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Abstract

The prevalent human papillomaviruses (HPVs) infect human epithelial tissues. Infections by the 

mucosotropic HPV genotypes cause hyperproliferative ano-genital lesions. Persistent infections by 

high-risk (HR) HPVs such as HPV-16, HPV-18 and related types can progress to high grade 

intraepithelial neoplasias and cancers. Prophylactic HPV vaccines are based on DNA-free virus-

like particles (VLPs) composed of the major capsid protein L1 of HPV-16, -18, -6 and -11 

(Gardasil) or HPV-16 and -18 (Cervarix). Sera from vaccinated animals effectively prevent HPV 

pseudovirions to infect cell lines and mouse cervical epithelia. Both vaccines have proven to be 

highly protective in people. HPV pseudovirions are assembled in HEK293TT cells from matched 

L1 and L2 capsid proteins to encapsidate a reporter gene. Pseudovirions and genuine virions have 

structural differences and they infect cell lines or primary human keratinocytes (PHKs) with 

different efficiencies. In this study, we show that sera and isolated IgG from women immunized 

with Gardasil prevent authentic HPV-18 virions from infecting PHKs, whereas non-immune sera 

and purified IgG thereof are uniformly ineffective. Using early passage PHKs, neutralization is 

achieved only if immune sera are added within 2 to 4 h of infection. We attribute the timing effect 

to a conformational change in HPV virions, thought to occur upon initial binding to heparan 

sulfate proteoglycans (HSPG) on the cell surface. This interpretation is consistent with the 

inability of immune IgG bound to or taken up by PHKs to neutralize the virus. Interestingly, the 

window of neutralization increases to 12 to 16 h in slow growing, late passage PHKs, suggestive 

of altered cell surface molecules. In vivo, this window might be further lengthened by the time 
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required to activate the normally quiescent basal cells to become susceptible to infection. Our 

observations help explain the high efficacy of HPV vaccines.
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1. Introduction

The ubiquitous human papillomaviruses (HPVs) infect either mucosal or cutaneous epithelia 

[1, 2]. The mucosotropic HPVs are the most common sexually transmitted viral pathogens. 

The low-risk (LR) HPV types -6 and -11 cause 90% of ano-genital warts and all recurrent 

respiratory papillomatosis but only rarely initiate neoplastic changes. In contrast, the high-

risk (HR) HPV types, notably HPV-16 and HPV-18 and closely related genotypes, are the 

causative agents of cervical cancers and most other HPV-associated ano-genital carcinomas 

as well as 20-25% of head and neck cancers [3]. Cervical carcinoma is the fourth leading 

cause of cancer death in women globally and accounts for 10-15% of cancer deaths [4, 5].

HPVs are non-enveloped small DNA viruses. The viral capsid is comprised of the major late 

protein L1 and the minor protein L2. HPVs establish infection in the basal stratum of 

squamous epithelia whereas viral DNA amplification, capsid protein expression and virion 

assembly take place sequentially in the differentiated keratinocytes of the mid and upper 

strata. Mature virions are shed as the cornified envelopes are sloughed off [6]. Organotypic 

raft cultures of primary human foreskin keratinocytes (PHKs) developed at the liquid 

medium/air interface generate differentiated squamous epithelia that closely resemble native 

tissues, and they support the productive viral program [7, 8]. The HPV particles generated 

can elicit a new round of productive infection in PHK raft cultures [9].

Two available HPV vaccines, Gardasil (Merck), directed against HPV-6, -11, -16, and -18, 

and Cervarix (GlaxoSmithKline), targeting HPV-16 and -18, provide highly efficacious 

protection of uninfected women and men for at least a decade [10, 11]. The vaccines are 

based on virus-like particles (VLPs) assembled exclusively from the major capsid protein 

L1. The FDA recently approved Gardasil-9, which protects against infections by 5 additional 

HR genotypes, HPV-31, -33, -45, -52 and -58 [12].

