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Background. The degree of cross-immunity between human papillomavirus (HPV) types is fundamental both
to the epidemiological dynamics of HPV and to the impact of HPV vaccination. Epidemiological data on HPV
infections has been repeatedly interpreted as inconsistent with cross-immunity.

Methods. We reevaluate the epidemiological data using a model to determine the odds ratios of multiple to
single infections expected in the presence or absence of cross-immunity. We simulate a virtual longitudinal survey to
determine the effect cross-immunity has on the prevalence of multiple infections. We calibrate our model to epide-
miological data and estimate the extent of type replacement following vaccination against specific HPV types.

Results. We find that cross-immunity can produce odds ratios of infection comparable with epidemiological
observations. We show that the sample sizes underlying existing surveys have been insufficient to identify even
intense cross-immunity. We also find that the removal of HPV type 16, type 18, and types 6 and 11 would increase
the prevalence of nontargeted types by 50%, 29%, and 183%, respectively.

Conclusions. Cross-immunity between HPV types is consistent with epidemiological data, contrary to previous
interpretations. Cross-immunity may cause significant type replacement following vaccination, and therefore should

be considered in future vaccine studies and epidemiological models.

Human papillomavirus (HPV) types 16 and 18 are
responsible for 70% of cervical cancers, whereas the
remaining 30% of cervical cancers are associated with
more than a dozen other HPV types [1]. The degree of
cross-immunity among types is key both to the epide-
miology of HPV and to the public health impact of
HPV vaccines. Current HPV vaccines targeting HPV
types 16 and 18 hold tremendous promise for the re-
duction of cervical cancer [2]. However, these vaccines
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may modulate the prevalence of HPV infections by
nontargeted types through type replacement, which is
the increase in prevalence of nontargeted types follow-
ing vaccination [3].

Concerns about type replacement mediated by HPV
vaccine have motivated natural history surveys that
found odds ratios (ORs) and hazard ratios of multiple
to single infections of >1 [4-9]. Consequently, an indi-
vidual infected with one HPV type has an elevated
risk of multiple infections, both concurrent and se-
quential, even after adjusting for multiple HPV risk
factors (Table 1). These observations have been inter-
preted as evidence that there is no significant
cross-immunity among HPV types [4-8, 10, 11].
Furthermore, these interpretations are widely cited to
justify disregarding cross-immunity in evaluations of
HPV vaccines [10-12]. However, the premise that cross-
immunity does not lead to elevated risks of concurrent
or sequential HPV infections has not been assessed.
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Table 1.

0dds Ratios of Epidemiological Surveys of Concurrent and Sequential Human Papillomavirus Infection

Concurrent ORs, Adjusted

Sequential ORs, Adjusted

Follow-up Timing

Survey Lowest Highest Lowest Highest Cohort Length Interval
Thomas et al 2000 [7] 3.3° 12.2 (4.2-35.8° 05° 9.4 (1.2-74.5)”°  Women aged 18-20 y 34mo 4mo
Liaw et al 2001 [5] NM NM 1.9° 7.9 (3.6-17.2)° Women; median age, 23y 25 mo 12 mo
Rousseau et al 2001 [4] NM NM 2.1 (1.5-3.1)°¢ 2.6 (1.7-4.2)>° Women aged 18-60 y 5y 4-6 mo
Mendez et al 2005 [6] 337 259 2.6 12.5¢ Women aged 15-85y 4y 7 mo
Kjaer et al 2005 [9] NM NM NM 4.1 (1.4-12.3)° Men aged 18-29 y 6-8mo 6-8 mo
Chaturvedi et al 2011 [8] NM 2.25(2.12-2.38)° NM NM Women aged 18-25y NA NA

Surveys were adjusted for factors such as subject age, number of lifetime sexual partners, and recent sexual partners.

Abbreviations: NA, not applicable; NM, not measured; OR, odds ratio.
@ Not statistically significant.

 95% confidence interval.

¢ Hazard ratio.

d Pvalue declared significant, but confidence interval not reported.

We test this hypothesis here by using a mathematical model
for HPV transmission to determine the effect that cross-im-
munity would have on the risk of multiple infections.

We classify interactions between HPV types in terms of the
timescales over which the interactions occur. Immediate interac-
tions occur when current infection with one HPV type affects
the risk of simultaneous co-infection with another. Physiologi-
cally, immediate interactions may arise from changes in cyto-
kine profiles associated with local inflammation and from
competition to colonize cervical cells, as occurs with other sex-
ually transmitted infections [4, 13]. Delayed interactions occur
when a past infection with one HPV type that has been cleared
affects the subsequent risk of infection with another type.
Delayed interactions may be due to acquired immunity that
develops upon clearance of an HPV infection [14].

