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Abstract

The major capsid protein of HPV, L1, assembles into pentamers that form a T=7 icosahedral 

particle, but the location of the co-assembled minor capsid protein, L2, remains controversial. 

Several researchers have developed useful monoclonal antibodies targeting L2, but most react with 

linear epitopes toward the N-terminus. As a means to better define the virus capsid and better 

assess the localization and exposure of L2 epitopes in the context of assembled HPV, we have 

developed a panel of 30 monoclonal antibodies (mAbs) which target the N- terminus of L2 amino 

acids 11-200, previously defined as a broadly protective immunogen. Select mAbs were processed 

with enzymes and anti-L2 Fabs were generated. These new mAb/Fab probes will be beneficial in 

future studies to unravel the placement of L2 and to help better define the role of L2 in the HPV 

lifecycle and the nature of the broadly protective epitopes.
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Introduction

Human Papillomaviruses (HPVs) are a large family of viruses with nearly 200 different 

strains identified and characterized. The virus is the etiological agent of all cervical cancer 

cases, the majority of which are the result of infection with either HPV16 or HPV18. HPV is 

epitheliotropic and strains are divided based upon their ability to infect mucosal or 

cutaneous epithelium. In addition to cervical cancer, infection with HPV results in cancer of 

numerous other anatomical sites. HPV is a major cause of oropharyngeal squamous cell 

carcinoma and the incidence of these cancers is on the rise. Unfortunately, there are no 

treatments available to combat active HPV infections (1).

The lifecycle of HPV is differentiation dependent and infection is initiated at the basal layer 

of epithelium where only early genes are expressed. As the cells differentiate within the 

stratified layers, the HPV lifecycle also progresses with expression of the late gene products 

(L1 and L2) restricted to terminally differentiated keratinocytes. By limiting expression of 

the structural proteins to the upper most layers of epithelium, the immune system has limited 

availability to these antigens as they are not present in the basal cells most accessible by the 

blood supply (1).

Monoclonal antibodies (mAbs) against L1 have been instrumental in the mapping and 

characterization of L1 epitopes as well as the overall structural characterization of the virus. 

The novel use of the mouse xenograft system developed by J. Kreider (2) enabled the 

production of authentic HPV-11 and the immunization of mice with HPV-11 for the 

production of mouse mAbs (3). The binding properties of antibody and their sensitivity to 

small changes in the AA sequence of L1 was later examined by Ludmerer et al. (4) when the 

group demonstrated that the dependence upon a conformational epitope is transferable. 

Ludmerer and colleagues were able to make an HPV11-specific mAb bind an HPV6 VLP by 

only changing two AAs in the HPV6 L1 protein (4). The specificity of the mAb binding to 

VLP was further investigated in studies which analyzed mAb reactivity against different 

HPV16 variants (5). Site directed mutagenesis used to change AA50 of L1 from leucine to 

phenylalanine enabled binding of H16.V5 to variants which H16.V5 did not previously bind. 

These studies stress the importance of the H16.V5 epitope in the immunogenic response and 

production of neutralizing HPV16 antibodies (5).

Early structural analyses utilizing imaging began with x-ray crystallography and the 

crystallization of small 12-pentamer L1 VLPs (6). Despite the truncation of some AAs, this 

crystal structure provided the first structure of L1 in a multimeric form. The crystal structure 

also contributed to the knowledge that L1 loops present on the capsid surface are regions of 

hypervariability and are sites of sequence variation among different HPV types as well as 

neutralizing epitopes (6). The distinct antigenic structure of HPVs was further demonstrated 

in a study examining the type-specificity of HPV11 neutralizing mAbs and their reactivity 

using HPV6 L1 VLPs (7). Despite the close phylogenic relation of HPV6 and HPV11, even 

these two viruses require type-specific immune responses for neutralization.

The L2 protein also elicits an immune response albeit much weaker than L1. Similar to 

studies with L1, the generation of anti-L2 mAbs will create useful reagents for the use in 
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biochemical assays and assist to determine which portions of the protein are surface-exposed 

or buried. Importantly, unlike the type-specificity demonstrated by L1, initial studies have 

shown that polyclonal responses to L2 contain both type-specific and common cross-reactive 

epitopes that are susceptible to antibody neutralization (8-18). In a study utilizing antisera 

generated against a series of peptides, Heino et al. (19) concluded that HPV16 L2 AAs 

32-51, 62-81, 212-231, 279-291, and 362-381 are located on the surface of HPV capsids. 

