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A human monoclonal antibody 
against HPV16 recognizes an 
immunodominant and neutralizing 
epitope partially overlapping with 
that of H16.V5
Lin Xia1,*, Yangfei Xian1,*, Daning Wang1, Yuanzhi Chen1, Xiaofen Huang1, Xingjian Bi1, 
Hai Yu1, Zheng Fu1, Xinlin Liu1, Shaowei Li1, Zhiqiang An1,2, Wenxin Luo1, Qinjian Zhao1 & 
Ningshao Xia1

The presence of neutralizing epitopes in human papillomavirus (HPV) L1 virus-like particles (VLPs) is 
the structural basis of prophylactic vaccines. An anti-HPV16 neutralizing monoclonal antibody (N-mAb) 
26D1 was isolated from a memory B cell of a human vaccinee. The pre-binding of heparan sulfate to 
VLPs inhibited the binding of both N-mAbs to the antigen, indicating that the epitopes are critical for 
viral cell attachment/entry. Hybrid VLP binding with surface loop swapping between types indicated the 
essential roles of the DE and FG loops for both 26D1 (DEa in particular) and H16.V5 binding. Specifically, 
Tyr135 and Val141 on the DEa loop were shown to be critical residues for 26D1 binding via site-directed 
mutagenesis. Partially overlap between the epitopes between 26D1 and H16.V5 was shown using 
pairwise epitope mapping, and their binding difference is demonstrated to be predominantly in DE loop 
region. In addition, 26D1 epitope is immunodominant epitope recognized by both antibodies elicited 
by the authentic virus from infected individuals and polyclonal antibodies from vaccinees. Overall, a 
partially overlapping but distinct neutralizing epitope from that of H16.V5 was identified using a human 
N-mAb, shedding lights to the antibody arrays as part of human immune response to vaccination and 
infection.

Human papilloma virus (HPV) is the leading cause of cervical cancer, which is the second most common cancer 
in women worldwide1,2. Among the HPV oncogenic types associated with this carcinoma, HPV16 is the most 
prevalent and is responsible for approximately 70% of tumor specimens3,4. Infectious HPV is primarily com-
posed of 72 pentamers (capsomeres) of the L1 protein, in association with up to 72 copies of L2 capsid protein5. 
The L1 pentamers have the intrinsic capacity to assemble into empty capsid-like structures referred to as papil-
loma virus-like particles (VLPs), with immunogenicity similar to infectious virions6–8. VLPs have been shown 
to develop high serum titers of neutralizing antibodies without substantial adverse effects9,10. VLPs can also be 
useful reagents for studies of viral receptor binding, entry mechanism, and capsid structure11,12. More impor-
tantly, VLPs have been used for the induction of protective immunity in animal models13–15 and the development 
of prophylactic vaccines for HPV infection9,16. In addition, passive transfer experiments have provided strong 
evidence that a neutralizing antibody response is sufficient to protect against HPV challenge13,17.

Each pentameric capsomer is composed of five monomers, with each monomer having five antigenic loops 
(BC, DE, EF, FG, and HI). Major neutralizing epitopes were found to be conformational sites that are located 
on these hypervariable loops18–20 and were recognized by type-specific neutralizing antibodies21,22. H16.V5 is a 
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well-characterized HPV16 murine neutralizing antibody, and its binding to HPV16 VLPs completely blocks the 
reactivity of more than 75% of human antisera23. H16.V5 is often used for the assessment of the integrity and 
antigenicity of VLPs in vaccine products24. The antibody is known to recognize the FG and HI loops, which are 
immunodominant in the humoral response against the HPV16 major capsid protein23,25. A recent study mapped 
the precise conformational epitope of H16.V5 to 17 residues across five loops from two neighboring L1 proteins12. 
Moreover, half of the 17 binding residues targeted by H16.V5 were located in the FG loop, which supports the 
previous conclusion that residues at both ends of the FG loop are critical for H16.V5 binding12,26.

Current HPV vaccine strategies focus on generating not only type-specific antibodies but also cross-type neu-
tralizing antibodies for broader type coverage4,27,28. Hybrid VLPs can be constructed in which particle assembly 
properties are retained with different loop grafting. Surface loops from two different HPV types can be grafted 
onto a single hybrid VLP to trigger an antibody response that be neutralizing to two different HPV types27,28. 
Therefore, identification of immunodominant regions of L1 protein is critical for designing cross-reactive hybrid 
VLPs. For antigenic determinants of HPV16 L1 VLP, because the reconstituted epitopes of HPV16 VLPs are gen-
erally identified by murine monoclonal antibodies such as HPV16.V5, epitope mapping on HPV16 virus has been 
hampered by limited antibody sources and a lack of structural information of the antibody-antigen complexes. 
For example, whether a human neutralizing antibody can recognize the same surface regions of H16.V5 has yet 
to be demonstrated.

In this study, we characterized a human neutralizing antibody 26D1 that is specific to HPV16. The mono-
clonal antibody 26D1 was isolated from a memory B cell of a volunteer donor who obtained three doses of an 
experimental HPV16/18 VLP vaccine29,30. Essential surface loops of the L1 proteins for 26D1 binding were iden-
tified by employing a series of HPV16/6 hybrid VLPs with surface loops swapped between two types to alter the 
epitope structure. Refined 26D1 epitope mapping was carried out by a second set of site-directed mutant HPV16 
VLP proteins. The binding interface of 26D1 was predicted by homology modeling and molecular docking. Taken 
together, the results suggest that 26D1 recognizes a partially overlapping but distinct neutralizing epitope from 
that of H16.V5. This report is the first on the elicitation and epitope identification of a potent neutralizing anti-
body response against HPV16 VLPs in humans. Also the precise interpretation of neutralizing determinants 
provides a basis for prophylactic vaccine design.

