pseudovirions of different HPV types, as it is a more sensitive
and biologically relevant test of protective capacity than in vitro neutralization (25, 40).
The rat MAbs were administered intraperitoneally (i.p.) to each naive mouse (n � 5) in
a single dose of 50 �g. Given a 2-ml estimated plasma volume for a mouse, this
corresponds to a concentration of �166 nM assuming equal distribution and no
degradation or excretion. These mice were then subjected to vaginal challenge with
the same PsV types used in the L1-PBNA. Passive transfer of 50 �g WW1 conferred
significant protection against vaginal challenge with HPV16 (98.9%), HPV45 (97.2%), or
HPV58 (93.7%) but not HPV6 or HPV31. Consistent with its in vitro neutralization data,
passive transfer of 50 �g RG1 protected mice against vaginal challenge with HPV16 PsV
(100%) but not the other HPV types 31, 45, and 58. Mice that received 50 �g of S10 also
exhibited a reduction of luciferase activity (87.6%) after challenge with HPV6 PsV, and
some protection was observed against HPV58 PsV (67.8%), although no significant
protection was seen for S10 against HPV types 16, 31, and 45 (Table 1).

The inconsistency of in vitro and in vivo data assessing inhibition of HPV58 infectivity
by WW1 and of HPV6 and HPV58 infectivity by S10 suggests that the L1-PBNA may be
insufficiently sensitive for L2-neutralizing antibody analysis. However, the use of the
furin-cleaved PBNA (FC-PBNA) to reanalyze WW1 and S10 provided in vitro neutraliza-
tion data more consistent with the findings by passive transfer: WW1 neutralized, in the
nanomolar range, all HPV types tested, including HPV58 (2 nM), except HPV6 and
HPV31 (Table 1), whereas RG1 neutralized only HPV16 and HPV18. Importantly, using

FIG 2 Conserved cysteines in L2 are required for WW1 binding. RG1 and WW1 binding with either
wild-type (WT) HPV16 PsV or HPV16 point mutant PsV at the HPV16L218 –32 site was assessed by Western
blotting. The WW1 epitope on HPV16 and the corresponding L2 point mutant regions on other mutants
were aligned using UCSF chimera software. “�” indicates strong binding, “�/�” indicates weak binding,
and “�” indicates no binding.
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the FC-PBNA, we found that the 50% inhibitory concentrations (IC50s) were �10-fold
lower than those measured using the L1-PBNA. Furthermore, S10 could also neutralize
HPV6 (8.44 nM) and HPV58 (4.15 nM) in the FC-PBNA, but this was not detected by the
L1-PBNA.

Affinity of MAbs for HPV L2. Despite WW1 recognizing epitopes within the same
L217–36 region of several HPV types as RG1, there were observed differences between
Western blot and ELISA reactivities as well as neutralization toward different HPV types.
For example, WW1 is reactive to HPV31 via Western blotting or an ELISA; however, WW1
is nonneutralizing to HPV31. To further investigate and understand if this is related to
binding kinetics for each specific virus type, we performed quantitative measurement
of antibody affinity using the BLItz label-free assay system (FortéBio Inc.), using strepta-
vidin biosensors loaded with biotinylated HPV L217–36 peptides from HPV6/16/31/45
and -58, respectively. Following loading, the L2 sensors were exposed to different
concentrations of RG1 and WW1 IgG to measure the association rate constant (Ka), and
dissociation rate constant (Kd) to calculate the equilibrium dissociation constant (KD)
(Table 2). The KD of RG1 toward the HPV16 L2 peptide was 8 nM, while the KD values
were 10- to 100-fold higher for HPV6/31/45/58. These findings corresponded with the
IC50s determined by the L1-PBNA, �13 nM for HPV16 and �1,666 nM for the remaining
types tested. Likewise, RG1 gave robust protection against vaginal challenge with
HPV16 upon passive transfer at an estimated concentration of 166 nM, but it was not
protective against challenge with HPV6/31/45/58.

In contrast, the KD values for WW1 were generally 1 log higher than those for RG1.
For example, the WW1 KD value for HPV16 was 37 nM, consistent with the in vitro
neutralization IC50 observed in the FC-PBNA for WW1 against HPV16. The KD values for
WW1 against HPV31/45/58 were 261 nM, 277 nM, and 409 nM, respectively (Table 2),

TABLE 1 Neutralization and protection by MAbs against different HPV genotypesa

Genotype Monoclonal antibody L1-PBNA IC50 (nM) FC-PBNA IC50 (nM)
Mean % protection by passive
transfer (5 mice)

HPV6 (luciferase reporter) RG1 �1,666 �1,666 None
WW1 �1,666 �1,666 None
S10 �1,666 8.44 87.6
Rat IgG control �1,666 �1,666 None

HPV16 (luciferase reporter) RG1 �13 0.26 100
WW1 �13 0.52 98.9
S10 �1,666 �1,666 None
Rat IgG control �1,666 �1,666 None

HPV18 (luciferase reporter) RG1 �13 0.28 ND
WW1 26 0.42 ND
S10 �1,666 �1,666 ND
Rat IgG control �1,666 �1,666 ND

