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Chlamydia trachomatis (Ct) remains the most common bacterial sexually transmitted pathogen worldwide, causing significant
morbidity particularly among women, including pelvic inflammatory disease, ectopic pregnancy, and infertility. Several vaccines are
advancing through pre-clinical and clinical development, and it is likely that one or more vaccines will progress into human efficacy
trials soon. In this Perspective, we present a case for considering the challenges of Ct vaccine development through a lens of equity
and justice. These challenges include the need to protect against multiple serovars, in both females and males, at multiple anatomic
sites, and in resource poor areas of the world. We propose that early consideration of vaccine implementation by conducting
community-engaged research will ensure that a scientifically sound chlamydia vaccine promotes equity, justice, and shared-

gendered responsibility for STI prevention.
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INTRODUCTION

Chlamydia trachomatis (Ct) is the causative pathogen of the most
common bacterial sexually transmitted infection worldwide.
Repeated or prolonged Ct infection can cause serious medical
sequelae among women, causing pelvic inflammatory disease,
ectopic pregnancy, and infertility due to the inflammation and
damage to the fallopian tubes caused by ascending bacterial
infection’~3. High rates of asymptomatic infections coupled with
shortcomings in current screening protocols further increase the
risk of prolonged, undetected infection. Further, infection with Ct
can put women at risk of acquisition of additional STIs and
worsening outcomes, such as progression of cervical malignancy
in women co-infected with HPV and Ct*-8, Additionally, national
mass screening programs and consequent treatment of identified
cases has had little impact on incidence of Ct. Because of the
significant morbidity, associated medical costs, and the ineffec-
tiveness of national mass screening programs, both the World
Health Organization and the National Institute of Allergy and
Infectious Disease have highlighted the need for research that
could result in an efficacious Ct vaccine®'°. Indeed, numerous
laboratories have undertaken research to engineer a prophylactic
vaccine to prevent Ct infection and the associated morbidity'"'2.

The difficulty of developing a Ct vaccine is highlighted by the
decades-long efforts that have been undertaken to reach this goal.
However, as we have recently observed with the challenges of the
COVID-19 vaccine efforts, it isn't enough to only develop a highly
efficacious vaccine—considerations of delivery to vulnerable
populations, cost, and patient acceptability are as important for
the success of a vaccine. In this Perspective, we discuss lessons
learned from historical vaccine development and opportunities for
a patient-centered approach toward Ct vaccine design that may
better promote acceptability and, ultimately, equity and justice. By
adding an equity lens to the Ct vaccinology research currently
being undertaken at the pre-clinical phase, we can work toward
ensuring the success of a future Ct vaccine. In the next sections,
we discuss potential pitfalls that are likely to impact Ct vaccine
implementation and success including: multiple Ct urogenital
serovars, gender-based vaccination, consideration of multiple

infection sites, and delivery to resource poor areas. We conclude
by calling for community-engaged research to be conducted to
guide patient-centered vaccine design.

PROTECTION AGAINST MULTIPLE CHLAMYDIA SEROVARS WILL
PROMOTE VACCINE EQUITY

At least 11 distinct urogenital Ct serovars exist, which are defined
by differences in the amino acid sequences of the major outer
membrane protein variable domains I-IV'>4, Clinical treatment of
urogenital Ct does not differ based on infecting serovar and, thus,
serotyping is rarely undertaken in the clinical setting. Ct serovars
D, E, and F are the most prevalent circulating serovars, which
account for 60-70% of urogenital infections'~2°. Additionally,
there are 3 lymphogranuoma venereum (LGV) serovars of Ct that
primarily infect men who have sex with men (MSM) but can also
infect women. Infection with the LGV serovars can be particularly
severe, (include symptoms). Therefore, although an ideal Ct
vaccine would provide protection against all urogenital and LGV
serovars, many pre-clinical Ct vaccines focus on protecting against
these more prevalent urogenital serovars®'=23,

Studies suggest that Ct serovars may have differential
pathogenicity and rates of transmission. Indeed, a longitudinal,
nested case-control study aimed to identify serovar-specific risk
for cervical squamous cell carcinoma (SCC) in women with human
papillomavirus found that women with Ct serovar G infection
were 6.6 times more likely to develop SCC?*. They also found
associations with serovars | (Odds Ratio, 3.8) and D (Odds Ratio,
2.7)**. Additionally, serovars F and G are more commonly
associated with lower abdominal pain in women than other
serovars?>. Another study confirmed this finding, demonstrating
that serovar F was associated with symptomatic, severe endo-
metrial disease and PID?°. Alternatively, Dean, et al. found that
infections with serovar E were associated with mild infections or
asymptomatic disease?®. If a vaccine were to only protect against
the most prevalent Ct serovars, the field may be missing an
opportunity to provide protection against more severe disease.
Indeed, protection against additional urogenital serovars may
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reduce morbidity among women, since serovars other than D-F
may be more commonly associated with SCC, PID, and severe
disease?*26, Likewise, inclusion of LGV serovars in a vaccine could
expand protection to MSM.

There have also been epidemiological studies undertaken that
describe differences in urogenital serovars detected among
people of different self-reported races. For example, among
patients presenting at an STl clinic in Birmingham, Alabama, there
was an association between serovar la infection and self-reported
Black race?”. If Ct serovars truly are differentially distributed
among populations, then advancing a Ct vaccine that protects
against all Ct serovars becomes a matter of social justice.

