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Abstract

Introduction. Persistent human papillomavirus (HPV) type 16 infection is the main causal agent of cervical cancer. Most HPV 
infections clear spontaneously within 1–2 years. Although not all infected women develop detectable HPV antibodies, about 
60–70 % seroconvert and retain their antibodies at low levels.

Aim. We investigated if cervical HPV16 DNA positivity was associated with HPV16 seroreactivity measured with two different 
antigen formulations. We assessed if associations were influenced by co- infection with other HPV types and HPV16 viral load.

Methodology. We used baseline data for women participating in the Ludwig–McGill cohort, a longitudinal investigation of the 
natural history of HPV infection and cervical neoplasia. The study enrolled 2462 Brazilian women from 1993 to 1997 (pre- 
vaccination). ELISA assays were based on L1- only or L1+L2 virus- like particles (VLPs). Seroreactivity was expressed as nor-
malized absorbance ratios. HPV genotyping and viral load were evaluated by PCR protocols. Pearson’s r was used to measure 
correlations between interval- scaled variables. Serological accuracy in HPV16 DNA detection was assessed using receiver 
operating characteristic (ROC) curves. We analysed the association between HPV DNA positivity and HPV16 seroreactivity by 
linear regression.

Results. Correlations between L1+L2 and L1- only VLPs for detection of HPV16 were poor (r=0.43 and 0.44 for dilutions 1 : 10 
and 1 : 50, respectively). The protocol with the best accuracy was L1+L2 VLPs at serum dilution 1 : 10 (ROC area=0.73, 95 % CI: 
0.65–0.85). HPV16 DNA positivity was correlated with HPV16 seroreactivity and was not influenced by co- infection or viral load. 
To a lesser degree, HPV16 seroreactivity was correlated with infection by other Alpha-9 papillomavirus species.

Conclusion. HPV16 DNA positivity and HPV16 seroreactivity are strongly correlated. L1+L2 VLPs perform better than L1- only 
VLPs for detecting IgG antibodies to HPV16 in women infected with HPV16 or other Alpha-9 HPV species. This study advances 
our understanding of humoral immune responses against HPV16 by providing insights about the influence of VLP antigen com-
position to measure humoral immune response against naturally acquired HPV infection.

InTRoduCTIon

Human papillomaviruses (HPVs) belong to the family Papil-

lomaviridae, a family of non- enveloped, small and circular 

viruses with a double- stranded DNA genome of about 8000 
base pairs [1]. About 40 oncogenic human types exhibit 
tropism for mucosal surfaces of the anogenital and upper 
aero- digestive tracts [1–3]. Although HPVs can be found in 
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normal epithelium, they are commonly classified into two 
different groups according to their oncogenic risk. The first 
group is composed by low- risk types (LR- HPV), for example 
HPV6 and 11, which are found in genital warts and low- grade 
precancerous lesions. The second group is composed by high- 
risk types (HR- HPV), for example HPV16, 18, 31, 33, 35, 52 
and 58. They are associated with high- grade precancer lesions 
as well as anogenital and head- and- neck cancers [1, 4, 5].

Cervical cancer is the fourth most frequent malignancy among 
women worldwide and the second most common cancer in 
women aged 15 to 44 years [4, 6]. Persistent HPV infection 
causes virtually all cervical cancer cases, with HPV16 being 
the most etiologically relevant genotype responsible for 50 % 
of cases [1, 7].

Most HPV infections are transient and clear within 1–2 years 
by the immune system [1, 8]. About 60–70% of all infected 
women develop measurable HPV antibodies in serum 
[9]. Among 11 studies that have analysed the association 
between HPV16 seroreactivity and HPV DNA positivity 
[10–20], most of them have found positive associations with 
varying precision [10–14, 17–20] using different serological 
methods including ELISA [10, 12, 16, 17, 19, 20] and Luminex 
[11, 13–15, 18].

L1 and L2 are, respectively, the major and minor HPV capsid 
proteins. L1 alone or with L2 recombinantly expressed self 

assembles into virus- like particles (VLPs) lacking the viral 
genome. They are structurally similar to authentic virions 
[21, 22]. In the absence of efficient methods to harvest native 
antigens from tissue culture researchers have used VLPs in 
serological tests. However, little is known if L1+L2 VLPs 
perform better than L1- only VLPs for detecting IgG anti-
bodies [23–25] and if they can be responsible for cross- 
reactivity between HPV types in immunoassays [26, 27].

