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Streptococcus pyogenes carriage and infection within
households in The Gambia: a longitudinal cohort study
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Summary

Background Streptococcus pyogenes causes more than 500 000 deaths per year globally, which occur disproportionately
in low-income and middle-income countries. The roles of S pyogenes skin and pharyngeal carriage in transmission are
unclear. We aimed to investigate the clinical epidemiology and household transmission dynamics of both S pyogenes
asymptomatic carriage and infection in a high-burden setting.

Methods We did a 1-year prospective, longitudinal, household cohort study, recruiting healthy participants from
households in Sukuta, The Gambia. Households were eligible if they comprised at least three members, including
one child younger than 18 years, and were excluded if more than half of household members declined to
participate. Households were identified by random GPS coordinates derived from census data. At monthly visits,
pharyngeal and normal skin swabs were collected for S pyogenes culture, and sociodemographic data were recorded
by interview. Incident pharyngitis and pyoderma infections were captured. Cultured isolates underwent emm
genotyping. The primary outcome measures were incidence of S pyogenes carriage and disease. Additional
outcomes were prevalence of S pyogenes skin and pharyngeal carriage, S pyogenes skin and pharyngeal clearance
time, S pyogenes emm type, risk factors for carriage and disease events, household secondary attack rate, and
emm-linked household transmission events. The study is registered on ClinicalTrials.gov, NCT05117528.

Findings Between July 27, 2021, and Sept 28, 2022, 442 participants were enrolled from 44 households. The median
age was 15 years (IQR 6-28) and 233 (53%) were female. We identified 17 pharyngitis and 99 pyoderma events and
49 pharyngeal and 39 skin S pyogenes carriage acquisition events. Mean monthly prevalence was 1-4% (95% CI
1-1-1.9) for S pyogenes pharyngeal carriage and 1-2% (0-9-1-6) for S pyogenes skin carriage. Incidence was 120 per 1000
person-years (95% CI 87-166) for S pyogenes pharyngeal carriage, 124 per 1000 person-years (90-170) for S pyogenes
skin carriage, 51 per 1000 person-years (31-84) for S pyogenes pharyngitis, and 263 per 1000 person-years (212-327)
for S pyogenes pyoderma. Pharyngeal carriage risk was higher during the rainy season (HR 5-67, 95% CI 2-19-14-69)
and in larger households (per additional person: 1-03, 1-00-1-05), as was pharyngitis risk (rainy season: 3-00,
1-10-8-22; household size: 1-04, 1-02-1-07). Skin carriage risk was not affected by season or household size, but
was lower in female than in male participants (0-45, 0-22-0-92) and highest in children younger than 5 years
compared with adults (22-69, 3-08-167-21), with similar findings for pyoderma (female sex: 0-34, 0-19-0-61; age
<5 years: 7-00, 2-78-17-64). Median clearance time after carriage acquisition was 4-0 days for both skin (IQR
3.5-7.0) and pharynx (3-5-7-3). The mean household secondary attack rate was 4.9 (95% CI 3-5-6-3) for
epidemiologically linked S pyogenes events and 0-74 (0-3-1-2) for emm-linked S pyogenes events. Of the 204
carriage and disease events, emm types were available for 179 (88%). Only 18 emm-linked between-visit
household transmission events were identified. Pyoderma was the most common source of S pyogenes household
transmissions in 11 (61%) of 18 emm-linked transmissions. Both pharynx to skin and skin to pharynx
transmission events were observed.

Interpretation S pyogenes carriage and infection are common in The Gambia, particularly in children. Most events are
non-household acquisitions, but skin carriage and pyoderma have an important role in S pyogenes household
transmission and bidirectional transmission between skin and pharynx occurs.

Funding Wellcome Trust, Chadwick Trust, Fonds National de la Recherche Scientifique (Belgium), European Society
for Paediatric Infectious Diseases, and Medical Research Council (UK).