Focusing vaccine efforts on only a few pathogenic strains that
circulate in majority groups can have major consequences for the
usefulness in marginalized groups. We can learn from the
development and implementation of the pneumococcal vaccine
(PCV-7). PCV-7 was designed to provide protect against serotypes
4,6B,9V, 14, 18C, 19F, and 23 F, which results in a coverage of
90% of the pneumococcal serotypes circulating within the United
States and Canada®®. However, this coverage is dramatically
reduced in places like Africa (67%), Latin America (63%), India
(53%), and Asia (43%)—areas where pneumococcal infection is
more devastating due to limited access to medical care?®-33,
Likewise, Gardasil 9 aims to protect against 7 high risk HPV types
16, 18, 31, 33, 45, 52, and 58 that are known to be associated with
cervical cancer. However, among Native American/Indigenous
women, HPV 16 was not the most prevalent high risk HPV isolate,
as compared to that reported globally; instead HPV 51 was the
most prevalent, which is not targeted by Gardasil 9°*3¢. We can
learn from these historical lessons by advancing Ct vaccines that
provide cross-protection for all urogenital serovars. Utilizing
vaccine platforms that are amendable to mixed formulations,
targeting epitopes with shared homology and function between
serovars, and engineering vaccines that target multiple antigens
and mediate cross-serovar protection are reasonable means to
providing more extensive protection. This has been observed with
the HPV vaccine, which may provide cross-protection to related
HPV strains not included in the formulation, reducing the
prevalence of non-vaccine targeted genotypes>’-2,

GENDER INCLUSIVE VACCINATION WILL LEAD TO SHARED
RESPONSIBILITY FOR PREVENTION OF CHLAMYDIA

A study of newsprint articles within the UK found that males are
often absent from articles reporting on teenage pregnancy,
abortion, or contraception, demonstrating a lack of shared
gendered responsibility for such issues®. Indeed, studies show
that women are perceived to be more sexually responsible;
women may be expected to stay abstinent, promote the use of
condoms, utilize hormonal contraception, undergo regular STI
testing, and be more knowledgeable about STls than their male
counterparts3®~°. Additionally, the responsibility of preventing
STls and pregnancy largely falls on women. The Centers for
Disease Control and Prevention recommend that sexually active
women under the age of 25 or those over 25 at increased risk be
tested for Ct infection annually*®. Despite equally high transmis-
sion of Ct from male-to-female and female-to-male*’, men who
have sex with women (MSW) are not recommended to undergo
the same rigorous screening®. However, annually screening
heterosexual men for STIs would likely lead to a decline in Ct
infection among their female partners, as heterosexual women are
infected by their male partners.

The burden of vaccination against HPV, which was initially only
approved for administration in females aged 9-26, has fallen on
women*8, On September 9, 2009 the Food and Drug Administra-
tion advisory panel recommended approval of Gardasil for males
9-26, with routine recommendation for males 13-21 occurring in
201148, This did not go without criticism though, with some citing
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that improved coverage among girls would alleviate the need to
vaccinate boys and others demonstrating that only under the
most favorable assumptions would adding males be cost
effective®®>°, According to the National Health Interview Survey,
women were more likely than men to have received one or more
doses of the HPV vaccine across all survey years (2013-2018)°". In
2018, only 27% of males had received at least one dose of the HPV
vaccine compared to the nearly doubled amount of females at
53.6%°". This is a burden placed unequally on girls that is not
without risk or consequence; 2-3 vaccinations over 2-3 doctor’s
appointments. They may experience associated pain at the
injection site, fever, dizziness, nausea, and fatigue. They may miss
school days and important lessons during these appointments or
because of the vaccine side effect profile.

Current vaccine efforts for Ct focus almost exclusively on
preventing infection of the female reproductive tract, and all
indications suggest that human clinical trials of Ct vaccines will be
conducted in women, with men possibly included after initial
approval, like the HPV vaccines. Such a progression for Ct vaccines
will continue the status quo of placing the burden of STI
prevention on females. To ensure equity and an ethical shared
responsibility for STl prevention, steps can be taken now to
develop and test vaccines for males in the pre-clinical stage of Ct
vaccine development.

PROTECTION AT MULTIPLE INFECTION SITES WILL MAKE
VACCINATION INCLUSIVE OF ALL PEOPLE

Infection, pathology, and immunity of sexually transmitted Ct have
almost exclusively been studied in the female reproductive tract.
However, sexually transmitted Ct infections are not limited to this
anatomical site. Individuals engaging in vaginal, anal, or oral sex
with an infected individual can become infected in the vagina,
anorectum, or oropharynx, respectively, regardless of their or their
partner’s biological sex. Additionally, few animal models have
been validated to study sites of Ct infection other than the female
urogenital tract. This, along with a lack of detailed understanding
of the natural history of Ct infection in men and women who
engage in various sexual behaviors, means that focusing
vaccination strategies on preventing female reproductive tract
infection alone will exclude many people from the potential
benefits of Ct vaccination. An ideal Ct vaccine would prevent
infection at all anatomic sites that are susceptible, to prevent
disease as well as transmission. Below we discuss Ct infection at
these additional sites.

Male urogenital tract Ct infection

Studies in Ct infection and immunity in males have not been as
robust nor as common as in females, as severity and morbidity of
infection are minor in comparison. Further, roughly half of male
infection cases are asymptomatic, limiting detection of infection,
particularly in light of CDC recommendations against routine
screening of heterosexual men>2. Urogenital infection in males
can lead to urethritis, epididymitis, epididymo-orchitis, and
prostatitis®>~>’. All these conditions can lead to tissue damage
and scarring during chronic infection. Prostatitis, in particular, can
occur in the absence of a urethral infection®®>”. It has been
hypothesized that Ct prostate infections may cause inflammation
and impair normal functionality of the gland and, thereby, impact
male fertility>®. Yet, the correlation between male Ct infection and
infertility is not widely accepted, with contradictory research
findings>-%3,

It is not well understood why males have lower rates of
morbidity in urogenital Ct infections. The structure of the male
reproductive tract is thought to play a role, as the male has a
longer urethra, which lends to bacteria needing to travel much
farther to infect additional tissues. Even if severity of infection and
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resulting morbidity is lessened in males, there are still unpleasant
medical consequences to infection, including penile discharge,
dysuria, and pain and edema to testicles. Additionally, males are
also able to transmit infection to their sexual partners. Therefore,
developing a Ct vaccine that protects against infection in both the
male and female reproductive tracts would be ideal, as this would
reduce morbidity among males and females, and reduce
transmission to others.

Indeed, as argued by Hull et al. men play a critical role in
transmission of STIs and vaccination of men against HPV (or
perhaps other STls like Ct) is vital in promoting women'’s health
and achieving herd immunity®®. When vaccination also poses
minimal risk to males and may provide direct benefit through
prevention of morbidity, it becomes a strong case to vaccinate all
patients and pursue gender-inclusive vaccine policies®”.