We compared protocols based on L1- only and L1+L2 at two 
serum dilutions to measure total HPV16 IgG antibodies in a 
cohort of Brazilian women naturally infected with HPV. We 
also investigated if HPV DNA positivity was associated with 
HPV16 seroreactivity, and if the association was influenced 
by co- infection with other HPV types and viral load.

METHodS
Study participants
The Ludwig–McGill cohort study is a longitudinal investi-
gation of the natural history of HPV infection and cervical 
neoplasia. The study enrolled 2462 Brazilian women from 
1993 to 1997 (before the HPV vaccination era) (Fig. 1). They 
were women attending a comprehensive maternal and child 
health programme catering to low- income families in the city 
of Sao Paulo, Brazil. The design and methods of the study 

Fig. 1. Flowchart of the Ludwig–McGill cohort study participants [48]. In this report we used serological data collected at baseline.
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have been described previously [28]. In brief, participants 
were recruited from the daily lists of outpatients in the 
family medicine, gynaecology, and family planning clinics at 
Maternidade Escola Vila Nova Cachoeirinha, Sao Paulo, Brazil. 
They were followed for up to 10 years. In the first year of the 
study cervical and blood samples were collected at baseline 
and every 4 months. In subsequent years they were collected 
once every 6 months. Cervical cell specimens were collected 
for Pap cytology and HPV DNA analyses. Blood samples were 
collected for HPV serology.

Cervical cell specimens
An Accelon biosampler (Medscand, Hollywood, FL, USA) 
was used to collect a sample of ecto- and endocervical cells. 
After preparation of the Pap smear for cytology, the remaining 
exfoliated cells were preserved in Tris- EDTA buffer (pH 7.4) 
at 4 °C at most 5 days and were then kept at −20 °C until 
testing.

HPV detection and typing
Standard techniques were used to extract and purify DNA 
from cervical cells. In brief, samples were digested with 
100 µg ml−1 proteinase K for 3–18 h at 55 °C, and the DNA 
purified by spin- column chromatography. Specimens were 
tested for the presence of HPV DNA by a previously described 
PCR protocol amplifying a highly conserved 450 bp segment 
of the L1 viral gene flanked by MY09/11 or PGMY09/11 
primers [29, 30]. Genotyping of the amplified products was 
performed by hybridization with individual oligonucleotide 
probes labelled with P32 and specific for 27 HPV types [31]. 
Amplified products hybridizing to the generic probe, but 
not to any of the type- specific probes were further tested by 
restriction fragment length polymorphism analysis, extending 
the range of identifiable HPV to more than 40 genital types 
[32]. Testing for host DNA was performed using GH20 and 
PCO4 primers, which amplify a 268 bp region of human 
β- globin gene [33]. The genotypes tested included HR- HPV 
types 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59, 66, 68, 73 
and 82, and low oncogenic risk (LR-) HPV types 6, 11, 26, 
32, 34, 40, 42, 44, 53, 54, 57, 61, 62, 67, 69, 70, 71, 72, 81, 83, 
84 and 89, plus other unknown types [34]. Specimens were 
tested blindly with respect to participant- specific information 
and care was taken to avoid contamination in all procedures. 
Samples tested negative for both β- globin and HPV were 
excluded from the analysis.

HPV serology
Serum samples were separated from clotted blood speci-
mens and stored at −20 °C until testing. We used an ELISA 
to quantify HPV16 IgG antibodies. Recombinant HPV16 
VLPs, expressing L1 only or L1+L2, were prepared in bacu-
lovirus [33]. They were kindly provided by Dr Ian Frazer, 
University of Queensland, Australia and Dr John Schiller, 
National Institute of Health, USA, respectively. The ELISA 
protocol was performed as described elsewhere [12, 35]. 
Briefly, polystyrene microtitre plates were coated with 50 µl 
of a solution containing 2 mg of HPV16 VLP per 100 ml of 