Pseudovirions harbor a reporter gene encapsidated in matched L1 and L2 proteins of various 

HPV genotypes [13]. The particles are assembled in HEK 293TT cells and have been used 

to study the HPV infection process and to characterize neutralizing antibodies elicited by the 

vaccines. However, pseudovirions have structural differences from authentic virions and 

require a maturation process in vitro to stabilize the particles [14]. Pseudovirions are 

infectious in cell lines but they have low infectivity in PHKs, the natural host for HPVs. The 

differential infectivity has been attributed to variations in the modifications of heparan 

sulfate proteoglycans (HSPG) on the cell surface [15]. In contrast, authentic HPV particles 

infect PHKs at a multiplicity of infection (MOI) as low as 2 and initiate early gene 

expression [9].
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Plasma and external secretions contain virus-neutralizing antibodies as a consequence of 

infection or immunizations. Neutralizing antibodies in their free form bind to relevant 

epitopes and inhibit the attachment of viruses to cellular receptors. Several laboratories have 

reported that the ability of antibodies to neutralize certain viruses can be extended to 

intracellular interactions. Internalized antibodies of IgA or IgG isotypes effectively interfere 

with the replication of these viruses [16-19] due to the fact that mucosal epithelial cells 

express receptors specific for immunoglobulins (Ig), which mediate their internalization [20, 

21]. Epithelial cells of the female genital tract express FcRn, which is responsible for the 

selective transport of IgG in mucosal secretions [16, 22, 23]. The FcRn-mediated 

transcellular transport of IgG effectively inhibits genital tract infection by the herpesvirus in 

a murine model [16].

The availability of genuine HPV-18 virions produced in organotypic epithelial raft cultures 

allowed us to re-examine the infection process in PHKs. Importantly, it has been of great 

interest to estimate the “window of neutralization”, which could help us understand the high 

efficacy of HPV vaccines. Accordingly, we examined human sera collected from women 

immunized with Gardasil for their ability to neutralize infection of PHKs by genuine 

HPV-18 virions generated in organotypic epithelial raft cultures. We also explored the 

possibility that HPV-specific antibodies of the IgG isotype might exert their protective effect 

through FcRn-mediated internalization of IgG by PHKs.

2. Methods

2.1. Cells and culture conditions

PHKs were isolated from neonatal foreskins following elective circumcision according to an 

IRB-approved protocol at the University of Alabama at Birmingham (UAB). They were 

grown in keratinocyte serum-free medium (K-SFM) (Life Technologies, Grand Island, NY) 

in the presence of mitomycin C-treated J2 feeder cells (Swiss 3T3 J2 fibroblasts, a gift of Dr. 

Elaine Fuchs, Rockefeller University) [9, 24]. PHKs were split 1:3 at 90% confluence. 

Unless otherwise specified, all assays used PHKs at passage 2. The human colon carcinoma 

epithelial cell line HT-29 (ATCC Cat# HTB-38) and endometrial carcinoma cell line HEC-1-

A (ATCC Cat# HTB-112) were grown in complete RPMI 1640 medium. The TZM-bl cell 

line (NIH AIDS Reagent Program Cat# 8129) was maintained in complete Dulbecco’s 

modified Eagle’s medium.

2.2. Isolation of RNA and RT-PCR analysis for FcRn

Total RNA was isolated from PHKs, HT-29, HEC-1-A, and TZM-bl cells using standard 

phenol-chloroform extraction with RNA-STAT60 (Tel-Test Inc., Friendwoods, TX), 

followed by treatment with Turbo DNase I (Life Technologies) and reverse transcription 

with SuperScript III (Life Technologies). Primers for FcRn cDNA to amplify a 326 bp 

product were: Forward U190 5’-TGGGCGCAGAAAGCCACCTCTC-3’, Reverse L494 5’-

GGTGGGCACCGAGGTGTTGTCA-3’.
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2.3. Serum samples and determination of total and HPV-specific IgG and IgA antibodies

Four matched pre-immune and post-immune (7 months after the first of three vaccinations 

according to protocol) sera of Gardasil-vaccinated women were provided by Merck & Co., 

Inc., Kenilworth, NJ. Sixteen additional sera collected from Gardasil-vaccinated women (1 

to 3 years post-immunization) were obtained from the Department of Obstetrics and 

Gynecology, UAB. In lieu of matched pre-immune sera, serum from a healthy, unimmunized 

individual was used as a negative control.

ELISA for total IgG and IgA was performed as previously described [25-27]. Titers of HPV-

specific IgG and IgA antibodies were measured in all sera by an ELISA similar to that 

performed for total Ig, with the exception that Gardasil vaccine at a dilution 1:80 was used to 

coat the ELISA plates. Two-fold serial dilutions of sera starting from 1/100 for IgA and 

1/500 for IgG were used. The endpoint titer was defined as the dilution of serum which gave 

an optical density above the cut-off value (mean value of background +/− 3 × standard 

deviation).