Numerous other studies have examined the N-terminal half of the L2 protein and have found 

surface-exposed sites are located between AA60-180 (8, 20-22). Cross-neutralizing epitopes 

have also been localized to surface-exposed AA108-120 (12, 23) as well as AA17-36 

subsequent to cell surface binding and conformational changes (15). Although research has 

been focused at the N-terminus, neutralizing epitopes have also been mapped to the C-

terminal half of CRPV L2 (24).

The production of anti-L2 mAbs has been more challenging but has been achieved with 

BPV, HPV1, HPV33, and HPV16 (15, 20, 21, 23, 25-33). Kawana et al. (21) achieved the 

production of HPV16 L2 mAbs by immunizing mice with HPV16 VLPs produced in insect 

cells. The authors characterized eighteen mAbs and notably determined that their mAbs 

discriminate between VLPs containing L2 and L1 VLPS. However, the binding 

demonstrated against VLPs by ELISA was weak, lacked positive controls for comparison, 

and binding was not improved upon testing reactivity with purified L2 protein. Another 

larger mAb panel was produced using bacterial thioredoxin as a scaffold for putative 

neutralizing epitopes AA20-38, 28-42, 56-75, 64-81, 96-115, and 108-120 (34). Out of 

forty-six mAbs examined, only four were found to have neutralizing activity and by the very 

design of the experiment, mAbs recognizing AAs beyond 120 were not possible (28).

Due to the limited cross protection offered by the L1 vaccine, a favorable vaccine candidate 

would drive an antibody response against the highly conserved minor capsid protein, L2. 

Several L2 vaccines are currently in production (35, 36), and a better understanding of the 

antigenic sites, surface exposed AAs and neutralizing L2 epitopes will only help to drive the 

vaccine effort. Additionally, this knowledge could help unravel the nuances of the capsid 

structure as well as the finer mechanics of viral entry and the infection pathway. It is known 

that the T=7 icosahedral capsid of HPV is composed of 360 L1 monomers assembled as 72 

pentamers, but the general structure of L2, the copy number, and the relative location of L2 

remain controversial. Adding to the complexity of the virus structure, previous work has 

demonstrated that the viral capsid is not a static structure. Conformational changes are 

believed to occur upon interactions with the cell surface and cellular attachment factors such 

as HSPGs (37-41) as well as within the endosome upon acidification (42). Characterization 

of these changes and the exposure of the L2 protein has been difficult due to the limited 

number and variety of precise probes available to assess L2.

Therefore, here we have developed a unique panel of monoclonal antibodies against HPV16 

L2 AA11-200 to function as unbiased probes in the assessment of antigenic sites, surface 

exposed regions, neutralizing epitopes and overall capsid structure. Through the 

characterization of this mAb panel, we have gained valuable information regarding 

conformational/linear epitopes of previously untargeted portions of L2.

Bywaters et al. Page 3

Virology. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Materials and Methods

Recombinant Particle Production

HPV Pseudovirus (PsV) particles were produced and purified as previously described (43). 

293TT cells were transfected with Lipofectamine 2000 (LifeTechnologies) and plasmids 

encoding the HPV capsid proteins (a kind gift from the Schiller lab and Addgene.org) and a 

pseudo-genome encoding secreted alkaline phosphatase (pSEAP). Following a 48-hour 

incubation, cells were harvested and lysed with detergent. Particle maturation was achieved 

by incubating cell lysates for 24 hours at 37°C. Particles were purified from cell lysates by 

Optiprep ultracentrifugation.

Monoclonal Antibody Production

Mouse mAbs were produced as previously described (24, 44). Balb/c mice were immunized 

subcutaneously with 50μl HPV16 L2 peptide AA11-200 (1mg/mL) (10) in Sigma adjuvant. 

Mice were immunized twice, one month apart and boosted without adjuvant one month after 

the second immunization. Spleen cells were harvested for hybridoma production 3 days 

post-booster. The resultant hybridoma supernatants were screened for reactivity against the 

L2 protein. Hybridomas were cloned by limiting dilution.

Monoclonal Antibody Isotyping and Purification

The cloned antibody supernatant was assessed by the Rapid ELISA Mouse mAb Isotyping 

Kit (Thermo Fisher Scientific) to determine the mAb isotype. Purification of hybridoma 

supernatants was achieved by applying supernatants to either Protein A or Protein G 

purification columns (Pierce).

