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Antibodies to the E6 and E7 oncoproteins of high-risk human papillomavirus

(HPV) types are strongly associated with HPV-driven cancer, while antibodies

against the capsid protein L1 are considered cumulative exposure markers. To

test the hypothesis that L1 antibody levels are stable over time, whereas E6 and

E7 levels undergo decay after cervical cancer (CxCa) treatment, we performed

multiplex serology for HPV16 and 18 antigens E6, E7 and L1 in a post-treat-

ment study of 184 patients with invasive CxCa that were characterized with

a median follow-up time of 725 days, and 2–12 sera per patient. Antibody

titers significantly decreased within the first six months for HPV16 E6 and

E7 but not L1, and stabilized for the following 12 months on a high level,

with few patients showing seroreversion. Of 67 patients seropositive for

HPV16 E6 at diagnosis, 28 (41.8%) showed a decrease in antibody titers of at

least 50% within the first 18 months. Similarly, of 50 HPV16 E7 seropositives,

33 (66.0%) showed decreasing antibody levels, whereas antibody decay was

less frequent for HPV16 L1 (12 of 47, 25.5%). Using a power-law mathematical

model to characterize antibody decay kinetics, the mean (+s.e.) durations to a

50% reduction in antibody titers within individual patients were estimated to

be 56.9 (+26.1) and 56.3 (+19.0) days for HPV16 E6 and E7, respectively.

In summary, HPV16 E6 and E7 antibodies undergo a slow but significant

decrease in antibody titers within the first 6–18 months following CxCa treat-

ment. However, larger studies are needed to confirm the utility of serology

for prediction of disease progression and time to relapse based on antibody

decay kinetics.

This article is part of the theme issue ‘Silent cancer agents: multi-

disciplinary modelling of human DNA oncoviruses’.
1. Introduction
Specific human papillomavirus (HPV) types are classified as Class I human car-

cinogens and are associated with carcinoma of the cervix, vulva, vagina, penis,

anus, and the head and neck, particularly the oropharynx [1]. In all of these

cancers, HPV16 is the predominant type, causing about half of all cervical can-

cers (CxCa) and more than 80% of all other HPV-attributable cancer cases [2].

Persistent HPV infection is considered a requirement for the development of

CxCa (i.e. all cases are by definition attributed to HPV), and approximately

15 high-risk HPV types involved in the development of CxCa have been ident-

ified [3]. Following HPV16, HPV18 is the second most frequent type in CxCa

with an attributable fraction of approximately 15%.
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After natural infection of mucosal epithelia by HPV, several

early (E1, E2, E4, E6, E7) and late (L1) viral proteins are

expressed. Antibodies against the major capsid protein L1 can

be detected upon infection (although not every infected individ-

ual seroconverts) and persist for many years; this is thought to

be based on bone-marrow B memory cells that are independent

of antigenic challenge [4]. Thus, these antibodies are considered

markers of past or present infection, i.e. cumulative exposure

markers [5]. By contrast, antibodies to the oncoproteins E6

and E7 are usually not elicited upon mere infection; they

result from oncoprotein overexpression in HPV-driven invasive

carcinomas (and potentially their precursor lesions), and are

thus strongly associated with invasive cancer. This immune

response is presumably based on long-lived plasma cells that

depend on antigenic challenge [4]. Seroconversion for E6 and

E7 antibodies is a late event in CxCa, i.e. the antibodies can be

detected at the time of cancer diagnosis [6,7] but not years

before [8], or in women with high-grade CxCa precursor lesions,

i.e. cervical intraepithelial neoplasia grade 2 or higher (CIN2þ)

[9,10]. Thus, we hypothesized that upon removal of tumours,

and thus the antigenic source for challenge of plasma cells, E6

and E7 antibodies should undergo a significant decay, while

L1 antibodies should be largely unaffected by treatment.

However, the available data to support or refute this

hypothesis are scarce, both in CxCa and in oropharyngeal

cancer (OPC), an HPV-driven cancer that has recently been

subject to extensive research [11]. This is partially based on

the finding that in contrast to CxCa, antibodies to HPV16 E6

and E7 are prospective markers for OPC that can be detected

10þ years prior to diagnosis [12,13]. In OPC, antibody presence

or their levels at the time of diagnosis [14–19] as well as anti-

body kinetics during patient follow-up after primary tumour

treatment [15,16,20] have been investigated as markers for pre-

diction of treatment success (i.e. complete tumour removal)

and the likelihood of disease recurrence. However, these

studies were mostly small with few recurrence events, and

most studies that have investigated post-treatment antibody

kinetics suffered from short follow-up and/or too few serial

blood samples taken after diagnosis. Taken together, these

studies were largely inconclusive [21]. Moreover, it is difficult

to interpret these data given the lack of knowledge about the

natural history of oral HPV infection [22].

Decay dynamics of oncoprotein antibody titers have been

found to be indicative of cancer relapse for other oncoviruses,

such as Merkel cell polyomavirus (MCV) causing Merkel cell

carcinoma (MCC) [23]. In comparison to the data-driven classi-

fication of patients performed so far, mathematical models that

use mechanistic frameworks to describe antibody dynamics

provide a more detailed quantification and prediction of the

kinetics of the response for individual patients. Although

being used frequently to predict the longevity of vaccine-

induced antibodies, such as against HPV [24] or other viruses

and pathogens [25,26], these models have neither been used

to characterize antibody kinetics after tumour removal nor

tested for the possibility to predict tumour relapse.