2.4. IgG isolation and fluorescein labeling of IgG

IgG was purified from sera collected before and after Gardasil immunization using Protein 

G Sepharose according to the manufacturer’s instructions (GE Healthcare Bio-sciences 

Corp., Piscataway, NJ) [27]. The concentration of isolated IgG was adjusted to match the 

levels present in the corresponding serum sample. Aliquots of IgG were labeled with 

fluorescein (Fl) using a labeling kit (Solulink, San Diego, CA). The Fl to IgG molar ratio 

ranged between 3.0 and 4.6.

2.5. Binding and uptake of fluorescein-labeled IgG by PHKs

PHKs (6 × 104) were cultured overnight at 37°C. Fl-IgG in amounts of 75, 27 or 18 μg was 

added and incubated for up to 18 h. PHKs were then trypsinized and fixed in 2% 

paraformaldehyde for flow cytometry. Data acquisitions were performed on a BD-LSRII 

flow cytometer (BD Biosciences, San Jose, CA). To ascertain that the IgG internalization 

was Fc-mediated, PHKs were incubated with 25 μg of FITC-labeled, intact rabbit IgG or the 

F(ab’)2 fragment of IgG (SouthernBiotech, Birmingham, AL) for 3 h at 37°C and analyzed 

by flow cytometry.

2.6. HPV-18 virion production and neutralization assays

HPV-18 virions were produced, partially purified and titered as described [9, 24]. For 

neutralization assays, PHKs (6 × 104) were seeded in each well of 12-well plates in K-SFM 

and grown overnight. Cell number was determined before wells were infected with HPV-18 

at the specified MOI. Dilutions of sera or purified IgG were added at the same time in a total 

incubation volume of 500 μl. The cells were then cultured for 24 h or 6 h, washed twice, and 

refreshed with K-SFM. At confluence, total RNA was harvested and reverse transcribed. 

Nested PCR or PCR targeted, respectively, a portion of the cDNA spanning the splice sites 

of the HPV-18 E1^E4 mRNA (521 bps) or the control β-actin cDNA (642 bps) [28, 29]. The 

cDNA products were electrophoresed in a 2% agarose gel and imaged after staining with 

ethidium bromide. To reveal the window of virus neutralization by immune sera, PHKs were 

infected with HPV-18 (MOI of 20) at 0 h and challenged with a 1:250 dilution of sera at 0, 2, 
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4, 6, 8, 10, 12, 16, 20 and 24 h post-infection. Detection of E1^E4 cDNA was conducted as 

described above. To examine the possibility of intracellular neutralization, PHKs were 

grown for 18 h in the presence of 150 μg of purified IgG prior to HPV-18 infection.

3. Results

3.1. Titers of HPV-specific IgG and IgA in sera of Gardasil-immunized women

The titers of HPV-specific IgG were higher than the IgA isotype in all sera collected after 

immunization (Table 1 and Table S1). Four paired pre- and post-immune sera provided by 

Merck along with two post-immune sera from UAB with the highest antibody titers were 

selected for evaluating their HPV-neutralizing activity. The UAB sera were collected after 1 

to 3 years post-vaccination, and the IgG titers varied among immunized individuals. In a 

previous report, the HPV-specific titer reached a peak after 7 months and then declined after 

12 months [30]. However it is not possible to compare IgG ”titers” among different studies, 

because the methods of titering are completely different among laboratories, as were the 

times of sera collection.

3.2. Neutralization of HPV-18 by immune human sera

Unless otherwise specified, all neutralization experiments were conducted with passage 2 

PHKs. To determine the efficacy of the Gardasil-immune sera in preventing HPV-18 

infection of PHKs, we added HPV-18 virions along with different dilutions of immune, pre-

immune or control sera to submerged PHKs. All four immune sera from Merck abrogated 

HPV-18 infection at an MOI 20 at a dilution of more than 1:600 (Fig. 1A and Table 2). None 

of the matched pre-immune sera were able to neutralize the infection at a dilution of 1:300 

(Fig. 1A). Similarly, HPV-18 infection was successfully prevented by a dilution between 

1:1000 and 1:5000 of immune sera WH102 and WH113 at MOI 50 (Fig. S1 and Table 2). At 

MOI 10, neutralization was evident down to a dilution of 1:5000 (Table 2). The negative 

control serum had no activity even at a 1:40 dilution (Fig. S1). Although we selected only 

two UAB immune sera with the highest IgG titers (64,000 and 32,000) for testing, we expect 

that sera with lowest IgG titer of 2,000 would still be able to neutralize the infection at MOI 

of 50 at a dilution of 30- 50 or higher. Thus, we conclude that Gardasil-immune sera 

neutralize HPV-18 infection of PHKs with high efficacy.

