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ORIGINAL ARTICLE

Does infection with Chlamydia trachomatis induce
long-lasting partial immunity? Insights from

mathematical modelling

Ryosuke Omori, "% Hiam Chemaitelly,® Christian L Althaus,” Laith J Abu-Raddad™>®

ABSTRACT

Objectives To explore whether existence of long-
lasting partial immunity against reinfection with
Chlamydia trachomatis is necessary to explain C.
trachomatis prevalence patterns by age and sexual

risk, and to provide a plausible estimate for the effect
size, defined here as a reduction in susceptibility to
reinfection.

Methods A population-based mathematical model was
constructed to describe C. trachomatis natural history
and transmission dynamics by age and sexual risk. The
model was parameterised using natural history, and
epidemiological and sexual behaviour data, and applied
for UK and US data. Sensitivity analyses were conducted
to assess the robustness of predictions to variations in
model structure and to examine the impact of alternative
assumptions for the mechanism underlying partial
immunity.

Results Partial immunity against reinfection was found
necessary to explain observed C. trachomatis prevalence
patterns by age and sexual risk. The reduction in
susceptibility to reinfection was estimated at 93% using
UK data (95% uncertainty interval (Ul)=88%—-97%) and
at 67% using US data (95% Ul=24%-88%). The model-
structure sensitivity analyses affirmed model predictions.
The immunity-mechanism sensitivity analyses suggested
a mechanism of susceptibility reduction against
reinfection or a mechanism of infectious-period duration
reduction upon reinfection.

Conclusions A strong long-lasting partial immunity
against C. trachomatis reinfection should be present to
explain observed prevalence patterns. The mechanism

of immunity could be either a reduction in susceptibility
to reinfection or a reduction in duration of infection on
reinfection. C. trachomatis infection appears to naturally
elicit a strong long-lasting immune response, supporting
the concept of vaccine development.

INTRODUCTION
Chlamydia trachomatis is a common bacterial
STL' ? Untreated C. trachomatis infection is asso-
ciated with pelvic inflammatory disease, infertility
and ectopic pregnancy among women, and causes
urethritis among men.> * Most genital C. tracho-
matis infections are asymptomatic.” The WHO
estimates that 4.2% of the population aged 15-49
years is infected."

An understanding of C. trachomatis natural
history and its implications on transmission

dynamics is needed to guide public health strate-
gies for its control.® Its infection is characterised by
a prolonged interval between infection acquisition
and spontaneous cessation of shedding.® In a study
among 82 women followed for >5 years, 46%
of infections were persistent at 1 year, 18% at 2
years and 6% at 4 years.® C. trachomatis immunity
appears to take at least months to acquire.®”

C. trachomatis control has focused on early detec-
tion and treatment,® ? but the effectiveness of such
strategy is subject to debate.” 1° Despite widespread
testing of young asymptomatic adults and treatment
of infected individuals,'™™"® C. trachomatis preva-
lence in the targeted age group has not changed
markedly."* ¥° It is argued that C. trachomatis early
detection and treatment hinder the development of
an adequate immune response, thereby increasing
susceptibility to reinfection at the individual level,
reducing herd immunity at the population level and
counteracting reductions in prevalence.® !¢

Since C. trachomatis infection is curable, there
are ethical constraints to conducting studies that
directly assess existence/strength of a protective
immunity against reinfection.'” There is, nonethe-
less, evidence from animal models suggesting short-
term complete immunity and long-term partial
immunity."® Partial immunity can take different
forms, such as reduction in susceptibility to rein-
fection, reduction in infectious-period duration on
reinfection and/or reduction in infectiousness upon
reinfection (lower organism load). Indirect evidence
from human studies supports the concept of protec-
tive partial immunity.'” ' The evidence includes
rapidly declining prevalence with age, similarity in
prevalence despite high variability in sexual risk,
lower organism load with age and repeat infection,
reduction in concordance rate in couples with age,
and an apparent treatment attenuation of protective
immunity.'” 2 !

Against this background, we present a novel
hypothesis-generation approach to assess the exist-
ence, and to provide a plausible effect-size estimate,
of the partial immunity against reinfection. The
approach rests on the concept that natural history
effects at the individual level have manifestations
at the population level. Starting from popula-
tion-level measures, we used mathematical model-
ling to provide the link between these measures and
natural history effects.
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Although our approach uses an indirect method, mathematical
modelling, its strength lies in that it provides an independent
assessment of this effect that capitalises on existing quality popu-
lation-based data. Specifically, we used two population-level
distributions, prevalence by age and by sexual risk, to explore a
population-level ‘signature’ of partial immunity. We also factored
in the model different biological (eg, various forms of immu-
nity and impact of treatment on immunity development) and
behavioural (eg, impact of age on sexual behaviour and various
forms of sexual mixing by age and risk behaviour) mechanisms
that potentially may explain the observed patterns, irrespective
of inclusion of an immunity effect. Accordingly, we aimed to
answer two questions: (1) Is the existence of partial immunity
against reinfection necessary to explain prevalence patterns by
age and sexual risk? (2) How strong is the effect of partial immu-
nity likely to be?