phosphate- buffered saline (PBS) and incubated for 1.5 h at 
37 °C. Plates were washed three times with calcium- and 
magnesium- free PBS and then incubated with serum samples 
diluted 1 : 10 and 1 : 50 in PBS containing 0.5 % skim milk and 
0.1 % newborn calf serum (PBS- MNCS) for 2.5 h at 37 °C. 
Following repeated washings, plates were incubated for 1 h 
at room temperature with 50 µl aliquots of a conveniently 
diluted (by prior block titration) peroxidase- labelled anti- IgG 
conjugate. Following an additional washing cycle, a chro-
mogen substrate mixture (0.1 mg ml−1 O- phenylenediamine 
and 0.003 % hydrogen peroxide diluted in 0.15 mol l−1 PBS; pH 
6.0) was added to the wells. Absorbances were read at 490 nm 
in a colorimetric plate reader after 45 min. Replicate blank 
wells, with PBS- MNCS instead of diluted serum samples, 
and a control human serum pool were included in all plates. 
The latter was included to control the inter- and intra- assay 
variation in reactivity that is inherent to immunoenzymatic 
techniques. A single batch of this serum pool (aliquoted and 
kept frozen at −20 °C) was prepared beforehand from dozens 
of blood bank and normal clinical laboratory specimens from 
female adult donors. An aliquot from this pool was thawed 
and processed in the same manner as all study serum samples 
included in each ELISA run and the same serum pool was 
used throughout the study. Absorbances were corrected for 
the fluctuation in seroreactivity of the serum pool as previ-
ously described [35].

Seroreactivity was expressed as normalized absorbance ratio 
(NAR) by dividing the mean blank- subtracted optical densi-
ties (ODs) by the equivalent value of the control serum pool 
included in the same plate in triplicate. This method is used 
to minimize measurement error in ELISAs [35]. We chose 
to measure seroreactivity on a continuous scale to avoid the 
arbitrariness of defining a cut- off to decide which samples 
were seropositive or seronegative. Our cohort included 
women with a median age of 33 years and who initiated sexual 
activity at least 15 years prior to study enrolment. Without an 
appropriate age- matched control group for which we could 
have ascertained lack of exposure to HPV16 it would not have 
been possible to define seropositivity in binary form. Our 
choice of a continuous scale for seroreactivity permits full 
appraisal of the humoral immune response against HPV16.

Viral load
Cervical specimens found to be positive with the main PCR 
protocol (MY09/11) were retested by a quantitative PCR to 
measure viral genome load [36]. Briefly, the consensus primer 
pair GP5/GP6, which flanks a conserved segment of the L1 
gene to target a broad spectrum of HPV types was employed 
under low- stringency conditions to co- amplify the specific 
HPV DNA sequence (140 bp) along with DNA sequences 
from the human genome present in the starting PCR mixture 
[37]. A 192 bp DNA product homologous to a small region 
of the human chromosome X served as internal control for 
the reaction. DNA extracted from two cervical carcinoma cell 
lines with known quantities of HPV copies (HeLa: 20–40 and 
Caski: 400–600 copies/cell of HPV18 and 16, respectively) 
were used as viral- load controls [38]. Standards consisting of 
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Table 1. Characteristics of the Ludwig–McGill cohort participants at baseline

Characteristics All participants
(n=2462)

Groups tested for HPV16 IgG serology

With L1+L2 VLPs (n=1975) With L1+L2 and L1- only VLPs (n=246)

Age, yr

  Mean (sd) 32.7 (8.8) 32.9 (8.7) 33.0 (8.6)

  Median (IQR) 32.0 (26.0–39.0) 32.0 (26.0–39.0) 32.0 (27.0–39.0)

Ethnicity, n (%)

  White 1585 (64.4) 1280 (64.8) 162 (65.9)

  Others 874 (35.5) 694 (35.1) 84 (34.1)

  Marital status, n (%)

  Single 252 (10.2) 201 (10.2) 29 (11.8)

  Cohabiting 832 (33.8) 642 (32.5) 85 (34.5)

  Married 1179 (47.9) 969 (49.1) 106 (43.1)

  Separated 140 (5.7) 121 (6.1) 15 (6.1)

  Widowed 57 (2.3) 42(2.1) 11(4.5)

Education, n (%)

  <Elementary 554 (22.5) 442 (22.4) 57 (23.2)

  Elementary 1438 (58.4) 1164 (58.9) 147 (59.8)

  Secondary 397 (16.1) 310 (15.7) 34 (13.8)

  Higher education 70 (2.9) 57 (2.9) 7 (2.8)

Smoking, n (%)

  No 1168 (47.4) 953 (48.3) 114 (46.3)

  Smoker 864 (35.1) 674 (34.1) 91 (37.0)

  Former 429 (17.4) 348 (17.6) 41 (16.7)

Alcohol consumption, n (%)

  No 852 (34.6) 664 (33.6) 75 (30.5)

  Yes 1601 (65.0) 1306 (66.1) 171 (69.5)

Age at first sexual intercourse, yr

  Mean (sd) 17.9 (4.0) 17.9 (4.0) 17.9 (4.6)

  Median (IQR) 17.0 (15.0–20.0) 17.0 (15.0–20.0) 17.0 (15.0–20.0)