Results
Isolation and characterization of a monoclonal antibody from an HPV16 L1 VLP vaccinee.  A 
healthy female donor vaccinated with three doses of an experimental HPV16/18 L1 VLP vaccine in a Phase I 
clinical trial was selected for isolating HPV16-specific neutralizing antibodies (N-mAb) from individual memory 
B cells. As reported, antibodies cloned and expressed from singly sorted HPV 16-pseudovirus labeled memory B 
cells were predominantly IgG (> IgA> IgM), which could be assessed for expression, folding, and function (anti-
gen binding and pseudovirus neutralization) in vitro31. Here, we screened 480 individual memory B cell culture 
supernatants from this donor for IgG1 positive (Supplementary Figure S1), binding to HPV16 VLPs and neutral-
izing HPV16 pseudovirus (PsVs). One IgG1 positive and antigen specific memory B cell clone was identified and 
further characterized, and the genes encoding an IgG were sequenced.

To characterize the human neutralizing antibody, the heavy- and light-chain immunoglobulin genes from this 
individual B cell well were amplified and cloned into IgG1 expression vectors, and the recombinant IgG1 antibody 
was named as 26D1. The VH and VL segments of 26D1 were assigned to IGHV4-39*01 and IGLV1-44*01 by IMGT, 
respectively. CDR sequences of 26D1 defined using the Kabat system32 are shown in Supplementary Table S1.  
Binding affinity and neutralization activity were calculated through four-parameter curve fittings (Fig. 1). The 
binding affinity of 26D1 to HPV16 VLPs shows an EC50 value of 66 ng/ml (EC50 binding is defined as the anti-
body concentration required to achieve 50% maximal binding, Fig. 1a). Neutralization activity of 26D1 to block 
PsVs entry has an NT50 value of 0.585 ng/ml (NT50 neutralizing activity is defined as the antibody concentration 

Figure 1.  Specific binding to HPV 16 VLPs and neutralizing activity against pseudovirions of mAb 26D1.  
(a) Binding (EC50: 66 ng/ml) of 26D1 to HPV16 L1 VLPs in an antibody dose-dependent manner. (b) Neutralizing 
titers (NT50: 0.585 ng/ml) of 26D1 as measured by blocking HPV16 PsVs entry. The absorbance value (a) and 
fluorescent spot numbers (b) are indicated on the Y-axis, and antibody concentrations (a,b) are indicated on the 
X-axis. Each data point is the mean of three separate experiments. An influenza virus-specific 13D4 mAb was 
used as the negative control.
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required to block viral entry by 50%, Fig. 1b). The KD value of 26D1 binding to HPV16 VLPs as measured by 
Biacore was 6.2 ×  10−9 M. Collectively, these results suggest that the human monoclonal antibody (mAb) 26D1 
possesses a high affinity to HPV16 VLPs and potent viral neutralization activity.

Inhibition of 26D1 and H16.V5 binding to HPV16 VLPs by heparan sulfate.  Specific binding 
of heparan sulfate, a cell surface receptor for HPV, to VLPs33 or PsV has been previously demonstrated34. The 
pre-binding of heparan sulfate to VLPs was shown to dramatically inhibit the binding of 26D1 and H16.V5 to 
VLPs in a concentration-dependent manner, as demonstrated by inhibition ELISA (Fig. 2). The IC50 values of 
26D1 and H16.V5 for heparan sulfate in this inhibition assay are 40 mg/ml and 100 mg/ml, respectively (Fig. 2). 
In the inhibitory assay on HPV 16 and 31 PsVs, comparable IC50 value of ~4 mg/ml35 was observed for both 
serotypes of PsVs infecting HaCaT cells. The ~10 fold lower in IC50 value observed in this in vitro PsV infection 
model35 as compared to the VLP-based binding assay reported in this paper is likely due to much lower concen-
tration of PsV particles was used when compared to the concentration of recombinant VLPs in the assays. The 
fact that soluble heparin sulfate can bind and inhibit the function of both PsVs and VLPs supports the notion that 
similar epitopes exist on PsVs and VLPs and heparin sulfate proteoglycan binding activity was maintained in both 
forms, analogous to authentic HPV virions.

Identification of surface loops in HPV16 L1 VLP critical for 26D1 binding.  To identify surface loops 
on VLPs that are critical for 26D1 binding, we established 20 HPV hybrid VLPs including 10 HPV16:6 hybrid 
VLPs that substituted HPV6 hypervariable loop residues (BC, DEa, DEb, DEc, EF, FGa, FGb, FGc, HIa, HIb 
loops) for HPV16 residues on the HPV16 L1 backbone, and another set of 10 different HPV6:16 hybrid VLPs that 
substituted HPV16 loop residues (BC, DEa, DEb, DEc, EF, FGa, FGb, FGc, HIa, HIb loops) for HPV6 sequences 
on the HPV6 L1 backbone (Supplementary Table S2, Supplementary Figure S2a). We tested the binding of 26D1, 
H16.V5 and another BC loop-binding mAb 1A4 to the 10 HPV16:6 hybrid VLPs (Fig. 3a–c). A murine N-mAb 
predominantly binding to BC loop (1A4) was used to confirm the structural integrity of hybrid VLPs in addi-
tion to overall particle morphology (Fig. 3a). The binding analysis showed that both H16.V5 (Fig. 3b) and 26D1 
(Fig. 3c) reacted with HPV16 wild-type protein and the HPV16:6 constructs that contained BC, EF and HI loops 
replaced by type 6 homologous residues. The HPV16:6 constructs containing type 6-derived DE and FG loop 
substitutions lost binding activity to both 26D1 (Fig. 3c) and H16.V5 (Fig. 3b). With the exception of DE and 
FG loop, there was a significant decrease in H16.V5 binding to HPV16:6 hybrid VLP with HI loop substitution 
(Fig. 3b). It suggests that the DE and FG loops contain critical epitopes for both 26D1 and H16.V5 interaction 
to HPV16, and HI loop is also determined to be important antigenic region for H16.V5 interaction, albeit to a 
lesser extent, consistent with previous reports12. For the HPV6:16 hybrid VLPs binding, only the mutant express-
ing the type 16-derived DEa loop substitution was recognized by 26D1 (Fig. 3d), suggesting that compared to 
other regions of the DE loop and FG loops, the DEa loop of HPV16 L1 is the dominant antigenic region for 26D1 
recognition.