METHODS

We constructed a population-based deterministic compartmental
model to assess the role of long-lasting partial immunity in C.
trachomatis epidemiology. The model was developed based on a
review of existing mathematical models for this infection.’ 2172
The model stratified the population according to infection
status, immune status, age and sexual risk behaviour, and to
reduce complexity, sex was not included explicitly in the model,
nor did the model explicitly distinguish between different forms
of sexual transmission.

Mathematical model

Model description and C. trachomatis natural history

Online supplementary figure S1 shows a schematic diagram of
the model. The model assumes full susceptibility to infection at
birth. Following the first C. trachomatis exposure, infected indi-
viduals enter a non-infectious latent period of 14 days,’ followed
by an infectious period that can be asymptomatic or symptom-
atic. We assumed that asymptomatic infections comprise 62.5%
of all infections.® The infectious period lasts for 300 days for
asymptomatic infection,” but only 35 days for symptomatic
infection, on account of treatment-seeking behaviour.’

We assumed that, by the time of infection clearance, asympto-
matic individuals acquire short-term temporary (90 days) but full
immunity against reinfection, per the recent Althaus et al model’
and as informed by animal model studies.'” This is followed by
long-lasting partial immunity that reduces susceptibility to rein-
fection by a fraction o.!” The latter mechanism is informed by
a review of evidence from human studies that examined both
biological (eg, markers of protective immunity) as well as epide-
miological (eg, patterns in different populations) data.'”

Meanwhile, symptomatic individuals do not acquire immu-
nity and revert back to the fully susceptible state after clearance
by treatment—treatment shortens infection duration in symp-
tomatic individuals, thus reducing their chance to develop an
adequate immune response.’

Details on model structure, equations and parameterisation
are in the online supplementary materials.

Demography and sexual risk behaviour

The model assumes a stable population with a balance between
births and deaths. It further incorporates 20 age groups, each
of which describes a 5-year age band in the population. Demo-
graphics for the UK and the USA were drawn from the United
Nations Population Division databases.*”

Sexual activity lifespan extends in the model from ages 15 to
74, with sexual activity declining with older age. For each 5-year
age category, the model incorporates six sexual risk groups
describing a hierarchy of sexual risk behaviour varying from low
to high levels. Accordingly, the model accommodates for the
broad behavioural heterogeneity that typically exists in a given
population.*-3¢

Distribution of the population across risk groups is informed
by data for the number of heterosexual partners during the last
12 months, as reported in the second UK National Survey of
Sexual Attitudes and Lifestyles (Natsal-2).>' *! Distribution of the
level of risk behaviour across risk groups follows a power-law
function as informed by sexual partnership data** and analyses
of complex weighted networks.>*™*® Partnership acquisition rate
in each risk group varies with age as informed by the Natsal-2
data.’” Coital frequency also varies with age as informed by the
US data.*®

The pattern of sexual mixing between sexually active individ-
uals is determined by two mixing matrices describing the likeli-
hood of a partnership to be formed based on age group or risk
group.’® ¥ ** Each matrix describes a mixing continuum varying
between proportionate mixing (no preferential bias based on age
or risk group) and full assortativity (partnerships formed exclu-
sively within the same age or risk group).

Details on the inclusion of demography and sexual behaviour
in the model are in the online supplementary materials.

Data sources

The model was parameterised using available data for C. tracho-
matis natural history (online supplementary table S1) and sexual
behaviour (online supplementary table S1 and S2). The key
model parameters were based often on the median value of the
range that was used in published models.’ '** Empirical data
describing the distribution of C. trachomatis prevalence by age
were obtained from (1) a systematic review of studies assessing
C. trachomatis prevalence in the UK*! and (2) the US Centers
for Disease Control and Prevention (CDC) STI database.** The
distribution of C. trachomatis prevalence by sexual risk group
was obtained through Natsal-2 data analysis.*' *!

Plan of analysis
We conducted analyses to explore the role of partial immunity
in explaining observed C. trachomatis epidemiological patterns.

Partial immunity and age-specific and sexual risk-specific
distributions of C. trachomatis prevalence

We generated model predictions for the age-specific and sexual
risk-specific distributions of C. trachomatis prevalence in the UK
at different strengths for the partial immunity, and compared
these distributions with empirical data. The comparison was
conducted to assess whether the existence of immunity yields
enhanced agreement between model predictions and empirical
data.

Estimation of the strength of partial immunity against reinfection

The strength of the long-lasting partial immunity against reinfec-
tion (o) was estimated by fitting model predictions to data from
the following surveys: (1) UK age-specific*! and sexual risk-spe-
cific®' 3! C. trachomatis prevalence distributions, and (2) US
age-specific*C. trachomatis prevalence distribution. No fitting
was done for the US sexual risk-specific C. trachomatis distri-
bution, as such distribution was not available for the used CDC
data. The fitting was implemented by minimising the residual
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Table 1

Summary of description and results of the sensitivity analyses with respect to variations in model structure

Sensitivity analysis

Description

Result

1. Variation in the distribution of risk behaviour
across risk groups.*

2. Variation in the sexual mixing by age.*

3. Variation in the sexual mixing by risk.*

4. Temporal variation in risk behaviour.

5. Removal of latent period in C. trachomatis
natural history.

6. Inclusion of partial immunity for the
symptomatically infected individuals.

7. Variation in the duration of the short-term
temporary but full immunity.

Explored the impact of variation in the distribution of risk
behaviour across risk groups by varying (in univariate analysis)
the parameter o of the distribution of risk behaviour (online
supplementary materials), but fixing cvat its model-predicted
baseline value.