Lifetime no.= of sexual partners, n (%)

  0–1 1089 (44.2) 870 (44.0) 106 (43.1)

  2–3 856 (34.8) 691 (35.0) 93 (37.8)

  ≥4 515 (20.9) 413 (20.9) 47 (19.1)

HPV status, n (%)

  Negative 2026 (82.3) 1629 (82.5) 183 (74.4)

  Low- risk types 156 (6.3) 117 (5.9) 17 (6.9)

  HPV16 67 (2.7) 60 (3.0) 28 (11.4)

  HPV31 or 35 37 (1.5) 31 (1.6) 5 (2.0)

  HPV52, 67, 33 or 58 46 (1.9) 40 (2.0) 7 (2.9)

Continued
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mixtures containing varying amounts of a reference HPV16 
plasmid (corresponding to 0, 4, 20, 100, 500 and 2500 viral 
copies/cell) added to a constant background of DNA extracted 
from human breast tissue were tested in all reactions. Viral 
load was quantified by linear interpolation using a standard 
curve. Samples and controls were tested in duplicate, while 
standards in triplicate, viral load (in copies per cell) was 
derived from the mean values.

Statistical analysis
Descriptive statistics including median and interquartile 
range (IQR), mean and standard deviation (sd) were used 
to describe participant’s characteristics (n=2462), those 
tested with L1+L2 VLPs (n=1975), and those tested with 
both antigen preparations (L1- only and L1+L2) (n=246) at 
baseline. The subset of 246 women was oversampled based on 
HPV DNA positivity, especially those infected with HPV16 
alone or with other genotypes.

Box- and- whisker plots were used to describe the level of 
HPV16 IgG antibodies detected at baseline among the subset 
of 246 women. In the plots, the lower bound was calculated by 
subtracting 1.5 times the IQR from the first quartile. Likewise, 
the upper bound was calculated by adding 1.5 times the IQR 
to the third quartile.

In order to compare the seroreactivity results based on 
serum dilutions (1 : 10 vs 1 : 50) and VLP formulation (L1- 
only and L1+L2), we used Pearson’s correlation (r) with 95 % 
confidence interval (CI). We plotted correlations with the 
corresponding linear regression lines and their 95 % CIs. The 
coefficient of determination (R2) and its 95 % CI (computed by 

bootstrapping) were also estimated. The four approaches to 
detect HPV16 IgG antibodies (i.e., two antigen preparations in 
two dilutions) were compared with respect to their accuracy 
in predicting baseline HPV16 DNA positivity using receiver 
operating characteristic (ROC) curves. The area under the 
curve and corresponding 95 % CI were used as measures of 
accuracy and precision, respectively.

We used linear regression to analyse the association between 
HPV DNA positivity (as an independent variable) and HPV16 
seroreactivity (log10- transformed NARs, as a dependent 
variable). For all linear regression analyses we provided the 
regression coefficients (β) and their 95 % CI. β coefficients 
represent the estimated change in HPV16 seroreactivity 
for a unit change in HPV DNA positivity. The coefficient of 
determination (R2) and its 95 % CI (computed by bootstrap-
ping) were also estimated to measure how well the regression 
models fitted the observed data. To analyse cross- type reac-
tivity, we built three models of exposure to assess associations 
with HPV types belonging to species Alpha- papillomavirus 
9, the taxon for HPV16 [39]. In the first model, HPV16 posi-
tivity was compared to a referent including positivity to any 
other HPV type or HPV- negative. In model 2, the exposure 
variable included three categories: (1) HPV16 (2), HPV31 
and/or 33, and as referent (3) positivity to any other HPV 
type or HPV- negative. In model 3, the variable was catego-
rized into four levels: (1) HPV16 (2), HPV31 and/or 33 (3), 
HPV52, 67, 33 and/or 58, and as referent (4) positivity to any 
other HPV type or HPV- negative (2). Using these models, 
we first analysed the subset of 246 women tested with both 
ELISA protocols and serum dilutions. Then, we used the 

Characteristics All participants
(n=2462)

Groups tested for HPV16 IgG serology

With L1+L2 VLPs (n=1975) With L1+L2 and L1- only VLPs (n=246)

  Other high- risk types 107 (4.3) 84 (4.3) 6 (2.4)

Type of infection, n (%)

  Else 2373 (96.4) 1901 (96.9) 218 (88.6)

  HPV16 single infection 45 (1.8) 41 (2.1) 17 (6.9)