Copyright © 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Introduction
Streptococcus pyogenes causes a spectrum of disease from
superficial pharyngeal and skin infections to invasive

disease. It results in more than 500 000 deaths each year,'
and an estimated 1-8 million invasive infections,
111 million pyoderma, and 616 million pharyngitis cases

www.thelancet.com/microbe Vol m = 2024

CrossMark

Lancet Microbe 2024

Published Online
https://doi.org/10.1016/
$2666-5247(24)00046-6

*Contributed equally

tMRCG StrepA Study Group
members are listed at the end of
the Article

Vaccines and Immunity Theme,
Medical Research Council Unit
The Gambia at the London
School of Hygiene & Tropical
Medicine, Banjul, The Gambia
(E P Armitage BMBS,

A ) Keeley BMBS, E Senghore BSc,
F E Camara MSc, M Jammeh,

A Bittaye ADN, H Ceesay CHN,

| Ceesay RN, B Samateh BSN,

M Manneh TNA,

Prof B Kampmann PhD,

Prof T | de Silva PhD); Department
of Clinical Research, Faculty of
Infectious and Tropical Diseases
(E P Armitage, A ] Keeley,

Prof B Kampmann, Prof T 1 de Silva,
Prof M Marks PhD) and Centre for
Mathematical Modelling of
Infectious Diseases

(Prof A Kucharski PhD), London
School of Hygiene & Tropical
Medicine, London, UK;
Molecular Bacteriology
Laboratory, European Plotkin
Institute for Vaccinology,
Université libre de Bruxelles,
Brussels, Belgium

(G de Crombrugghe MD,

A Botteaux PhD,

Prof P R Smeesters PhD);
Department of Paediatrics,
Brussels University Hospital,
Academic Children Hospital
Queen Fabiola, Université libre
de Bruxelles, Brussels, Belgium
(G de Crombrugghe,

Prof P R Smeesters); The Florey
Institute of Infection, University
of Sheffield, Sheffield, UK

(A ) Keeley, C E Turner PhD,
Prof T | de Silva); Division of
Clinical Medicine, School of
Medicine and Population Health,
University of Sheffield, Sheffield,
UK (A ) Keeley, Prof T | de Silva);


http://crossmark.crossref.org/dialog/?doi=10.1016/S2666-5247(24)00046-6&domain=pdf
https://doi.org/10.1016/S2666-5247(24)00046-6
https://doi.org/10.1016/S2666-5247(24)00046-6
www.thelancet.com/microbe

Articles

Centre for Global Health and
Institut fur Internationale
Gesundheit, Charité
Universitiatsmedizin Berlin,
Berlin, Germany

(Prof B Kampmann); School of
Biosciences, University of
Sheffield, Sheffield, UK

(C E Turner); Department of
Paediatrics, University of
Melbourne, Melbourne, VIC,
Australia

(Prof P R Smeesters); Tropical
Diseases Research Group,
Murdoch Children’s Research
Institute, Melbourne, VIC,
Australia (Prof P R Smeesters);
Hospital for Tropical Diseases,
University College London
Hospital, London, UK

(Prof M Marks); Division of
Infection and Immunity,
University College London,
London, UK (Prof M Marks)

Correspondence to:

Dr Edwin P Armitage, Vaccines
and Immunity Theme, Medical
Research Council Unit The
Gambia at the London School of
Hygiene & Tropical Medicine, PO
Box 273, Banjul, The Gambia
edwin.armitage@Ishtm.ac.uk