HPV31 (luciferase reporter) RG1 �1,666 �1,666 None
WW1 �1,666 �1,666 None
S10 �1,666 �1,666 None
Rat IgG control �1,666 �1,666 None

HPV45 (luciferase reporter) RG1 �1,666 �1,666 None
WW1 69 4.15 97.2
S10 �1,666 �1,666 None
Rat IgG control �1,666 �1,666 None

HPV58 (luciferase reporter) RG1 �1,666 �1,666 None
WW1 �1,666 2.08 93.7
S10 �1,666 4.15 67.8
Rat IgG control �1,666 �1,666 None

aShown is a summary of neutralization IC50s (nanomolar) against HPV6/16/18/31/45 and HPV58 for MAb RG1, WW1, and S10 determined by 2-fold antibody titration
from 1,666 nM and measured using the L1-PBNA or FC-PBNA. Also shown is the percent protection obtained by passive transfer of 50 �g (166 nM) MAb prior to
challenge with HPV6/16/18/31/45 and HPV58. ND, not done; None, no significant protection.
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and there was a less clear correlation between WW1 affinity and in vitro neutralization.
Thus, WW1 has a lower affinity for this peptide than does RG1, but this could also
account for its broader Western blot and ELISA reactivities. Given the broader reactivity
of WW1 than of S10 and RG1, WW1 was selected for all subsequent studies.

FcRn is not required for protection via passive transfer of WW1. It is not well
understood how neutralizing IgG in serum protects against a viral inoculum infecting
the vaginal mucosa, since virions do not cross the basement membrane. Studies
indicate that IgG concentrations in vaginal fluid exceed those of IgA, reflecting the
transcytosis of IgG from the plasma into the genital tract via Fc interaction with the
neonatal Fc receptor (FcRn) (41). FcRn-mediated intracellular neutralization has been
described in polarized epithelial cells (42). Therefore, to assess if FcRn is required to
transport protective antibodies into the genital tract or keratinocytes to prevent HPV
infection, we performed passive transfer of WW1 IgG followed by HPV16 vaginal
challenge in both wild-type and FcRn-deficient C57BL/6 mice. Both groups were equally
susceptible to infection after preincubation with nonoxynol-9 (N9) and vaginal chal-
lenge with HPV16 PsV (Fig. 3A). Upon systemic administration of WW1 to groups of 10
mice followed by vaginal challenge with HPV16 PsV, similar levels of protection were
observed for wild-type and FcRn-deficient mice (Fig. 3B), suggesting that transcytosis is
not required or possibly that there is another undefined transcytosis mechanism
independent of FcRn.

Alternatively, plasma IgG might escape the circulation to reach the virus via exu-
dation since HPV infection in the genital tract of mice requires epithelial abrasion/
disruption (25). Epithelial trauma is elicited in the mouse model by brushing or the
administration of nonoxynol-9 in the vagina, presumably to allow the pseudovirions to
reach the basement membrane and access basal keratinocytes. To measure their
impact on exudation, 6 h after systemic administration of WW1 IgG, three groups (n �

5) of BALB/c mice were administered N9 (50 �l; 4%, vol/vol), cytobrush treatment in the
vaginal lumen, or no additional treatment. Twelve hours later, vaginal washes with
saline were then collected and tested for WW1 IgG. The level of WW1 detected in the

TABLE 2 Measurement of MAb affinity for L2 proteins of different HPV types by
interferometrya

HPV L2 aa
17–36

RG1 WW1

KD (M) Ka (M�1 s�1) Kd (s�1) KD (M) Ka (M�1 s�1) Kd (s�1)

HPV6 3.82E�07 1.94E�04 7.42E�03 1.79E�06 4.88E�03 8.71E�03
HPV16 8.34E�09 7.92E�04 6.60E�04 3.70E�08 8.87E�03 3.28E�04
HPV31 2.79E�07 2.50E�04 6.97E�03 2.61E�07 7.96E�03 2.08E�03
HPV45 3.54E�07 2.48E�04 8.77E�03 2.77E�07 2.77E�03 7.68E�04
HPV58 1.80E�07 3.69E�04 6.64E�03 4.09E�07 6.54E�03 2.67E�03
aMeasurements of the dissociation constants for MAb RG1 and WW1 binding to peptides corresponding to
L2 residues 17 to 36 of several HPV genotypes were determined by interferometry using the BLItz system.
S10 was unreactive to all peptides.

FIG 3 FcRn-independent release of WW1 into the vagina and protection. (A) HPV16 PsV encoding a luciferase reporter plasmid infects FcRn knockout (KO) and
wild-type (WT) C57BL/6 mice equivalently after vaginal challenge. (B) Passive transfer of WW1 (50 �g) protects both FcRn KO and WT mice against vaginal
challenge with HPV16 PsV. (C) Higher concentrations of WW1 IgG are present in vaginal lavage samples obtained from WT and FcRn KO mice 12 h after N9
treatment than with cytobrush-induced disruption of the murine cervicovaginal epithelium.
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vaginal lavage fluid was dramatically increased by N9 treatment (105 	 35 nM)
compared to the no-treatment control (5.9 	 1.5 nM) (Fig. 3C). Surprisingly, the
cytobrush method exhibited a less dramatic increase in the level of WW1; it was �20%
of that released by N9 treatment (mean � 17.2 nM) although significantly higher than
that for untreated mice (P � 0.03) (Fig. 3C). Together, these results suggest that FcRn
is not required for the transport of WW1 into the mouse genital tract, since epithelial
trauma required for HPV infection permits the exudation of plasma IgG.