Most studies that have investigated HPV antibodies fol-

lowing CxCa diagnosis were published in the 1990s and

included only single HPV proteins or peptide antigens

derived thereof with none of these studies investigating the

exact timing of the antibody dynamics [10,27–35]. Thus, we

conducted a systematic investigation of HPV seroprevalence

at diagnosis, and quantification of post-treatment HPV anti-

body kinetics, using multiplex serology to detect antibodies
against HPV16 and 18 E1, E2, E4, E6, E7 and L1, in a clinically

well characterized, large cohort of incident CxCa patients

with long-term follow-up and multiple sampling time

points. Using mathematical models to quantify antibody

decay characteristics for HPV16 E6 and E7, we then also

tested the ability to predict the possibility of tumour relapse

based on the obtained kinetics.
2. Methods
(a) Study population
The study investigated HPV antibody kinetics in 184 cervical cancer

(CxCa) patients treated by surgery at Jena University Hospital

between 1995 and 2015. The clinical and pathological parameters

of the patients are shown in table 1. Serum samples were taken

at the time of primary surgery and at individual post-operative

intervals to determine routine clinical parameters. Serum samples

were pseudonymized and stored at 2308C in the biobank of the

Department of Gynaecology of Jena University Hospital. Informed

consent was provided by all patients. Approval for this study was

given by the Ethics Committee of the Friedrich-Schiller University

Jena (reference nos. 0077-7/98).

(b) Human papillomavirus genotyping
HPV genotyping of tumour tissue specimens was performed at

baseline using the GP5þ/6þ EIA approach as described [36],

detecting 14 high-risk and six low-risk HPV types of the a genus.

(c) Human papillomavirus serology
Serum samples of the study participants were analysed by multi-

plex HPV serology as previously described [37,38]. Briefly, HPV

antigens were expressed as glutathione S-transferase (GST)

fusion proteins in Escherichia coli and in situ affinity purified on

glutathione-derivatized fluorescent polystyrene beads (Luminex

Corp., Austin, TX, US). Bead sets carrying different antigens

were mixed and incubated with pre-diluted human serum (1 :

100 in blocking buffer). Primary antibodies bound to the antigens

were detected with biotinylated secondary antibody and strepta-

vidin-R-phycoerythrin as fluorescent reporter dye. Antibody

quantity was determined as the median fluorescence intensity

(MFI) of at least 100 beads per set. Antibodies against the E1,

E2, E4, E6, E7 and L1 proteins of the two most frequent HPV

types in CxCa (HPV 16 and 18) as well as the E6, E7 and L1 pro-

teins of the less frequent high-risk HPV types 31, 33, 35, 45, 52

and 58 were detected. Where possible, cut-off values for seropo-

sitivity for each antigen were defined based on HPV DNA

tumour status using receiver operating characteristic (ROC)

analysis maximizing sensitivity and specificity for HPV16 E1

(313 MFI), E2 (235 MFI), E4 (451 MFI), E6 (355 MFI), E7 (249

MFI) and HPV18 E6 (107 MFI) and E7 (98 MFI). Where HPV ser-

oprevalence and/or HPV tumour DNA prevalence were too low,

or in case of L1 antibodies where seropositivity is not strongly

linked to tumour HPV DNA status [39], cut-offs were deter-

mined using visual inspection of percentile plots [40–42]

(HPV16 L1: 250 MFI and HPV18 E1: 200 MFI, E2: 250 MFI, E4:

150 MFI, L1: 250 MFI).

(d) Statistical analysis
(i) Categorization of follow-up time
Based on the observation that titers to HPV16 E6 and E7 in HPV16

DNA-positive cases decrease significantly in the first six months

and continue to decay within the following 12 months, follow-

up time was categorized into four groups: 0 (baseline), one to six

months (using the serum sample that was collected closest to six



Table 1. Baseline clinical characteristics of the study population (N ¼ 184).
SD, standard deviation; SCC, squamous cell carcinoma.

n (%)

age at diagnosis (years)

mean (s.d.) 48 (13)

median (range) 46 (17 – 78)

serum samples per woman (n)

mean (s.d.) 4 (2.5)

median (range) 3 (2 – 12)

follow-up time (days)

mean (s.d.) 907 (864)

median (range) 725 (18 – 6637)

tumour HPV DNAa

HPV16 69 (57.5)

HPV18 27 (22.5)

other HPV types 24 (20.0)

tumour stageb

T1 87 (47.3)

T2 60 (32.6)

T3 15 (8.2)

T4 12 (6.5)

nodal stageb

N0 108 (58.7)

N1 52 (28.3)

resection marginb

R0 98 (53.3)

R1 21 (11.4)

R2 2 (1.1)

histologyb

SCC 138 (75.0)

adenocarcinoma 31 (16.8)

follow-up statusb

no relapse/residual disease 110 (59.8)

relapse/residual disease 63 (34.2)
a120 HPV genotyping results for 114 women available (due to multiple
HPV DNA positivity in four tumours).
bDoes not add up to 100% due to missing data.
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months of follow-up), seven to 18 months (using the serum sample

that was collected closest to 18 months of follow-up) and greater

than 18 months (last available serum sample during at least 18

months of follow-up).