The 26D1 interacting surface loops were further verified by molecular docking simulations36–38. The predicted 
immunocomplex structure was selected from poses with high scores in both ZDock and RDock calculations. 
In this model, due to steric hindrance, each pentamer on the VLP can only bind one 26D1 Fab at a given time. 
Contacting residues were mapped onto the DEa (residues 132–143) and FGb loops (residues 280–287) across five 
monomers and formed the top exit of the central tunnel on the pentamer (Fig. 3e). This result indicates that the 
DEa and FGb loops are in intimate proximity to each other and that the two loops constitute the conformational 
epitope for 26D1 binding, in agreement with the surface loop identification.

Figure 2.  Inhibition of 26D1 (a) and H16.V5 (b) binding to HPV16 VLP by pre-binding of heparin. Insets: dose 
response curves showing the inhibition of 26D1 or H16.V5 binding by the soluble receptor molecule heparin in 
solution. The median inhibitory concentration (IC50) values for 26D1 (40 mg/ml) and H16.V5 (100 mg/ml) were 
approximated by linear regression fitting the data (inhibition rate vs. heparin concentration) from multiple runs 
(n =  6).
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Identification of key residues on the DEa loop for 26D1 binding.  The likely immunocomplex struc-
ture was further used to predict the key residues in conformation-dependent antibody binding. As shown in 
Fig. 4a, 8 amino acids at positions 135–140 (YAANAG) and 142–143 (DN) of the DEa loop, 2 amino acids (GS) 
at positions 281–282 of the FGb loop, and residue Asn (N) at position 285 of the FGb loop were predicted to be 
conformational epitopes across two adjacent L1 monomers (Fig. 4a, Supplementary Table S3). A linear epitope 
in the vicinity was found on the DEa loop, which takes up position 135–136 (YA). Furthermore, the other two 
monomers in the counter-clockwise direction also contained a consecutive four amino acid epitope (DEa loop 
position 135–138, YAAN), which was recognized by 26D1. In addition, Gly140 on one of these two DEa loops was 
also predicted to be involved in 26D1 binding (Fig. 4a, Supplementary Table S3). By examining the formation of 
predicted hydrogen bonds, most of the key residues were located on the DEa loop, with a few on the FGb loop 
(Supplementary Table S3), indicating that the residues on the DEa loop have a significant influence on the binding 
of 26D1 to the HPV16 L1 VLPs.

The likely structure also suggests that residues 135 to 143 on the DEa loop are mostly involved in specific 
interaction with 26D1. We generated and purified six point-mutated HPV16 VLPs for these residues using 
site-directed mutagenesis (Supplementary Figure S2b). The individual residues of the DEa loop (residues 135–
143) (Y135, N138, G140, V141, D142, N143), all except three parental Ala residues, were successively mutated to Ala, 
which did not impair the formation of VLPs (Fig. 4b). The results showed that the VLP with the N138A mutation 
maintained 26D1 binding ability. The VLPs with G140A, D142A and N143A mutations demonstrated reduced 
26D1 interaction, which led to slightly reduced binding affinity. In contrast, the VLPs with Y135A and V141A 

Figure 3.  Identification of critical loops of the L1 protein for mAbs binding. Binding of a murine N-mAb 
(1A4) with BC loop specificity (a), H16.V5 (b) and 26D1 (c) to VLPs with HPV16 wild-type and HPV16 hybrid 
VLP mutants. VLP 16 wild-type (“-” on X-axis), HPV16 VLP with different loops swapped with the type 6 loops 
displayed as open bar. (d) Antibody 26D1 was tested by ELISA for reactivity to HPV6 wild-type and HPV6 
hybrid VLP mutant. VLP 6 wild-type (“-” on X-axis), HPV6 VLP with different loops swapped with the type 
16 loops displayed as solid bar. (e) Binding loop prediction by homology modeling and molecular docking. A 
model of 26D1 Fab is displayed as a solid ribbon diagram. The yellow and cyan ribbons represent the light chain 
and heavy chain, respectively. Predicted binding loops marked with red and blue are DEa loops and FGb loops. 
Residues involved in the 26D1 binding were mostly located at the DEa loop (red) and fewer at the FGb loop 
(blue).
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mutations exhibited drastically decreased binding to 26D1 to 3% and 5% of the wild-type VLP binding level, 
respectively (Fig. 4b).

The structures of VLPs with different mutations were also modelled by in silico mutagenesis. Based on the 
atomic model of the immune complex, the key residue Tyr135 forms a hydrogen bond with Ser24 from 26D1 
(Fig. 4c, Supplementary Table S3). Although the hydrogen acceptor sits at the main chain, loss of the phenolic 
group in the Y135A mutation results in a collapse of the surface of the epitope. This local structure alteration 
may contribute to the reduced affinity of 26D1 to the epitope, and this prediction was confirmed by the bind-
ing assay on mutated VLPs (Fig. 4b,c). Val141 on the DEa loop might contribute minimally to the predicted 
antibody-antigen interaction, but the VLP with the V141A mutations showed a significant loss of 26D1 binding 
(Fig. 4b). As indicated in Fig. 4d, the hydrophobic residue valine, with its side chain pointing to the interior of 
the proteins, might play a role in maintaining the local surface conformation. Thus, the V141A mutation may 
also induce a surface collapse, resulting in reduced affinity. Based on the structure of in silico mutagenesis, the 
free energy shift could be calculated to evaluate the change in binding affinity before and after the mutation. The 
Y135A and V141A mutations led to an energy increase of 0.64 kcal/mol and 0.79 kcal/mol, respectively, which 
stands for the potential deprivation of binding affinity (Fig. 4d).