Anorectal Ct infections

Anorectal Ct infections can arise in individuals regardless of
biological sex even if they do not engage in receptive anal
intercourse. Anorectal screening is typically recommended only
for men who have sex with men (MSM), even though women may
also be at risk®. Indeed, up to 30% of women in the U.S. have
engaged in anal intercourse. Additionally, repeat infections at this
site are common and are thought to be multifactorial. They may
be due to resumption of sex after treatment or autoinoculation
from the rectum back to the vagina (or vice versa) in women due
to the close proximity of these sites®®. This may mean that
protection at the anorectum is important for females, even those
who do not engage in anal receptive intercourse.

Complications from anorectal infections can be categorized into
two types: L- and non-L serovars. Non-L serovars (D-K) typically
elicit anorectal infections that are asymptomatic, but fever,
proctitis, colitis, and nonspecific inflammation can arise. L serovars
(L1-3), though not the focus of this manuscript, typically elicit
more severe complications than serovars D-K, including severe
inflammation, anal ulcers, fistulas, rectal abscesses, structuring,
granulomas, lymphadenopathy, elephantiasis, hematochezia, and
friable mucosa®”-%8,

These anorectal infections can also localize only to the anorectal
cavity, sparing the urogenital tract completely. Indeed, in one
study of MSM, 53.5% of chlamydial infections were within in the
rectum alone®. Thus, an individual may screen negative for
chlamydia with a urine sample, but may have active anorectal
infection, necessitating a high index of suspicion to test via anal
swab. Eliciting protection at this site is important, as it would
prevent transmission to others, and would prevent infection
progression to more severe morbidities. In various preclinical
models, it has been found that gastrointestinal (Gl) immunity
alone is not capable of clearing anorectal Ct infection, which
would pose a challenge for vaccines’. This may call for
investigating alternative routes of administration, such as an
intranasal spray or oral administration, to increase the immune
response in the GI tract beyond what is elicited by infection.
Developing a vaccine that is effective at this site would be
beneficial to all sexually active individuals. And, since LGV serovar
infection is common among MSM, inclusion of LGV serovars in Ct
vaccine development becomes an issue of inclusion and equity.

Oropharyngeal Ct infections

Oropharyngeal Ct infections arise in those who engage in oral
intercourse. There was no difference in the prevalence of
oropharyngeal infections between MSM (median 1.7%), MSW
(median 1.6%), and women (median 1.7%)”!, demonstrating
sexually active persons are at risk regardless of their sexual
orientation. Infections at this site are typically asymptomatic, but
are capable of infecting urogenital and anorectal tissues when oral
sex is performed’?73, Yet, there is no evidence that Ct is spread
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through mouth-to-mouth contact. Developing a Ct vaccine that
protects against oropharyngeal infection would further limit a

possible source for infection to more vulnerable tissues, where
more severe morbidities can arise.

ADVANCING VACCINES THAT CAN BE DISTRIBUTED TO
RESOURCE POOR AREAS WILL ENSURE VACCINE JUSTICE
Between 75 and 85% of the estimated 376 million new cases of
the four curable STIs (gonorrhea, chlamydia, syphilis, and
trichomoniasis) occur annually in low-income and middle-
income countries/developing countries’®. For example, Sub-
Saharan Africa, along with other developing areas of the world,
still undertake a syndromic approach to Ct infection, rather than
implementing screening and control programs’>~", This results in
Ct infections and the associated morbidity placing a substantial
burden on these countries’®. The prevalence of Ct infection
among women of reproductive age in Sub-Saharan Africa is
estimated to be 7.8%, which is higher than the global estimated
prevalence’. This is even higher among HIV positive women®°,
Further, this could be a vast underestimate, as many women
experiencing asymptomatic infection may not be diagnosed via
the syndromic approach’®. These unidentified infections substan-
tially increase the risk for morbidity in these women and their
children in the case of antepartum infection.

Preferred vaccine characteristics for any Ct vaccine advanced to
development must include feasibility of use in low-resource
settings where Ct prevalence is the highest. Utilizing vaccine
platforms that eliminate the necessity for cold-chain or other
special handling during vaccine transport and storage could
drastically improve vaccine equity and ensure delivery to resource
poor areas of the world. As recently demonstrated by inequities in
COVID-19 vaccine distribution, underlying structural obstacles to
equitable vaccine distribution, including the disproportionate
number of vaccine developers and manufacturers located in
high-income countries, exacerbate difficulties posed by availability
and storage and distributive capacity in low-income countries®'#2,

Access to vaccine development and production (sometimes
termed “vaccine sovereignty”) is highly limited by global socio-
economic barriers. Few financial incentives exist in the free market
for pharmaceutical and biotechnology companies to invest in
vaccine research and development®. Despite their cost efficiency
and enormous public health benefit, the revenue potential for
vaccines for private industry is low, especially for diseases
primarily affecting low-income countries®®. Most vaccine devel-
opment to date, including COVID-19 vaccines, has been massively
subsidized by government, academic, and philanthropic entities.
Indeed, Phase | clinical trials of the first-in-human Ct vaccine,
CTH522, were, in part, funded by the European Commission. The
U.S. National Institutes of Health have also released numerous
funding opportunities for research leading to a Ct vaccine. Yet, as
identified earlier, lower patient and provider buy-in for vaccines
against antibiotic-curable STls remains a barrier to their produc-
tion by high-income countries, whose concentration of manufac-
turers renders resource-poor countries lacking vaccine
sovereignty®.