(ii) Definition of antibody decrease
Based on the observed antibody kinetics, a decreasing antibody

trend was defined for serial samples that were seropositive at base-

line and showed a reduction in antibody reactivity of at least 50%

of the baseline MFI within the first 18 months. Every other trend

was considered to be either stable or increasing. Of the 184

patients, only 11 patients underwent laparoscopic staging without

surgery which were excluded in this analysis (figure 1). For analy-

sis of serological responses to HPV16 with regard to follow-up

status (i.e. relapse versus no relapse), patients without short-term
follow-up samples, i.e. those with the first follow-up sample

collected after more than 18 months, were analysed separately.

Statistical significance of differences between continuous vari-

ables (i.e. MFI values) was assessed by Wilcoxon rank sum tests,

and by Fisher’s exact test for categorical variables (i.e. seropreva-

lence). All tests were performed two-sided, statistical analyses

were performed using SAS 9.3, and p-values , 0.05 were con-

sidered statistically significant. The p-values were corrected for

multiple significance testing with the Bonferroni method where

applicable. Linear mixed-effect model analysis was performed in

R v. 3.5.0 (https://www.r-project.org) using the lme4 package.

(e) Mathematical analysis of antibody decay kinetics
(i) Mathematical models for antibody kinetics
Three mathematical models of different complexity were analysed

with regard to their ability to describe and quantify the decreasing

antibody kinetics observed in the data: (i) an exponential model,

(ii) a power-law model and (iii) a two-phase decay model.

The exponential model assumes that the antibody level, A(t),
measured in MFI, decays over time with a constant rate l. Thus,

dA
dt
¼ �lA ) A(t) ¼ A0 e�lt, ð2:1Þ

where A0 defines the initial MFI at baseline, i.e. t ¼ 0.

The second model extends the exponential model by assum-

ing that the antibody decay rate is not constant but rather follows

a Gamma distribution. This model has been previously used in

HPV vaccination studies to account for heterogeneity in the

decay rates of B-cells [39] and is defined as the power-law

model with A(t) described by

A(t) ¼ A0 (uþ t)�
~l, ð2:2Þ

where u defines an arbitrary small constant and ~l the rate of

decay [24].

Finally, the two-phase decay model extends the exponential

model by additionally accounting for the turnover of antibody-

producing plasma cells. Plasma cells, P, are assumed to produce

antibodies at a constant rate a and decay at a rate d. The turnover

of the concentration of antibodies and plasma cells after tumour

resection is then described by

dA
dt
¼ aP� lA and

dP
dt
¼ �dP: ð2:3Þ

Solving equation (2.3), and normalizing the concentration of

plasma cells at baseline to 1, P0 ¼ 1, the antibody decay curve

shows a characteristic two-phase decay which is given by

A(t) ¼ A0 e�lt � a

l� d
e�lt (1� e(l�d)t): ð2:4Þ
(ii) Parameter fitting
For each patient, the MFI data for HPV16 E6 and E7 antibodies

were normalized for the corresponding MFI measured in the base-

line serum sample, leading to A0 ¼ 1. This was done to address the

relative antibody decay kinetics from baseline for each patient

classified with decreasing antibody kinetics, which is more infor-

mative for the progression of the patient from a clinical

perspective. Relationship of absolute MFI values to disease pro-

gression has been investigated as well, which provided no added

information. The models were implemented in R v. 3.5.0

(https://www.r-project.org) and fitted to the combined popu-

lation data using the functions ‘lm’ (exponential model) and ‘nls’

(power-law model and two-phase decay model, algorithm

‘port’). For parameter estimation, only values with A � 1 were con-

sidered to ensure antibody decay, neglecting one measurement of

patient 120 in HPV16 E7 which was considered an outlier.

https://www.r-project.org
https://www.r-project.org
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184 CxCa cases

114 DNA positive cases
173 CxCa cases included in

follow-up panel

94 HPV16 and/or 18 DNA positive
cases included in baseline analysis

93 HPV16 or 18 DNA positive cases
included in ROC analysis

DNA positive other than HPV16/18
(n = 20), DNA positive to both HPV16

and 18 (n = 1)

DNA positive other
than HPV16/18

(n = 20)

missing DNA data
(n = 70)

underwent
laparoscopic

staging (n = 11)

Figure 1. CONSORT flow diagram. Of the 184 patients, only 11 patients underwent laparoscopic staging without surgery. CxCa, cervical carcinoma; ROC, receiver
operating characteristics.

Table 2. HPV16 serology and tumour HPV DNA status at baseline.

seropositive
for

DNA statusa

HPV16 pos.
(n 5 68)

HPV18 pos.
(n 5 26)

HPV16 E6 42 (61.8) 1 (3.8)

HPV16 E7 32 (47.1) 1 (3.8)

HPV16 L1 27 (39.7) 3 (11.5)
aOne patient excluded due to double HPV16 and 18 positivity.
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To additionallyaccount for individual patient kinetics, nonlinear

mixed-effects models of the power-law and two-phase decay model

were fitted to the data using Monolix (2018 R1, www.lixoft.com). The

parameter estimates obtained for the previous population-based

analyses were used for parameter initialization.