Explored the impact of variation in sexual mixing by age (in
univariate analysis) across the full spectrum starting from
proportionate mixing-up to fully assortative mixing. This was
done by varying e, the parameter describing the degree of
assortativity in mixing by age (online supplementary materials).
Explored the impact of variation in sexual mixing by risk (in
univariate analysis) across the full spectrum starting from
proportionate mixing-up to fully assortative mixing. This was
done by varying ey, the parameter describing the degree of
assortativity in mixing by risk (online supplementary materials).
Explored the impact of temporal variation in risk behaviour on
our estimated partial immunity strength by assuming that 10%
of individuals change their risk group every year.

Explored the impact of removing the latent period in C.
trachomatis natural history.

Explored the impact of inclusion of partial immunity for the
symptomatically infected individuals.

Explored the impact of varying the duration of the short-term
temporary but full immunity over a range of 0-100 days.

The predicted age-specific Chlamydia trachomatis prevalence
distribution was largely invariable despite the variation in
the distribution of risk behaviour across risk groups (online
supplementary figure S2A).

The predicted age-specific C. trachomatis prevalence
distribution was largely invariable despite the variation in the
sexual mixing by age (online supplementary figure S2B).

The predicted age-specific C. trachomatis prevalence
distribution was largely invariable despite the variation in the
sexual mixing by risk (online supplementary figure S2C).

afor the UK data was estimated at 93% (95% Ul: 89%—-95%)
with an uncertainty analysis median of 93%—similar to the
original estimate.

afor the UK data was estimated at 93% (95% Ul: 88%—97%)
with an uncertainty analysis median of 93%— similar to the
original estimate.

afor the UK data was estimated at 93% (95% Ul: 89%—96%)
with an uncertainty analysis median of 93%— similar to the
original estimate.

Variation in the short-term temporary immunity had limited
impact on the estimated effect size of partial immunity (online

supplementary figure S3).

All sensitivity analyses were applied to the model fit of the UK data.

*Conducted in view of the fundamental ambiguity in defining ‘sexual risk’,?*~*® and done on the prediction for the age-specific C. trachomatis prevalence distribution, since

this distribution is the most prototypical pattern in C. trachomatis epidemiology.
Ul, uncertainty interval.

sum of squares between data points and model predictions.
Analyses were conducted assuming endemic equilibrium.

The uncertainty intervals (Uls) for aestimates were calcu-
lated through multivariate uncertainty analyses with respect to
variations in the model’s sexual behaviour structure. This was
done using Monte Carlo sampling from (conservatively) uniform
probability distributions, assuming 20% uncertainty around the
parameters’ point estimates, as informed by the range of avail-
able data and previous modelling studies.?’ **** Each new set of
parameters was used to refit C. trachomatis prevalence distribu-
tions, and accordingly estimate o. We implemented 500 uncer-
tainty runs for each aestimation and determined the median and
mean and associated 95% UI.

Sensitivity analyses with respect to variations in model structure
Several sensitivity analyses were conducted with respect to varia-
tions in model structure. These are summarised in table 1.

Sensitivity analyses with respect to alternative assumptions for the
mechanism of partial immunity
We assumed, for theoretical simplicity, that the partial immu-
nity mechanism is a reduction in the susceptibility to reinfection.
However, there is ambiguity about the exact mechanism(s).'” ' %
Accordingly, we conducted sensitivity analyses exploring the
impact of two alternative mechanisms on the predicted age-spe-
cific C. trachomatis prevalence distribution: a reduction in
infectious-period duration upon reinfection and a reduction in
C. trachomatis infectiousness upon reinfection (lower organism
load).

Methodological details of these analyses are in the online
supplementary materials.

RESULTS

Figure 1A shows the predicted age-specific C. trachomatis prev-
alence distribution for the UK data at different a(the fractional
reduction in susceptibility to reinfection). With no immunity
(o = 0%), it was not possible to generate the typically observed
distribution where the prevalence is highest in those aged 15-24
years and declines to <1% by age 30. amust be large enough,
in the range of 70%-90%, to reproduce this prototypical C.
trachomatis empirical pattern. Moreover, it was not possible to
generate the distribution without incorporating the age depen-
dence of sexual behaviour.

Figure 1B shows the predicted age-specific C. trachomatis
prevalence distribution at different c, but assuming no variation
in sexual behaviour with age—absence of this variation did not
lead to a good fit of empirical data.

Figure 1C shows the predicted risk-specific C. trachomatis
prevalence distribution for the UK data at different «. With
a = 0%, the prevalence in high-risk populations was much
higher than that in low-risk populations, in contrast to empirical
data that suggest a more even distribution by risk.?! In order to
generate such more even distribution, amust be large enough
to substantially lower C. trachomatis prevalence in high-risk
populations, who are more likely to experience reinfections. Of
notice that the outlier for risk group 4 may be due to sampling
variation or to the ambiguity of defining ‘sexual risk’*® ***—a
definition based on simply reported number of partners may not
capture the true risk of infection exposure in the sexual network.