Advancing a Ct vaccine that can be effectively delivered to all
people in need becomes a matter of social justice. Several models
have shown that an efficacious Ct vaccine would be cost-
effective®®®’. Given the myriad disincentives for private develop-
ment, this will likely require funding from government and/or
non-profit entities. Emphasis must also be placed on development
of Ct vaccines that require no special handling or storage
conditions to ensure that they can be adequately stored,
distributed, and administered where they are needed most.
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PATIENT-CENTERED DESIGN EARLY IN PRECLINICAL
DEVELOPMENT WILL IMPROVE VACCINE ACCEPTANCE

Traditionally, issues of vaccine acceptance, delivery, and cost are
considered at late stages of vaccine development, often at the
point of human clinical trials or after. However, as we have
observed recently with the COVID-19 vaccines, these issues have
an enormous impact on the successful roll out of vaccination
campaigns. And, indeed, these issues are directly related to
concerns of equity and justice. For instance, the fact that the
COVID-19 vaccines utilized a new vaccine approach meant that
vaccine hesitancy was heightened in the population. We propose
that consideration of these issues at the earliest stages of pre-
clinical vaccine development can help avoid waste of resources
and ensure successful Ct vaccine rollout when the time comes.

It is becoming more commonplace to undertake a patient-
centered approach to research and include patient knowledge
into research design. After all, patients are experts in their own
experiences and the needs of their communities. Indeed, there is a
movement to include patients in clinical trials to ensure greater
success®. Patients may help shape research questions and
appropriate outcomes to be measured, vet questionnaires and
interview questions for appropriateness, and provide input in
research instruments to be used®®. Without patient involvement,
the research conducted may address less meaningful research
questions, exhaust valuable resources, and bring forward solutions
in which patients are not interested®®,

A successful example of patient input guiding research is found in
Paradise, et al., who describe how Cambridge Health Alliance was
able to use patient input to design a disease management program
for chronic obstructive pulmonary disease (COPD)®°. By reviewing
online patient communities, qualitative literature published on the
lived experience of patients with COPD, and undertaking targeted
patient interviews with clinician input, the researchers found that
their disease management program should include five key
elements: tobacco cessation, pharmacist referral for inhaler teach-
ing and rescue pack prescriptions, pulmonologist referral for
medication optimization and pulmonary rehabilitation, mental
health screening and treatment, and attention to advanced care
planning and palliative care services®. A similar approach could be
taken to understand the patient priorities surrounding a Ct vaccine.
This may include acceptable number of doses, route of adminis-
tration, cost, and perceived appropriate age of vaccination.

The Food and Drug Administration has begun considering
patient experiences as well through the use of patient-reported
outcomes (PROs), with an argument that patients are uniquely
qualified to report this context of vaccine development®. PROs
often measure experiences of disease-related symptoms, disease
impact, health-related quality of life related to the disease, and the
impact of an intervention (like a vaccine) on a patient®’. This may be
through questionnaires, symptom diaries, and validated instru-
ments to assess quality of life®®. However, PROs are typically
implemented during a clinical trial. We argue that patient input is
valuable before a vaccine or intervention reaches this late stage.

We propose that Ct vaccine scientists should engage with
community partners and researchers with expertise in community-
engaged and participatory research to define the parameters
needed for a successful Ct vaccine. Studies of key stakeholders
(including young adults, parents and guardians of children in the
proposed vaccination age, and medical practitioners) to address
questions about vaccine route of administration, number of doses,
vaccine side effects, marketing, and other concerns will help inform
pre-clinical vaccine efforts. Indeed, several groups have already
begun conducting such studies®’~3, providing a foundation for
future research that can help guide Ct vaccine design.

Finally, regarding marketing, there may need to be gender-
specific interventions undertaken with consistent messaging
focused on male vaccination. As demonstrated in a scoping review
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highlighting barriers to HPV vaccination in men, men commonly
lack awareness of HPV itself and the vaccine, resulting in an
underestimation of their own risk for infection®. Indeed, among
male undergraduates aged 18-26, nearly one-fourth believed that
men could not contract HPV and that HPV only affects women®®,
Yet, healthcare professionals continue to play an integral part of
educating and promoting health maintenance among men®.
Likewise, a systemic review and meta-analysis found that both
healthcare professional recommendations for vaccination and
perceived vaccine benefits were the most influential correlates of
acceptability among men®. Newman et al. conclude that public
health campaigns that promote positive HPV vaccine attitudes and
awareness of HPV risk in men could help to support vaccine
acceptability among this group®®. There may also be community-
based approaches to consider to ensure equity among racial
groups. Indeed, nearly a decade after HPV licensure, data from the
Health Information National Trends Survey revealed that Non-
Hispanic Blacks were 33% and 44% less likely to have heard of HPV
or the HPV vaccine, respectively, and Hispanics were 27% and 53%
less likely to have heard of HPV or the HPV vaccine, respectively, as
compared to non-Hispanic whites®”. A considered and thoughtful
approach to public health campaigns should be coupled with a Ct
vaccine rollout that would effectively encourage those eligible,
particularly men and minoritized groups, to complete vaccination
using shared knowledge.

CONCLUSION

After decades of research, we are inching closer to human efficacy
studies of Ct vaccines. Indeed, the first-in-human safety trial for a
Ct vaccine was recently conducted in a small group of women?3,
and more vaccines are in development. Here, we have examined
some of the challenges of Ct vaccine development through a lens
of equity, justice, and patient-centered values. We argue that
protecting against multiple serotypes with Ct vaccines is an issue
of equity; that designing a Ct vaccine for males and females is an
issue of shared gendered responsibility for STl prevention; that
studies of Ct infection at all susceptible anatomic sites will
promote inclusion of all people in the benefit of vaccination; and
that a patient-centered and feasibility approach to vaccine design
early in pre-clinical development of Ct vaccines will lead to
successful roll-out of vaccination campaigns later. How can this be
done? First, the field needs more information now on the
acceptability of a variety of vaccine approaches for the potential
target populations. This should include studies of men and
women, parents of children who are eligible for HPV vaccination,
and adolescents. Questions regarding acceptability of vaccination
routes, number of vaccinations, acceptable side-effects can be
answered now with appropriately designed studies. This can
provide essential information to guide prioritization of vaccine
design that will be acceptable for target populations. Second, in
anticipation of vaccinating men and women and protecting at
various anatomic sites, the field needs appropriate animals models
of anorectal, oropharyngeal, and male urogenital tract infection in
order to test vaccine efficacy. Clinical endpoints for human trials
also need to be considered, especially for non-female reproduc-
tive tract infection. More studies need to be conducted in order to
inform future clinical studies and ensure equity and justice. Our
proposal is not without drawbacks—indeed vaccine development
is challenging, and it may appear impossible to add these
additional constraints on vaccine design when finding an
efficacious Ct vaccine is already taking decades of research.
However, if the goal of a Ct vaccine is to prevent Ct infection and
the associated morbidity, then we should consider everything that
will impact that goal, while ensuring equity and justice.