3.3. HPV-specific IgG is responsible for virus neutralization

To confirm that HPV-neutralizing activity was mainly attributable to IgG, PHKs were 

infected with HPV-18 at MOI 20 in the presence of different amounts of purified IgG from 

matched pre- and post-immune sera (4911 and 4921). The amounts of IgG added ranged 

from 0.8 μg to 13.3 μg in 2-fold increments, equivalent to 1:4800 to 1:300 dilution of sera in 

experiments shown in Fig. 1A. The results indicate that the immune IgG had a comparable 

neutralizing efficacy as the original immune serum (compare 3.3 μg in Fig. 1B to 1:1200 

serum dilution in Fig. 1A). As expected, the pre-immune IgG did not prevent infection (Fig. 

1B).
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3.4. FcRn expressed on PHKs mediates the uptake of IgG

To examine whether PHKs express FcRn, RT-PCR analyses were performed on total RNA 

isolated from PHKs and human cell lines positive (HT-29 and HEC-1-A) or negative (TZM-

bl) for this receptor [16]. The results demonstrated the presence of FcRn mRNA in PHKs 

(Fig. 2A). To determine whether FcRn is able to bind and internalize IgG, PHKs were 

incubated with Fl-IgG in K-SFM at 37°C and the percentage of Fl-IgG-positive cells was 

determined by flow cytometry. The percentage of Fl-IgG-positive PHKs was dependent on 

the incubation period and amount of Fl-IgG. When the incubation time with 27 μg of Fl-IgG 

was increased from 1 to 2 h, the percentage of Fl-IgG-positive PHKs increased 2.5 fold (Fig. 

2B left and middle columns). When Fl-IgG was increased from 18 μg to 27 μg, the 

percentage of Fl-IgG-positive PHK increased from 16.1% to 30.8% after a 2 h incubation 

(Fig. 2B middle and right columns). Since FcRn binds IgG in a pH-dependent manner [16, 

20], we also assessed the IgG binding at pH 6.0, 6.5, and 7.0. However, PHKs did not 

survive the somewhat acidic K-SFM for more than 1-2 h. Finally, we cultured PHKs (6 × 

104) in 250 μl of K-SFM in the presence of 75 μg of Fl-IgG for 18 h. Under this condition, 

cells maintained normal viability and over 99% of the PHKs became positive for Fl-IgG 

(Fig. 2C).

Human FcRn binds not only human IgG, but also IgG derived from different species, such as 

rabbit and guinea pig [31]. To ascertain that the binding of IgG to FnRn was mediated by the 

Fc region of IgG, we used FlTC-labeled rabbit IgG or F(ab’)2 preparations in uptake and 

internalization studies. About 30% of PHKs internalized human IgG when incubated with 

~25 μg of Fl-IgG (Fig. 2B). For comparison, when 25 μg of rabbit FlTC-IgG was used, 

about 60% of the PHKs were positive. In contrast, fewer than 3% of the cells were positive 

after incubation of PHKs with FlTC-labeled F(ab’)2 (Fig. 2D). These data indicate that IgG 

uptaken by PHKs is Fc-dependent, most likely mediated by FcRn.

3.5. Bound or internalized immune IgG did not neutralize HPV

Next we asked whether the IgG antibodies can neutralize HPV intracellularly. After an 18 h 

preincubation of 6 × 104 PHKs with 150 μg purified, unlabeled pre-immume or immune 

IgG, the cells were washed to remove any unbound IgG. HPV virions were added at MOI 20 

for 6 h or 24 h prior to removal of unbound virus particles. Cells were cultured and total 

RNA was isolated for analyses. No HPV neutralization was detected (Fig. 2E, lanes 4, 5, 7, 

8). In the control experiment, 6.6 μg of immune IgG added at the time of infection 

neutralized HPV infection effectively (lane 6), whereas 150 μg of pre-immune IgG added at 

the time of infection had no neutralizing effect (lane 3). As expected, uninfected PHKs did 

not have any signal (compare lanes 1, 2). These results demonstrate that immune IgG was 

not able to neutralize HPV after it was bound to or gained entry into PHKs.