The WW1 F(ab=)2 fragment is less protective against HPV16 challenge than
whole IgG. To further dissect how L2 antibody neutralization occurs, we examined the
importance of the Fc portion of L2 antibodies in mediating protection. WW1 F(ab=)2

fragments were prepared by digestion on pepsin-Sepharose beads, and undigested Fc
was removed by passage through protein G-Sepharose. The completeness of digestion
and purity of the fragments were assessed by reducing and nonreducing SDS-PAGE and
Coomassie staining (not shown). To determine whether the F(ab=)2 fragments retained
epitope binding, their recognition of either HPV16 PsV or a synthetic HPV16 L2 peptide
spanning residues 17 to 36 was first examined by an ELISA using a peroxidase-linked
mouse MAb specific for the rat kappa light chain as the secondary antibody. Both WW1
IgG and WW1 F(ab=)2 fragments were able to bind to both the HPV16 L2 peptide and
HPV16 PsV, while S10, as expected, did not (Fig. 4A). When peroxidase-linked mouse
anti-rat IgG2a Fc was used as the secondary antibody, no reactivity was detected with
the F(ab=)2 preparation, suggesting that the F(ab=)2 preparation was free of whole WW1
IgG2a. Conversely, whole WW1 IgG2a was detected with mouse anti-rat IgG2a Fc (Fig.
4B). Taken together, these results show that WW1 binding to HPV16 L2 was not
impacted by the removal of the Fc domain. However, when examining the in vitro
neutralizing activity, the F(ab=)2 fragment of WW1 was not as effective as IgG (Fig. 4C),
suggesting that the antibody is not as stable in culture or that the Fc domain
contributes to in vitro neutralization.

FIG 4 WW1 IgG and F(ab=)2 bind L2 equivalently, but IgG is more neutralizing and protective. (A) WW1 whole IgG and WW1
F(ab=)2 bind comparably to the HPV16 L2 protein, as determined by an ELISA using a Fab-specific secondary antibody. (B)
The WW1 F(ab=)2 preparation that lacked a detectable signal compared to whole WW1 IgG toward anti-IgG2a secondary
antibody failed to detectably react in an HPV16 L2 ELISA. (C) Whole WW1 IgG2a can neutralize HPV16 better in vitro in the
FC-PBNA than WW1 F(ab=)2. (D) Whole WW1 IgG2a better protects naive mice from vaginal challenge with HPV16 upon
passive transfer than WW1 F(ab=)2. Open squares indicate WW1 whole IgG, and open triangles indicate WW1 F(ab=)2.
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To address the relevance of Fc to protection, naive mice were passively transferred
with titrations of WW1 whole IgG or its F(ab=)2 fragment and then challenged 6 h later
with HPV16 PsV. Whole WW1 IgG provided robust protection (94%) at 7.5 �g (25 nM),
while the administration of WW1 F(ab=)2 failed to achieve �90% protection even at 15
�g (75 nM) (Fig. 4D). This difference might reflect a lower stability of F(ab=)2 in vivo than
IgG and/or the loss of Fc-mediated protective functions.

Contribution of phagocytes to WW1-mediated protection. Opsonization via the
recognition of the Fc of IgG bound to extracellular pathogens promotes their engulf-
ment and clearance by phagocytes. Since WW1 F(ab=)2 fragments lack the Fc portion,
it is possible that their lower protective capacity in vivo reflects an inability to opsonize
extracellular HPV16 pseudovirions. Indeed, it was also previously described that neu-
trophils accumulated at the site of HPV16 PsV challenge in mice treated with L2
antibody, which was associated with the disappearance of pseudovirions over 18 h (24).
However, the role of phagocytes in L2 antibody-mediated protection was not directly
tested. Therefore, we compared the abilities of the passive transfer of WW1 IgG to
protect against vaginal challenge with HPV16 in normal mice or those depleted of
neutrophils and Gr1� macrophages (data not shown). While the depletion of neutro-
phils and Gr1� macrophages had no impact on HPV16 PsV infection in the genital tract
(Fig. 5A), passive transfer of WW1 IgG (25 �g/mouse; �83 nM) was significantly less
protective (P � 0.02) against HPV16 in mice depleted of neutrophils and Gr1� macro-
phages (inhibition of 82% 	 7.9%) than in control mice (inhibition of 95% 	 0.9%) (Fig.
5A). This implies that the Fc portion of WW1 IgG contributes to protection by promot-
ing phagocytosis of extracellular virus, as suggested by previous immunofluorescent
staining studies (24).