We classify the interactions between HPV types as syner-
gistic, independent, or cross-immune. Synergy increases the
probability of infection with a second HPV type. Perhaps coun-
terintuitively, synergy actually enhances the benefit of a vaccine,
because the removal of the types that are targeted by vaccina-
tion reduces the transmission of other types [3]. Independence
between 2 HPV types indicates that neither infection with nor
resistance to one type has an effect on risk of infection with the
second type. Cross-immunity decreases the probability of infec-
tion with another type. Under a scenario of cross-immunity, a
reduction in vaccine-targeted types brought about by vaccina-
tion could cause a concomitant increase in prevalence of non-
targeted HPV types through type replacement [3-6, 15].
Throughout this article, we assume that type interaction is
partial rather than perfect, because perfect interactions would
unrealistically preclude the possibility of multiple infections.

Type replacement following vaccination has been raised
as a concern with other vaccines, notably vaccines against
Haemophilus

influenzae and  Streptococcus pneumoniae.

Lipsitch [15] predicted that such vaccines could result in type
replacement. These predictions were borne out after pneumo-
coccal conjugate vaccine (PCV7) and H. influenza type b con-
jugate vaccine (Hib) caused type replacement [16, 17].

In this article, we use an epidemiological model calibrated to
HPV prevalence data to reevaluate clinical data on interactions
among multiple HPV types and to assess whether cross-
immunity can be ruled out on the basis of current epidemiolog-
ical surveys. We find that the ORs of multiple infections ob-
served in the epidemiological data are consistent with those
expected under a model scenario of cross-immunity among
HPV types. Taking into account this cross-immunity, we use
our model to predict the degree of type replacement that could
result from vaccine-mediated removal of targeted HPV types.

METHODS

Epidemiological Model

To evaluate the potential existence of cross-immunity among
HPV types, we built upon our previous susceptible-infected-
recovered model that incorporates interactions between 2
HPV types [3]. In our refined model (Supplementary Appen-
dix 1), an individual can be in 1 of 9 infection states depend-
ing on whether they are susceptible to, infected with, or
recovered from one or both HPV types (Figure 1). Our mathe-
matical model provided the expected risks of multiple infec-
tions under 9 different scenarios that occur when immediate
and delayed interactions each generate synergy, are indepen-
dent, or elicit cross-immunity.

First, to determine the expected effect of potential cross-
immunity on epidemiological surveys, we used steady state
prevalences from the HPV model to stochastically generate
life histories of individuals, which were then “surveyed” at a
lives, in a virtual

random point in their resulting
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Figure 1.

Schematic of the possible infection and immunological status of individuals: susceptible (S), infected (I), or recovered (R). Immediate

interactions between types are governed by the parameter c. Delayed interactions between types are governed by the parameter d.

epidemiological survey mirroring real-world surveys [4-7].
Second, we calibrated our model to empirical observations of
HPYV prevalence to estimate the nature, duration, and intensity
of interactions between HPV types. Third, we calculated the
sample size necessary to identify type replacement from epide-
miological surveys. Finally, to assess the repercussions of type
replacement, we modeled the change in prevalence of nontar-
geted types following vaccination.

To determine how interactions between HPV types change
the risk of multiple infections over time, we explicitly modeled
the formation and dissolution of sexual partnerships while
tracking the HPV states of both partners (Supplementary Ap-
pendix 1). Individuals can be either single or partnered (even
if for only one sexual act), and a partner’s infection status can
be any of the 9 states. To approximate the influence of highly
sexually active individuals on the overall transmission dynam-
ics, we used the effective partner change rate, which incorpo-
rates both the mean and the variance of partnership frequency
in the population [18-20]. We decomposed the effective
partner change rate of 4 per year into a partnership formation
rate, r, and a partnership dissolution rate, s, taking into
account an estimated average time outside of partnerships [12,
21, 22]. We assumed a population sampled across a 40-year
time span of sexual activity, and a mean HPV infection dura-
tion of 18 months [23-25].