3.6. Window of virus neutralization by immune sera increases with PHKs passages

We next determined the window during which the immune sera were able to neutralize the 

virus. PHKs were infected with HPV-18 at MOI 20 and challenged with 1:250 dilutions of 

immune sera at 0, 2, 4, 6, 8, 10, 12, 16, 20 or 24 h post-infection. Using 5 immune sera, we 

consistently observed that neutralization was achieved only when the serum was added 

within 2 to 4 h of infection (Table 3). One such experiment is shown in Fig. 3A. As before, 
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the pre-immune serum was ineffective. To investigate whether PHK growth characteristics 

might affect the window of neutralization, we repeated the experiments in PHKs grown to 

passages 3, 4 or 5 (P3, P4 and P5). The P4 and P5 PHKs grew more slowly than P3 PHKs, 

and the P5 PHKs were slightly enlarged in morphology, suggestive of moving toward 

senescence, as expected. The results show that the window for the immune sera to neutralize 

the virus increases significantly in slow growing, later passage PHKs. In P3 PHKs, the 

window increased to 4 to 6 h (Fig. 3B, left panel). It extended further to 8 - 10 h and 12 - 16 

h in P4 and P5 PHKs, respectively (middle and right panels). As before, the pre-immune 

sera were not able to neutralize the virus.

4. Discussion

In vitro studies of HPV pseudovirions have suggested a 2-stage HPV infection process 

[32-35]. The virus particles initially bind to the HSPG on the cell surface. The virion 

undergoes a conformational change, exposing the amino-terminus of the L2 protein. Furin 

cleavage of the L2 amino-terminus exposes a conserved L2 epitope, the subject of cross-

reactive HPV vaccine development [36]. The “processed” virus particle then binds to an 

unknown non-HSPG receptor for internalization. It takes from 24 h to 48 h for the majority 

of the virions [34] or pseudovirions to enter immortalized HaCaT cells [37]. This 2-stage 

infection process has been confirmed in pseudovirion infection of the mouse cervical 

epithelium [38].

In this study, we used genuine, mature HPV-18 virus particles harvested from organotypic 

epithelial raft cultures of PHKs, the native host for HPVs, to obtain information concerning 

the infection and virus neutralization processes. Unlike pseudovirions, these HPV-18 virus 

particles infect PHKs effectively at an MOI as low as 2 [9]. Furthermore, our data suggest 

that most of the virions have gained entry into early passage PHKs within 6 h of infection, 

because prolonged infection (24 h) did not produce higher viral cDNA signals (Fig. 2E, 

compare lane 2, 4, 7 to lanes 3, 5, 8).

Using this system, we examined sera and isolated IgG from Gardasil-immunized women for 

their ability to neutralize HPV-18 extracellularly or intracellularly and to define the temporal 

window of neutralization. Expression of receptors for Ig on the surface of epithelial cells is 

essential for selective internalization, transcellular Ig transport, and intracellular 

neutralization of several viruses [19-21]. Epithelial Ig receptors can also internalize and 

transport Igs complexed with viruses or other antigens [23]. In contrast to the protective role 

of internalized Ig amply demonstrated in vitro [39-41], recent studies indicate that Ig-

receptor-dependent internalization of antibody-coated viruses could result in enhanced 

infectivity [23]. The difference in the outcome thus depends on the virus species, phenotypes 

of epithelial target cells and whether the antibody is neutralizing or non-neutralizing.

HPVs infect human mucosal epithelial cells that also express Ig receptors. This system 

represents a suitable experimental model to explore the potential protective effect of 

internalized antibodies. Our results show that epidermal PHKs from foreskins express FcRn 

and can take up IgG (Fig. 2A to D). However, isolated IgG taken up and internalized by 

PHKs was not able to neutralize HPV (Fig. 2E). Our observation is consistent with the 
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proposed conformational changes occurring during infections with HPV pseudovirions. 

After a conformation change induced by binding to HSPG on the cell surface, virions that 

gain entry into cells are no longer recognized by intracellular IgG antibodies. Thus, the 

window of neutralization represents the time line of this conformation change.