To derive a plausible estimate for the effect size of a, we fitted
C. trachomatis prevalence distribution by age and by risk for the
UK data (figure 2A,C and online supplementary tables S3, S4)
and by age for the US data (figure 2B and online supplementary
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Figure 2 Model fits for Chlamydia trachomatis (CT) prevalence in
the UK by age and by sexual risk, and in the USA by age. Model fits

Figure 1 Chlamydia trachomatis (CT) prevalence in the UK by age and for (A) age-specific distribution of CT prevalence in the UK, (B) age-

Sexual risk group

by sexual risk under different assumptions for the effect size of partial Spec!f!c d!str?but!on of CT prevalence in the USA and (C) sexual risk-
immunity against reinfection (o). Model predictions for (A) age-specific specific distribution of CT prevalence in the UK for those 18-44 years
distribution of CT prevalence at variable levels of o and assuming age of age. Empirical data (illustrated by **') were provided for the UK from
dependence of sexual behaviour, (B) age-specific distribution of CT references 21 31 41 and for the USA from reference 42.

prevalence at variable levels of o but with no age dependence of sexual
behaviour, and (C) sexual risk-specific distribution of CT prevalence

at variable levels of o for those 18—44 years of age. Empirical data
(illustrated by "**) were provided from reference 41 for CT prevalence
by age and from references 21 31 for CT prevalence by sexual risk.
Distribution of the population across risk groups was based on the
reported number of heterosexual sex partners during the last 12 months
in the second National Survey of Sexual Attitudes and Lifestyles.?" >’

table S5). The model produced robust fits of these distributions.
afor the UK data was estimated at 93% (95% UI=88%-97%)
with an uncertainty analysis median of 93%. afor the US data
was estimated at 67% (95% UI=24%-88%) with an uncertainty
analysis median of 69%.

Table 1 shows the results of the sensitivity analyses with
respect to variations in model structure. The analyses indicated
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Figure 3  Sensitivity analyses of the impact of alternative biological
mechanisms, for the effect of partial inmunity, on the model-predicted
age-specific Chlamydia trachomatis (CT) prevalence in the UK. Model
predictions for the age-specific CT prevalence, under different levels
for the effect size of partial inmunity (r), assuming a mechanism

of (A) susceptibility reduction to reinfection, (B) infectious-period
duration reduction with reinfection or (C) infectiousness reduction
with reinfection. Empirical data (illustrated by "**) were provided from
reference.”!

that the estimated ais not likely to be affected appreciably by the
ambiguity in defining sexual risk nor by lack of detailed knowl-
edge of sexual networking in a population.

Figure 3 shows the predicted age-specific C. trachomatis preva-
lence distribution under three distinct assumptions for the mech-
anism of partial immunity: susceptibility reduction (our baseline
assumption; figure 3A), infectious-period duration reduction
(figure 3B) and infectiousness reduction (figure 3C). The
results indicated that a mechanism of infectiousness reduction
has a limited effect on the age-specific prevalence distribution,

particularly in older populations, regardless of the immunity
effect size. Meanwhile, a mechanism of infectious-period dura-
tion reduction affects the age-specific prevalence distribution in
a similar manner to that of susceptibility reduction.

DISCUSSION

We explored the role of immunity in C. trachomatis epidemi-
ology using a hypothesis-generation mathematical modelling
approach. Our results indicated that a strong effect of partial
immunity against reinfection should be present to explain
observed prevalence patterns. The immunity effect size, reduc-
tion in susceptibility to reinfection, may also exceed 65%. The
results further indicated that the mechanism of immunity could
be either a reduction in susceptibility to reinfection or a reduc-
tion in duration of infection upon reinfection. Observed patterns
could not be explained by merely an immunity effect on infec-
tiousness (organism load).

The presented analyses highlighted how a natural history
effect that occurs at the individual level (ie, development of
partial immunity) expresses itself indirectly as an observed effect
on prevalence patterns at the population level—thereby facili-
tating a derivation of a plausible estimate for the effect size using
a population-level mathematical model. The immunity effect led
to high prevalence in youths, with rapid decline in prevalence
with age, testifying to age being a strongly predictive risk factor
for C. trachomatis infection.”” The immunity effect led also to a
‘dispersion’ effect of more even prevalence distribution by risk
group—affirming the empirically observed smaller Gini coeffi-
cient for C. trachomatis, compared with gonorrhoea and syph-
ilis.”"

The observed strong immunity effect is consistent with existing
direct evidence from animal studies'® and indirect evidence
from human studies.'”” ! In the context of previous studies
on C. trachomatis control,® '® 2° the observed effect suggests
that control programmes focused on early detection and treat-
ment may not be effective, if they hinder the development of
an adequate immune response.® '® 2° The roll-out of screening
in several countries was paralleled by increases in reinfection
rates that remain unexplained by advances in diagnostic tests,
screening coverage and sexual behaviour.® ° *=*! This outcome
demonstrates how it is difficult to achieve C. trachomatis control
without probably a vaccine'® >—the observed strong immunity
effect supports the concept, and may suggest the feasibility, of
vaccine development. A vaccine that is administered to adoles-
cents, in similar fashion to human papillomavirus vaccination,’®
may have a larger impact in controlling C. trachomatis transmis-
sion, and be more cost-effective, than a screening programme.