Epitope Mapping

mAb epitopes were mapped by examining by ELISA the reactivity of hybridoma 

supernatants against overlapping HPV L2 peptides purchased from China Peptides. Peptides 

were added to the wells of a 96-well microtiter plate at 1μg/well diluted in 50mM Na2CO3 

pH9.6 protein binding buffer. Hybridoma supernatants were added to the wells and positive 

peptide binding was assessed with an alkaline phosphatase conjugated secondary antibody 

and 4-Nitrophenyl phosphate disodium salt hexahydrate (PNPP). The development of the 

colorimetric signal was determined with a plate reader OD 405 450.

Intact, Denaturing and Sandwich ELISA

Intact binding ELISAs were performed by binding 500ng PsV to the wells of microtiter 

plates in PBS. The wells were blocked with blocking buffer (5% fat free dry milk in PBS/T). 

Hybridoma supernatants were added to the wells and binding was detected by an AP-

conjugated secondary antibody (Southern Biotech). AP signal was developed with PNPP 

and the OD 405 450 was determined with a plate reader. For the denaturing ELISAs, PsV 

was added to the wells of the microtiter plate in 25 μl denaturing buffer (0.2M Na2CO3, 

10mM DTT pH10.7). Plates were incubated overnight at 37°C or at 55°C for 1 hour 

allowing the protein to dry to the plate. Proteins were rehydrated for 15 minutes with 25μl 

PBS and further processed in the same manner as the intact ELISA. For sandwich ELISAs 
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10μg/ml purified mAb was bound to the microtiter plate in 25μl 50mM Na2CO3, pH 9.6 

binding buffer overnight at 4°C. Wells were washed, blocked with blocking buffer and then 

0.5μg PsV was added to the wells in blocking buffer for 1 hour. Wells were washed again 

and the detection mAb H16.V5 IgA was added followed by an IgA specific secondary 

antibody. Plates were further processed in the same manner as the intact ELISA.

Pseudovirus Neutralization

Neutralization of recombinant PsV particles was assessed by pre- or post-attachment 

neutralization assays in 293TT cells as previously described (45). For the pre-attachment 

assay PsV was incubated together with hybridoma supernatants or purified mAbs at 37°C 

for one hour and then added to 293TT cells plated in a 96-well plate. For the post-

attachment assay PsV was incubated with 293TT cells at 4°C for 1 hour to allow for virus 

attachment to the cell surface. Cells were carefully washed with media and antibody 

dilutions were added at 4°C for 1 hour to allow for antibody attachment before viral entry 

into cells. Both pre and post-attachment assays were then incubated at 37°C for 72 hours. 

30μl of the spent medium was removed and assayed with PNPP and optical density was 

determined by absorbance spectrometry with a plate reader at OD 405 450.

Fab Production and Fab Purity ELISA

The Pierce Fab production kit was used to digest mAbs into Fabs according to the 

manufacturers’ protocol (Thermo Scientific Pierce). 7I and 20C were processed with papain 

while 9E and 21T were processed with ficin to obtain Fab fragments. Fab purity and 

retention of the antigen binding site was assessed by ELISA. An intact ELISA was 

performed using PsV16 as the antigen and 100μg of purified mAb or Fab were added to the 

wells of the microtiter plate. mAbs or Fabs were detected with anti-Fc and/or anti-Fab AP-

conjugated secondary antibodies (Southern Biotech).

Results

Epitope Mapping of Anti-L2 mAbs Using HPV16 L2 Peptides

Previous studies have produced and characterized anti-L2 mAbs, both neutralizing and non-

neutralizing, and their epitopes are presented in (Table S1). Our panel of 59 HPV16 L2 

reactive antibodies were produced using the HPV16 L2 peptide AA11-200 as antigen. 

Hybridoma supernatants were initially mapped by scanning for reactivity against AA1-88 or 

AA11-200 and selected for cloning based upon positivity in immunofluorescence (IF) assays 

and ELISA PsV binding studies (data not shown). Anti-L2 mAbs 1A and 2E were 

previously published (43) and included in these studies for comparison. From the panel of 

59 hybridoma supernatants, 30 were selected and cloned.

Clones were isotyped and minimal amino acid epitopes of the cloned mAbs were mapped 

using overlapping peptides HPV16 L2 peptides AA13-90 and 76-200 (Table S2). The 

majority of the mAbs were mapped by this method, however; three mAbs (11D,13A, and 

30A) failed to have any reactivity against the peptides. Six mAbs (1A, 2E, 9E, 32B, 46G, 

and 47I) were mapped using the first panel of peptides AA13-90, while the remaining mAbs 

were mapped further from the N-terminus using the second peptide panel AA76-200. The 
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minimal epitopes are presented in Table 1 and epitopes of historical anti-L2 mAbs and novel 

epitopes of anti-L2 mAbs characterized in this study are diagramed in Figure 1 along with 

functional domains of the L2 protein. Figure 1 depicts the novelty of the mAbs that we have 

developed. With these probes, we are now able to target portions of the L2 protein that were 

not previously targeted by mAbs.