Epitope mapping using surface plasmon resonance.  Epitope competition between 26D1 and H16.
V5 on binding to HPV16 VLPs was performed using Biacore surface plasmon resonance-based technology. The 
saturation binding levels of 26D1 and H16.V5 to the immobilized wild type VLPs on the chip were measured to 
be 126 RU and 157 RU, respectively. Then, antibody binding competition was assessed by pre-saturating the sur-
face with 26D1 and successively injecting a saturating amount of H16.V5. The saturated binding level for H16.V5 

Figure 4.  Identification of residues on the DEa loop that are critical for 26D1 binding. (a) Localization of 
the epitopes for 26D1 binding predicted by the docking models. Predicted binding residues were predominantly 
located on the DEa loop with a few on the FGb loop. The antigen-antibody complex is displayed as a solid 
ribbon diagram (left). Binding residues in the DEa loop and the FGb loop are rendered in ball-and-stick, 
colored in red and purple, respectively (right). (b) Binding of 26D1 to DEa loop mutants of HPV16 L1 VLPs. 
Alanine scanning mutagenesis was conducted on the DEa loop except the parental Ala residues. Binding of 
26D1 to the six point-mutated VLPs was detected in a binding assay. HPV16 wild-type VLPs were used as a 
positive control, and a human IgG1 antibody was used as a negative control. Asterisks indicate a significant 
difference in binding. (c) Tyr135 forming hydrogen bond with Ser24 of 26D1 (left); the Y135A substitution 
resulted in hydrogen bond disappearance and a substantially lower affinity to 26D1 (right). (d) The side chain 
of Val141 on the DEa loop pointed to the interior of the proteins (left). The V141A substitution resulted in a 
hydrophilic interface (right), Y135A and V141A also led to an energy elevation of 0.64 kcal/mol and 0.79 kcal/
mol, which is consistent with the reduced binding affinity. Binding residues are rendered in ball-and-stick, and 
residues of 26D1 Fab and DEa loop are marked with blue and yellow, respectively. Models of 26D1 Fab and 
HPV16 antigen are displayed as solid ribbon diagrams. The red dashed line between residues (Tyr135 on DEa 
loop, Ser24 on 26D1 Fab) represents a hydrogen bond.
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with pre-saturation of 26D1 was 100 RU, which is a 36% reduction of the original H16.V5 saturation binding (157 
RU) (Fig. 5a, left). To evaluate the inhibition rate of 26D1 by H16.V5, we reciprocally assessed 26D1 saturated 
binding level with H16.V5 pre-saturation, which resulted in 52% reduction of the original 26D1 saturated level 
(126 RU) (Fig. 5a, right). This result suggests that the epitopes recognized by 26D1 and H16.V5 partially overlap, 
and higher proportion of 26D1 epitopes can be blocked by pre-saturation of H16.V5.

HPV16 VLPs with DE (DE-HPV16:6 VLP mutant) and FG loops (FG-HPV16:6 VLP mutant) swapped with 
the type 6 loops were also used to analyze competition reactivity between 26D1 and H16.V5. For DE-HPV16:6 
VLP mutant binding on the chip, the saturation reactivity of 26D1 was dramatically reduced to be 41 RU, and 
76% of these 26D1 binding epitopes were blocked by H16.V5 pre-saturation (111 RU) (Fig. 5b, right). In contrast, 
only 21% of H16.V5 binding epitopes were inhibited with 26D1 pre-saturation (41 RU) (Fig. 5b, left). This result 
obtained indicates that 26D1 binding reactivity is greatly affected by DE loop substitution which is in agreement 
with the epitope identification and structural analysis. When H16.V5 binding to FG-HPV16:6 VLP mutant on 
the sensor chip, the saturated binding level for H16.V5 was 48 RU after 26D1 pre-saturation, resulted in 44% 
blocking percentage by 26D1 (Fig. 5c, left). Reciprocally, 45% of 26D1 binding epitopes were blocked by H16.V5 
pre-saturation directed against FG-HPV16:6 VLP mutant (Fig. 5c, right). The data suggests that the difference in 
26D1 and H16.V5 binding is primarily in the specific interaction with DE loop.

The capacity of 26D1 to block the reactivity of human sera to HPV16 VLPs was evaluated using a panel of 
16 human serum samples. Eight patient samples and eight serum samples from vaccinees, who were previously 