The transmission probability for a single HPV type over the
course of a sexual partnership was previously found to be 60%
[21]. From this empirical estimate, we calculated the rate of
infection, B, taking into account empirical estimates of part-
nership durations (Supplementary Appendix 1). We defined 2
parameters, ¢ and d, to represent the relative effects of imme-
diate (c) and delayed (d) interaction between types. This pro-
duced effective rates of infection, ¢p and dp, representing the
likelihood of infection with an HPV type given current (c)

and previous (d) infection with a different type (Figure 1). We
examined 9 hypothetical scenarios of ¢ and d, choosing values
representative of cross-immunity (¢, d =0.1), independence (c,
d=1), and synergy (¢, d=~ 1/p~1.665) (Table 2). The cross-
immunity value of 0.1 was chosen as a value that was deemed
sufficiently small; the synergy value of 1.665 was chosen to be
slightly less than 1/ (B = 0.6), as the effective rates of infection
must by definition be <1. Our transmission model predicted
the type-specific HPV prevalence to vary between 1.5% and
2.8%, depending on the combinations of parameters ¢ and d
and in a range that is consistent with epidemiological data
(Table 2) [26].

Virtual Epidemiological Survey

To evaluate the effect that cross-immunity would have on epi-
demiological surveys of multiple infections, we simulated a
virtual longitudinal survey on HPV infection status of 50 000
individuals for each of our 9 parameter sets of HPV type in-
teractions. We used HPV prevalences generated from our
transmission model to parameterize a stochastic model of an
individual’s infection life history. Susceptible individuals

Table 2. Equilibrium Type-specific Human Papillomavirus
Prevalences for the 9 Model Scenarios

Delayed Delayed Delayed
Cross-Immunity Independence  Synergy
Parameter (d=0.1) (d=1) (d=1.665)
Immediate cross- 0.0152 0.0253 0.0272
immunity (c=0.1)
Immediate 0.0162 0.0258 0.0274
independence
(c=1)
Immediate synergy 0.0177 0.0262 0.0277
(c=1.665)
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entered the stochastic model at sexual debut, and their sexual
life histories were subsequently tracked. Each individual was
“enrolled” in our virtual survey at a random time in their life,
and “followed-up” 1 year later (Supplementary Appendix 2).

We used logistic regression to obtain ORs for infection with
multiple types under the different type-interaction scenarios
(Table 2), where the independent variable was an infection
status of one HPV type and the dependent variable was an
infection status of another type. In our regressions we adjusted
for age, number of lifetime sexual partners, and number of
sexual partners in the intervening year. We calculated ORs for
concurrent infection using data from the follow-up phase of
our simulated surveys and ORs for sequential infection using
data from both the entry and follow-up of our simulated
surveys.

Empirical Calibrations

To evaluate the behavior of the type interaction parameters ¢
and d beyond the 9 transmission scenarios (Table 2) and to
evaluate how well these parameters correspond to field obser-
vations of HPV prevalence, we ran our model invoking both
parameters assigned to each value between 0 and 1.66 in steps
of 0.01. For every (¢, d) pair, we calculated the x> statistic
between the observed prevalence of infection for each of the 3
field surveys [6, 7, 26] and the prevalence of 0, 1, and 2 con-
current infections predicted by our model. For each of the 3
surveys we obtained the (¢, d) pair that minimizes the x> sta-
tistic. To estimate 95% confidence intervals (CIs), we assumed
Gaussian errors in the %> statistic and noted the parameter
range within 2 log units of the maximum likelihood value.

Vaccine Trial Sample Size

We determined whether the vaccine trials that have been con-
ducted [27, 28] had sufficient sample sizes to detect cross-im-
munity. Using a standard sample size formula, we calculated
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Figure 2. Qdds ratios for concurrent infection in 9 simulated longitudi-
nal studies. Odds ratios were adjusted for age and lifetime number of
sexual partners. Error bars represent 95% confidence intervals.

the sample size necessary to give an 80% statistical power of
detecting a statistically significant difference in the prevalence
that would arise from cross-immunity of HPV infections
between the vaccine trial group and the placebo group for
each of the 3 actual epidemiological surveys (Supplementary
Appendix 3).

Type Replacement

HPV types have been classified into phylogenetic clades
(http://hpv-web.lanl.gov/) within which cross-immunity may
occur [5]. Type 16 is classified in clade A9, type 18 in clade
A7, and types 6 and 11 in clade A10. The proportion of HPV
infections within each clade due to vaccine-targeted types
varies: type 16 causes 38% of infections in clade A9, type 18
causes 27% in clade A7, and types 6 and 11 cause 67% in
clade A10 [29]. To assess the impact of type interaction on the
effectiveness of HPV vaccines, we modeled the change in
prevalence of nontargeted types within each clade following
vaccination and compared this change with the reduction in
prevalence of the targeted type caused by vaccination (Supple-
mentary Appendix 4).