Published in partnership with the Sealy Institute for Vaccine Sciences



Received: 24 February 2023; Accepted: 24 August 2023;
Published online: 06 September 2023

REFERENCES

1.

20.

21.

22.

23.

24,

Bautista, C. T, Hollingsworth, B. P. & Sanchez, J. L. Repeat Chlamydia Diagnoses
Increase the Hazard of Pelvic Inflammatory Disease among US Army Women: A
Retrospective Cohort Analysis. Sexually Transmitted Dis. 45, 770-773 (2018).

. Beatty, W. L, Byrne, G. I. & Morrison, R. P. Repeated and persistent infection with

Chlamydia and the development of chronic inflammation and disease. Trends
Microbiol. 2, 94-98 (1994).

. Herzog, S. A. et al. Timing of progression from Chlamydia trachomatisinfection to

pelvic inflammatory disease: a mathematical modelling study. BMC Infect. Dis. 12,
187 (2012).

. Zhu, H,, Shen, Z.,, Luo, H., Zhang, W. & Zhu, X. Chlamydia trachomatis Infection-

Associated Risk of Cervical Cancer. Medicine. (Baltim.) 95, e3077 (2016).

. Paavonen, J. & Eggert-Kruse, E. Chlamydia trachomatis: impact on human

reproduction. Hum. Reprod. Update 5, 433-447 (1999).

. Wasserheit, J. N. Epidemiological synergy: interrelationships between human

immunodeficiency virus infection and other sexually transmitted diseases. Sex.
Transm. Dis. 19, 61-77 (1992).

. Johnson, L. F. & Lewis, D. A. The effect of genital tract infections on HIV-1

shedding in the genital tract: a systematic review and meta-analysis. Sex. Transm.
Dis. 35, 946-959 (2008).

. Fleming, D. T. & Wasserheit, J. N. From epidemiological synergy to public health

policy and practice: the contribution of other sexually transmitted diseases to
sexual transmission of HIV infection. Sex. Transm. Infect. 75, 3-17 (1999).

. Broutet, N., Fruth, U,, Deal, C,, Gottlieb, S. L. & Rees, H. Vaccines against sexually

transmitted infections: The way forward. Vaccine 32, 1630-1637 (2014).

. Zhong, G., Brunham, R. C, de la Maza, L. M., Darville, T. & Deal, C. National

Institute of Allergy and Infectious Diseases workshop report: “Chlamydia vac-
cines: The way forward”. Vaccine 37, 7346-7354 (2019).

. de la Maza, L. M., Zhong, G. & Brunham, R. C. Update on Chlamydia trachomatis

Vaccinology. Clin. Vaccin. Immunol. 24, e00543-16 (2017).

. Poston, T. B., Gottlieb, S. L. & Darville, T. Status of vaccine research and devel-

opment of vaccines for Chlamydia trachomatis infection. Vaccine https://doi.org/
10.1016/j.vaccine.2017.01.023 (2017).

. Caldwell, H. D. & Schachter, J. Antigenic Analysis of the Major Outer Membrane

Protein of Chlamydia spp. Infect. Immun. https://doi.org/10.1128/iai.35.3.1024-
1031.1982 (1982).

. Yuan, Y., Zhang, Y. X,, Watkins, N. G. & Caldwell, H. D. Nucleotide and deduced

amino acid sequences for the four variable domains of the major outer mem-
brane proteins of the 15 Chlamydia trachomatis serovars. Infect. Immun. 57,
1040-1049 (1989).

. Bandea, C. et al. Typing of Chlamydia trachomatis strains from urine samples by

amplification and sequencing the major outer membrane protein gene (omp1).
Sex. Transm. Infect. 77, 419-422 (2001).

. Gaydos, C. A. et al. Gene Typing of Chlamydia trachomatis by polymerase chain

reaction and restriction endonuclease digestion. Sex. Transm. Dis. 19, 303-308 (1992).

. Rodriguez, P., de Barbeyrac, B., Persson, K., Dutilh, B. & Bebear, C. Evaluation of

molecular typing for epidemiological study of Chlamydia trachomatis genital
infections. J. Clin. Microbiol. 31, 2238-2240 (1993).

. Wagenvoort, J. H,, Suchland, R. J. & Stamm, W. E. Serovar distribution of uro-

genital Chlamydia trachomatis strains in The Netherlands. Genitourin. Med. 64,
159-161 (1988).

. Foschi, C. et al. Chlamydia trachomatis infection prevalence and serovar distribution

in a high-density urban area in the north of Italy. J. Med. Microbiol 65, 510-520 (2016).
Petrovay, F., Németh, I., Balazs, A. & Balla, E. Chlamydial conjunctivitis: prevalence
and serovar distribution of Chlamydia trachomatis in adults. J. Med. Microbiol. 64,
967-970 (2015).

Olsen, A. W., Follmann, F., Erneholm, K., Rosenkrands, I. & Andersen, P. Protection
Against Chlamydia trachomatis Infection and Upper Genital Tract Pathological
Changes by Vaccine-Promoted Neutralizing Antibodies Directed to the VD4 of
the Major Outer Membrane Protein. J. Infect. Dis. 212, 978-989 (2015).

Olsen, A. W, Lorenzen, E. K, Rosenkrands, I, Follmann, F. & Andersen, P. Pro-
tective Effect of Vaccine Promoted Neutralizing Antibodies against the Intracel-
lular Pathogen Chlamydia trachomatis. Front Immunol. 8, 1652 (2017).
Abraham, S. et al. Safety and immunogenicity of the chlamydia vaccine candidate
CTH522 adjuvanted with CAFO1 liposomes or aluminium hydroxide: a first-in-
human, randomised, double-blind, placebo-controlled, phase 1 trial. Lancet Infect.
Dis. 19, 1091-1100 (2019).