(iii) Calculation of time to 50% reduction in antibody titers
The estimated parameters of the nonlinear mixed-effects model

analysis by Monolix were used to predict the individual anti-

body dynamics for HPV16 E6 and E7 of the power-law and

two-phase decay model. For the power-law model, the time to

achieve 50% reduction in the antibody titer for each patient

was then determined using the exact solution given by

t1=2 ¼ t(A1=2 ¼ 0:5) ¼ 21=~l � u: ð2:5Þ

For the two-phase decay model, t1/2 was calculated by minimiz-

ing the equation

min
t

1

2
� A(t)

����
����

� �
, ð2:6Þ

with A(t) defined as in equation (2.4). Minimization was performed

by the mle2-function (R package: bbmle, using the optim function)

and using the parametersl,a andddetermined for each patient (see

electronic supplementary material, tables S6 and S7).
3. Results
(a) Study population
Clinical characteristics of the 184 women participating in the

follow-up study are shown in table 1. Median age at diagnosis

was 46 (range 17–78). The median number of serum samples

per woman was 3 (range 2–12), and the median follow-up

time was 725 days (range 18–6637 days). Tumour HPV DNA

status at baseline was available for 114 women (62% of the

study population), 110 with single infections and four with

multiple infections (figure 1). Two women harboured tumours

positive for two HPV types, and another two women
harboured tumours positive for three HPV types, yielding 120

genotyping results in total. The majority of tumours were

DNA-positive for HPV16 (n ¼ 69, 57.5%), followed by HPV18

(n ¼ 27, 22.5%); other HPV types were detected in 24 tumours

(20.0%). Approximately half of the patients had T1-sized

tumours (47.3%). The majority showed no lymph node involve-

ment (58.7%) and microscopically confirmed tumour-free

resection margins (53.3%). Histologically confirmed squamous

cell carcinoma was reported in 75.0% of cases, and residual dis-

ease or relapse was found in approximately one-third of

patients (34.2%) during follow-up. Overall, 166 (90.2%) of all

184 women were seropositive at least at one time point

during this study against at least one of the 40 tested HPV anti-

gens. As seroprevalences for several of these antigens were very

low, we focused on comparisons with sufficient statistical

power to obtain meaningful estimates, specifically E6, E7 and

L1 of HPV16 and, where possible, HPV18.

(b) Comparison of human papillomavirus serology with
tumour DNA status at baseline

Seropositivity against E6, E7 and L1 of HPV16 according to

HPV16 and 18 tumour DNA status is shown in table 2.

http://www.lixoft.com


HPV16 E6
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HPV16 L1
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Figure 2. Antibody decay of baseline HPV16 DNA-positive and seropositive cases. The three panels show antibody reactivity to HPV16 proteins E6 (a), E7 (b) and L1
(c) during follow-up. Serial serum samples were categorized as follows: baseline (month 0); the sample collected closest to six months follow-up (months 1 – 6); the
sample collected closest to 18 months follow-up (months 7 – 18); the last follow-up sample available (greater than 18 months). Whiskers represent 90th and 10th
percentiles, respectively; medians are indicated by horizontal lines; means are displayed by crosses. Patient numbers with sera available at the given time points vary
due to heterogeneous follow-up sampling. The p-values indicate statistical significance compared to previous category.
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One patient was excluded due to double HPV16 and HPV18

DNA positivity in the tumour sample. Among the 68 cases

DNA positive for only HPV16, the highest seroprevalence

was observed for HPV16 E6 (n ¼ 42, 61.8%), followed by

HPV16 E7 (n ¼ 32, 47.1%) and HPV16 L1 (n ¼ 27, 39.7%).

Both HPV16 E6 and E7 antibodies were almost absent in

cases with HPV18 DNA-positive tumours (each n ¼ 1 out

of 26, 3.8%) while HPV16 L1 antibodies were detectable in

3 (11.5%) of these women. Similarly, specific antibody pat-

terns were detected for HPV18 E6, E7 and L1 antibodies

(electronic supplementary material, table S1).

(c) Comparison of human papillomavirus serology with
nodal status at baseline

HPV16 E6 seropositivity was elevated among HPV16 DNA-

positive patients with lymph node involvement (N1, n ¼
24, 75% seropositive) compared to patients without positive

nodal stage (N0, n ¼ 38, 50% seropositive). This difference

was however not statistically significant ( p ¼ 0.066).

(d) Antibody decay of baseline DNA-positive and
seropositive cases

To investigate type-specific HPV antibody decay, we examined

follow-up samples of patients positive for HPV antibodies at

baseline and tumour HPV DNA of the same type (figure 2).