The sensitivity analyses of alternative mechanisms for the
immunity effect indicated that infectiousness reduction cannot
explain observed patterns (figure 3). Even if this mechanism
is present biologically, it can affect the overall intensity of C.
trachomatis transmission in a population, but not as much the
observed age-specific prevalence distribution. Meanwhile, a
mechanism of infectious-period duration reduction affects
this distribution just as susceptibility reduction, and therefore
provides an alternative plausible explanation for the effect of
partial immunity. Further work is warranted to investigate which
of these two mechanisms, or a combination, underlie immunity.
Of notice that these three mechanisms, to one degree or another,
could eventually be determined to be in action and simultane-
ously. If so, C. trachomatis immunity may be proven to be more
influential in the epidemiology of this infection than previously
thought.
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Limitations may have affected this study. Although an elabo-
rate model was used to capture the complexity of C. trachomatis
transmission dynamics, the results may depend on the used
model. We used a frequency-dependent model, but this type of
model may overestimate immunity effects.’* The model depends
on availability and representativeness of input data—the aesti-
mate for the USA had a wide UI, as the sexual risk-specific prev-
alence distribution was not available for the used CDC data.
The sexual risk-specific prevalence distribution for the UK data
was based on the number of sexual partners, which alone may
not sufficiently capture sexual risk.*® *7*¢ 3% 3¢ This distribu-
tion, however, was influential in estimating such a strong afor
the UK data. If the shape of this distribution was less even, we
would still have estimated strong immunity, but with a smaller
a(figure 1). We assumed that symptomatically infected persons
do not develop partial immunity because of treatment-seeking
behaviour—a reasonable assumption but with undetermined
validity.’ Lastly, for sexual mixing, we assumed a specific mix of
proportionate and assortative mixing since the actual mixing in
the population is not known.

Despite these limitations, the model was sufficiently complex
to incorporate the main factors that can affect our research ques-
tions, and produced robust fits for C. trachomatis prevalence by
age and by risk. None of the biological and behavioural factors
suspected to affect the study outcome affected the study conclu-
sions, and the different sensitivity analyses affirmed our findings.
We conducted multivariate uncertainty analyses with respect to
variations in model structure, rather than using maximum like-
lihood methods, to account for broader uncertainty in the esti-
mated effect size. Although the exact effect size of C. trachomatis
immunity is yet to be determined with precision, and there was
a difference between the UK-based and US-based estimates,
conclusively the results affirmed a strong effect of partial immu-
nity. With sampling variation affecting C. trachomatis prevalence
distributions in population-based surveys, and in the context
of fundamental ambiguity in defining ‘sexual risk’,?® ****¢ the
presented approach is not best suited to provide an exact effect
size, but is sufficient to demonstrate the likely existence of a
strong partial immunity effect.

In conclusion, we explored the existence of partial immunity
against C. trachomatis reinfection using an indirect, but novel
hypothesis-generation approach. Our results indicated that a
strong immunity effect should be present to explain observed C.
trachomatis prevalence patterns. These findings are suggestive of
a strong natural immune response against C. trachomatis infec-
tion, which upon elucidation of its detailed biological mecha-
nisms may have implications for vaccine development.

Handling editor Katy M E Turner

» Partial immunity against Chlamydia trachomatis reinfection
can explain the observed prevalence patterns by age and
sexual risk.

» C. trachomatis infection appears to elicit a strong natural
immune response that reduces substantially the susceptibility
to reinfection.

» Immunity mechanism can be either a reduction in
susceptibility to reinfection or a reduction in infectious-period
duration upon reinfection, or a combination of both.

Acknowledgements The authors gratefully acknowledge Professor Nicola

Low from the University of Bern for valuable insights and rich discussions and
critically reviewing this study. The authors also gratefully acknowledge the fine
support of Ms Adona Canlas in the conduct of this study. The authors are further
grateful for infrastructure support provided by the Biostatistics, Epidemiology, and
Biomathematics Research Core at Weill Cornell Medicine-Qatar.

Contributors RO conceived the study, developed the mathematical models and
conducted the analyses. HC contributed to data analysis and wrote the first draft of
the article. CLA provided technical input. LJA-R led the study design and analyses.
All authors contributed to results generation and interpretation and to writing of the
article.

Funding RO acknowledges the support of Precursory Research for Embryonic
Science and Technology (PRESTO) grant number JPMJPR15E1 from Japan Science
and Technology Agency (JST), and Japan Society for the Promotion of Science
(JSPS), Grant-in-Aid for Young Scientists (B) 15K19217. This publication was made
possible by NPRP grant number 5-752-3-177 from the Qatar National Research
Fund (a member of Qatar Foundation). The findings achieved herein are solely the
responsibility of the authors.

Competing interests None declared.
Patient consent Not required.
Provenance and peer review Not commissioned; externally peer reviewed.