Anti-L2 mAbs Differentially Target Linear and Conformational Epitopes

To better qualify the nature of the epitopes recognized by the mAb panel, we assessed the 

ability of the mAbs to bind intact or denatured PsV16 by ELISA. We defined the ability to 

bind intact particles as the recognition of a conformational epitope. Binding to denatured 

antigen signifies the recognition of linear epitopes. The cloned mAb panel in addition to 1A 

and 2E was assessed in a conformational ELISA and the optical density (OD) was graphed 

(Figure 2A). Detection of linear epitopes was analyzed in parallel with the previously 

defined linear detecting anti-L1 mAb H16.D9 (44) (Figure 2B). Additional mAbs H16.J4 

and H16.V5 were also used as controls. H16.J4 recognizes linear epitopes and served as an 

additional positive denaturing control and H16.V5 was a negative control as it only 

recognizes conformational sites (44). OD’s were determined to be positive if the averaged 

signal with the background and standard deviation subtracted was greater than 3 standard 

deviations of the background. Nine of the mAbs, including 1A and 2E (1A, 2E, 9E, 13A, 

19M, 32B, 36C, 46G, 58E), only recognized PsV in an intact ELISA and thus bind 

conformationally-dependent epitopes (Table 2). The majority of the mAb panel was able to 

bind both intact and denatured antigen. Three mAbs (38A, 51A, 54C) detected strictly 

denatured PsV. Despite being screened by peptide ELISA and IF, mAb 47I failed to detect 

PsV in either the intact or the denatured ELISA.

The mAbs 7I, 9E, 20C and 21T were purified using affinity columns and were also tested in 

ELISA binding studies to approximate binding titers. The half maximum binding titer for 7I 

is 66.7 pM, 20C is 3.3 nM, 9E is 6.7 nM and 21 T is 1.2 nM. Our unpublished studies 

showed that the half maximum binding titer of 16.V5 is 233.3 pM.

Anti-L2 mAbs are Neutralizing

We screened the large panel of cloned antibody supernatants for their ability to neutralize 

infection using the PsV16 pre-attachment neutralization assay (Figure 3) and preliminarily 

in a QV16 post-attachment neutralization assay (Figure S1). These assays demonstrate the 

neutralizing capacity of mAbs 7I and 9E both pre- and post-attachment, as well as 20C and 

21T post-attachment. We then assessed the ability of high-titer supernatants 7I, 9E and 21T 

to neutralize NV HPV16. The dogma in the field suggests that L2 requires association with 

components of the cell-surface for the exposure of certain neutralizing epitopes (37) (47) 

and therefore we assessed neutralization of the NV in a post-attachment assay (Figure S2). 

H16.V5 served as an anti-L1 control and both 1A and 2E were used as anti-L2 neutralization 

controls. All four antibodies neutralize NV HPV16 by 80% or more.

Purified mAbs were also used for neutralization to determine approximate neutralization 

titers in the PsV pre-attachment assay. The half-maximum neutralization titer for 7I is 46.7 

pM and 9E is 2.7 nM. 20C and 21T did not neutralize above background levels in the pre-
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attachment neutralization assay even with purified mAb. 20C and 21T were tested in a post-

attachment neutralization assay with PsV16 in 293TT cells. The half maximum 

neutralization titer for 20C is 467 nM. 21T did not reach 50% neutralization in this assay 

and only achieved about 46% neutralization.

Anti-L2 mAbs bind intact virions

Previous reports showed that anti-L2 mAb RG-1 failed to bind PsV in IP but was able to 

bind when PsV was bound to an ELISA well indicating conformational changes were 

required for RG-1 to bind (15), (37). Our previous studies showed that 1A and 2E L2 mAbs 

are able to bind PsV in a sandwich ELISA. Sandwich ELISAs are not thought to induce 

conformational changes of the viral capsids, contrary to ELISA methods where viral capsids 

are adsorbed directly to the wells of the microtiter plate (43). We tested a subpanel of anti-

L2 mAbs for their ability to bind PsV in a sandwich ELISA. Figure 4 shows that the 

previously reported 1A and 2E mAbs, as well as 7I, 20C, 21T and 9E are able to capture 

PsV16. 16.V5 was used as a positive capture control and 11.B2 (HPV11 specific) and 58.J6 

(HPV58 specific) were negative controls and subtracted from the final OD before graphing.