Among the patients with HPV16 DNA-positive tumours

(n ¼ 68), 42 and 31 were positive for HPV16 E6 and E7 anti-

bodies at baseline, respectively. Within the first six months of

follow-up, a 43% decrease in E6 antibody reactivity (median

MFI) was observed (from 7911 to 4493 MFI, p ¼ 0.009). Simi-

larly, E7 antibody reactivity decreased by 73% (from 5886 to

1602 MFI, p ¼ 0.024). Fitting a linear mixed-effect model to

the patient data for the first six months after baseline corrobo-

rated a significant decrease in the antibody titers of HPV16 E6

and E7 over this time period (E6: slope 223.54+5.28 d21; E7:

slope 216.38+3.97 d21; population estimate+ s.e.). Within

the next 12 months (until 18 months of follow-up), antibody

reactivities against the HPV16 oncoproteins continued to

decrease (E6: 2514 MFI, E7: 517 MFI); however, the difference
was not statistically significant compared to six months of

follow-up ( p ¼ 0.370 and p ¼ 0.160, respectively). After

18 months of follow-up, antibody reactivities to HPV16 E6

and E7 stabilized at high levels (E6: 2359 MFI, E7: 971 MFI),

without further changes in antibody reactivities ( p ¼ 0.975

and p ¼ 0.657). Antibody reactivities to HPV16 L1 were

initially lower than for the oncoproteins (1492 MFI at baseline),

and showed a similar pattern over time, although changes in

antibody reactivity were less pronounced (until six months of

follow-up: 747 MFI, until 18 months: 492 MFI, beyond

18 months: 1168 MFI; p ¼ 0.106, p ¼ 0.480, p ¼ 0.559, respect-

ively; linear mixed-effect model for the first six months L1:

slope 26.26+2.29 d21). Antibody reactivities to HPV16 E1,

E2 and E4 showed similar, statistically insignificant patterns

(electronic supplementary material, figure S1). Due to the

low numbers of concordantly HPV18 DNA and HPV18 sero-

positive patients, no consistent patterns could be detected

(electronic supplementary material, figure S2).

(e) Human papillomavirus antibody kinetics during
follow-up

Of 67 and 50 patients initially seropositive for HPV16 E6 and

E7, 13 (19.4%) and 13 (26.0%) showed seroreversion, respect-

ively (electronic supplementary material, table S3). Based on

the observed antibody kinetics among all patients concor-

dantly positive for HPV16 E6 or E7 antibodies and tumour

HPV16 DNA (figure 2), serial samples of individual patients

were considered to show a decreasing antibody trend if they

were seropositive at baseline and had a reduction in antibody

reactivity (MFI) of at least 50% of the baseline MFI within the

first 18 months. Every other trend was considered to be either

stable or increasing.

Individual patients’ antibody kinetics for HPV16 E6 and

E7 are shown in figure 3. Of the 67 patients seropositive for

HPV16 E6 at baseline, 28 (41.8%) showed a decrease in anti-

body reactivity over the first 18 months (table 3), whereas

more than half of the patients (n ¼ 39, 58.2%) showed

stable or increasing antibodies with time. The maximum

number of patients showing decreasing antibody reactivity

after treatment were those seropositive for HPV16 E7 (33
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Figure 3. Changes in HPV16 E6 and E7 MFI levels for baseline seropositive cases over time and selected individual fits for nonlinear mixed-effect models. (a) A
decreasing trend is defined by a reduction in antibody reactivity (MFI) of at least 50% of the baseline MFI within the first 18 months (coloured blue). Every other
trend is considered to be either stable or increasing (coloured orange). Four patients for HPV16 E7 were excluded from the plot (but not the analysis) since they
showed normalized MFI values of either greater than 500% or less than 0.1%. (b,c) Representative individual fits from nonlinear mixed-effect models of the power-
law (green) and two-phase decay (orange) model for HPV16 E6 (b) and HPV16 E7 (c). Individual patients were selected to be representative for having a long
follow-up ( patient 56 in E6 and E7), a short follow-up (E6: patient 99, E7: patient 81) and a high plateau during follow-up ( patient 120 in both E6 and E7). Times
to 50% reduction of individual antibody titers are based on the predictions from the power-law model. Individual parameter estimates are shown in electronic
supplementary material, tables S6 and S7.
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out of 50, 66.7%), while only 12 out of 47 (25.5%) patients ser-

opositive for HPV16 L1 had a decay in antibody titers with

time (L1 versus E6: p ¼ 0.11, L1 versus E7: p , 0.0001). The

45, 31 and 49 patients seropositive for the HPV16 early pro-

teins E1, E2 and E4 showed similar distributions with 14

(31.1%), 10 (32.3%) and 16 (32.7%) patients characterized

with decreasing trends, and 31 (68.9%), 21 (67.7%) and 33

(67.3%) patients with stable or increasing antibodies. Only

four of 22 (18.2%) patients seropositive for HPV18 E6 showed

decreasing titers during follow-up (electronic supplementary

material, table S2). Of 22 patients seropositive for HPV18 E7,
nine (41.0%) showed decreasing trends, whereas 6 of 38

(15.8%) patients positive for L1 antibodies showed decreasing

antibody reactivity. Among women seropositive for HPV18

E1, E2 and E4, 9 of 50 (18%), 7 of 27 (25.9%) and 1 of 14

(7.1%) showed decreasing antibody reactivity.
( f ) Correlation of HPV16 E6 and E7 antibodies
Among the 28 patients characterized as having decreasing

HPV16 E6 antibodies, 15 were also seropositive for E7 anti-

bodies: 14 showed decreasing E7 antibodies, and one had



Table 3. HPV16 serology during follow-up (n ¼ 173).

antigen seropositive n (%) decreasing n (%)a stable or increasing n (%)a

HPV16 E1 45 (26.0) 14 (31.1) 31 (68.9)

HPV16 E2 31 (17.9) 10 (32.3) 21 (67.7)

HPV16 E4 49 (28.3) 16 (32.7) 33 (67.3)