Data statement Model equations and parameters are provided in the online
supplementary materials.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the use
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

REFERENCES

1 Newman L, Rowley J, Vander Hoorn S, et al. Global estimates of the prevalence and
incidence of four curable sexually transmitted infections in 2012 based on systematic
review and global reporting. PLoS One 2015;10:e0143304.

2 Holmes KK. Sexually transmitted diseases. 4th edn. New York: McGraw-Hill Medical,
2008.

3 Rekart ML, Gilbert M, Meza R, et al. Chlamydia public health programs and the
epidemiology of pelvic inflammatory disease and ectopic pregnancy. / Infect Dis
2013;207:30-8.

4 Mishori R, McClaskey EL, WinklerPrins V). Chlamydia trachomatis infections:
screening, diagnosis, and management. Am fFam Physician 2012;86:1127-32.

5 Althaus CL, Heijne JCM, Roellin A, et al. Transmission dynamics of Chlamydia
trachomatis affect the impact of screening programmes. Epidemics 2010;2:123-31.

6 Molano M, Meijer CJ, Weiderpass E, et al. The natural course of Chlamydia
trachomatis infection in asymptomatic Colombian women: a 5-year follow-up study. /
Infect Dis 2005;191:907-16.

7 SuH, Morrison R, Messer R, et al. The effect of doxycycline treatment on the
development of protective immunity in a murine model of chlamydial genital
infection. J Infect Dis 1999;180:1252-8.

8 Brunham RC, Rekart ML. The arrested immunity hypothesis and the epidemiology of
chlamydia control. Sex Transm Dis 2008;35:53—4.

9 Zakher B, Cantor AG, Pappas M, et a/. Screening for gonorrhea and Chlamydia:

a systematic review for the U.S. Preventive Services Task Force. Ann Intern Med
2014;161:884-93.

10 Low N, Bender N, Nartey L, et al. Effectiveness of chlamydia screening: systematic
review. Int J Epidemiol 2009;38:435-48.

11 Gottlieb SL, Xu F, Brunham RC. Screening and treating Chlamydia trachomatis genital
infection to prevent pelvic inflammatory disease: interpretation of findings from
randomized controlled trials. Sex Transm Dis 2013;40:97-102.

12 Macleod J, Salisbury C, Low N, et al. Coverage and uptake of systematic postal
screening for genital Chlamydia trachomatis and prevalence of infection in the United
Kingdom general population: cross sectional study. BMJ 2005;330:940.

13 Centers for Disease Control and Prevention (CDC). CDC Grand Rounds: chlamydia
prevention: challenges and strategies for reducing disease burden and sequelae.
MMWR Morb Mortal Wkly Rep 2011,60:370-3.

14 Datta SD, Torrone E, Kruszon-Moran D, et al. Chlamydia trachomatis trends in the
United States among persons 14 to 39 years of age, 1999-2008. Sex Transm Dis
2012;39:92-6.

15 Sonnenberg P, Clifton S, Beddows S, et a/. Prevalence, risk factors, and uptake of
interventions for sexually transmitted infections in Britain: findings from the National
Surveys of Sexual Attitudes and Lifestyles (Natsal). Lancet 2013;382:1795-806.

16 Brunham RC, Pourbohloul B, Mak S, et al. The unexpected impact of a Chlamydia
trachomatis infection control program on susceptibility to reinfection. / Infect Dis
2005;192:1836-44.

120

Omori R, et al. Sex Transm Infect 2019;95:115-121. doi:10.1136/sextrans-2018-053543


http://creativecommons.org/licenses/by-nc/4.0
http://dx.doi.org/10.1371/journal.pone.0143304
http://dx.doi.org/10.1093/infdis/jis644
http://www.ncbi.nlm.nih.gov/pubmed/23316985
http://dx.doi.org/10.1016/j.epidem.2010.04.002
http://dx.doi.org/10.1086/428287
http://dx.doi.org/10.1086/428287
http://dx.doi.org/10.1086/315046
http://dx.doi.org/10.1097/OLQ.0b013e31815e41a3
http://dx.doi.org/10.7326/M14-1022
http://dx.doi.org/10.1093/ije/dyn222
http://dx.doi.org/10.1097/OLQ.0b013e31827bd637
http://dx.doi.org/10.1136/bmj.38413.663137.8F
http://www.ncbi.nlm.nih.gov/pubmed/21451447
http://dx.doi.org/10.1097/OLQ.0b013e31823e2ff7
http://dx.doi.org/10.1016/S0140-6736(13)61947-9
http://dx.doi.org/10.1086/497341

Epidemiology

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

Batteiger BE, Xu F, Johnson RE, et al. Protective immunity to Chlamydia trachomatis
genital infection: evidence from human studies. / Infect Dis 2010;201(Suppl
2):178-89.

Rank RG, Whittum-Hudson JA. Protective immunity to chlamydial genital infection:
evidence from animal studies. J Infect Dis 2010;201(Suppl 2):168-77.

Gottlieb SL, Martin DH, Xu F, et al. Summary: The natural history and immunobiology
of Chlamydia trachomatis genital infection and implications for Chlamydia control. /
Infect Dis 2010;201(Suppl 2):190-204.