Research in context

Evidence before this study

In Africa, there is a paucity of research into Streptococcus pyogenes
and its sequelae, despite a substantial disease burden. We searched
PubMed from database inception to Dec 31, 2023, for studies in
any language related to S pyogenes carriage and infection
epidemiology and transmission, using the search terms
“Streptococcus”, “pyogenes”, “GAS”, "StrepA”, “carriage”,
"asymptomatic”, “colonisation”, “pharyngitis”, “impetigo”,
“pyoderma”, and “transmission”. Few studies of S pyogenes have
been conducted in Africa. Cross-sectional studies from Uganda,
Ethiopia, and Zambia have documented pharyngeal carriage

of 10-19% in children younger than 18 years. One review of

S pyogenes infections in Africa found the pooled prevalence of

S pyogenes-positive pharyngitis to be 21% and that pyoderma
positivity ranged from 32-74%. In Africa, only one study has
previously identified S pyogenes skin carriage and no longitudinal
cohort studies of S pyogenes incidence and household transmission
have been performed. In contrast to other pathogens, the
relationship between S pyogenes asymptomatic carriage and
infection is not clear. Studies conducted in the Red Lake Indian
reservation in the 1960s hinted at the role of skin carriage and
infection in transmission, but similar intensive sampling studies
have not been repeated. In 2023, a re-analysis using whole-
genome sequencing of a surveillance study conducted in
Aboriginal communities in Australia has indicated the importance
of pharyngeal carriage as a reservoir for S pyogenes transmission
and shown evidence of throat-to-skin transmission.

occur globally.*? The largest burden is in low-income and
middle-income countries (LMICs), where the post-infection
immune-mediated sequelae of acute post-streptococcal
glomerulonephritis, acute rheumatic fever, and rheumatic
heart disease cause substantial morbidity and mortality.’
Rheumatic heart disease results in more than 300 000 deaths
each year, predominantly in settings where diagnosis and
surveillance are poor.** Despite this burden of mortality,
S pyogenes receives little attention in global health
programmes.’ The World Health Assembly has now
declared S pyogenes vaccine development a global research
priority and the WHO roadmap for S pyogenes vaccines
highlighted the lack of understanding of clinical epidemiology
and transmission patterns as major research gaps.®

Asymptomatic pharyngeal colonisation (carriage) of
S pyogenes is common and often viewed as inconsequential
and not requiring treatment, and S pyogenes carriage on
normal skin, which is known to increase pyoderma risk, is
rarely studied.” Although data from the UK and Australia
suggest that pharyngeal carriage could play a role in onward
transmission of S pyogenes, its significance and that of skin
carriage in Africa are unknown.'*"!

In The Gambia, the burden of S pyogenes disease is largely
unknown, although a substantial burden of theumatic heart
disease exists.’? One cross-sectional study of children

Added value of this study

This study used frequent microbiological sampling and emm
typing from normal skin, pharynx, and wounds in a longitudinal
household design over 1 year, combined with clinical and
sociodemographic data, to understand the clinical and molecular
epidemiology of S pyogenes over time in an African setting for the
first time. We describe a comprehensive overview of the
epidemiology of S pyogenes in this setting, as well as providing
evidence of important transmission routes within households.

Implications of all the available evidence

Various interventional and public health strategies could be applied
to African settings to reduce the burden of S pyogenes-related
disease, and vaccines in development will be an important
addition. With so few studies into the natural history of S pyogenes
carriage and natural infection over time, there is limited
understanding of which approaches to use or how to target them.
This study builds on studies from other settings and provides
evidence for the first time in Africa of the importance of S pyogenes
skin infections and asymptomatic carriage in household
transmission. Evidence from this study will be useful in the design
of future surveillance and interventional studies in such settings,
which are vital to tackle the burden of S pyogenes-related disease
globally.

younger than 5 years found an 8-8% prevalence of S pyogenes
pyoderma and suggested an increase in pyoderma risk
during the rainy season.” Whole-genome sequencing and
emm typing of Gambian S pyogenes isolates has shown a
higher diversity of emm types than that seen in high-income
countries.”*** The extent of skin carriage is unknown, but
one study using quantitative PCR (qQPCR) on nasopharyn-
geal samples from The Gambia showed high rates of
S pyogenes carriage and an increase in antibody titres to
several S pyogenes antigens after colonisation.'® Widespread
carriage might contribute to transmission, strain diversity,
and immunity in this setting.