Anttila, T. et al. Serotypes of Chlamydia trachomatis and Risk for Development of
Cervical Squamous Cell Carcinoma. JAMA 285, 47-51 (2001).

Published in partnership with the Sealy Institute for Vaccine Sciences

A.L. Collar et al.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.
52.

53.

npj

van Duynhoven, Y. T. H. P., Ossewaarde, J. M., Derksen-Nawrocki, R. P., van der
Meijden, W. |. & van de Laar, M. J. W. Chlamydia trachomatis Genotypes: Corre-
lation with Clinical Manifestations of Infection and Patients’ Characteristics. Clin.
Infect. Dis. 26, 314-322 (1998).

Dean, D., Oudens, E., Bolan, G., Padian, N. & Schachter, J. Major Outer Membrane
Protein Variants of Chlamydia trachomatis Are Associated with Severe Upper
Genital Tract Infections and Histopathology in San Francisco. J. Infect. Dis. 172,
1013-1022 (1995).

Geisler, W. M., Suchland, R. J. & Stamm, W. E. Association of Chlamydia trachomatis
Serovar la Infection With Black Race in a Sexually Transmitted Diseases Clinic Patient
Population in Birmingham, Alabama. Sex. Transm. Dis. 33, 621-624 (2006).
Mathew, J. L. Pneumococcal vaccination in developing countries: Where does
science end and commerce begin? Vaccine 27, 4247-4251 (2009).

Cripps, A. W., Leach, A. J. & Lehmann, D. Pneumococcal vaccination in developing
countries. Lancet 368, 644 (2006).

Mastro, T. D. et al. Antimicrobial resistance of pneumococci in children with acute
lower respiratory tract infection in Pakistan. Lancet 337, 156-159 (1991).
Thomas, K. Prospective multicentre hospital surveillance of Streptococcus
pneumoniae disease in India. Lancet 353, 1216-1221 (1999).

Kanungo, R. & Rajalakshmi, B. Serotype distribution & antimicrobial resistance in
Streptococcus pneumoniae causing invasive & other infections in south India.
Indian J. Med. Res 114, 127-132 (2001).

Saha, S. K. et al. Serotypes of Streptococcus pneumoniae causing invasive childhood
infections in Bangladesh, 1992 to 1995. J. Clin. Microbiol. 35, 785-787 (1997).

Lee, N. R. et al. Human Papillomavirus Prevalence Among American Indian
Women of the Great Plains. J. Infect. Dis. 219, 908-915 (2019).

Bordeaux, S. J. et al. Designing Inclusive HPV Cancer Vaccines and Increasing
Uptake among Native Americans—A Cultural Perspective Review. Curr. Oncol. 28,
3705-3716 (2021).

Melkonian, S. C. et al. Incidence of and Trends in the Leading Cancers With
Elevated Incidence Among American Indian and Alaska Native Populations,
2012-2016. Am. J. Epidemiol. 190, 528-538 (2021).

Tabrizi, S. N. et al. Assessment of herd immunity and cross-protection after a
human papillomavirus vaccination programme in Australia: a repeat cross-
sectional study. Lancet Infect. Dis. 14, 958-966 (2014).

Drolet, M. et al. Population-level impact and herd effects following human
papillomavirus vaccination programmes: a systematic review and meta-analysis.
Lancet Infect. Dis. 15, 565-580 (2015).

Martin, S. P., McDaid, L. M. & Hilton, S. Double-standards in reporting of risk and
responsibility for sexual health: a qualitative content analysis of negatively toned
UK newsprint articles. BMC Public Health 14, 792 (2014).

Johansson, E. E., Alex, L. & Christianson, M. Gendered discourses of youth sex-
ualities — an exploration of PubMed articles on prevention of sexually transmis-
sible infections. Sex. Reprod. Healthc. 5, 81-89 (2014).

Huang, H. et al. Study on Peer-Led School-Based HIV/AIDS Prevention among
Youths in a Medium-Sized City in China. Int. J. STD AIDS 19, 342-346 (2008).
D’Urso, J., Thompson-Robinson, M. & Chandler, S. HPV Knowledge and Behaviors
of Black College Students at a Historically Black University. J. Am. Coll. Health 56,
159-163 (2007).

Rew, L., Fouladi, R. T., Land, L. & Wong, Y. J. Outcomes of a Brief Sexual Health
Intervention for Homeless Youth. J. Health Psychol. 12, 818-832 (2007).

Trent, M., Millstein, S. G. & Ellen, J. M. Gender-based differences in fertility beliefs
and knowledge among adolescents from high sexually transmitted
disease-prevalence communities. J. Adolesc. Health 38, 282-287 (2006).

Ott, M. A, Pfeiffer, E. J. & Fortenberry, J. D. Perceptions of Sexual Abstinence
among High-Risk Early and Middle Adolescents. J. Adolesc. Health 39, 192-198
(2006).

CDC. STI Screening Recommendations. https://www.cdc.gov/std/treatment-
guidelines/screening-recommendations.htm (2022).

Quinn, T. C. et al. Epidemiologic and microbiologic correlates of Chlamydia tra-
chomatis infection in sexual partnerships. JAMA 276, 1737-1742 (1996).

Castle, P. E. & Maza, M. Prophylactic HPV vaccination: past, present, and future.
Epidemiol. Infect. 144, 449-468 (2016).

Castle, P. E. & Scarinci, I. Should HPV vaccine be given to men? BMJ 339,
b4127-b4127 (2009).

Kim, J. J. & Goldie, S. J. Cost effectiveness analysis of including boys in a human
papillomavirus vaccination programme in the United States. BMJ 339, b3884
(2009).

Boersma, P. Human Papillomavirus Vaccination Among Adults. (2020).
Redgrove, K. A. & McLaughlin, E. A. The Role of the Immune Response in Chla-
mydia trachomatis Infection of the Male Genital Tract: A Double-Edged Sword.
Front. Immunol. 5, 534 (2014).