HPV16 E6 67 (38.7) 28 (41.8) 39 (58.2)

HPV16 E7 50 (28.9) 33 (66.0) 17 (34.0)

HPV16 L1 47 (27.2) 12 (25.5) 35 (74.5)
aA decreasing trend shows reduction in antibody reactivity of at least 50% of the baseline MFI within the first 18 months. Every other trend is considered to be
either stable or increasing. Of the 184 patients, 11 patients who underwent laparoscopic staging without surgery were excluded in this analysis.

royalsocietypublishing.org/journal/rstb
Phil.Trans.R.Soc.B

374:20180295

7

stable E7 antibodies. By contrast, among the 33 patients with

decreasing HPV16 E7 antibodies, 25 were HPV16 E6 seroposi-

tive, and about half of these had decreasing and half had stable

HPV16 E6 antibodies (n ¼ 14 and n ¼ 11, respectively).

This suggests that decaying kinetics in HPV16 E6 anti-

bodies are associated with antibody decay for E7, but not

vice versa.

(g) Association of antibody kinetics with relapse
Clinical data with regard to relapse or residual disease during

follow-up was available for 173 women (table 1); however, a

substantial fraction of the patients with relapse (22 of 63,

35%) showed relapse only after the last serological follow-up

sample had been collected (n ¼ 9) or already entered the

study with a relapse diagnosis (n ¼ 13). Changes in HPV16

E6, E7 and L1 antibody levels for baseline seropositive cases

over time, stratified by relapse status, are shown in electronic

supplementary material, figure S3. For none of the antigens,

was a clear antibody kinetic pattern associated with relapse.

Similarly, in patients with relapse or residual disease during

serological follow-up, no clear patterns with regard to stable

or decaying antibodies could be determined (electronic sup-

plementary material, table S4). Including all patients with a

relapse diagnosis, the proportions of patients showing decreas-

ing HPV16 E6 and E7 antibodies were slightly lower among

those patients with relapse versus those without, but this was

not statistically significant (E6: 34.5% versus 45.0%, p ¼ 0.53;

E7: 57.1% versus 66.7%, p ¼ 0.11).

(h) Mathematical modelling of antibody decay kinetics
To better quantify the kinetics of E6 and E7 antibodies after

biopsy, three mathematical models of different complexity

were fit to the data of those patients that were classified as

having decreasing antibody titers (i.e. for E6: 28 of 67

patients, and for E7: 33 of 50, with 14 patients appearing in

both selections). To select appropriate model structures, indi-

vidual patient kinetics were neglected and models were fitted

to the combined population data (see Methods for a detailed

description of the different models considered). As has been

observed previously [24,43,44], a simple model assuming a

constant rate of antibody decay does not provide a good

description of the observed antibody kinetics (electronic sup-

plementary material, figure S4). By contrast, models

assuming Gamma-distributed decay rates (power-law

model) or a two-phase decay kinetics accounting for anti-

body and plasma cell decay (two-phase decay model) fit
the data substantially better than the exponential model as

determined by the Akaike information criterion (AIC), with

lowest values indicating the best fit (exponential: E6 351.8,

E7 643.2; power-law: E6–92.1, E7–115.9; two-phase decay:

E6–87.9, E7–118.3; see electronic supplementary material,

figure S4). Based on the obtained AIC values, both the

power-law and two-phase decay model are considered

equally likely in describing the observed kinetics. Therefore,

both models were used to re-analyse the data based on a non-

linear mixed-effect model approach, which accounts for

overall population dynamics and individual patient kinetics.

Although both models are comparable in their ability to

explain the observed dynamics for individual patients

(figure 3; electronic supplementary material, figures S5 and

S6) the power-law model was preferred as it provided more

stable and robust estimates for the individual parameters

(compare table 4 and electronic supplementary material,

table S5). Concentrating on the results from the power-law

model, the analysis indicated similar estimates for the decay

rates, ~l, for HPV16 E6 and E7 (table 4). Based on the obtained

estimates, the corresponding durations to a 50% reduction in

antibody levels within the individual patients are predicted

to be 56.9+26.1 days (mean+ s.e.) and 56.3+19.0 days for

E6 and E7, respectively (see electronic supplementary material,

figures S5 and S6 & tables S6 and S7 for individual patient pre-

dictions and parameter estimates). For the 14 patients that were

classified with decaying antibody kinetics for both HPV16 E6

and E7, estimated times to 50% reduction were found to be cor-

related with comparable estimates for both antibodies

(Spearman’s r ¼ 0.78, p-value ¼ 0.0015; electronic supplemen-

tary material, figure S7).
4. Discussion
In this study, we conducted a comprehensive analysis of the

post-treatment dynamics of antibodies to the E6 and E7 onco-

proteins and the L1 capsid proteins of HPV 16 and 18, in a

clinically well-characterized large cohort of incident CxCa

patients. Analysing these data in detail and using a math-

ematical model to quantify antibody decay kinetics, we

found that HPV16 E6 and E7 antibodies undergo a slow

but significant decrease in antibody titers within the first

six months following CxCa treatment. These titers then stabil-

ize on a high level until 18 months of follow-up, while L1

antibodies generally undergo significantly less decay. This

supports our initial hypothesis that oncoprotein antibodies

wane following surgical tumour removal, while L1



Table 4. Parameter estimates of the nonlinear mixed-effect models for the power-law model for the antigens HPV16 E6 and E7. For each antigen, the
parameter estimates and relative standard errors (r.s.e.) are given, as well as the AIC value of the model. In addition, the corresponding mean estimates and
standard errors of the time to 50% reduction of the individual antibody levels based on the predicted dynamics, A(t), for each patient are presented. For the
individual patient estimates see electronic supplementary material, tables S6 and S7.