Longitudinal studies of S pyogenes carriage and infection
have not been performed in Africa. We established a
household cohort to understand the clinical and molecular
epidemiology of S pyogenes and factors affecting transmission
in this setting.

Methods

Study design and participants

We performed a prospective, longitudinal, household
cohort study in the urban area of Sukuta, The Gambia, over a
13-month period in 2021-22. The study protocol has been
published previously."” In brief, households containing at
least three members, including one child younger than
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18 years, were eligible for inclusion. Households were
excluded if more than 50% of household members declined
to participate. All individuals residing in the households
were invited to participate, with the exclusion of those with
any condition or circumstance that might cause difficulty or
discomfort in sample collection, or those deemed by a study
team member as unable or unlikely to adhere to the study
protocol. Households were identified by random GPS
selection (appendix p 14). Random GPS coordinates within
the boundaries of Sukuta were derived from 2013 census
data using QGIS version 3.12, stratified by low, medium, and
high housing density areas. For each set of GPS coordinates,
the nearest household was approached for participation,
until the target number of households was met.

The study was approved by the Gambia Government/
Medical Research Council joint ethics committee and the
London School of Hygiene & Tropical Medicine Research
Ethics Committee (LEO24005). Written informed consent
was provided by adult participants and by parents or
guardians for participants younger than 18 years. Children
aged 1217 years provided assent. The study is registered on
ClinicalTrials.gov, NCT05117528.

Procedures
Consenting households underwent a baseline monthly
visit (MVO0) followed by 12 scheduled monthly visits
(MV1-12). An open cohort approach was used with new
household members able to enrol at any monthly visit.
Sociodemographic data were collected at each monthly visit.
At monthly visits, participants were asked to provide an
oropharyngeal swab (Copan Transystem 140C, Copan,
Brescia, Italy) and a composite normal skin swab from skin
surfaces on the arms, legs, and forehead (using flocked
nylon fibre swabs, CITOSWAB, Nanjing, China). Partic-
ipants who acquired new carriage were swabbed from the
positive site (oropharyngeal or normal skin swab) at add-
itional weekly visits until two consecutive negatives to esti-
mate clearance time (clearance time cohort). 16 households,
randomly selected using the pps package in R, underwent
weekly intensive visits for 6 weeks during which oropha-
ryngeal swabs and normal skin swabs were taken (intensive
sampling cohort). Intensive visits were included in the
clearance time and infection incidence analysis, but not the
carriage incidence analysis. A wound swab (Copan) was
taken when participants exhibited pyoderma. Participants
presenting with a sore throat or skin lesions between
scheduled visits were seen at unscheduled visits, at which an
oropharyngeal swab or wound swab was taken as appro-
priate to capture incident pharyngitis and pyoderma events.
Disease events were treated empirically with antibiotics
(appendix p 5). Carriage events were not treated, in line with
the Infectious Diseases Society of America guidelines.’
Swabs were placed in liquid Amies transport medium
(Copan or CITOSWAB) and kept in a cold box until culture
the same day. Swabs were plated on Colombia blood agar
and beta-haemolytic colonies underwent latex agglutination
testing (Prolex, Pro-Lab, Bromborough, UK) for group A
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Streptococcus (appendix p 4). Isolates positive for group A
Streptococcus were assumed to be S pyogenes. Isolates were
sent to the Molecular Bacteriology Laboratory (Brussels,
Belgium; MBLB) for emm typing. Isolates underwent PCR-
based emm typing as previously described.”® Emm types and
subtypes were assigned according to the US Centers for
Disease Control and Prevention (CDC) database. New
subtypes were assigned by CDC for the newly described
sequences (appendix p 4).