Gillespie, C. W., Manhart, L. E, Lowens, M. S. & Golden, M. R. Asymptomatic
Urethritis Is Common and Is Associated With Characteristics That Suggest
Sexually Transmitted Etiology. Sex. Transm. Dis. 40, 271-274 (2013).

npj Vaccines (2023) 131


https://doi.org/10.1016/j.vaccine.2017.01.023
https://doi.org/10.1016/j.vaccine.2017.01.023
https://doi.org/10.1128/iai.35.3.1024-1031.1982
https://doi.org/10.1128/iai.35.3.1024-1031.1982
https://www.cdc.gov/std/treatment-guidelines/screening-recommendations.htm
https://www.cdc.gov/std/treatment-guidelines/screening-recommendations.htm

npj

A.L. Collar et al.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Wiggins, R. C. et al. Quantifying leukocytes in first catch urine provides new
insights into our understanding of symptomatic and asymptomatic urethritis. Int
J. STD AIDS 17, 289-295 (2006).

Manavi, K., Turner, K., Scott, G. R. & Stewart, L. H. Audit on the management of
epididymo-orchitis by the Department of Urology in Edinburgh. Int J. STD AIDS
16, 386-387 (2005).

Toth, M. et al. Detection of Chlamydial Antigenic material in ovarian, prostatic,
ectopic pregnancy and semen samples of culture-negative subjects. Am. J.
Reprod. Immunol. 43, 218-222 (2000).

Krieger, J. N. & Riley, D. E. Chronic prostatitis: charlottesville to seattle. J. Urol. 172,
2557-2560 (2004).

Lepor, H., Wang, B. & Shapiro, E. Relationship between prostatc epithelial volume
and serum prostate-specific antigen levels. Urology 44, 199-205 (1994).

Idahl, A, Boman, J, Kumlin, U. & Olofsson, J. I. Demonstration of Chlamydia
trachomatis IgG antibodies in the male partner of the infertile couple is corre-
lated with a reduced likelihood of achieving pregnancy. Hum. Reprod. 19,
1121-1126 (2004).

Pajovic, B., Radojevic, N., Vukovic, M. & Stjepcevic, A. Semen analysis before and
after antibiotic treatment of asymptomatic chlamydia- and ureaplasma-related
pyospermia. Andrologia 45, 266-271 (2013).

Mazzoli, S. et al. Chlamydia trachomatis Infection Is Related to Poor Semen
Quality in Young Prostatitis Patients. Eur. Urol. 57, 708-714 (2010).

Barbeyrac, Bde. et al. Chlamydia trachomatis in subfertile couples undergoing an
in vitro fertilization program: A prospective study. Eur. J. Obstet. Gynecol. Reprod.
Biol. 129, 46-53 (2006).

Vigil, P., Morales, P., Tapia, A, Riquelme, R. & Salgado, A. M. Chlamydia tracho-
matis infection in male partners of infertile couples: incidence and sperm func-
tion. Andrologia 34, 155-161 (2002).

Hull, S. C. & Caplan, A. L. The Case for Vaccinating Boys against Human Papillo-
mavirus. PHG 12, 362-367 (2009).

Lau, A., Hocking, J. S. & Kong, F. Y. S. Rectal chlamydia infections: implications for
reinfection risk, screening, and treatment guidelines. Curr. Opin. Infect. Dis. 35,
42-48 (2022).

Heijne, J. C. M. et al. What explains anorectal chlamydia infection in women?
Implications of a mathematical model for test and treatment strategies. Sex.
Transm. Infect. 93, 270-275 (2017).

Greaves, A. B. The frequency of lymphogranuloma venereum in persons with peri-
rectal abscesses, fistulae in ano, or both. Bull. World Health Organ 29, 797-801 (1963).
Felt-Bersma, R. J. F. & Bartelsman, J. F. Haemorrhoids, rectal prolapse, anal fissure,
peri-anal fistulae and sexually transmitted diseases. Best. Pract. Res. Clin. Gastro-
enterol. 23, 575-592 (2009).

Assi, R, Hashim, P. W., Reddy, V. B., Einarsdottir, H. & Longo, W. E. Sexually
transmitted infections of the anus and rectum. World J. Gastroenterol. 20,
15262-15268 (2014).

Khosropour, C. M. et al. Rectal Chlamydia trachomatis infection: a narrative review of
the state of the science and research priorities. Sex. Transm. Dis. 48, e223-e227 (2021).
Chan, P. A. et al. Extragenital Infections Caused by Chlamydia trachomatis and
Neisseria gonorrhoeae: A Review of the Literature. Infect. Dis. Obstet. Gynecol.
2016, 5758387 (2016).

Bernstein, K. T. et al. Chlamydia trachomatis and Neisseria gonorrhoeae Trans-
mission from the Oropharynx to the Urethra among Men who have Sex with
Men. Clin. Infect. Dis. 49, 1793-1797 (2009).

Marcus, J. L., Kohn, R. P, Barry, P. M., Philip, S. S. & Bernstein, K. T. Chlamydia
trachomatis and Neisseria gonorrhoeae Transmission From the Female Oro-
pharynx to the Male Urethra. Sex. Transm. Dis. 38, 372-373 (2011).

Mayaud, P. & Mabey, D. Approaches to the control of sexually transmitted
infections in developing countries: old problems and modern challenges. Sex.
Transm. Infect. 80, 174-182 (2004).

Vuylsteke, B. Current status of syndromic management of sexually transmitted
infections in developing countries. Sex. Transm. Infect. 80, 333-334 (2004).
Dhouib, W. et al. Syndromic surveillance of female sexually transmitted infections
in primary care: a descriptive study in Monastir, Tunisia, 2007—2017. BMC Public
Health 21, 1625 (2021).

Low, N. et al. Chlamydia control activities in Europe: cross-sectional survey. Eur. J.
Public Health 22, 556-561 (2012).

Hussen, S., Wachamo, D., Yohannes, Z. & Tadesse, E. Prevalence of chlamydia
trachomatis infection among reproductive age women in sub Saharan Africa: a
systematic review and meta-analysis. BVIC Infect. Dis. 18, 596 (2018).