  Multiple HPV infection with HPV16 22 (1.0) 19 (1.0) 11 (4.5)

No. of HPV types per women, n (%)

  0 2026 (82.3) 1629 (82.5) 183 (74.4)

  1 336 (13.6) 269 (13.6) 46 (18.7)

  2 63 (2.5) 52 (2.6) 11 (4.5)

  ≥3 14 (0.6) 11 (0.6) 6 (2.4)

HPV16 viral load, copies/cell

  n (mean, sd) 66 (436.4, 1993.4) 59 (476.8, 2,105.3) 27 (324.7, 911.8)

  n (median, IQR) 66 (5.0, 0.5–86.0) 59 (5.0, 0.5–89.0) 27 (7.0, 0.5–160.0)

The number of missing values represents less than 1 %. yr: years; n: number; sd: standard deviation; IQR: Interquartile range.

Table 1. Continued
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HPV categorization in model 3 to analyse the entire cohort 
tested with the L1+L2 VLP formulation at serum dilution 1 : 10 
(n=1961, excluding 14 women who had no information on 
HPV status).

Using linear regression with data for the entire cohort, we 
also analysed the relationship between HPV16 seroreac-
tivity as log- transformed values and baseline HPV16 DNA 
positivity as single- type infection compared to co- infection 
with other HPV types (multiple types). HPV exposure was 
categorized as follows: HPV16 single infection, HPV16 
co- infection with other HPV types, and the reference 
category including all women infected with HPV other than 
16 or HPV- negative. Age was included as a covariate in both 
models based on the entire cohort and was analysed as a 
potential effect modifier.

Finally, we investigated the association between HPV16 DNA 
viral load (copies/cell) and HPV16 seroreactivity using Pear-
son’s correlation. This analysis was restricted to women with 
HPV16 single- type infection detected in the cohort at baseline 
(n=41) using the same ELISA protocol as above (L1+L2 VLPs, 
serum dilution 1 : 10). Both variables were log10- transformed 
and analysed in their continuous form. We also estimated the 
beta coefficient (95 % CI) by linear regression. All analyses 
were performed using STATA statistical software, version 14.2 
(StataCorp, College Station, TX, USA).

RESuLTS
The Ludwig–McGill cohort included 2462 participants. The 
mean follow- up time in years (sd) was 6.37 (±1.99), median 
(IQR) 7.09 (6.20–7.50). HPV16 seroreactivity using VLPs 
composed by L1+L2 was tested in 1975 women at baseline. 
Of these, 246 were tested for HPV16 IgG antibodies by both 
ELISA protocols (L1- only or L1+L2). All assays were based 
on two serum dilutions (1 : 10 and 1 : 50) (Fig. 1).

The subset of 1975 women tested for HPV16 seroreactivity 
was comparable to the entire cohort, whereas the subset 
of 246 women was by design inflated with respect to HPV 
infections (HPV status, type of infection and number of 
HPV types detected per women). Characteristics of all 
participants under investigation are described in Table 1. 
Although NARs measured with L1- only VLPs were slightly 
higher than those obtained with L1+L2 VLPs, median 
NARs were largely comparable across antigen formula-
tions and dilutions, ranging from 0.77 to 1.18 and with 
largely overlapping distributions of results (Fig. 2). NAR 
values based on L1- only VLPs at serum dilution 1 : 50 were 
somewhat higher and more disperse than those from other 
formulations.

Fig. 3 shows the correlations between antigen formulations 
at the same serum dilutions and between different dilutions 
at the same antigen formulation. Between- dilution serore-
activity values with the same antigen formulations were 
strongly correlated (r=0.94 and 0.87, respectively for L1- only 
and L1+L2) (Fig. 3a, b). On the other hand, albeit significant, 
between- formulation seroreactivity correlations were poorer 
for the same dilutions (0.43 and 0.44, for 1 : 10 and 1 : 50 dilu-
tions, respectively) (Fig. 3c, d).

Fig.  4 shows the ROC curves for the four seroreactivity 
combinations relative to HPV16 DNA positivity. The highest 
area under ROC curve was obtained with the protocol using 
L1+L2 VLPs and serum dilution 1 : 10 (ROC area=0.73, 
95 % CI: 0.65–0.85), although differences between ROC areas 
were not statistically significant as indicated by the overlap-
ping CIs. Both protocols behaved similarly when very low 
levels of HPV16 antibodies were used as the threshold of 
HPV16 IgG seroreactivity (similar curves in the upper right 
corner of the ROC curve).