S pyogenes events were defined as either disease (presence
of S pyogenes with clinical symptoms of pharyngitis or
pyoderma) or carriage (presence of S pyogenes without
clinical symptoms; appendix p 2). Weekly visits were exclu-
ded from carriage incidence analysis to avoid bias. Baseline
events were defined as events occurring at an individual’s
enrolment visit (whether at MVO or a later monthly visit).

We defined clearance time as the time from carriage
acquisition at a monthly visit or intensive visit until the
midpoint between the date of the last positive swab (of the
same emm type) and the date of the first of the two subse-
quent negative swabs (appendix p 6). Episodes were
excluded if more than one consecutive weekly visit was
missed, or if only one negative weekly visit was done at the
end of an episode.

Follow-up time for carriage incidence was from
enrolment until either MV12 or the midpoint between the
last attended monthly visit and the first missed monthly
visit. For missed monthly visits, a gap in follow-up was
included from the midpoint between the last attended
monthly visit and the first missed monthly visit to the
midpoint between the last missed monthly visit and the next
attended monthly visit. Unscheduled visits, weekly visits,
and intensive visits were not included in the carriage
incidence follow-up time. For disease incidence, if partic-
ipants had an unscheduled visit, weekly visit, or intensive
visit during a gap in follow-up, an additional 15 days of
follow-up time was added (appendix pp 2-3).

We investigated the interaction between the four different
event types (pharyngitis, pyoderma, pharyngeal carriage,
and skin carriage) using two defined transmission windows
to explore transmission within households. S pyogenes
events that occurred within the same household within a
range of 0-2 days were considered within-visit linkages, for
which it was not possible to determine directionality of
transmission. Events occurring within 342 days were
considered to represent between-visit linkages. Linkages for
which the S pyogenes isolates were of different emm types
were considered epidemiologically linked. Linkages for
which the isolates were identical emm types were considered
emm-linked. Concurrent event types occurred when
two event types with the same emm type were present within
0-2 days in an individual, and event-type changes occurred
when two different event types of identical emm type
occurred in one individual within 342 days.

Household secondary attack rate was calculated for
between-visit linkages as the proportion of household
members swabbed within 342 days who had an event in

See Online for appendix
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that time. Household secondary attack rate was calculated
for epidemiologically linked events and emm-linked events.

Outcomes

The primary outcome of this study was incidence of
S pyogenes carriage and disease. Additional outcomes were
baseline and monthly prevalence of S pyogenes skin and
pharyngeal carriage, S pyogenes skin and pharyngeal clear-
ance time, S pyogenes emm type, household secondary attack
rate, risk factors for carriage and disease events, and
emm-linked household transmission events. Monthly
prevalence and incidence were stratified by sex and
age group (age <5 years, 5-11 years, 12-17 years, and
>18 years).

Statistical analysis

Detailed sample size considerations are described in the
protocol.”” Briefly, we estimated that 450 individuals would
give sufficient power to detect a carriage prevalence of 15%
(plus or minus 5%) and risk factors for S pyogenes carriage
with rate ratios of greater than 2. Data were entered into
REDCap.” Analysis was performed in R version 4.2.2.
Baseline carriage and disease prevalence was calculated as
the proportion of participants positive at their enrolment
visit with binomial exact 95% Cls. Baseline events were
excluded from the incidence and regression analyses.
Monthly carriage prevalence was calculated as the propor-
tion of participants swabbed at each monthly visit with
carriage with binomial exact 95% Cls. Incidence rates were
calculated as events per 1000 person-years with 95% Cls,
stratified by sex and age group. Clearance time was descri-
bed using medians with IQRs and ranges. Wilcoxon rank-
sum tests were used for differences in clearance time. The
Andersen-Gill extension of the Cox model was used to
identify sociodemographic risk factors for disease and
carriage (appendix pp 2-3). Hazard ratios (HRs) were
calculated in multivariable models including sex, age group,
season, and household size (appendix p 2). Age group and
sex were added to the model as fixed variables, whereas
household size and season were added as time-varying
covariates. Household secondary attack rate was calculated
with 95% Cls. p values of less than 0-05 were considered to
indicate statistical significance.