The use of a MAb of rat origin in mice might introduce artifacts. Thus, we repeated
the above-described experiment with a mouse L2-specific antibody in place of WW1. In
addition, since the N terminus of HPV L2 has been shown to contain several neutral-
izing epitope regions, we also sought to confirm this phenomenon with a mouse MAb
to a distinct L2 epitope. To this end, we generated a JWW3 plasmid that expresses a
mouse IgG2b constant region fused to the reported VDJ regions of Mab24b (14, 43)
that recognizes the region spanning residues 58 to 64 of HPV16 L2 and is broadly
cross-neutralizing. Following expression and purification, JWW3 retained in vitro neu-
tralizing activity and reactivity to 25/34 HPV genotypes (Fig. 1). Importantly, the passive
transfer of JWW3 IgG (25 �g/mouse; �83 nM) was significantly less protective (P �

0.0079) against HPV16 vaginal challenge in mice depleted of neutrophils and Gr1�

macrophages (inhibition of 12% 	 25.4%) than in control mice (inhibition of 95% 	

2.4%) (Fig. 5B).
To further confirm the findings of our neutrophil/macrophage depletion studies, we

repeated the same experiment with JWW3 utilizing Fc� chain knockout mice, which
lack the � chain subunit of their FcgR1, FcgRIII, and FceRI receptors, resulting in
impaired Fc receptors on their neutrophils and macrophages. The Fc� knockout mice
demonstrated significant (P � 0.0025) but weak protection (inhibition of 26% 	 3.4%)
(Fig. 5C) compared to WW1-treated wild-type BALB/c mice (inhibition of 95% 	 2.4%).
Thus, we repeated the experiment with RG1 and observed a significantly (P � 0.001)
reduced level of protection in Fc� knockout mice (inhibition of 82% 	 14.6%) com-
pared to wild-type mice (inhibition of 99% 	 0.2%) (Fig. 5D). Taken together, our results
indicate that the Fc portion of L2-specific antibodies contributes to protection by
promoting phagocytosis of extracellular virus, as suggested by previous immunofluo-
rescence studies.

To examine the impact of species upon this Fc-mediated protective mechanism, we
performed passive-transfer experiments in wild-type BALB/c mice to compare WW1 IgG
and JWW1, the latter of which contains the variable region of WW1 fused to the human
IgG1 constant region (Fig. 5E). Likewise, we also performed passive-transfer experi-
ments using JWW2 and JWW3 (Fig. 5F), which have human IgG1 and mouse IgG2b
constant domains attached to the same variable region of mouse Mab24b that recog-
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nizes L2 residues 58 to 64. In both cases, similar levels of protection against HPV16
challenge were observed (Fig. 5E and F).

WW1 does not utilize TRIM21-dependent intracellular neutralization. The IC50

values for the in vitro neutralization of HPV16 by WW1 IgG and F(ab=)2 were 26 nM and

FIG 5 Role of neutrophils/macrophages and Fc receptors (FcR) in protection by L2 MAbs. (A) Passive transfer of
WW1 and control IgG into control BALB/c mice or mice depleted for neutrophils/macrophages (n � 10) using
RB6-8C5 pretreatment followed by HPV16 pseudovirus challenge. (B) Passive transfer of JWW3 IgG into control
BALB/c mice or mice depleted for neutrophils/macrophages (n � 7) followed by HPV16 pseudovirus challenge. (C)
Passive transfer of JWW3 IgG into Fc� knockout mice (n � 7) followed by HPV16 pseudovirus challenge. (D) Passive
transfer of MAb RG1 IgG into wild-type or Fc� knockout mice (n � 10) followed by HPV16 pseudovirus challenge.
(E) Passive transfer of monoclonal WW1 or JWW1 IgG into BALB/c mice (n � 5) followed by HPV16 pseudovirus
challenge. (F) Passive transfer of monoclonal JWW2 or JWW3 IgG into BALB/c mice (n � 5) followed by HPV16
pseudovirus challenge.
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292 nM, respectively (Fig. 4C), suggesting that WW1 IgG is �10-fold more potent than
WW1 F(ab=)2. This difference in neutralization is unlikely to reflect Fc-mediated com-
plement activation, since the 293TT cells were cultured in heat-inactivated serum.

Recently, a mechanism termed antibody-dependent intracellular neutralization
(ADIN) was described (34), in which the cytosolic Fc receptor TRIM21 binds to a
conserved region (H433, N444, and H435) within the Fc portion of antibody bound to
virions that enter the cytosol, shuttling the complex to the proteasome for rapid
degradation (8, 26). As L2 may carry the viral DNA to the nucleus via the cytosol, we
investigated whether the lower neutralization capabilities of WW1 F(ab=)2 in vitro
reflected a loss of TRIM21-dependent ADIN in the cytosol because of Fc removal. First,
we compared the capacities of WW1 to neutralize HPV16 infection of wild-type and
TRIM21-deficient mouse embryonic fibroblasts. Levels of HPV16 infectivity were similar
in both cell lines (data not shown), but there was also no significant difference in
neutralization titers when a variety of sera and antibodies were measured in either
TRIM21-deficient or wild-type mouse fibroblasts (Fig. 6A).