RESULTS

Virtual Epidemiological Survey

Using ORs to measure the risk of concurrent and sequential
infection with different HPV types, we found that both
delayed and immediate cross-immunity increased ORs for
concurrent and sequential infection (Figures 2 and 3), but that
delayed cross-immunity with immediate synergy produced the
greatest increase in ORs, increasing the odds of multiple infec-
tion by 8.8 times for concurrent infection (Figures 2 and 3).
These results argue that the elevated risk of concurrent
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Qdds ratio for sequential nfection

Figure 3. Odds ratios for sequential infection in 9 simulated longitudi-
nal studies. Odds ratios were adjusted for age, lifetime number of sexual
partners, and number of new sexual partners since enrollment. Error bars
represent 95% confidence intervals.
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infections previously found (Table 1) does not preclude the
existence of delayed cross-immunity.

Empirical Calibrations

To estimate values for the immediate and delayed cross-
immunity parameters, ¢ and d respectively, we calibrated our
model to epidemiological surveys by determining the ” statis-
tic for the 3 epidemiological surveys [6, 7, 26] as ¢ and d are
varied. We also calculated the values of ¢ and d that minimize
the x> statistic for each survey (Figure 4). These results

c ' -(.l-. ' d

Figure 4. Fit of % model of 3 data sets to model predictions of 0, 1,
and 2 concurrent human papillomavirus infections based on immediate
(c) and delayed (d) type interactions. Lower values of % indicate better
fit. 95% confidence intervals are based on normal error models underly-
ing XZ and are indicated in parentheses; an asterisk indicates that the
95% confidence interval exceeds the realistic parameter space. For
Thomas et al [7], xz is minimized by ¢=1.3 (0.94, 1.665%) and d=0 (0%,
0.028) (A). For Mendez et al [6], % is minimized by c=0.5 (0.24, 0.97)
and d=0 (0%, 0.014) (B). For Dunne et al [26], %? is minimized by ¢=1.1
(0.56, 1.665*) and d=0 (0%, 0.065) (C).

indicate that empirical observations are best approximated by
a small value for d, indicating strong delayed cross-immunity.

Vaccine Trial Sample Size

Our calculations of the sample size necessary to observe type
interactions within a clinical trial indicate that >140000
person-years of observation would be needed to detect even
perfect cross-immunity based on the event rates of HPV infec-
tion in Harper et al [27], compared with 2500 person-years
(1113 subjects for an enrollment of up to 27 months) that
were used in that survey. More than 36 million person-years
would be required using the event rates in Mao et al [28],
compared with the 9500 person-years used (2391 subjects
over 4 years). Thus, cross-immunity cannot be ruled out on
the basis of these existing surveys.

Type Replacement

Modeling the effect of delayed cross-immunity on HPV preva-
lence following the elimination of the vaccine-targeted types
and parameterizing the immediate and delayed interaction pa-
rameters based on the results of our empirical calibrations, we
found that the vaccination effectiveness as a result of type re-
placement was 11% (95% CI, 1.8%-29%) for types 6 and 11 in
the A10 clade, 18% (95% CI, 3.0%-50.%) for type 16 in the
A9 clade, and 20% (95% CI, 3.5%-56%) for type 18 in the A7
clade. The prevalence of nontargeted types increased by 50%
(95% CI, 31%-58%) following vaccination for type 16, by 29%
(95% CI, 18%-33%) for type 18, and by 183% (95% CI,
145%-216%) for types 6 and 11. We observed a negative cor-
relation between the prevalence of the vaccine-targeted type
within its clade and the corresponding vaccination effective-
ness, indicating that those HPV types that constitute a larger

o
o
)

WType 16
AType 18

o
w
.
i
4

o
S
L

®Types6and 11

type rephcement
o (=]
[ w

o
-
L

o

0.4 06 0.8
I ed types

Vaccination effectiveness considering

o
(5]

Fraction of group pr due to
Figure 5. Vaccine effectiveness under cross-immunity. Effectiveness is
calculated as the ratio of total human papillomavirus infection prevalence
between the scenarios of type replacement and no type replacement,
following vaccination against the designated type. Under the scenario of
cross-immunity, a greater fraction of a targeted type within its clade
results in greater type replacement and lower benefit of removing that
type.
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proportion of their clade leave open a wider niche to fill upon
elimination, resulting in greater type replacement by compet-
ing types (Figure 5).