Table 2 shows the association between HPV DNA positivity 
and HPV16 seroreactivity among the subset of women who 
were tested with both antigen formulations (n=246). HPV16 
DNA positivity was a statistically significant correlate of 
HPV16 IgG seroreactivity. The magnitude of the correla-
tion with HPV16 DNA positivity was not attenuated upon 
categorization for infection with phylogenetically related 
HPV types, and none of the terms for other Alpha 9 HPV 
infections were significant or contributed improvement in fit 
to any of the models. Consistent with the results from ROC- 
curve analyses, the L1+L2 VLP antigen formulation was the 
best analytical scenario to represent the association between 
HPV16 DNA positivity and HPV16 seroreactivity, judging 
from the magnitude of the beta coefficients and R2.

Fig. 2. Box- and- whisker plot of HPV16 IgG NARs. Protocols differ by 
the composition of the VLPs (L1- only or L1+L2) and are based on two 
serum dilutions (1 : 10 and 1 : 50) (n=246). Boxes extend from the 25th 
percentile to the 75th percentile (i.e. IQR); lines inside boxes represent 
median values. Lines emerging from boxes (i.e. the whiskers) extend 
to the upper and lower adjacent values, which are the lower and upper 
limits of the distribution, respectively. Values outside these limits are 
outliers represented by symbols (circle, diamond, square and triangle).
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Table  3 presents the results for the associations between 
HPV16 seroreactivity and HPV DNA positivity and type 
of infection (single versus multiple) estimated in the entire 
cohort (n=1961) using the analytical combination that 
provided the strongest correlations in the above analyses, 
i.e. L1+L2 antigen and 1 : 10 serum dilution. We observed a 
cross- seroreactivity with HPV52, 67, 33 or 58 DNA positivity 
(β=0.0778, 95 % CI: 0.0081–0.1474), but not with HPV31 or 
35 (β=0.0592, 95 % CI: −0.0200–0.1383). The β coefficient for 
HPV16 single infection (β=0.1455, 95 % CI: 0.0766–0.2143) 
and the one for multiple HPV infection with HPV16 (0.1239, 
95 % CI: 0.0231–0.2247) were similar. Therefore, there was 
no significant difference in the strength of the association 
between HPV DNA positivity and HPV16 IgG seroreactivity 
according to the type of infection (single vs multiple types). 
Although age was a significant explanatory variable of HPV16 
seroreactivity, it was not an effect modifier of the association 
under investigation. The P- values of the interaction terms 
were not statistically significant (P>0.05) (data not shown). 
Unadjusted β coefficients for the relationship between HPV 
DNA positivity and HPV16 IgG seroreactivity were also rela-
tively similar to the age- adjusted β coefficient (data not show).

Finally, the median of HPV16 viral load among women with 
HPV16 single- type infection detected at baseline (n=41) was 
2.0 copies/cell (IQR: 0.5–77.0). The geometric mean was 

5.9 (95 % CI: 2.5–13.9, range: 0.5–1940). No association was 
found between HPV16 viral load and seroreactivity (r=−0.04, 
95 % CI: −0.34–0.27; β=−0.01, 95 % CI: −0.08–0.06; R2=0.02, 
95 % CI: −0.05–0.06).

dISCuSSIon
The Ludwig–McGill cohort study provides a unique oppor-
tunity to evaluate the association between naturally acquired 
immunity to HPV16 and genital HPV DNA detection in a 
large series of samples collected in the pre- vaccination era. 
Only a few studies have compared serological methods to 
detect HPV16 antibodies [23–25, 27]. Only one evaluated 
the influence of the antigen composition of VLPs used in 
immunoassays [24].

Our study has several strengths. First, we have baseline data 
from about 2000 healthy pre- vaccination era women. Second, 
we investigated the influence of the antigen composition of 
VLPs in ELISA protocols, the most common method to test 
HPV serology in the literature. Third, we evaluated two serum 
dilutions (1 : 10 and 1 : 50). Finally, we measured the total IgG 
antibodies while others were interested only in a subset of that 
class of immunoglobulin, i.e. neutralizing antibodies [24, 25]. 
The information we provided may help other researchers 
studying humoral HPV responses. The main limitation of our 

Fig. 3. Correlation between anti- HPV16 IgG antibody levels measured with two antigen formulations (L1- only or L1+L2 VLPs) in two 
different dilutions (1 : 10 or 1 : 50). Seroreactivity is measured via NARs and plotted as log