Role of the funding source
The funders had norole in study design, data collection, data
analysis, data interpretation, or writing of the report.

Results

We recruited 337 participants from 44 households
between July 27 and Sept 2, 2021, at MVO0. An additional
105 participants from the same households were recruited
at subsequent monthly visits, resulting in a total of 442
participants (figure 1). Final visits were conducted between
June 28 and Sept 28, 2022. The cohort comprised 256 (58%)
children younger than 18 years; the median age was 15 years
(IQR 6-28), 233 (53%) were female, and the median

261 households approached for initial
eligibility assessment

170 excluded

N 31 did not meet inclusion criteria

139 declined eligibility
assessment or not at home

y

91 households assessed for initial eligibility

47 excluded
P 36 declined to consent
11 consented but not enrolled*

A 4

44 households enrolled

v

44 households (337 individuals)
enrolled at MVO

4—| 105 individuals enrolled after MVO

A 4

44 households (442 individuals) enrolled
in total (had a monthly visit)
27 households (77 individuals)
included in clearance time cohort
16 households (160 individuals)
included in intensive sampling cohort

3 households (140 individuals)
lost to follow-up
89 individuals enrolled at MVO
51 individuals enrolled after MVO

A 4

41 households (302 individuals) still
enrolled at MV12
248 individuals enrolled at MVO
54 individuals enrolled after MVO
55 individuals attended every monthly visit

Figure 1: Study flow diagram

MV0=baseline monthly visit. MV12=scheduled monthly visit 12. *The study
capacity was 44 households; an additional 11 households were kept in reserve in
case of withdrawals.

household size was seven individuals (IQR 6-10; table 1,
appendix p 7). Total follow-up time was 311-4 years (mean
0-71 years per individual [SD 0-34]) for disease events and
307-5 years (mean 0-70 years per individual [0-34]) for
carriage events.

We identified 116 S pyogenes disease events (17 pharyn-
gitis and 99 pyoderma) and 88 S pyogenes carriage acquisi-
tion events (49 pharyngeal and 39 skin). Pyoderma occurred
simultaneously with pharyngitis on one occasion, with
pharyngeal carriage on three occasions, and with
skin carriage on four occasions. No invasive infection
events, acute rheumatic fever, or other immune sequelae
occurred.
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Participants (n=441%)

Sex
Male 208 (47%)
Female 233 (53%)

Median age, years (IQR; range) 15 (6-28; 0-85)

Age group, years

<5 104 (24%)
5-11 79 (18%)
12-17 73 (17%)
>18 185 (42%)
Ethnic group
Mandinka 311 (71%)
Wolof 30 (7%)
Fula 43 (10%)
Jola 17 (4%)
Serehule 12 3%)
Serere 12 3%)
Manjago 6 (1%)
Non-African 3 (1%)
Other 2 (<1%)
Missing 5 (1%)

Median household size, n (IQR; range) 7 (6-10; 4-37)t

Data are n (%) unless indicated otherwise. *Total cohort was n=442 but demographic
information was missing for one participant. tMedian household size for each
household across all monthly visits.

Table 1: Sociodemographic characteristics of the cohort

Baseline S pyogenes pharyngitis prevalence was 0-2% (95%
CI 0-0-1-3; one of 442) and pyoderma prevalence was 3-8%
(2:3-6-1; 17 of 442). Pharyngeal carriage at baseline was
2.7% (1-4-4-7; 12 of 442) and skin carriage prevalence was
0-2% (0-0-1-3; one of 442; appendix p 8).