To further address this question, we used our previously described expression vector
for MAb JWW1 in which the variable regions of WW1 are fused onto a human IgG1 Fc.
In addition, we created a second construct (JWW1-A3), in which the three critical
residues of the TRIM21 binding region of human IgG1 Fc were all mutated to alanine
(H433A, N434A, and H435A), a change previously shown to eliminate TRM21 binding
(44). Both antibodies were produced by transfection of 293 cells under serum-free
conditions and purified from clarified culture supernatants using protein G columns.
Subsequently, both the JWW1 and the JWW1-A3 antibodies were tested for binding
efficacy against HPV16 L2 (Fig. 6B) and for in vitro neutralization of HPV16 PsV (Fig. 6C).
No difference in titers was seen in either assay. These findings suggest that the Fc
portion of WW1 does not contribute to HPV16 neutralization in vitro via TRIM21-
mediated ADIN. Rather, the lower in vitro neutralization activity of WW1 F(ab=)2

fragments than of WW1 IgG (Fig. 4C) reflects the instability of the disulfide links of the
F(ab=)2 fragments in the reducing environment of tissue culture medium produced by
cell culture. This is supported by nonreducing SDS-PAGE analysis (not shown) and
suggests that Fc contributes to WW1 antibody stability.

DISCUSSION

The neutralizing MAb RG1, which was produced by vaccination with full-length
HPV16 L2, is cross-reactive to only a small subset of oncogenic HPV types. We
hypothesized that a multitype L2 immunogen containing the L2 regions spanning aa
11 to 88 of 8 different HPV genotypes would yield more broadly reactive MAbs. Indeed,
this approach yielded the very broadly cross-reactive WW1 MAb as well as the partially
cross-reactive S10 antibody. WW1’s greater breadth of cross-reactivity than of RG1

FIG 6 Role of TRIM21 in antibody-mediated neutralization. (A) Measurement of in vitro neutralizing antibody titers by the L1-PBNA for mouse antisera to
Cervarix or L2�11-88�5 or MAbs WW1 and RG1. The neutralization assays tested the IC50 for HPV16 infection of either wild-type mouse embryo fibroblast (MEF)
cells (left) or TRIM21 knockout mouse embryo fibroblast cells (right). (B) Binding of humanized WW1 (closed circles) and humanized WW1 with TRIM21
binding-site mutations (open circles) to HPV16 L2 by an ELISA. (C) In vitro neutralization of HPV16 by humanized WW1 (closed circles) and humanized WW1
with TRIM21 binding-site mutations (open circles).
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(despite both antibodies recognizing epitopes within L2 aa 17 to 36) is consistent with
the broader neutralizing antibody response elicited by the multimer than that elicited
by a single type L2 immunogen and has been speculated to reflect the superior
cross-linking of broadly reactive B cell receptors by the multimer because the chain of
constituent subunits is derived from different genotypes.

The cross-reactive natures of WW1 and RG1 reflect their recognition of the only two
cysteine residues in L2 (residues 22 and 28), both of which are conserved in all HPV
types, as is the conserved proline at residue 29. This L2 epitope appears to be
immunodominant not only in mice (15, 18) and some patients (45) but also in rats.
ClustalW analysis of the region spanning residues 18 to 32 (Fig. 1) suggests that RG1
requires K at residue 20 for robust binding, whereas WW1 is tolerant to Q/R/K/S at this
position and thus has a broader spectrum of binding. Although further direct testing
with peptides is required, this ClustalW comparison also suggests that WW1 tolerates
A or S at L2 residue 25, but not T, as well as T or S at residue 21, but not G.

It has been puzzling that while L2 vaccination is associated with low neutralization
titers in serum, it can provide robust protection from experimental challenge. This in
part reflects that the conventional in vitro pseudovirion-based neutralization assay
(L1-PBNA) is insensitive for the detection of L2-mediated neutralizing antibodies com-
pared to the furin-cleaved pseudovirion-based neutralization assay (FC-PBNA) (26, 39,
46), as seen again here with L2 MAb. Although the FC-PBNA is more sensitive, it does
not assess protection due to opsonization for phagocytosis, which may account for the
greater sensitivity of the passive-transfer assay (40).

While WW1 and RG1 are cross-neutralizing (Table 1), IC50s differed substantially by
HPV type. For example, the IC50 of WW1 for HPV16 was 0.52 nM but was higher for
HPV45 (4.51 nM) or HPV58 (6.71 nM) (FC-PBNA) (Table 1), presumably reflecting the
impact of variations in the epitope sequence on binding affinity. The higher binding
affinity for the peptide determined by interferometry was associated with the strongest
protection in the passive-transfer model. This and the need for multiple L2 immuniza-
tions to achieve effective neutralization suggest the importance of affinity maturation.

HPV L1 VLP vaccines elicit high titers of neutralizing serum antibodies and are
remarkably effective for prophylaxis, but they lack therapeutic efficacy. This suggests
that they provide sterilizing immunity via neutralizing antibody. However, it is still
unclear how neutralizing serum IgG reaches the inoculum at the site infection in genital
mucosa and skin, since HPV does not cross the basement membrane. Significant
quantities of IgG are present in vaginal fluid, and the ratio of IgG to IgA varies across
the menstrual cycle (47). In mice, IgG is brought into the genital tract via Fc binding to
FcRn (41). After passive transfer into FcRn-deficient mice, there was minimal transfer of
WW1 into the vagina in 12 h (Fig. 3C), but physically or chemically induced epithelial
trauma, required for effective viral challenge, greatly enhanced its transit (Fig. 3C).
Surprisingly, N9 treatment releases more antibody into the vaginal vault than does
epithelial abrasion elicited by brushing (Fig. 3C). This suggests that N9 (a mild detergent
and widely used spermicide) can cause significant disruption to the epithelial barrier,
although the BM remains intact.