Figure 5.  Surface plasmon resonance of a pairwise binding study for cross inhibition between 26D1 and 
H16.V5. (a) Epitope competition between 26D1 and H16.V5 on binding to wild type HPV16 VLPs which 
were covalently attached to a sensor chip. The saturation units for 26D1 and H16.V5 (100 μ g/ml, injected three 
times) were 126 RU and 157 RU, respectively. Epitope competition was established by pre-saturation of the 
surface by 26D1 followed by injecting a saturating amount of H16.V5. With pre-saturation of 26D1, the H16.
V5 saturation level was 100 RU, corresponding to a 36% reduction of the original H16.V5 saturation binding 
(left). We reciprocally assessed 26D1 saturated binding level with H16.V5 pre-saturation, which resulted in 
52% reduction of the original 26D1 saturated level (right). (b) Epitope competition between 26D1 and H16.
V5 on binding to DE-HPV16:6 VLP mutant (HPV16 VLPs with DE loops swapped with the type 6 loops). The 
saturation units for 26D1 and H16.V5 were 41 RU and 111 RU, respectively. 21% of H16.V5 binding epitopes 
were inhibited with 26D1 pre-saturation (left), and 76% of 26D1 binding epitopes were blocked by H16.V5 pre-
saturation (right). (c) Epitope competition between 26D1 and H16.V5 on binding to FG-HPV16:6 VLP mutant 
(HPV16 VLPs with FG loops swapped with the type 6 loops). The saturation units for 26D1 and H16.V5 were 
98 RU and 86 RU, respectively. After 26D1 pre-saturation, the saturated binding level for H16.V5 was 48 RU and 
resulted in 44% reduction of the H16.V5 saturation binding (left). Reciprocally, 45% of 26D1 binding epitopes 
were blocked by H16.V5 pre-saturation (right). The saturation resonance units (RU) for mAbs with or without 
pre-saturation and blocking proportion are indicated in the figure.
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determined to be seropositive in a binding assay to HPV16 VLPs, were selected at random. The biosensor method 
was also used for this inhibition assay. Among the eight naturally HPV-infected serum samples, 26D1 was shown 
to completely block the reactivity of three samples to HPV16 capsids (Table 1). In contrast, no vaccinated serum 
samples were completely blocked by 26D1 (Table 1). For the other five patient samples, 26D1 demonstrated a 
partial blockage of HPV16 capsid binding ranging from 65% to 93%. Strong (> 80%) and intermediate blocking 
activity (≥ 60–80%) accounted for 25% (n =  2) and 38% (n =  3) of the 8 patient serum samples, respectively 
(Table 1). The average inhibition rate for the 8 patient samples was 86%, and the blocking activity of 26D1 to the 
8 vaccinated serum samples was observational lower (mean =  70%, Table 1). Only two vaccinee serum samples 
were strongly inhibited by 26D1 (> 80%), four samples were found to have intermediate inhibition activities 
(≥ 60–80%), and 26D1 showed low blocking activity for the remaining two samples from the vaccinees (< 60%, 
Table 1). The capacity of 26D1 was observed to block both the reactivity of serum samples from naturally infected 
individuals and vaccinees, suggesting that the epitope recognized by 26D1 is immunodominant.

Overlapping epitopes between 26D1 and H16.V5.  Mapping the epitopes onto the roadmap of a single 
capsomere revealed the similarities and differences between H16.V5 and 26D1 (Fig. 6). Of the 17 binding residues 
targeted by H16.V5, 13 residues are on the BC, FG and DE loops of the first L1 protein (Gln181, Asp184 on the BC 
loop; Val141, Asp142 and Asn143 on the DE loop; Val267, Gln269, Asn270, Ser280, Gly281, Ser282, Thr283 and Asn285 on the 
FG loop), and four residues are on the HI and DE loops on the second neighboring L1 protein (Thr358, Lys361 on 
the HI loop; Asn138, Ala139 on the DE loop)12. Five loops presented by the two L1 proteins consecutively across the 
footprint form a left-right-left-left-right L1 configuration, conferring a stabilizing force to the capsid (Fig. 6a)12. 
A similar study also demonstrated that seven residues (Asn138.DE, Ala139.DE, Gln181.EF, Ser282.FG, Asn285.FG, 
Ile348.HI, and Lys361.HI) were essential components in the common epitopes interacting with four other HPV16 
N-mAbs39. In contrast, the epitope of 26D1 in the model encircles the exposed surface around the rim of the cen-
tral tunnel exit along the DE loop track. Some regions of the DE loop are juxtaposed with the binding region of 
the FG loop (Figs 3e and 6a). Superimposing the two complex structures predicted that four binding residues of 
the DEa loop (Asn138, Ala139, Asp142, Asn143) and three residues of the FGb loop (Gly281, Ser282, Asn285) were over-
lapping epitopes targeted by both H16.V5 and 26D1, four of which (Asn138.DE, Ala139.DE, Ser282.FG, Asn285.FG) 
were included in the common epitopes39 mentioned above (Figs 4a and 6b, Supplementary Table S3). Moreover, 
two residues (Asn138 and Ser282) on this patch were predicted to form a hydrogen bond in the paratope of 26D1 
(Fig. 6b).

Discussion
The primary objective of a prophylactic HPV16 L1 VLP-based vaccine is to develop protective immunity against 
viral infection, which in large part depends on elicitation of neutralizing antibodies40. Memory B cells help to sus-
tain antibody levels over time by rapidly differentiating into antibody secreting cells upon pathogen re-exposure. 
Immunological memory that forms following HPV VLP vaccination remains elusive, until recently Scherer and 
colleagues characterized the memory B cells elicited by HPV vaccine. Their findings suggest that HPV vaccine 
provides an excellent model for studying the development of B cell memory31. In this study, we established a 

Serum No. Diagnosis
Neutralization titer 

(dilution factor)
Blocking 

percentage (%)

73 CINII 200 100

178 LSIL 200 100

121 LSIL 200 100

196 HSIL 2,000 93

75 CINII 200 84

158 CINII 200 75

72 LSIL 200 70

139 CINII 200 65

8 VLP vaccination 40,960 95

3 VLP vaccination 20,480 81

17 VLP vaccination 20,480 79

6 VLP vaccination 20,480 70

23 VLP vaccination 20,480 66

28 VLP vaccination 40,960 60

15 VLP vaccination 20,480 56

5 VLP vaccination 40,960 56

Inhibition percentage (mean) of HPV16 Patient sera 86% ±  21%

seropositive sera by 26D1 VLP vaccination sera 70% ±  25%

Table 1.   HPV16 capsid immunoreactivity of human sera from naturally infected individuals or vaccinees 
and the percentage of 26D1 inhibition in a surface plasmon resonance-based binding assay against  
HPV16 VLPs. CINII, cervical intraepithelial neoplasia; LSIL, low-grade squamous intraepithelial lesion; HSIL, 
high-grade squamous intraepithelial lesion.
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robust memory B-cell culturing protocol to drive proliferation and differentiation to antibody producing cells 
in vitro, which allowed for functional screening of potent neutralizing antibody from an HPV VLP vaccinated 
individual. In addition, due to the limited information on neutralizing epitopes on the HPV16 capsid protein, we 
isolated a specific neutralizing antibody to characterize their immunoreactive epitopes to further improve our 
understanding of L1 topography as well as providing unique tools for tracking important antibody specificities 
generated by natural infection and vaccination. This is also the first report on the identification of a human mon-
oclonal antibody recognizing a distinct neutralizing epitopes on the HPV16 capsid protein.