10
- transformed values (n=246). (a) L1- only 

VLPs, serum dilution 1 : 10 vs 1 : 50: β (95 % CI)=0.65(0.62–0.67), R2 (95 % CI)=0.88(0.84–0.91). (b) L1+L2 VLPs, serum dilution 1 : 10 vs 1 : 50: 
β (95 % CI)=0.74(0.69–0.79), R2 (95 % CI)=0.76(0.69–0.82). (c) L1+L2 vs L1- only VLPs, serum dilution 1 : 10: β (95 % CI)=0.56(0.41–0.71), R2 
(95 % CI)=0.19(0.09–0.28). (d) L1+L2 vs L1- only VLPs, serum dilution 1 : 50: β (95 % CI)=0.46(0.34–0.58), R2 (95 % CI)=0.19(0.11–0.28).
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study lies in the fact that we were unable to have all women 
tested by both VLP formulations.

As noted, in this study we focused on the most important 
genotype (the most prevalent and the most strongly linked 
to cancer). HPV16 presents nucleotide- sequence variants, 
which are classified according to the geographic location 
where they were isolated [40]. It is plausible to think that 
they are also distinct serotypes [41]. Researchers showed that 
the L1 proteins of HPV16 variants differ by up to 15 amino 
acids from the L1 protein of the prototype HPV16 variant 
[41]. Mutations in the amino acid region from residues 83 to 
97 seemed to affect the level of expression of the L1 protein. 
However, they did not characterize HPV16 variants as distinct 
serotypes. The authors concluded that VLPs derived from 
only one HPV16 variant could be enough for the develop-
ment of an HPV16 vaccine and HPV16 serological tests [41].

We observed a strong correlation between seroreactivity 
measured at serum dilutions 1 : 10 and 1 : 50 with both VLP 
formulations. Although results obtained with L1+L2 VLPs 
were more scattered around the regression line, they were 
more stable between serum dilutions compared to L1- only 
VLPs. Moreover, correlations were relatively poor between 
assays performed with L1- only and L1+L2 VLPs, suggesting 
that these antigen formulations qualitatively and quantita-
tively favoured the detection of different sets of antibodies. 
These results are different from those found by other authors 
[24]. Hernandez and colleagues, using Luminex multiplex 

Fig. 4. ROC curves (ROC and respective areas under the curves with 
95% CI) for HPV16 IgG seroreactivity (normalized absorbance ratios) 
based on four combinations of antigen formulations (L1- only or L1+L2 
VLPs combined with serum dilutions 1:10 or 1:50). Outcome: HPV16 
DNA positivity in cervical specimens.

Table 2. Linear regression models for the association between HPV DNA positivity (independent variables) and HPV16 seroreactivity (dependent 
variable). Results according to antigen formulation (L1- only or L1+L2 VLPs) and serum dilution (1:10 or 1:50). Data with restricted subcohort (n=246)

L1- only VLP (1 : 10) L1- only VLP (1 : 50) L1+L2 VLP (1 : 10) L1+L2 VLP (1 : 50)

Model Covariates n
(%)

β coefficient
(95 % CI)

β coefficient
(95 % CI)

β coefficient
(95 % CI)

β coefficient
(95 % CI)

1 Else 218 (88.6) Reference Reference Reference Reference

HPV16 28 (11.4) 0.09 (0.01–0.17) 0.12 (0.00–0.23) 0.23 (0.14–0.33) 0.26 (0.15–0.38)

R2 (95 % CI) 0.02 (−0.02–0.06) 0.02 (-0.02–0.05) 0.08 (0.01–0.16) 0.08 (−0.01–0.16)

2 Else 213 (86.6) Reference Reference Reference Reference

HPV16 28 (11.4) 0.09 (0.01–0.17) 0.12 (0.00–0.23) 0.23 (0.14–0.33) 0.27 (0.15–0.38)

HPV31/35 5 (2.0) 0.02 (−0.16–0.20) −0.05 (−0.30–0.20) 0.02 (−0.20–0.24) 0.07 (−0.18–0.34)

R2 (95 % CI) 0.02 (−0.02–0.06) 0.02 (−0.02–0.05) 0.08 (0.01–0.16) 0.08 (−0.01–0.17)

3 Else 206 (83.7) Reference Reference Reference Reference

HPV16 28 (11.4) 0.09 (0.01–0.16) 0.11 (−0.00–0.23) 0.24 (0.14–0.34) 0.27 (0.15–0.39)

HPV31/35 5 (2.0) 0.02 (−0.16–0.19) −0.05 (−0.30–0.20) 0.03 (−0.19–0.25) 0.08 (−0.18–0.34)