There was no difference in protection against HPV16 challenge between wild-type
and FcRn-deficient mice after passive transfer of WW1 IgG (Fig. 3B). This suggests that
active FcRn-mediated transcytosis of systemically administered WW1 IgG is not re-
quired to protect mice from vaginal challenge with HPV, but rather, passive leakage of
WW1 IgG at the site of wounding (i.e., exudation) is likely sufficient to mediate
protection (Fig. 3C). However, FcRn may contribute other functions, such as extending
the antibody half-life while in the systemic circulation (48, 49), which is unlikely to
impact our 3-day passive-transfer studies. Our findings suggest that in vaccinated
patients, neutralizing serum antibodies may reach the viral inoculum at the genital
mucosa as a result of microtrauma to the epithelium during sexual intercourse and local
exudation. This notion is consistent with the robust protection observed across all
stages of the menstrual cycle despite fluctuating IgG levels in vaginal fluid (50, 51).
Nevertheless, a limitation of passive transfer as a model for active vaccination is that it
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does not account for the possibility that B lymphocytes might be present within the
cervicovaginal epithelium and producing neutralizing antibody locally.

Previous studies found that L2-specific neutralization does not prevent HPV inter-
action with its primary receptors, heparan sulfate proteoglycans (HSPGs), on the
basement membrane during infection, but the antibody-bound pseudovirions fail to
bind basal keratinocytes and are lost over time (3). The disappearance of the antibody-
bound pseudovirions was associated with cellular infiltrates consisting mainly of neu-
trophils, which is suggestive of opsonization and phagocytosis of L2 antibody-bound
virions upon Fc-dependent recognition by neutrophils and/or wound macrophages. To
examine whether effector functions mediated by Fc, such as opsonization, contributed
to protection, we performed IgG passive-transfer experiments in animals pretreated
with monoclonal antibody RB6-8C5, which specifically depletes neutrophils as well as
macrophages at the site of wounding (52). While the depletion of these phagocytes
does not significantly affect HPV16 PsV infection (Fig. 5A), L2 MAb-mediated protection
was reduced �10-fold (Fig. 5A), suggesting that a secondary mode of L2 antibody-
mediated protection is via phagocytosis by infiltrating Ly6G/C� neutrophils/macro-
phages, likely attracted by epithelial trauma. In addition, this supports the phenome-
non observed for other viruses whereby antibodies that bind to virions but fail to
neutralize in vitro may still contribute to protection in vivo via opsonization. Indeed,
such findings have been recently documented for broadly neutralizing influenza virus
antibodies that fail to neutralize in vitro but are strongly protective in vivo (53, 54).

In summary, we have created two new broadly reactive L2-specific rat MAbs and
shown that L2 antibody mediates protection by both opsonization of extracellular
pseudovirions and direct neutralization upon release by exudation at the site of
infection. The role of exudation in the access of circulating IgG to the viral inoculum
suggests that measurement of serum antibody titers is a relevant correlate. However,
the previously unknown role of opsonization in protection may help account for why
L2-specific antibodies are more effective at blocking infection in passive-transfer stud-
ies than in in vitro neutralization assays.

MATERIALS AND METHODS
Ethics statement. Animal studies were carried out in accordance with the recommendations in the

Guide for the Care and Use of Laboratory Animals of the National Institutes of Health (55) and with the
prior approval of the Animal Care and Use Committee of The Johns Hopkins University. Four- to
eight-week-old female BALB/c, C57BL/6J, or FcRn knockout (Fcgrttm1Dcr C57BL/6J background) mice were
purchased from Jackson Laboratories Inc. For knockout studies, Fc receptor knockout mice [C.129P2(B6)-
Fcer1gtm1Rav N12 background] and wild-type control BALB/c mice were purchased from Taconic Inc., and
Lewis rats were purchased from Harlan/Envigo.

Cell cultures. 293TT, 293TTF, and LoVoT cells were maintained in Dulbecco’s modified Eagle medium
(DMEM) with 10% fetal bovine serum, 1� penicillin and streptomycin, 1� nonessential amino acids, and
1� sodium pyruvate (Gibco, Life Technologies, Grand Island, NY). Totals of 2 �g/ml and 200 �g/ml of
puromycin and hygromycin were added to 293TTF and LoVoT cells, respectively, to maintain the
expression of furin/T antigen.

Generation of HPV pseudoviruses. Pseudoviruses (PsV) and furin-cleaved pseudoviruses (fcPsV)
were generated as previously described (see http://home.ccr.cancer.gov/Lco/pseudovirusproduction.htm
and reference 39, respectively). The HPV L1/L2 expression plasmids utilized in this study were previously
described (36) and are available via http://home.ccr.cancer.gov/LCO/ or http://www.addgene.org/Richard
_Roden/.