Geisler WM, Lensing SY, Press CG, et al. Spontaneous resolution of genital Chlamydia
trachomatis infection in women and protection from reinfection. J/ Infect Dis
2013;207:1850-6.

Althaus CL, Turner KM, Schmid BV, et al. Transmission of Chlamydia trachomatis
through sexual partnerships: a comparison between three individual-based models
and empirical data. J R Soc Interface 2012;9:136-46.

Althaus CL, Heijne JC, Herzog SA, et al. Individual and population level effects of
partner notification for Chlamydia trachomatis. PLoS One 2012;7:¢51438.

Heijne JC, Althaus CL, Herzog SA, et al. The role of reinfection and partner
notification in the efficacy of Chlamydia screening programs. J Infect Dis
2011;203:372-7.

Heijne JC, Herzog SA, Althaus CL, et al. Insights into the timing of repeated testing
after treatment for Chlamydia trachomatis: data and modelling study. Sex Transm
Infect 2013;89:57-62.

Kretzschmar M, Turner KM, Barton PM, et a/. Predicting the population impact of
chlamydia screening programmes: comparative mathematical modelling study. Sex
Transm Infect 2009;85:359-66.

Turner KM, Adams EJ, Gay N, et al. Developing a realistic sexual network model of
chlamydia transmission in Britain. Theor Biol Med Model 2006;3:3:3.

United Nations Department of Economic and Social Affairs. World population
prospects, the 2015 revision, 2015.

Abu-Raddad LJ, Longini IM. No HIV stage is dominant in driving the HIV epidemic in
sub-Saharan Africa. AIDS 2008;22:1055-61.

Awad SF Abu-Raddad LJ. Could there have been substantial declines in sexual risk
behavior across sub-Saharan Africa in the mid-1990s? Epidemics 2014;8:9-17.
Awad SF, Sgaier SK, Tambatamba BC, et al. Investigating voluntary medical male
circumcision program efficiency gains through subpopulation prioritization: insights
from application to Zambia. PLoS One 2015;10:¢0145729.

Fenton KA, Korovessis C, Johnson AM, et a/. Sexual behaviour in Britain: reported
sexually transmitted infections and prevalent genital Chlamydia trachomatis infection.
Lancet 2001;358:1851-4.

Lilieros F, Edling CR, Amaral LA, et al. The web of human sexual contacts. Nature
2001;411:907-8.

A-Ls Barabasi. Linked: how everything is connected to everything else and what it
means for business, science, and everyday life. New York: Plume, 2003.

Barrat A, Barthélemy M, Pastor-Satorras R, et al. The architecture of complex weighted
networks. Proc Natl Acad Sci U S A 2004;101:3747-52.

Boccaletti S, Latora V, Moreno Y, et al. Complex networks: structure and dynamics.
Phys Rep 2006;424:175-308.

Watts DJ, Strogatz SH. Collective dynamics of 'small-world" networks. Nature
1998,;393:440-2.

Choi YH, Jit M, Gay N, et al. Transmission dynamic modelling of the impact of human
papillomavirus vaccination in the United Kingdom. Vaccine 2010;28:4091-102.

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

Weinstein M, Wood JW, Stoto MA, et al. Components of age-specific fecundability.
Popul Stud 1990;44:447-67.

Hethcote H. Modeling heterogeneous mixing in infectious disease dynamics.
Cambridge: Cambridge University Press, 1996.

Garnett GP, Anderson RM. Contact tracing and the estimation of sexual mixing
patterns: the epidemiology of gonococcal infections. Sex Transm Dis 1993;20:181-91.
Adams EJ, Charlett A, Edmunds WJ, et a/. Chlamydia trachomatis in the United
Kingdom: a systematic review and analysis of prevalence studies. Sex Transm Infect
2004;80:354-62.

Centers for Disease Control and Prevention. 2011.Sexually transmitted diseases
surveillance: chlamydia profiles, 2011 Atlanta: Centers for Disease Control and
Prevention http://www.cdc.gov/std/chlamydia2011/default.htm (accessed Nov 2013).
Awad SF, Sgaier SK, Ncube G, et al. A reevaluation of the voluntary medical male
circumcision scale-up plan in Zimbabwe. PLoS One 2015;10:e0140818.

Omori R, Abu-Raddad LJ. Sexual network drivers of HIV and herpes simplex virus type
2 transmission. A/DS 2017;31:1721-32.

Omori R, Nagelkerke N, Abu-Raddad LJ. HIV and herpes simplex virus type 2
epidemiological synergy: misquided observational evidence? A modelling study. Sex
Transm Infect 2018;94:372-376.

Omori R, Nagelkerke N, Abu-Raddad LJ. Nonpaternity and half-siblingships as
objective measures of extramarital sex: mathematical modeling and simulations.
Biomed Res Int 2017:2017:3564861-9.

Stamm WE. Chlamydia trachomatis infections of the adult. In: Holmes KK, Sparling

FP, Stamm WE, Sexually transmitted diseases. 4th edn. New York, USA: McGraw Hill
Medical, 2008:575-93.

Kerani RP, Handcock MS, Handsfield HH, et al. Comparative geographic concentrations
of 4 sexually transmitted infections. Am J Public Health 2005;95:324-30.