Selected anti-L2 mAbs 7I, 9E, 20C and 21T Exhibit Cross-Reactive Binding

The four mAbs for which high-titer supernatants were made (7I, 9E, 20C and 21T) all bind 

epitopes not previously recognized by historical anti-L2 mAbs and they all are capable of 

neutralizing HPV16 capsids. Therefore, we assessed the ability of these selected mAbs to 

cross- react with different HPV types. The ability of these mAbs to cross-react with 

divergent L2 proteins HPV5,6,11,16,18,31,33,35,39,45,52,58, and 59 as well as BPV, 

MmuPVl, and CRPV was assessed by IF. Aside from HPV16 L2, 7I and 9E mAbs 

recognized several additional L2 proteins (images in Figure S3 and summarized in Table 3). 

A positive control anti-L1 antibody is included in Figure S3 and is listed as presented in the 

figure: H16.V5, H5.A6, H6M.48, H11.B2, H16.V5, H18.J4, H31.A6, H33.B6, H35.Q8, 

H39.B6, H45.N5, H52.D11, H58.J63, H59.G1, B1.A1, MPV.A4, and CRPV. 2C. Both 7I 

and 9E mAbs recognized HPVs 11, 16, 31, and 35, but as individual mAbs they also 

uniquely recognize other L2 proteins. 7I detected the L2 protein of HPV6, 18, 39, 45 and 59 

while 9E identified HPV5, 33, 52, 58 and the L2 protein of CRPV. The two mAbs 20C and 

21T are significantly less cross-reactive by IF. While both recognize HPV16, the only cross-

reactivity observed was between 20C and HPV11 L2.

Since both 7I and 9E appear to have great cross-reactivity, we examined the L2 amino acid 

sequences to see if the 7I or 9E epitopes share common sequences between the different 

HPV types. Sequences were aligned in Figure S4 but no obvious commonality was observed 

at these epitopes. The 7I epitope is fairly conserved across the different HPV types. The 9E 

epitope is conserved to a degree, but the CRPV epitope stands out as being drastically 

different. Inexplicably, 9E is still able to recognize the CRPV L2 protein by IF.

Cross-reactive Anti-L2 mAb Binding of Conformational PsV Predicts CrossReactive 
Neutralization

We are aware that positive binding of mAb in IF does not equate to binding in ELISA or 

neutralization of virus. In order to better examine the ability of these mAbs to cross-
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reactively bind the virion surface, we performed intact binding ELISAs. We examined the 

ability of 7I and 9E to bind PsVs of the following PV types: CRPV, HPV16, HPV18, 

HPV39, HPV45 and HPV59 (Figure 5A). Both mAbs bound HPV16 and the reactivity to 

CRPV was predictable as 7I failed to bind but 9E was successful. Binding by 7I to HPV39, 

45, and 59 was above 3 standard deviations of the blank value, but the signal was still 

extremely weak. There was no binding activity observed for HPV18 despite positive 7I 

binding in IF. We also investigated the ability of 7I and 9E to neutralize the same divergent 

HPV types in a pre-attachment neutralization assay (Figure 5B). Both 7I and 9E exhibited 

neutralizing activity in a pre-attachment neutralization assay with HPV16. As expected by 

the IF and ELISA assay, 9E also neutralized CRPV. Despite positive binding as assayed by 

IF, none of the other HPV types were neutralized. It was surprising that the positive binding 

observed by IF did not translate better into neutralization. We speculated that even by IF, 

some of the protein may not be completely folded and assembled within cells thereby 

enabling binding to linear epitopes that may not be exposed on the surface of an assembled 

virion. Although cross-reactive binding was prevalent by IF, these assays indicate that 

binding ELISAs are better tools for predicting in vitro neutralization.

In addition to 7I and 9E, we tested the ability of 20C and 21T to neutralize HPV18 NV (data 

not shown). The only mAb with any neutralizing activity was 20C but the infectivity in the 

presence of 20C was still greater than 50% of the infection in the controls (no mAbs). We 

also tested the ability of 7I, 9E, 20C and 21T to neutralize PsV31, 33, 35, 52 and 58 in a pre-

attachment neutralization assay (as previously described (17)) and these mAbs were not able 

to neutralize the assayed PsV types (data not shown).