Monthly S pyogenes pharyngeal carriage prevalence ranged
from 0-4% (95% CI 0-01-2-2; one of 249) to 3-1% (1-1-5-4;
eight of 261) with a mean of 1-4% (1-1-1-9). Monthly
S pyogenes skin carriage prevalence ranged from 0-0%
(0-0-0-0; none of 249) to 2-8% (1-1-5-7; seven of 248) with a
mean of 1-2% (0-9-1-6). There was no clear seasonal trend
throughout the study period (figure 2).

The incidence of S pyogenes pharyngeal carriage (120 per
1000 person-years; 95% CI 87-166) and skin carriage
(124 per 1000 person-years; 90—170) acquisition was similar.
For disease events, of 147 episodes of symptomatic
pharyngitis, 16 (11%) were S pyogenes positive, resulting in
an incidence of 51 per 1000 person-years (31-84). Of
170 symptomatic pyoderma episodes, 82 (48%) were
S pyogenes positive, resulting in an incidence of 263 per
1000 person-years (212-327; table 2).

Incidence of skin carriage was higher in male participants
(199 per 1000 person-years, 95% CI 137-290) than female
participants (64 per 1000 person-years, 35-116). Similarly,
pharyngeal carriage was higher in male participants (162 per
1000 person-years, 107-246) than female participants
(87 per 1000 person-years, 53—145). Pharyngeal carriage
occurred most frequently in children aged 5-11 years
(245 per 1000 person-years, 145-414), whereas skin
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Figure 2: Prevalence of S pyogenes pharyngeal and skin carriage at each monthly
visit

Shaded areas indicate 95% Cls. Carriage prevalence at MVO is not the same as
baseline because baseline included each participant’s enrolment visit, which could
have been after MVO. S pyogenes=Streptococcus pyogenes. MVO=baseline monthly
visit. MV1-12=scheduled monthly visits 1-12.

carriage was most common in children younger than 5 years
(239 per 1000 person-years, 156-366).

S pyogenes pyoderma was the most frequently observed
event overall. It was more common in male participants
(458 per 1000 person-years, 95% CI 358-587) than female
participants (109 per 1000 person-years, 70-171) and, in terms
of age groups, it was most common in children younger than
5 years (520 per 1000 person-years, 389—-694), followed by
children aged 5-11 years (412 per 1000 person-years,
276-615). S pyogenes pharyngitis was most common in
children aged 5-11 years (120 per 1000 person-years, 57—252)
and was similar in male and female participants (58 per 1000
person-years, 29-116, vs 46 per 1000 person-years, 23-92).

Overall, 33 emm-matched pharyngeal carriage episodes in
29 participants and 43 emm-matched skin carriage episodes
in 39 participants were available. Histograms of clearance
time were right-skewed (appendix p 9). Median clearance
time was 4-0 days (IQR 3-5-7-0; range 3-0-42-5) for
pharyngeal episodes and 4-0 days (3-5-7-3; 3-0-27-5) for
skin episodes (p=0-84).

Antibiotics were prescribed at the start of two pharyngeal
episodes due to pyoderma occurring concurrently. Anti-
biotics were given at the end of one episode and in the
middle of one episode due to pharyngitis. Pyoderma
occurred simultaneously with skin carriage at the start of
seven skin episodes, six of which were treated with
antibiotics. Of those, five were negative by the next visit.
Pharyngitis occurred at the start of one skin episode, which
was treated with antibiotics. Overall, antibiotics were given
in four (12%) of the 33 pharyngeal episodes, compared with
10 (23%) of the 43 skin episodes (p=0-22). Clearance time
length was not significantly affected by antibiotic use
(p=0-15 for pharyngeal clearance and p=0-13 for skin
clearance).