The neutralization epitopes of HPV16 are usually detected with murine monoclonal antibodies such as H16.
V5. An epitope composed of the FG and HI loops identified by H16.V5 has been reported to be immunodom-
inant for HPV1623,27,41,42. However, a series of experiments have suggested that there may be additional critical 
neutralizing epitopes on the capsid protein during human natural HPV16 infection43–45. The complete H16.V5 
epitope has recently been mapped through a cryo-electron microscopy study to a total of 17 residues of multiple 
loops (BC, FG, DE and HI loops) from two neighboring L1 proteins. Among the 17 residues, eight of them were 
found on the FG loop, five were found on the DE loop, and two were located on the HI loop12, which is in agree-
ment with our surface loop identification that DE and FG loops were major component for H16.V5 recognition, 
and HI loop had minor impact on H16.V5 binding. These findings validate our conclusion based on the human 
neutralizing antibody 26D1 studies that in addition to the FG loop, the DE loop on HPV16 on the capsid protein 
is also one of the most important regions for neutralizing activity. As measured by epitope competition, although 
the epitopes of H16.V5 and 26D1 are overlapping, the two epitopes are distinct and their binding difference is 
mainly located on DE loop. Epitope identification also confirmed that 26D1 recognized epitope is more depend-
ent on residues on the DE loop rather than the ones on the FG loop where the H16.V5 contact residues reside12,39.

The structural determination and homology modeling of the VLP-Fab complex allowed the predicted inter-
pretation of the similarity and difference between H16.V5 and 26D1 epitopes12,39,42. But it should be noted that 
these observations were based on structure analysis performed by crystallographic software, the authentic residue 
interaction will be further investigated through 26D1 Fab co-crystallization with VLP or L1 pentamer. The critical 
role of residue Tyr135 makes the 26D1-defined epitope distinctively different from that of H16.V5, as this residue 
was not shown to be involved in the H16.V5 epitope. Although this residue has been shown to recognize another 
two N-mAbs, namely H16.1A and H16.263A239. This distinct 26D1-defined epitope structure explains not only 
the elicitation of a strong immune response in humans against this antigenic site, but it also provides a molecular 
proposition for VLPs or PsVs to recognize human HPV16-specific neutralizing antibodies.

Both H16.V5 and 26D1 recognize immunodominant epitopes. Based on the antibody footprinting results, 
26D1 epitope is an immunodominant epitope as demonstrated with over 70% competition of polyclonal anti-
bodies in patient sera or vaccine sera by 26D1. More sera samples and WHO standard sera to HPV1646 will be 
involved in competition assay of 26D1 to better define the competition levels in serum samples. In addition, H16.

Figure 6.  Identification of partially overlapping but distinct neutralizing epitopes of H16.V5 by 26D1. 
(a) The footprint of H16.V5 and 26D1 Fab in the atomic model. H16.V5 Fab binds five loops across two L1 
proteins that are adjacent to one another12. 26D1 Fab binds across five monomers adjacent to the central 
tunnel. The boundary of each V5 Fab-binding residue is marked with black dashed lines12. Each pentamer on 
VLP can only bind one 26D1 Fab at a time due to steric hindrance. The boundary of the 26D1 Fab-binding 
residues is marked with red dashed lines. As reported, complete H16.V5 epitopes were identified that map to 
17 residues of multiple loops (BC, FG, DE and HI loops) from two neighboring L1 proteins12. Based on this 
result, the contacting residues of V5 mAb and 26D1 human mAb on the capsomeric surface are highlighted in 
blue and pink, respectively. Overlapping residues (N138, A139, D142, N143, G281, S282, N285) of H16.V5 and 26D1 
are highlighted in purple. (b) Contacting residues of H16.V5 and 26D1 are rendered in ball-and-stick and are 
colored blue and pink, respectively. Overlapping residues are labeled and colored purple.
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V5 was proven to protect from PsV challenge from murine genital model47, whether 26D1 affords protection from 
genital infection in vivo needs to be further studied using this model. The 26D1 epitope was impaired by prior 
binding of heparan sulfates or heparin, which is a soluble receptor molecule present on the cell surface as highly 
negatively charged chains in proteoglycans33,34,48. Both heparan sulfate and H16.V5 were shown to bind the cap-
somere from the top of the pentamer42. The impairment of N-mAb binding by heparan sulfate was due to either 
steric hindrance or conformational changes induced by heparin binding, a process that is important for viral cell 
entry. This observation is consistent with the fact that heparin in solution or neutralizing antibodies such as 26D1 
and H16.V5 can efficiently neutralize the HPV pseudovirus, mostly likely by blocking the cell entry process.

In summary, a human HPV16 neutralizing antibody 26D1 was isolated from a vaccinee through a B-cell 
cloning procedure. Its epitope was mapped in details through loop swapping and site-directed mutagenesis of 
the major antigenic sites. The 26D1 epitope consists of residues from the FG and DE loops, predominantly in 
the DEa loop, with the Tyr135 and Val141 in the DEa loop being the most critical residues. Pairwise epitope map-
ping and analysis of key residues at the Ag-Ab interface revealed that 26D1 recognizes a conformational epitope 
that partially overlaps that of H16.V5. These findings contribute to the improved our understanding of the anti-
genic structure of the HPV16 L1 VLPs and of human B-cell epitopes in the immune responses to HPV natural 
infection or vaccination. The work based on a human IgG elicited by vaccination provided better understanding 
of type-specific neutralizing epitopes for HPV 16. Such an understanding on structural basis of neutralizing 
epitopes will aid future vaccine design to induce cross-type protection with hybrid VLPs by specific loop grafting 
across different types, thus to afford broad spectrum protective immunity.