DISCUSSION

The hypothesis that ORs would decrease with cross-immunity
had not been quantitatively evaluated. The assumption has
been that cross-immunity would decrease ORs for concurrent
and sequential HPV infections, and therefore that ORs above
unity implied the absence of cross-immunity [5-7, 10, 11].
However, our analysis shows that the elevated ORs identified in
empirical surveys do not disprove the existence of cross-
immunity between HPV types, contrary to previous interpreta-
tions [5-7, 11]. We also show that sample sizes of vaccine trials
have been insufficient to detect even strong cross-immunity.

By using a mathematical model to determine the expected
risks of multiple HPV infections under different scenarios of
immediate and delayed interaction between HPV types, we
have shown that delayed cross-immunity produces elevated
ORs of multiple infections similar to those seen in empirical
surveys [4-7]. This cross-immunity is predicted to reduce the
efficacy of vaccination as a result of type replacement.
However, while we calculate a significant increase in nontar-
geted HPV types due to vaccine-induced type replacement,
these types are less carcinogenic than are HPV type 16 and 18
[30]. Infection with one of these nontargeted types presents a
lower cancer risk, therefore partially ameliorating the negative
public health impact of type replacement.

To focus our analysis on the interactions among HPV types
and to minimize the considerable uncertainty involved in pa-
rameterizing human sexual behavior, we made several simplify-
ing assumptions in our model. We treated the formation of
sexual partnerships as homogeneous and well-mixing; in reality,
human sexual networks have been shown to exhibit scale-free
properties with a small number of individuals engaging in the
most epidemiologically important behavior [31, 32]. Additional-
ly, we excluded concurrent partnerships from our model, which,
although rare within the population, have been shown to play an
important role in sexual transmission of infection, and indicate a
primary risk factor for infection [33, 34]. Finally, we assumed
symmetry in transmission rates among partnerships regardless
of whether the infected partner is male or female, although pre-
vious studies have suggested the HPV transmission rate from
women to men is 3-4 times that from men to women [35].

The effective partner change rate partially compensates for
these assumptions by implicitly including the variance of sexual
behavior. Although the remaining factors are epidemiologically
important, we do not think they would have a significant effect
on our results due to the structure of our analysis. Our analysis
first determines the equilibrium levels of infection and then sto-
chastically simulates individual life histories. To affect our

calculated ORs of multiple infection prevalence, these sexual
network details would have to significantly shift the equilibrium
levels of infection. This seems unlikely due to the small fraction
of the population engaged in concurrent and high-risk sexual
activity [34]. A thorough analysis of these factors would require
an individually based computational or network simulation,
adding formidable challenges of parameterization and exacer-
bating the difficulty of arriving at general conclusions about the
interactions between HPV types.

The degree to which a vaccine itself generates cross-
immunity will affect the extent of type replacement. For
example, currently available vaccines based on L1 viral pro-
teins produce type-specific immunity without significant
cross-immunity [2]. Clinical trials of L1 vaccines reveal that
although the prevalence of infection with HPV types 16 and
18 declined, the overall prevalence of infection with nontar-
geted HPV types remains steady among vaccinated individuals,
suggesting that other HPV types increased in prevalence [27].
Conversely, L2 vaccines under development, which comprise a
cross-neutralization epitope against genital HPV infection,
may elicit cross-immunity and reduce type replacement while
the vaccine is used [2, 36]. Vaccine-mediated cross-immunity
beneficially reduces nontargeted HPV types during a vaccina-
tion program. However, the effect of this cross-immunity will
only last for as long as the vaccine is used. Once the vaccine is
no longer administered, the full effect of type replacement as a
result of the removal of other HPV types will occur.

Previous studies of HPV vaccination have observed elevated
risks of multiple infections, and interpreted these findings as
evidence against significant cross-immunity among types.
These interpretations have affected both vaccination policy
and modeling [10-12]. Many of the models of effectiveness
and cost-effectiveness of HPV vaccination have not addressed
the possibility of cross-immunity, with a few exceptions [37,
38]. Our results suggest that type replacement may reduce
vaccine effectiveness. Therefore, including cross-immunity
factors may alter cost-effectiveness analyses and the optimiza-
tion of public health strategies. Consequently, future evalua-
tions of strategies to control HPV should not exclude the
possibility of cross-immunity among HPV types.

Supplementary Data

Supplementary materials are available at The Journal of Infectious Diseases
online (http:/jid.oxfordjournals.org/). Supplementary materials consist of
data provided by the author that are published to benefit the reader. The
posted materials are not copyedited. The contents of all supplementary
data are the sole responsibility of the authors. Questions or messages
regarding errors should be addressed to the author.
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