Kularatne, R. S. et al. Adult gonorrhea, chlamydia and syphilis prevalence, inci-
dence, treatment and syndromic case reporting in South Africa: Estimates using
the Spectrum-STI model, 1990-2017. PLoS One 13, e0205863 (2018).
Mafokwane, T. M. & Samie, A. Prevalence of chlamydia among HIV positive and
HIV negative patients in the Vhembe District as detected by real time PCR from
urine samples. BMC Res. Notes 9, 102 (2016).

npj Vaccines (2023) 131

81. Sung, M. et al. Pharmaceutical Industry’s Engagement in the Global Equitable
Distribution of COVID-19 Vaccines: Corporate Social Responsibility of EUL Vaccine
Developers. Vaccines 9, 1183 (2021).

82. Kavanagh, M. M., Gostin, L. O. & Sunder, M. Sharing Technology and Vaccine
Doses to Address Global Vaccine Inequity and End the COVID-19 Pandemic. JAMA
326, 219-220 (2021).

83. Wheeler, C. & Berkley, S. Initial lessons from public-private partnerships in drug
and vaccine development. Bull. World Health Organ 79, 728-734 (2001).

84. Bethony, J. M. et al. Vaccines to combat the neglected tropical diseases. Immunol.
Rev. 239, 237-270 (2011).

85. Hotez, P. J. & Narayan, K. M. V. Restoring Vaccine Diplomacy. JAMA 325,
2337-2338 (2021).

86. Ditkowsky, J., Rahman, A, Hammerschlag, M. R., Kohlhoff, S. & Smith-Norowitz, T.
A. Cost-Benefit Analysis of a Chlamydia trachomatis Vaccine Program in Ado-
lescent Girls in the United States. J. Pediatr. Infect. Dis. Soc. 7, 296-302 (2018).

87. Owusu-Edusei, K, Chesson, H. W,, Gift, T. L, Brunham, R. C. & Bolan, G. Cost-
effectiveness of Chlamydia vaccination programs for young women. Emerg.
Infect. Dis. 21, 960-968 (2015).

88. Geilller, J. et al. Patient involvement in clinical trials. Commun. Med. 2, 1-5 (2022).

89. Paradise, R. K. et al. Incorporating patient input into the design of a disease
management program for COPD. Healthcare 8, 100363 (2020).

90. Curran, D, Cabrera, E. S. & Nelsen, L. Patient-reported outcomes in vaccines
research: relevance for decision-making. Hum. Vaccines Immunotherapeutics 18,
1-8 (2022).

91. Footman, A. et al. Chlamydia Vaccination: Parent Opinions and Implications for
Future Promotion Programs. Sex. Transm. Dis. 49, 745-749 (2022).

92. Footman, A. et al. Perceived Need and Acceptance of a Future Chlamydia Vaccine
Among Health Care Providers. Sex. Transm. Dis. 49, 740-744 (2022).

93. Plotnikoff, K. M. et al. Factors associated with interest in bacterial sexually
transmitted infection vaccines at two large sexually transmitted infection clinics
in British Columbia, Canada. Sex. Transm. Infect. 96, 494-500 (2020).

94. Laserson, A. K, Oliffe, J. L., Krist, J. & Kelly, M. T. HPV Vaccine and College-Age
Men: A Scoping Review. Am. J. Mens. Health 14, 155798832097382 (2020).

95. Tatar, O., Perez, S., Naz, A., Shapiro, G. K. & Rosberger, Z. Psychosocial correlates of
HPV vaccine acceptability in college males: A cross-sectional exploratory study.
Papillomavirus Res. 4, 99-107 (2017).

96. Newman, P. A, Logie, C. H.,, Doukas, N. & Asakura, K. HPV vaccine acceptability
among men: a systematic review and meta-analysis. Sex. Transm. Infect. 89,
568-574 (2013).

97. Adjei Boakye, E. et al. Approaching a decade since HPV vaccine licensure: Racial
and gender disparities in knowledge and awareness of HPV and HPV vaccine.
Hum. Vaccines Immunotherapeutics 13, 2713-2722 (2017).

ACKNOWLEDGEMENTS

This work was supported by NIH/NIAID F30 AlI156995 to A.L.C, NIH/NIAID T32
Al007538 to AN.J., and NIH/NIAID RO1 Al148836 to KM.F.

AUTHOR CONTRIBUTIONS

All authors formulated the topic and perspective of the manuscript. A.L.C. led the first
draft of the manuscript, with T.N.C. and A.N.J. contributing specific sections. K.M.F.
performed final editing, and all authors read and approved the final draft for
submission. KM.F. is the corresponding author.

COMPETING INTERESTS

The authors declare the following competing interests: A.L.C. and K.M.F. are inventors
on a patent application describing a vaccine against Chlamydia trachomatis.
Inventors: Frietze KM and Collar AL. “Bacteriophage virus-like particle vaccines for
Chlamydia trachomatis adhesion factors and proteins involved in pathogenesis”. PCT/
US22/255542. Filed April 20, 2022.

ADDITIONAL INFORMATION

Correspondence and requests for materials should be addressed to Kathryn M.
Frietze.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Published in partnership with the Sealy Institute for Vaccine Sciences


http://www.nature.com/reprints
http://www.nature.com/reprints

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Published in partnership with the Sealy Institute for Vaccine Sciences

A.L. Collar et al.

npj

npj Vaccines (2023) 131


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Ensuring equity with pre-clinical planning for chlamydia vaccines
	Introduction
	Protection against multiple Chlamydia serovars will promote vaccine equity
	Gender inclusive vaccination will lead to shared responsibility for prevention of chlamydia
	Protection at multiple infection sites will make vaccination inclusive of all people
	Male urogenital tract Ct infection
	Anorectal Ct infections
	Oropharyngeal Ct infections

	Advancing vaccines that can be distributed to resource poor areas will ensure vaccine justice
	Patient-centered design early in preclinical development will improve vaccine acceptance
	Conclusion
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