Materials and Methods
Ethics statement.  The vaccination and blood sampling of the healthy volunteer strictly adhered to 
the guideline and were compliant with the clinical protocol, which was approved by the Xiamen University 
Institutional Review Board. Written informed consent was obtained from the donor for use of the serum sample. 
Independent Ethics Committee approval was obtained from the Ethics Committee of the National Institute of 
Diagnostics and Vaccine Development in infectious diseases.

Study subject and samples.  A healthy female volunteer was recruited from a Phase I clinical trial of an 
experimental HPV16/18 vaccine29,30. The serum HPV16 neutralization titer (NT) for the subject at the point of 
sampling was 40,960 (dilution factor), representing a strong immune response after three doses of HPV16/18 L1 
VLP vaccination.

Eight serum samples of vaccines were collected from a Phase I clinical trial of the HPV16/18 vaccine, and 
four patient serum samples were collected from donors diagnosed with cervical intraepithelial neoplasia (CINII); 
three patients were diagnosed with low-grade squamous intraepithelial lesion (LSIL), and one patient sample was 
diagnosed with high-grade squamous intraepithelial lesion (HSIL). All serum samples were determined to be 
seropositive for antibody binding activity against HPV16 VLPs.

Memory B-cell culture, isolation and antibody cloning.  A total of 40 ml of whole blood from the 
female vaccinee was collected for peripheral blood mononuclear cell (PBMC) isolation. IgG+ memory B cells 
were isolated from the PBMCs using the EasySep™  Human Memory B Cell Isolation Kit (Stemcell, Vancouver, 
CA). To promote memory B-cell differentiation into antibody-secreting plasma cells, memory B cells were seeded 
at an average of 1.5 B cells/well in 96-well plates in the presence of 50 Gy irradiated CD40 ligand feeder cells and 
50 ng/ml recombinant human IL-21 protein (Sino Biologicals, Beijing, China). The culture supernatants were col-
lected 14 days later and screened for binding activity to the HPV16 VLPs and neutralizing activity in the HPV16 
pseudovirus (PsVs)-based neutralization. Total RNA was isolated from positive lysed B-cell cultures using an 
RNeasy Micro kit (Qiagen, Valencia, CA), and reverse transcription was carried out using the SuperScript III 
First-Strand Synthesis SuperMix kit and specific IgG1 reverse primer (Invitrogen, Carlsbad, CA). Heavy and 
light chain variable regions were then amplified by PCR using IgG1 VH, VK, Vλ family-leader region-specific 
primers49 and sub-cloned into the human IgG1 expression vectors pTT5-HC with a heavy chain constant region 
and pTT5-LC with a light chain constant region, respectively. The recombinant vectors were co-transfected into 
CHO cells at a 1:1 ratio using polyethylenimine (PEI; Polyscience, Chicago, IL) and cultured for 7 days. Antibody 
IgG1 was purified from culture supernatants by protein A affinity chromatography (General Electric Company, 
Pittsburgh, PA).

IgG1 detection of memory B cell cultures.  The concentration of IgG1 in B cell culture supernatants 
was assessed from 2 plates randomly chosen from total of 5 plates in ELISA assay. Maxisorp Nunc-Immuno 
Plates (Thermo Scientific, Waltham, MA) were coated with 50 μ l per well of goat anti-human IgG1 (Fc) antibody 
(Thermo Scientific, Waltham, MA) at 4 μ g/ml in PBS at 4 °C overnight. 50 μ l per well of B cell culture supernatants 
was then added. Afterwards, 50 μ l per well of HRP-conjugated goat anti-Human IgG1 (Southern Biotech Inc, 
Birmingham, AL) at 1:2,000 dilution was added as secondary antibody. Reaction was read at 450 nm on VICTOR 
Multilabel Counter (Wallac/Perkin Elmer, Waltham, MA ). Purified human IgG1 whole molecule of known con-
centration (Pierce, Rockford, IL) with 3 fold dilutions starting at 10 μ g/ml was used as standard curve.

ELISA binding and pseudovirus neutralization assays.  Intact HPV16 capsids and hybrid VLPs (3 μ g/
ml) were coated onto 96-well microtiter plates (Corning, Glendale, AZ) in 20 mM phosphate at pH 7.4 and 0.3 M 
NaCl, and 100 μ l B cell culture supernatants were added. For EC50 and hybrids binding measurements, purified 
antibody was initially diluted at 1 μ g/ml followed by serial dilution (1:2) across a polypropylene 96-well plate in 
PBS. The EC50 titers represent the concentration for 50% of maximal binding. We chose the OD reading of 26D1/
H16.V5/1A4 at concentration of 12 ng/ml for surface loop identification in hybrid VLPs binding assay.
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HPV16 pseudo-viruses were produced according to previous studies50–52. HPV16 pseudovirions vector 
coupled to a green fluorescent protein reporter gene (pN31-GFP) were kindly provided by Dr. J. T. Schiller53. 
Neutralization procedure has been described in our previous report54. Firstly, 293FT cells were harvested 72 h 
after transfection, lysed with cell lysis buffer and incubated at 37 °C for 24 h. Afterwards, 5 M NaCl solution was 
added to the samples to extract the cell lysates. TCID50 (tissue culture infective dose) of the supernatant was then 
measured to determine the titers of the PsVs55. 293FT cells were incubated at 37 °C in 96-well plate at a density of 
1.5 ×  104 cells per well for 6 h. 26D1 were subjected to a 2-fold dilution. PsVs were diluted to 2 ×  105 TCID50/μ l. 
Sixty μ l of the PsV diluent and 60 μ l of the serially diluted antibody were mixed and incubated at 4 °C for 1 h. The 
negative control was prepared by mixing 60 μ l of the PsV diluent with 60 μ l of the culture medium. Then, 100 μ l of 
the above mixtures were added designated wells and incubated at 37 °C for 72 h. Flow cytometry was used to detect 
the number of HPV-pseudovirus-infected enhanced green fluorescent protein (EGFP)-expressing cells. The end-
point titers were calculated as the log10 of the highest dilution with a percent infection inhibition higher than 50%.