Functional Antibody Fragments Generated from Anti-L2 mAbs

Enzymes are frequently used to alter the structure of mAbs. Select enzymes cleave the mAb 

separating both antigen-binding arms from each other and from the Fc domain of the 

antibody. These fragments are useful for numerous studies including but not limited to (1) 

the assessment of antibody neutralization mechanisms, (2) study of epitopes and structure 

using techniques such as Cryo-EM or crystallography, (3) eliminate Fc-mediated effector 

cells and non-specific binding in immunological studies, (4) increase sensitivity of binding 

by reducing potential steric hindrance. While several other groups have successfully 

produced anti-L2 mAbs, there has been difficulty producing Fab fragments. We attempted 

Fab production with anti-L2 mAbs 1A and 2E, but we were unable to detect Ig binding 

following processing with the enzyme (43). Other researchers have shared their difficulties 

in anti-L2 Fab production (personal correspondence and (48)). Our next attempt at anti-L2 

Fab production was with 7I, 9E, 20C and 21T. Purified mAbs 7I and 20C were treated with 

papain for the production of Fab fragments and 9E and 21T were digested with the enzyme 

ficin. Following processing, we verified by ELISA the purity of the Fab fragments and the 

ability to bind PsV16 (Figure 6).

Discussion

In this work, a panel of 30 mAbs reactive to the L2 protein of HPV16 was developed and 

characterized. Many mAbs in the panel recognize epitopes previously defined by other anti-
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L2 mAbs, but several also bound unique epitopes (Figure 1). Novel regions of the HPV16 

L2 protein recognized by our panel of mAbs include AA39-52, 82-85, 121-135, 141-150, 

161-170 and 176-185. We assessed the epitopes recognized by our panel and characterized 

them as buried or conformational (Figure 2A, B and Table 2). Buried epitopes are defined by 

the ability of the antibody to recognize denatured PsV capsids but not intact PsV. 

Conformational epitopes are defined by the ability of the antibody to bind intact PsV capsids 

but the loss of binding capacity with denatured PsV. Nearly all of the mAbs have the ability 

to detect native (conformational) structure and many are able to detect both native and 

denatured PsVs. Only three mAbs (38A, 51A, 54C) strictly require denaturation of the PsV 

to bind a buried epitope, albeit weakly.

Despite not localizing to epitopes previously defined to be surface exposed, many mAbs also 

demonstrated neutralizing potential (Figure 3). One of these epitopes (AA38-52) was 

defined by mAb 9E. There are several reported domains of L2 that overlap with the 9E 

epitope. These domains may or may not be targeted by the antibody and contribute to 

neutralization by interfering with trafficking (49-52). Two additional sites further away from 

the extreme N- terminus AA121-135 and AA141-150 were uniquely identified by mAbs 

20C/21T and 7I respectively. 21T and 7I both neutralize NV in a post-attachment assay, but 

neutralization of PsV16 is limited (Figure S2 and Figure 3). We are unable to speculate at 

this time as to their mechanism of neutralization and acknowledge that the different particle 

types utilize different genomes and the production differs by cell line and cell stratification. 

Any or all of these factors could be the reason for the different results in neutralizing 

capacity. Despite these differences, the PsV16 neutralization titer of 7I (46.7 pM) is 

comparable to the L1 mAb, 16.V5 as we showed previously that the 16.V5 half maximum 

neutralization titer is approximately 20 pM (45).

Epitopes of mAbs 11D, 13A, and 30A were not able to be finely mapped using overlapping 

peptides (Table 1). A common explanation for failure to map linear epitopes using peptides 

is that the epitope lies between two peptides; however, we used highly overlapping peptides 

that overlap by fifteen AAs and are offset by five. Therefore, such difficulty in epitope 

mapping is unexpected. Failure to map an mAb epitope may be an expected result in the 

case of an antibody which strictly recognizes conformational epitopes. Although peptides do 

have the potential for some secondary structure or even tertiary structure, it is generally 

limited since it is only a small piece of protein. If an antibody requires a quaternary structure 

for recognition, it will not be able to bind a single peptide because by definition, quaternary 

structures result from the interactions of two or more polypeptide chains. While this 

rationale could explain the difficulty to map 13A using peptides, the argument for the 

requirement of a structural epitope is challenged by 11D and 30A recognition of denatured 

PsV in a denaturing ELISA.