parameter HPV16 E6 HPV16 E7

(unit) estimate r.s.e. (in %) estimate r.s.e. (in %)

power-law decay rate ~l (d21) 0.242 9.04 0.268 11.0

scaling constant u (d) 1.083 7.77 1.379 15.6

AIC 2144.58 2322.42

mean s.e. mean s.e.

time to 50% reduction of

individual antibody levels A(t)

t1/2 (d) 56.94 26.12 56.29 18.97
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antibodies are less affected. Patients who suffered from

residual disease or relapse during or after the follow-up

showed lower HPV16 E6 antibody decay proportions than

those who did not recur, but this was not statistically signifi-

cant, and not consistent across the tested antigens. This may

be explained by less interaction of the recurring lesion with

lymphatic tissue due to radical lymphadenectomy in the

course of surgery. A higher number of seropositive cases in

nodal stage-positive patients compared to nodal stage-nega-

tive patients supports this assumption.

The decay of antibodies to oncoproteins probably comes

as a result of a reduced challenge of plasma cells after antigen

removal. However, HPV oncoprotein antibodies undergo a

much less complete decay than those to, e.g. the MCV [23].

MCV causes a rare but very aggressive skin cancer, i.e.

MCC. After surgical MCC treatment, antibodies to the large

and small T-antigens of MCV (the polyomavirus analogue

to the HPV E6 and E7 oncoproteins) undergo a quick

decay, including complete seroreversion in most patients

after approx. 8 months [23]. In the case of tumour recurrence,

T-antigen antibodies re-appear prior to clinical diagnosis of

the relapse, and can be thus used for prediction of treatment

success. The fast kinetics in MCV T-antigen antibodies is

probably possible because no long-lived plasma, or

memory B cells are generated. However, the striking differ-

ence in antibody dynamics between these two close

relatives (HPV and MCV) is not fully understood [23].

Prior studies could show a decrease in antibody reactivity

after treatment of CxCa. For example, Baay et al. [45]

described a decay in titers against native HPV16 E6 and E7

detected by RIPA in patients with CxCa following radical

hysterectomy. The authors observed a decrease in HPV16

E7 titers after 100 days, ranging between 10 and 70% of the

baseline titer. In patients with recurrence, a less pronounced

decrease was found. Other authors described a decrease in

titers after treatment compared to baseline and pre-treatment

antibody levels, respectively [10,27–35]. However, no study

evaluated the exact timing in which the change in titers

took place. The majority of the more recent publications in

clinical use of HPV serology is focused on OPC and not

CxCa. A notable difference between CxCa and OPC is the

difference in detectable antibody lead times: in CxCa, sero-

conversion for E6 and E7 antibodies is a late event, i.e. the
antibodies can only be detected at the time of cancer diagno-

sis [6,7], while in OPC patients, E6 and E7 antibodies can be

detected 10 and more years prior to diagnosis [12,13]. This

difference has been attributed to the fact that the main sites

of HPV-driven OPC, i.e. the palatine and lingual tonsils,

belong to the Waldeyer’s ring of head and neck lymphoid

tissue epithelium which may trigger early seroconversion

[46], while immunosurveillance of the cervix uteri is much

less pronounced. Another notable difference is that the natu-

ral history of genital HPV infection and the subsequent

development of CxCa have been studied in detail, and

CxCa precursor lesions are well known, while the natural his-

tory of oral HPV infection is poorly understood, and OPC

precursor lesions have not been described yet. In addition,

CxCa is primarily surgically treated, while OPC patients

may undergo primary radiotherapy, or chemoradiotherapy.

It remains to be seen whether the antibody dynamics we

describe also hold true for OPC patients following treatment.

The main strengths of our study are the long follow-up of

the patient cohort with an average of approximately 2 years,

and follow-up for more than 5 years for some of the patients

included in the analysis of antibody dynamics. Repeated

blood sampling throughout the follow-up allowed a compre-

hensive mathematical modelling approach to quantify

patient-specific antibody kinetics. In addition, the use of

state of the art multiplex serology allowed us to measure anti-

bodies to multiple HPV types and full-length proteins

simultaneously. We were, however, not able to use the pre-

viously established standard cut-offs for HPV seropositivity

[12] as the signal intensity observed in this serological analy-

sis was somewhat reduced, an effect that is most likely based

on prolonged serum storage times and repeated analysis of

the serum samples (i.e. several freeze–thaw cycles). How-

ever, we based our cut-offs on a ROC analysis, maximizing

sensitivity and specificity of the measurement against

tumour HPV DNA status as the gold-standard. In addition,

the specificity of antibodies against HPV16 and 18, especially

those against the oncoproteins, for tumours driven by these

types was very high, supporting the general validity of

our approach.

Serum samples included in this study were collected on an

individual basis to determine routine clinical parameters.