The time required to induce the conformational change experienced by the virions upon 

binding to HSPG may depend on the cell types (immortalized or transformed cells vs. 
PHKs) or the virus particles used (pseudovirions vs. genuine HPV). These factors could 

contribute to the slow infection process in previous reports [42]. In contrast, we show that, in 

early passage fast growing PHKs, the window of neutralization is as short as 2 to 4 h after 

virions are added to the cells (Fig. 3A, Table 3). The possibility that the viruses have already 

entered into the cells within 2 to 4 h can be ruled out, as the window of neutralization by the 

L2-specific antibody was longer (H-K. Wang, R.B. Roden, T.R. Broker and L.T. Chow, 

unpublished observations). Our data further show that cell growth properties are a major 

determinant, as the window of neutralization greatly lengthened in slow growing late 

passage cells (Fig. 3B), possible attributed to changes in HSPG. Alternatively, the amount of 

furin or the numbers of HPV-specific receptors may have decreased in these cells.

It is generally accepted that wounding is necessary to permit HPV to gain entry into the 

basal cells, as also observed with pseudovirions infecting the mouse cervix [35]. In vivo, the 

basal cells are usually quiescent and, upon wounding, these cells at the wound edge are 

reactivated into the cell cycle necessary for virus particles to establish infection [43]. The 

length of time required for these processes might vary with the wound site and size, as well 

as the age and the hormonal status of the individual. We suggest that this activation process 

also involves changes on the cell surface to make them susceptible to HPV infection, 

consistent with the expanded window of neutralization observed with slow growing cells 

(Fig. 3). These considerations could significantly increase the window for the immune sera 

to reach the wound site and to neutralize the HPV before it establishes infection.

5. Conclusions

By using genuine HPV-18 virions and PHKs, we have demonstrated that sera of Gardasil-

immunized individuals possess strong extracellular neutralization activity. Our results 

support the previously proposed 2-stage infection process. We observed that the window of 

neutralization by the HPV-specific antibodies is limited to 2 to 4 h in early passage PHKs, 

likely corresponding to period prior to the conformation change induced in the virion upon 

initial binding to the HSPG on the cell surface. Once the conformational change has taken 

place, the virus is no longer susceptible to neutralization by extracellular or intracellular 

antibodies. Our data further demonstrate that the window of neutralization varies with the 

growth properties of the cells and is extended to 12 - 16 h in late passage, slow growing 

PHKs. Thus, characteristics of PHKs influence the infection process and are important 

factors in the highly efficacious protection of individuals immunized with Gardasil.
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Fig. 1. 
Immune human sera and IgG neutralize HPV-18 and show high efficacy in preventing 

infection of PHKs. (A) HPV-18 neutralization by four matched pairs of sera collected pre- 

and post-immunization with Gardasil. One example of pre-immune (4911) and immune 

(4921) sera is shown here. Additional data are presented in Table 2. PHKs at passage two 

were infected with HPV-18 at MOI 20 in the presence of diluted sera (1:300, 1:600, 1:1200, 

1:2400 and 1:4800). Infection was detected by the presence of a cDNA fragment of a spliced 

E1^E4 mRNA via RT-nested PCR. β-actin cDNA served as a control. (B) IgG was 

responsible for the HPV-neutralizing activity in the serum. IgG was isolated from pre-

immune (4911) and immune (4921) sera. PHKs were infected with HPV-18 at MOI 20 in the 

presence of purified IgG. IgG of 13.3, 6.6, 3.3, 1.6 and 0.8 μg corresponded to the serum 

serial dilutions in Fig. 1A. Uninfected PHKs and PHKs infected in the absence of serum 

were negative and positive infection controls, respectively (A & B, left two lanes). M, 50 bp 

DNA ladder.
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Fig. 2. 
Binding and internalization of IgG by PHKs are mediated by FcRn. The pre-bound or 

internalized IgG did not neutralize HPV. (A) PHKs express FcRn RNA transcripts, as 

determined by RT-PCR. (B) Percentage of Fl-IgG+ PHKs following 1 and 2 h incubation 

with 18 or 27 μg Fl-IgG. (C) FACS profile of 6×104 PHKs cultured for 18 h in 250 μl K-