A parallel argument is that denaturation in a denaturing ELISA is not complete and therefore 

there remains a degree of structure which could be sufficient for antibodies requiring 

conformational epitopes. However, we were able to map the epitopes of 1A and 2E using 

overlapping peptides and both mAbs bound virions in intact ELISAs, yet these epitopes 

were lost in a denaturing ELISA. Therefore, if the denaturation conditions of the denaturing 

ELISA are not harsh enough to completely denature the virion proteins, they are at least 
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enough to eliminate the detection of 1A and 2E binding by ELISA. Perhaps immunoblotting 

is more sensitive than ELISA as contradictory results were observed when 1A and 2E 

positively detected HPV16 and HPV18 L2 by a denaturing and reducing SDS-PAGE/

immunoblot (data not shown).

An important aspect of mAbs generated against the L2 protein is the cross-reactivity of the 

mAb to a variety of HPV types. RG-1 targets a highly conserved portion of the L2 N- 

terminus AA17-36 and antiserum to the L2 peptide has been demonstrated to neutralize 

HPV types 5,6,16,18,31,45,52,58, BPV1, and CRPV (15). We assessed the ability of four of 

our high-titer mAbs 7I, 9E, 20C and 21T to detect several PV types by IF (Table 3 and 

Figure S3). We knew from our epitope mapping that 7I, 9E and 20C/21T bind L2 at unique 

sites. 7I and 9E were the most cross-reactive and while there were some PV types 

recognized by both mAbs, differential recognition was also observed. Another interesting 

result includes the finding that 7I mAb bound HPV18 in IF assay and the fine epitope was 

eventually mapped to AA136-145 in subsequent studies by peptide ELISA. Despite 

recognition of HPV18 L2 in those studies, 7I mAb failed to detect HPV18 PsV in an intact 

ELISA and also did not exhibit any neutralizing capacity against HPV18 PsV (Figure 5A 

and B). The lack of cross-neutralization observed in vitro may be a limitation of current L1- 

based in vitro neutralization assays given how L2 epitopes are often not exposed on the 

surface of HPV PsVs until post-attachment (47). Indeed, it was shown previously that 

passive transfer of mAbs into mice followed by challenge by HPV PsVs offered greater 

protection because of an additional protective mechanism of Fc-mediated phagocytosis of 

L2 antibody-virion complexes (48).

We are not the first group of investigators to develop antibodies targeting the minor capsid 

protein, but we are unaware of any investigators that have successfully generated functional 

anti-L2 Fabs until those reported here. The generation of anti-L2 Fabs creates opportunities 

for structural analyses by Cryo-EM or crystallography. These types of studies require a Fab 

because the Fc portion of the mAb is too flexible. Fabs are also desirable for competition 

studies because they create less potential for steric hindrance. The ability to generate Fabs in 

addition to mAbs will also aid in future studies to examine neutralization mechanisms of 

these antibodies.

The generation of this diverse panel of mAbs creates a novel set of biological probes for the 

assessment of HPV structure. Several mAbs targeting L1 have been available for years and 

these have aided the community of HPV researchers in many great discoveries. The probes 

developed for L1 have been superior to those available for L2 and perhaps L2 is simply 

more complex. The development of these well-characterized mAb probes targeting L2 

should enable many more great discoveries, helping to better define the role of L2 in the 

HPV lifecycle as well as the placement of the protein within the context of the overall virion 

structure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Mapped L2 interaction sites.
Diagram of known L2 protein interaction domains, epitopes of historical anti-L2 mAbs, and 

novel epitopes covered by anti-L2 mAbs presented in this manuscript. Diagram was adapted 

and updated from (46): Wang etal. 2013.
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Figure 2. Anti-L2 mAb recognition of intact or denatured capsids.
Binding of cloned anti-L2 mAbs to PsV16 was assessed by ELISA under native (A) and 

denaturing conditions (B). (A) Optical densities for the intact ELISA and (B) denaturing 

ELISA are displayed with +1 standard deviation of the duplicate sample (black) and +3 

standard deviations of the blank value (red).
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Figure 3. Neutralization by anti-L2 mAb panel.
The anti-L2 mAb panel was tested for the ability to neutralize PsV16 in a pre-attachment 

neutralization assay. Neutralization is displayed as a percentage + SEM.
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Figure 4. L2 mAbs capture PsV16 in a sandwich ELISA.
10μg/ml mAbs were bound to an ELISA plate in protein binding buffer, wells were blocked 

with milk and then PsV16 was added in milk. Captured PsV16 was detected by 10μg/ml 

16.V5-IgA mAb followed by an anti-mouse IgA-AP secondary antibody and reading at OD 