Thus, the collection intervals were heterogeneous. For the
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analysis of HPV antibody dynamics, we categorized individual

follow-up into a baseline category, and three follow-up cat-

egories, always using the sample collected closest to the end

of the respective follow-up period (six months, 18 months

and the last available follow-up sample taken after 18

months or more). One alternative to this approach would

have been to take the average of the available samples within

these time periods to use the full range of available data. How-

ever, we decided against this approach as, obviously, HPV

antibodies are dynamic within these first 6, and the following

12 months, i.e. assuming a step-wise function for antibody

decay would be inappropriate. Thus, taking the last available

sample in every time period category described the observed

kinetics better in the categorical analysis. However, all avail-

able data have been used in the mathematical models to

quantify antibody decay kinetics.

Our estimates predict durations for a 50% reduction in

antibody titers within individual patients of 56.9+26.1

days (mean+ s.e.) and 56.3+19.0 days for E6 and E7,

respectively. As calculation of the mean is affected by outliers

characterized by insufficient clearance or early saturation of

antibody levels (e.g. patient 120 for E6; electronic supplemen-

tary material, figure S4), we also determined the median

durations which are given by 13.8 (E6) and 14.8 (E7) days

(see also electronic supplementary material, tables S6 and

S7). Although our estimates describe the net loss rate of anti-

bodies including de novo antibody production and loss, the

estimates for the time to 50% reduction in antibody titers

are comparable to estimates of the general half-life of IgG

(t1/2 approx. 21–24 days) [47] and slightly lower than the esti-

mates obtained for maternal IgG antibodies (t1/2 approx. 35–

40 days) [48]. Comparable to previous results, we observed

that a power-law model assuming Gamma-distributed

decay rates of plasma cells is able to describe the observed

data better than a model assuming simple exponential

decay. The power-law model also provides more robust par-

ameter estimates than the two-phase decay model as it

contains less parameters to estimate. However, as both

models predict similar dynamics, estimates for the time to

50% reduction in antibody titers are comparable between

both models. In cases where denser sampling of antibody

titers within the early decay kinetics can be achieved, par-

ameter identification for the two-phase decay model could

be improved allowing corroboration of the determined

decay characteristics. A denser sampling of antibody levels

for each patient would also help to apply the identified math-

ematical models to each patient independently. The current

approach relies on a nonlinear mixed-effect model which

simultaneously accounts for population and individual

patient dynamics and thus allows predicting individual kin-

etics of patients with insufficient numbers of measurements

(see electronic supplementary material, figure S5, e.g. patient

2, 26 or 45) due to population-based parameter constraints.

However, this approach requires the pre-categorization of

patients in stable or decreasing populations in order to pro-

vide reliable results. Here, we used an observed MFI

decrease by 50% or more within the first 18 months of

follow-up to categorize a patient as showing decreasing anti-

body kinetics, which is stricter than previous definitions [23].

Although this definition might be arbitrary, it provided an

appropriate separation of the observed dynamics (figure 3).

By contrast, absolute MFI values were not informative for
the prediction of antibody dynamics and we found no signifi-

cant difference in the baseline values between patients

classified as stable or decreasing (E6: p ¼ 0.69, E7: p ¼ 0.12).

High-density sampling comprising at least 4–5 follow-up

measurements for each patient would allow a direct esti-

mation of individual decay rates and the time to 50%

reduction in antibody titers, which would enable us to cat-

egorize each patient with either decreasing or stable

dynamics based on their estimates. Within the limited

number of patients that were classified as decreasing and

experienced a tumour relapse during or after the study, we

found evidence for a correlation between the estimated time

to 50% reduction in antibody titers and the time to relapse,

i.e. faster decays determining later relapse (E6: n ¼ 8, Spear-

man’s r ¼ 20.76, p ¼ 0.036; E7: n ¼ 10, Spearman’s

r ¼ 20.32, p ¼ 0.37; electronic supplementary material,

figure S8). However, the current patient cohort does not pro-

vide sufficient evidence for the use of absolute MFI values or

antibody decay kinetics as predictors for the occurrence of

time to a potential relapse. Larger studies including patients

with sufficient numbers of follow-up measurements to deter-

mine antibody decay characteristics might help to address

this point more conclusively.

Another potential weakness of our study is that HPV DNA

status of tumours was not available for every patient. However,

this is not routinely performed as every CxCa case is con-

sidered HPV-driven, and HPV genotyping is not mandatory

as it has no consequence for tumour treatment. The pro-

portions of tumours driven by HPV16 and HPV18 were

somewhat elevated in our study (i.e. about 61% for HPV16

and 24% for HPV18) but are well in line with expectations

(i.e. about 50% for HPV16 and 15% for HPV18).

Within this study we have generated an analytical frame-

work to analyse antibody kinetics in HPV-related cancers.

Dense sampling of antibody dynamics within the very begin-

ning of follow-up is required to inform mathematical models

used to quantify antibody kinetics, which is potentially

useful to characterize individual progression of a patient.

Larger clinical studies are needed to corroborate the trends

observed in the study including the association of lower

decay proportions in relapsing patients, of elevated HPV16

E6 seroprevalence with increased nodal status, and of

HPV16 E6 antibody decay with decaying kinetics in HPV16

E7 (but not vice versa). Such studies would help to determine

the general utility of HPV-associated antibody kinetics for

patient care and clinical decision-making.
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