SFM in the presence of 75 μg of immune Fl-IgG (4921; blue) vs. PHKs cultured in K-SFM 

only (pink). Greater than 99% of cells were positive for Fl-IgG. Pre-immune Fl-IgG (4911) 

also showed the same profiles (data not shown). (D) Binding and internalization of rabbit 

IgG by PHKs is mediated by the Fc domain of IgG through FcRn. PHKs were incubated 

with 25 μg of FITC-labelled rabbit IgG or F(ab’)2 of rabbit IgG. About 60% of PHKs were 

IgG positive whereas only 2.4% of PHKs were positive for IgG F(ab’)2. (E) Pre-incubation 

with immune IgG did not prevent infection. PHKs (6×104 cells/well) were cultured in K-

SFM for 18 h in the presence of 150 μg of IgG isolated from pre-immune serum 4911 or 

immune serum 4921. Cells were washed and then infected with HPV-18 at MOI 20. After 6 

or 24 h, the infected cells were washed, cultured and then processed for viral cDNA 

detection (lanes, 4, 5, 7, 8). For comparison, PHKs not previously exposed to IgG were 

infected for 24 h with HPV in the presence of 150 μg of pre-immune IgG (lane 3) or 6.6 μg 

of immune IgG (lane 6). As a positive control, PHKs not previously exposed to IgG were 

infected with HPV for 6 h in the absence of IgG (lane 2). Uninfected PHKs served as a 

negative control (lane 1). M, 50 bp DNA ladder.
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Fig. 3. 
The window of HPV neutralization increases with PHK passage number. (A) PHKs at 

passage 2 were infected (0 h) with HPV-18 MOI 20. 1:250 dilutions of pre-immune serum 

4911 or immune serum 4921 were added at 0, 2, 4, 6, 8, 10, 12, 16, 20 or 24 h post-

infection. Negative and positive infection controls are presented in the left two lanes of the 

left panel. M, 50 bp DNA ladder is shown only for the right panel. Data from additional sera 

are summarized in Table 3. (B) PHKs at passage 3, 4, and 5 were infected with HPV-18 

(MOI 20) at 0 h followed by the addition of 1:250 diluted immune human serum 4881 at 0, 

2, 4, 6, 8, 10, 12, or 16 h post-infection. M, 50 bp DNA ladder is shown only for the right 

panel.
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Table 1

HPV specific IgG and IgA antibody titers in sera of women immunized with Gardasil.

Name Source Immunization
Status

End-Point Titer
by ELISA

IgG IgA

WH 102

UAB

Post 64,000 8,000

WH 113 Post 32,000 600

Control Volunteer None — —

4851

Merck &
Co., Inc.

Pre, Day 1 4,000 1,900

4861 Post, Month 7 64,000 2,400

4871 Pre, Day 1 4,000 1,600

4881 Post, Month 7 80,000 3,200

4891 Pre, Day 1 2,000 2,200

4901 Post, Month 7 60,000 4,800

4911 Pre, Day 1 1,000 800

4921 Post, Month 7 64,000 12,800

End-point titers of Gardasil-specific IgG and IgA were determined by ELISA in 16 immune sera received from UAB (see also Table S1) and 4 pairs 
of pre- and post- immune sera provided by Merck & Co., Inc. Only two sera (WH102, WH113) from UAB with the highest antibody titers were 
used in this study.
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Table 2

End-point dilution of immune sera capable of neutralizing HPV18 at the specified MOI.

Name HPV MOI
Serum Dilution for
HPV Neutralization

(fold)

WH 102

10 >5000

50 1000 to 5000

WH 113

10 >5000

50 1000 to 5000

4861 20 600 to 1200

4881 20 1200 to 2400

4901 20 600 to 1200

4921 20 600 to 1200

The matching pre-immune (4851, 4871, 4891 and 4911) or non-immune control serum did not prevent infection at 300 fold and 40 fold dilution, 
respectively. Examples can be seen in Fig. 1A and Fig. S1.
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Table 3

Window of HPV18 neutralization by immune sera.

Name Serum Dilution
(fold)

Window of
Neutralization (hour)

WH 102 1000 <2

4861 250 <2

4881 250 <4

4901 250 <2

4921 250 <4

The experiments were all conducted with passage 2 PHKs at MOI 20. Immune sera added after 2 or 4 h post-infection did not neutralize the virus. 
An example can be seen in Fig. 3A.
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