Determination of 26D1 binding affinity by surface plasmon resonance.  Affinity measurement was 
conducted at 25 °C on a Biacore 3000 instrument (GE Healthcare, Uppsala, Sweden). Mouse anti-human IgG 
(25 μ g/ml) was directly immobilized to the surface of a CM5 sensor chip via covalent amine coupling. HPV16 
VLP protein was initially diluted as 20 nM and then serial diluted to five concentrations (0.625, 1.25, 2.5, 5, 10, 
20 nM) in 250 μ l by using 0.5 M NaCl, 5 mM histidine buffer, 0.02% PS80, pH 6.2. Next, 5 μ g/ml of 26D1 was 
loaded onto sensor chip for 60 s at a flow rate of 5 μ l/min. Then each concentration of HPV16 VLP analyte was 
loaded onto sensor chip to carry out an association step with 26D1 ligand for 120 s for determining their rela-
tive on-rates; this was followed by a dissociation step for 600 s for determining their relative off-rates. 10 mM 
glycine-HCl (pH 1.7) was used as regeneration buffer at a flow rate of 10 μ l/min for 30 s. The sensorgram was 
recorded and subjected to reference and buffer subtraction and then evaluated using BIAevaluation software.

VLP binding competition between 26D1 and H16.V5 by surface plasmon resonance.  The anal-
ysis was performed with a Biacore 3000 (GE Healthcare, Uppsala, Sweden) equipped with CM5 sensor chips. 
The HPV16 L1 VLPs (20 μ g/ml in 400 μ l of PBS buffer) were covalently coupled to the CM5 sensor surface at 
a flow rate of 5 μ l/min. Antibody saturation of the bound HPV16 L1 VLPs was achieved for 26D1 after three 
injections of 100 μ g/ml antibody diluted in 50 μ l PBS. VLP binding competition between 26D1 and H16.V5 was 
established by successively injecting H16.V5 three times at 100 μ g/ml diluted in 50 μ l PBS to the 26D1 saturated 
sensor surface. Similarly, we reciprocally assessed saturated binding level for 26D1 with H16.V5 pre-saturation. 
Then, HPV16:6 hybrid VLPs that substituted HPV6 hypervariable DE and FG loop were respectively loaded on 
the sensorchip for epitope competition between 26D1 and H16.V5, as described above.

Eight patient sera and eight serum samples from vaccinees with different neutralization titers were randomly 
selected for 26D1 inhibition study. Sera blocking experiments were conducted with the saturation amount of 
serum after 26D1 blocking as described above. Binding was measured as a change in resonance units (RU) on the 
chip. Bovine serum albumin was used as a control for nonspecific binding.

Homology modeling and molecular docking.  The initial 26D1 3D structure model was generated using 
the Homology Module of Discovery Studio 4.1 (Accelrys Inc.) using the CDR sequence information listed in 
Supplementary Table S2. The HPV16 L1 pentamer (PDB: 2R5H)8 and 26D1 structure were submitted to the 
ZDock module for molecular docking analysis. Two previously described consecutive steps of calculations, that 
is, geometry search and energy search56, were run on the ZDock and RDock programs36,38. The top 50 poses from 
the ZDock results were selected for RDock evaluation. The pose with the highest score in both the ZDock and 
RDock calculations was selected as the predicted complex57. The 26D1 epitope was then concluded from the con-
tact region between the pentamer and the antibody. All structures were optimized in Discovery Studio, and the 
energy of interaction was calculated using CHARMM force field.

Generation of hybrid VLPs and VLPs with mutated amino acids.  Type-specific amino acids in hyper-
variable loops of the HPV16 and HPV6 L1 capsid proteins were identified by CLUSTAL amino acid sequence 
alignment (Supplementary Table S2)58. To generate HPV16:6 hybrid virus-like particles, ten hypervariable loop 
sequences (BC, DEa, DEb, DEc, EF, FGa, FGb, FGc, HIa, HIb; Supplementary Table S2) of the HPV16 L1 capsid 
protein were exchanged by the corresponding amino acid residues of the HPV6 L1 protein on the HPV16 L1 
backbone. HPV6:16 hybrids that substituted HPV16 loop sequences for HPV6 residues on the HPV6 L1 backbone 
were generated reciprocally. The construction of hybrid VLP mutants were performed as previously described54.

Competitive inhibition of 26D1 and H16.V5 by heparin.  The human monoclonal antibodies 26D1 
and H16.V5 were used for the heparin competitive binding ELISA. Briefly, HPV16 VLP was coated on a 96-well 
plate overnight at 4 °C. After HPV16 VLP coating, a total of 100 μ l of 55.55 mg/ml heparin was added to the first 
well and a 2-fold serial dilution was used for the following wells in the column. After a 30-min incubation at 
room temperature, 200 ng/ml 26D1 was added to each well and incubated for 1 h. The plate was washed 5 times, 
and goat anti-human IgG-HRP diluted in enzyme dilution buffer was then added, followed by incubation for 
1 h. After washing 5 times, the plate was incubated with a solution of tetramethylbenzidine substrate for 10 min. 
The reaction was stopped with 2 M H2SO4. The optical density was measured spectrophotometrically at 450 nm.

Transmission electron microscopy (TEM).  Approximately 15 μ l of HPV16 L1 VLPs or hybrid VLPs at 
200 μ g/ml was absorbed onto carbon-coated copper grids, blotted dry, and stained with freshly filtered 2% phos-
photungstic acid (pH 6.4). Grids were examined under the FEI Tecnai T12 TEM at an accelerating voltage of 
120 kV and photographed at a nominal 25,000 ×  magnification.
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