GOtz H, Lindback J, Ripa T, et al. Is the increase in notifications of Chlamydia
trachomatis infections in Sweden the result of changes in prevalence, sampling
frequency or diagnostic methods? Scand J Infect Dis 2002;34:28-34.

LaMontagne DS, Fenton KA, Randall S, et al. Establishing the national chlamydia
screening programme in England: results from the first full year of screening. Sex
Transm Infect 2004;80:335—41.

van Bergen J, G6tz HM, PILOT CT study group. Prevalence of urogenital Chlamydia
trachomatis increases significantly with level of urbanisation and suggests targeted
screening approaches: results from the first national population based study in the
Netherlands. Sex Transm Infect 2005;81:17-23.

Brunham RC, Rappuoli R. Chlamydia trachomatis control requires a vaccine. Vaccine
2013;31:1892-7.

Paavonen J, Naud P, HPV PATRICIA Study Group. Efficacy of human papillomavirus
(HPV)-16/18 AS04-adjuvanted vaccine against cervical infection and precancer caused
by oncogenic HPV types (PATRICIA): final analysis of a double-blind, randomised study
in young women. Lancet 2009;374:301-14.

Johnson LF, Geffen N. A comparison of two mathematical modeling frameworks

for evaluating sexually transmitted infection epidemiology. Sex Transm Dis
2016;43:139-46.

Omori R, Abu-Raddad LJ. Population sexual behavior and HIV prevalence in Sub-
Saharan Africa: missing links? Int J Infect Dis 2016;44:1-3.

Omori R, Chemaitelly H, Abu-Raddad LJ. Dynamics of non-cohabiting sex partnering
in sub-Saharan Africa: a modelling study with implications for HIV transmission. Sex
Transm Infect 2015;91:451-7.

Omori R, et al. Sex Transm Infect 2019;95:115-121. doi:10.1136/sextrans-2018-053543

121


http://dx.doi.org/10.1086/652400
http://dx.doi.org/10.1086/652399
http://dx.doi.org/10.1086/652401
http://dx.doi.org/10.1086/652401
http://dx.doi.org/10.1093/infdis/jit094
http://dx.doi.org/10.1098/rsif.2011.0131
http://dx.doi.org/10.1371/journal.pone.0051438
http://dx.doi.org/10.1093/infdis/jiq050
http://dx.doi.org/10.1136/sextrans-2011-050468
http://dx.doi.org/10.1136/sextrans-2011-050468
http://dx.doi.org/10.1136/sti.2009.036251
http://dx.doi.org/10.1136/sti.2009.036251
http://dx.doi.org/10.1186/1742-4682-3-3
http://dx.doi.org/10.1097/QAD.0b013e3282f8af84
http://dx.doi.org/10.1016/j.epidem.2014.06.001
http://dx.doi.org/10.1371/journal.pone.0145729
http://dx.doi.org/10.1016/S0140-6736(01)06886-6
http://dx.doi.org/10.1038/35082140
http://dx.doi.org/10.1073/pnas.0400087101
http://dx.doi.org/10.1016/j.physrep.2005.10.009
http://dx.doi.org/10.1038/30918
http://dx.doi.org/10.1016/j.vaccine.2009.09.125
http://dx.doi.org/10.1080/0032472031000144846
http://www.ncbi.nlm.nih.gov/pubmed/8211533
http://dx.doi.org/10.1136/sti.2003.005454
http://www.cdc.gov/std/chlamydia2011/default.htm
http://dx.doi.org/10.1371/journal.pone.0140818
http://dx.doi.org/10.1097/QAD.0000000000001542
http://dx.doi.org/10.1136/sextrans-2017-053336
http://dx.doi.org/10.1136/sextrans-2017-053336
http://dx.doi.org/10.1155/2017/3564861
http://dx.doi.org/10.2105/AJPH.2003.029413
http://dx.doi.org/10.1080/00365540110077001
http://dx.doi.org/10.1136/sti.2004.012856
http://dx.doi.org/10.1136/sti.2004.012856
http://dx.doi.org/10.1136/sti.2004.010173
http://dx.doi.org/10.1016/j.vaccine.2013.01.024
http://dx.doi.org/10.1016/S0140-6736(09)61248-4
http://dx.doi.org/10.1097/OLQ.0000000000000412
http://dx.doi.org/10.1016/j.ijid.2016.01.005
http://dx.doi.org/10.1136/sextrans-2014-051925
http://dx.doi.org/10.1136/sextrans-2014-051925

	Does infection with ﻿Chlamydia trachomatis﻿ induce long-lasting partial immunity? Insights from mathematical modelling
	Abstract
	Introduction
	Methods
	Mathematical model
	Model description and ﻿C.﻿ ﻿﻿trachomatis﻿﻿ natural history
	Demography and sexual risk behaviour

	Data sources
	Plan of analysis
	Partial immunity and age-specific and sexual risk-specific distributions of ﻿C. trachomatis﻿ prevalence
	Estimation of the strength of partial immunity against reinfection
	Sensitivity analyses with respect to variations in model structure
	Sensitivity analyses with respect to alternative assumptions for the mechanism of partial immunity


	Results
	Discussion
	References