HPV52/67/33/58 7 (2.9) −0.05 (−0.20–0.10) −0.08 (−0.29–0.14) 0.15 (−0.04–0.34) 0.10 (−0.12–0.32)

R2 (95 % CI) 0.02 (−0.02–0.06) 0.02 (−0.02–0.06) 0.09 (0.01–0.17) 0.08 (−0.01–0.17)

Model 1: HPV16 DNA positivity contrasted with a referent that includes HPV DNA positivity for any other type or HPV negative. Model 2: HPV DNA 
positivity categorized into three categories: (1) HPV16, (2) HPV31 and/or 35, and (3) HPV DNA positivity for any other type or HPV- negative. Model 
3: HPV DNA positivity categorized into four categories: (1) HPV16, (2) HPV31 and/or 35, (3) HPV52, 67, 33 and/or 58, and (4) HPV DNA positivity 
for any other type or HPV- negative. NARs were log

10
- transformed (n=246). Entries in bold typeface are statistically significant. The models’ Y- 

intercepts (constants) are not shown for simplicity.
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assays showed an excellent agreement between both L1 
and L1+L2 VLP formulations for the detection of HPV16 
antibodies (kappa coefficient=0.86) [24]. However, these 
authors used a cut- off of seroreactivity to define seroposi-
tivity, whereas we analysed seroreactivity in a continuous 
scale, which precludes comparability between conclusions. In 
general, sensitivity of ELISA protocols using VLPs as antigens 
is between 50–60 % with high specificity (>90 %) and good 
agreement between interlaboratory tests [42]. Judging from 
our ROC curves, this type of performance was reproduced 
with the L1+L2 antigen combination. The agreement between 
both VLP formulations varied according to the level of anti-
bodies detected in serum samples.

The L1 gene has the most conserved nucleotide sequence of 
the HPV genome, but it tends to lead to HPV type- restricted 
antibody responses [26]. Although L2 is not very immuno-
genic [43], antibodies against L1+L2 VLPs tend to cross- react 
with a broader spectrum of mucosotropic HPV genotypes 
in contrast to L1- only [43–45]. In other words, using 
L1+L2 VLPs as an antigen to measure the humoral immune 
response of infected patients allows us to detect antibody to 
HPV16 and to other phylogenetically related types that can 
be present in the same site of infection. Using the L1+L2 VLP 

formulation we also observed some degree of cross- reactivity 
in infections with other Alpha 9 HPV types such as HPVs 
52, 67, 33 and 58, but not with HPVs 31 and 33, which are 
closer phylogenetically to HPV16. Researchers evaluating 
chimeric HPV16 VLPs containing L2 peptides also showed 
some cross- reactivity for other HPV types, such as 18, 31, 52, 
58 [44] and 11 [45].

Finally, we showed that the association between HPV16 DNA 
positivity and HPV16 seroreactivity was similar for HPV16 
single infection compared to HPV16 co- infected with multiple 
types. It is very common to find co- infections with multiple 
HPV types [12, 14, 46]. In the Ludwig–McGill cohort, 12.3 % 
of all study participants were tested positive for multiple HPV 
types during the first year of follow- up [47]. It is possible that 
co- infections with multiple HPV types or high HPV16 viral 
load happen because the immune system is unable to respond 
to the viral infection leading to low levels of antibodies, as 
previously suggested [12, 14]. However, in our analyses, 
neither HPV16 viral load nor co- infections with other types 
seemed to influence the association between HPV16 DNA 
positivity and HPV16 seroreactivity. Expectedly, age was a 
determinant of HPV16 seroreactivity, but it was not an effect 
modifier or a confounder of the association between HPV 
DNA positivity and HPV16 seroreactivity.

In conclusion, our findings show that HPV16 DNA positivity 
and HPV16 seroreactivity are positively correlated irrespec-
tive of HPV16 antigen composition, although a complete 
capsid formulation (L1+L2) yielded better performance than 
one based on L1- only antigen, judging from the multiple 
analytical approaches we used. The correlation does not seem 
to be affected by co- infections with other types or HPV16 
viral load. To a lesser extent, genital infection with HPV types 
phylogenetically related to HPV16 was also correlated with 
HPV16 seroreactivity suggesting cross- seroreactivity or the 
possibility that positivity for these types may reflect cumula-
tive exposure to HPV16 that is no longer detected. Further 
studies are needed to investigate the role of naturally acquired 
immunity against HPV16 and other types in protecting 
against the development of productive infections, precursor 
cervical lesions and reinfection later in life.
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