405 450. 3 individual experiments were conducted and the averages of the negative control 

mAbs (11.B2 and 58.J6) ODs were subtracted from the average of the L2 mAbs before 

graphing.
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Figure 5. Correlation between cross-reactive 7I/9E binding and neutralization.
The cross-reactivity of anti-L2 mAbs 7I and 9E were tested by intact binding ELISA (A) 

and a pre-attachment neutralization assay (B) for the following PsVs: CRPV, HPV16, 

HPV18, HPV39, HPV45 and HPV59. (A) Binding is shown as the OD + 3 standard 

deviations of the negative control. (B) Percent neutralization of each PsV is shown relative 

to infection in the absence of antibody + 3 standard deviations of the blank value.
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Figure 6. Assessment of Fab fragment purity.
The completion of Fab digestion and the functionality of Fab fragments was assessed by 

ELISA. Anti-Fab and anti-Fc signals are displayed as the optical density (OD) + SEM. 

Purity of Fab was based upon a positive anti-Fab signal and a negative anti-Fc signal.
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Table 1

Cloned Anti-L2 mAbs were isotyped and minimal epitopes were mapped by HPV16 L2 and HPV18 peptide 

ELISA. No reactivity of the clone to peptide is designated as NR and NT means that the clones were not 

tested.

Anti-L2 Clone Ig Isotype Minimal Amino Acid HPV16 Minimal Amino Acid HPV18

Epitope Epitope

16.L2.1A IgG1 18-32 17-31

16.L2.2E IgG1/IgG2b 18-32 NR

16.L2.1C IgG1 121-135 NR

16.L2.2R IgG1 161-170 NR

16.L2.3G IgG1 176-185 NR

16.L2.7I IgG2a 141-150 136-145

16.L2.9E IgG1 38-52 NR

16.L2.11D IgG1 NR NR

16.L2.13A IgG1 NR NR

16.L2.14L IgM 101-110 161-175

16.L2.17O IgG2b 161-170 NR

16.L2.19M IgG2a 86-95 NR

16.L2.20C IgG2a 121-135 NR

16.L2.21T IgG1 121-135 NR

16.L2.24F IgG2a 126-135 NR

16.L2.30A IgG1 NR NR

16.L2.31B IgG1 176-185 NR

16.L2.32B IgG1 68-87 NR

16.L2.35X IgG2b 86-95 NR

16.L2.36C IgG1 161-170 NR

16.L2.37A IgG1 71-95 NR

16.L2.38A IgG1 176-185 NR

16.L2.42L IgG1 86-95 NR

16.L2.43J IgG1 161-170 NR

16.L2.46G IgG1 18-32 17-36

16.L2.47I IgM 33-52 NT

16.L2.48A IgG1 86-95 NR

16.L2.50F IgG1 86-95 NR

16.L2.51A IgG1 176-185 NR

16.L2.52E IgG2a 161-175 NT

16.L2.54C IgM 120-125 NR

16.L2.58E IgG1 86-95 NR
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Table 2

Anti-L2 mAbs were categorized by their ability to bind native, denatured, or both epitopes as assayed by 

ELISA. Signals greater than 3 standard deviations of the negative control were assumed to be positive.

Native 1A, 2E, 1C, 2R, 3G, 7I, 9E, 11D, 13A, 14L, 17O, 19M, 20C, 21T, 24F, 30A, 31B, 32B, 35X, 36C, 37A, 42L, 43J, 46G, 
48A, 52E, 58E

Denatured 1C, 2R, 3G, 7I, 11D, 14L, 17O, 20C, 21T, 24F, 30A, 31B, 35X, 37A, 38A, 42L, 43J, 48A, 51A, 52E, 54C

Native/Denatured 1C, 2R, 3G, 7I, 11D, 14L, 17O, 20C, 21T, 24F, 30A, 31B, 35X, 37A, 42L, 43J, 48A, 52E

Native Only 1A, 2E, 9E, 13A, 19M, 32B, 36C, 46G, 58E

Denatured Only 38A, 51A, 54C

Virology. Author manuscript; available in PMC 2019 November 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Bywaters et al. Page 23

Table 3

Cross-reactivity of anti-L2 mAbs 7I, 9E, 20C and 21T identified by Immunofluorescence.

L2 16.L2.7I mAb 16.L2.9E mAb 16.L2.20C 16.L2.21T

HPV5 - + - -

HPV6 + - - -

HPV11 + + + -

HPV16 + + + +

HPV18 + - - -

HPV31 + + - -

HPV33 - + - -

HPV35 + + - -

HPV39 + - - -

HPV45 + - - -

HPV52 - + - -

HPV58 - + - -

HPV59 + - - -

BPV - - - -

MmuPV1 - - - -

CRPV - + - -
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