Recombinant proteins, peptides, monoclonal antibodies, and sera. The anti-L2 mouse MAb RG1
was previously generated (15). Full-length HPV L2 from HPV6/11/16/18/31 and L2�11-88�8, L2�11-
88�8ΔTm, and 13-45�15 antigens were expressed in bacteria and purified as previously described (20).
The antisera from rabbits immunized with the indicated type of L1 VLP, PsV, or �11-88�8 L2 antigens
were described previously (20).

Generation of rat monoclonal antibodies to L2 and F(ab=)2. Two Lewis rats were immunized five
times with 50 �g of L2�11-88�8 formulated with TiterMax adjuvant (TiterMax USA Inc.). One week
following the final immunization, splenocytes were harvested and fused with SP2/0 myeloma cells using
polyethylene glycol (PEG). Supernatants from wells containing viable hybridomas were screened 10 to 14
days after fusion by an ELISA using bacterially expressed 6His-tagged L2, L2�11-88�8, or the full-length
L2 peptide derived from HPV type 11, 16, 18, or 31 as a coating antigen. Selected positive clones were
recloned three times by limiting dilution, and antibodies secreted were affinity purified using protein
G-Sepharose (GE Healthcare). Purified WW1 and S10 rat MAbs were cleaved with pepsin-Sepharose to
generate F(ab=)2 fragments using kits according to product instructions (Pierce, ThermoScientific).
Coomassie blue staining and L2 ELISAs were performed to assess the purity and concentration of
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antibody fragments and their binding properties. The rat anti-CD4 antibody (clone GK1.5) was utilized as
the nonspecific rat IgG control antibody (BioXCell, West Lebanon, NH).

Generation of JWW3. The JWW3 monoclonal Ig2b utilized the previously reported variable Fab
region sequences of mouse monoclonal antibody Mab24B (17). These variable regions were linked to the
constant light and heavy chain regions of a mouse IgG2b sequence by direct synthesis (Biobasic Inc.,
Ontario, Canada). The heavy and light chains of JWW3 were each cloned into a double expression vector,
pVITRO1-neo-mcs (InvivoGen, San Diego, CA), to generate the JWW3 plasmid. Expression and purification
were then performed as previously described (43).

Characterization of rat MAbs. Determination of the Ig subclass of the rat MAbs was performed
using a commercial isotyping kit (BD Biosciences, CA). ELISA plates were coated with commercial
overlapping 15-mer peptide arrays (Mimotope, Minneapolis, MN) comprising the peptides within the
regions spanning residues 11 to 88 of 15 different HPV types for the binding assay. Hybridoma
supernatants (1:200) or purified antibodies (1:5,000; from stocks of 1 to 2 mg/ml) were added to the
blocked peptide array plates and incubated for 1 h at 37°C. Plates were washed three times with
phosphate-buffered saline (PBS) containing 0.01% (vol/vol) Tween 20 (PBST) and then incubated with
horseradish peroxidase (HRP)-conjugated goat anti-rat IgG for 60 min at 37°C. After washing with PBST,
bound antibody was detected with 2,2=-azinobis(3-ethylbenzothiazoline-6-sulfonic acid)-diammonium
salt (ABTS; Roche, Basel, Switzerland).

Western blot analysis. For the detection of L2 in pseudoviruses, samples normalized to the L1
protein (500 ng) were boiled for 5 min in reducing gel sample buffer and analyzed by SDS-PAGE using
4 to 20% precast Tris-HCl gels (Bio-Rad, CA). Proteins were electrotransferred onto polyvinylidene
difluoride (PVDF) membranes (Bio-Rad, CA), and the PVDF membranes were blocked with 5% skim milk
in PBST for 1 to 2 h before being incubated with the appropriate MAbs or serum samples at a 1:5,000
dilution. After incubation overnight, blots were washed with PBST three times for 10 min each before the
addition of either HRP-conjugated goat anti-rat IgG, sheep anti-mouse IgG (GE Healthcare), or sheep
anti-rabbit IgG (GE Healthcare) secondary antibody (1:10,000), as appropriate. The secondary antibody
was incubated for 1 to 2 h at room temperature. Membranes were then washed with PBST three times
for 10 min each time. A chemiluminescence substrate was added to develop the membranes.

ELISA. Microtiter plates were coated with 500 ng/well HPV PsV, containing either wild-type L2,
alanine mutant L2 (37), or 100 ng/well of L2 antigens, including the synthetic peptide comprising L2
amino acids 17 to 38 derived from various HPV types, in 50 �l PBS per well by incubation at 4°C overnight
or at 37°C for 2 h. Coated plates were blocked with PBS supplemented with 1% (wt/vol) bovine serum
albumin (BSA) (PBS-BSA) at 37°C for 1 to 2 h and then incubated with 50 �l of monoclonal antibody or
serum diluted in PBS-BSA for 1 h at ambient temperature. Plates were then washed three times with
PBST, and bound antibodies were detected with HRP-conjugated protein G (Pierce, Rockford, IL) or
biotinylated mouse anti-rat IgG2a or Ig� light chain-specific monoclonal antibodies, followed by HRP-
streptavidin (1:1,250 dilution of a 0.1-mg/ml stock; KPL, Gaithersburg, MD), before the addition of the
ABTS substrate (Roche). The cutoff optical density (ODcutoff) value for the ELISA was set at three times the
average absorbance detected from no-primary-antibody control wells. The highest dilution of serum
samples that had an OD value equal to or above the ODcutoff was defined as the endpoint ELISA titer and
expressed as its reciprocal value or antibody concentration.

HPV in vitro neutralization. A total of 15,000 293TT or LoVoT cells/well were preplated into a 96-well
plate. Twenty-four hours later, on a separate plate, monoclonal antibodies (WW1, RG1, S10, and rat
control IgG) were serially diluted 2-fold in culture medium across the plate. Subsequently, an equal
volume of HPV pseudovirions containing luciferase reporter genes was added to the plate, and this
mixture was incubated at 37°C for 2 h and added to either the preplated 293TT or LoVoT cells. The cells
were then incubated for 72 h. To measure neutralization, culture media were removed from each well,
and 1� cell culture lysis reagent (Promega, Madison, WI) was added to lyse the cell monolayer for 15 min
at room temperature on a rocking platform. The entire lysate from each well was transferred to a black
96-well plate, followed by the addition of 50 �l/well of 1� luciferase substrate (GloMax-Multi detection
system; Promega, Madison, WI). The neutralization titer was determined as the reciprocal of the dilution
that causes a 50% reduction in luciferase activity.

Passive transfer of antibodies and in vivo PsV vaginal challenge. Four- to eight-week-old female
BALB/c mice were injected subcutaneously with 3 mg of medroxyprogesterone (Depo-Provera; Pfizer) to
synchronize their estrus cycles. Three days later, the mice in groups of 5 or 10 were administered i.p.
either purified MAbs, control IgGs, or HPV L1 VLP- or L2-specific rabbit antisera as a positive control.
Twenty-four hours after passive transfer, each mouse was given a HPV PsV challenge dose of 40 �l
comprised of 20 �l PsV mixed with 20 �l of 3% carboxymethyl cellulose (CMC). Half of the challenge dose
(20 �l) was injected into the mouse vaginal vault, followed by the insertion of a cytobrush cell collector
that was turned both clockwise and counterclockwise 15 times to induce epithelial abrasion without
evident release of blood. The dose of HPV PsV was selected by titration to achieve a sufficient
signal-to-noise ratio (�20-fold over the background). After removal of the cytobrush, the remaining half
of the inoculum was deposited in the vagina while the mice were anesthetized. For experiments using
the N9 method, 24 h following passive immunization, mice were pretreated with 4% N9 while being
anesthetized, and the entire virus inoculum dosage (40 �l) was delivered into the vaginal vault.
Seventy-two hours after HPV PsV challenge, the mice were again anesthetized, and 20 �l of luciferin (7.8
mg/ml in water) was deposited in the vaginal vault. Luciferase signals were acquired for 10 min with a
Xenogen IVIS 100 imager, and analysis was performed with Living Image 2.0 software. For wound
neutrophil and macrophage depletion, mice were treated with 100 �g/mouse of the rat monoclonal
RB6-8C5 antibody (BioXCell, West Lebanon, NH) for 3 consecutive days, followed by the administration
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of this antibody once a week. Depletion was ensured via flow cytometry prior to passive transfer and
HPV16 PsV challenge studies. For knockout studies, 4- to 8-week-old female BALB/c mice or Fc receptor
knockout mice [C.129P2(B6)-Fcer1gtm1Rav N12] of the same BALB/c background were utilized.

Vaginal lavage and ex vivo detection of L2-specific MAb. Rat L2-specific MAb was passively
transferred into BALB/c, C57BL/6J, or Fcgrttm1Dcr (C57BL/6J background) mice, and the amount recovered
by vaginal lavage was determined with an L2-specific ELISA. Mice were administered 3 mg of medroxy-
progesterone (Depo-Provera; Pfizer) 4 days before the passive transfer of 100 �g rat MAbs. Mice were
anesthetized, and cytobrush or N9 treatment, as described previously (25), was then performed simul-
taneously with antibody transfer or 6 h earlier. Lavage fluids were collected 6 or 12 h following the
passive transfer of MAb. At the indicated times, the mouse was anesthetized, 500 �l of 1� PBS was
deposited twice, and lavage fluids were then collected and kept at �20°C for analysis with an L2-specfic
ELISA.

Sequencing of rat antibody genes. The cDNA encoding WW1 was generated from the hybridoma,
cloned, and sequenced by Aldevron (Madison, WI).

Bioinformatic and statistical analyses. Data were analyzed with either the Mann-Whitney U test or
the Kruskal-Wallis test using GraphPad Prism 6.0. Sequences of HPV L2 types were obtained from PaVE
(PapillomaVirus Episteme) (http://pave.niaid.nih.gov/#home) and analyzed using the UCSF chimera
package (http://www.cgl.ucsf.edu/chimera).
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