In multivariable Cox regression models, there was an
increased risk of both pharyngeal carriage acquisition
(HR 5-67, 95% CI 2-19-14-69, p=0-0004) and pharyngitis
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S pyogenes carriage S pyogenes disease
Events Incidence per 1000  Symptomatic Events Incidence per 1000
person-years episodes person-years
(95% Cl) (95% Cl)
Pharynx or skin
Overall 75 244 (194-306) 309 97 311 (255-380)
Sex
Male 49 361 (273-478) 168 70 509 (403-644)
Female 26 151 (103-222) 141 27 155 (106-226)
Age group, years
<5 36 409 (295-568) 122 48 542 (409-720)
5-11 24 420 (282-627) 81 30 515 (360-736)
12-17 8 197 (98-393) 29 8 194 (97-387)
>18 7 58 (27-121) 77 11 89 (49-161)
Pharynx
Overall 37 120 (87-166) 147 16 51 (31-84)
Sex
Male 2 162 (107-246) 55 8 58 (29-116)
Female 15 87 (53-145) 92 8 46 (23-92)
Age group, years
<5 15 171 (103-283) 34 2 23 (6-90)
5-11 14 245 (145-414) 42 7 120 (57-252)
12-17 2 49 (12-196) 20 2 48 (12-194)
>18 6 49 (22-110) 51 5 41(17-97)
Skin
Overall 38 124 (90-170) 170 82 263 (212-327)
Sex
Male 27 199 (137-290) 120 63 458 (358-587)
Female 11 64 (35-116) 50 19 109 (70-171)
Age group, years
<5 21 239 (156-366) 92 46 520 (389-694)
5-11 10 175 (94-325) 43 24 412 (276-615)
12-17 6 147 (66-328) 9 6 145 (65-323)
>18 1 8 (1-58) 26 6 49 (22-108)
Incidence events do not include baseline events (positive at enrolment visit). S pyogenes=Streptococcus pyogenes.
Table 2: Pharyngeal and skin S pyogenes carriage acquisition and disease incidence rates over the study
period, stratified by sex and age group

(3-00, 1-10-8-22, p=0-032) during the rainy season, whereas
pyoderma and skin carriage were not affected by season
(table 3).

Similarly, for each additional person in a household, we
observed an increase in both pharyngeal carriage (HR 1-03,
95% CI 1-00-1-05, p=0-030) and pharyngitis (1-04,
1-02-1-07, p=0-0001) risk, whereas neither pyoderma nor
skin carriage showed an association with household size.
By contrast, risk of pharyngeal carriage and pharyngitis
was not associated with sex, whereas the risk of pyoderma
(0-34, 0-19-0-61, p=0-0003) and skin carriage (0-45,
0-22-0-92, p=0-030) was lower in female participants than
male participants.

Compared with adults, the highest risk of pharyngeal
carriage was in children aged 5-11 years (HR 4-80, 95% CI
1-71-13-49) followed by children younger than 5 years (2-92,
1-53-5-58). Skin carriage risk was highest in children
younger than 5 years (22-69, 3-08-167-21), followed by

children aged 5-11 years (18-44, 2-70-126-08). Pyoderma
risk was also highest in children younger than 5 years (7-00,
2-78-17-64) followed by children aged 5-11 years (6-60,
2.77-15-74), but pharyngitis risk was not significantly
associated with age (table 3).

Of 252 S pyogenes-positive swabs, 227 (90%) were
successfully regrown and sentto MBLB for emm typing. One
isolate failed to regrow, six were regrown but later tested as
group G Streptococcus, and one isolate previously identified
as group G Streptococcus was found to be group A Strepto-
coccus at MBLB. Among 221 S pyogenes isolates that were
successfully emm typed, 57 different emm subtypes were
identified, including three new subtypes (data not shown).
From the 204 separate carriage and disease events defined
earlier, emm types were available for 179 (88%).

We identified 128 epidemiologically linked events that
occurred 3—42 days after an index event, of which 18 (14%)
were of identical emm type. Mean household secondary
attack rates for transmission linkages are shown in table 4.

We identified 42 within-visit linkages with isolates of the
same emm type, and 18 between-visit linkages (figure 3). For
within-visit linkages, the most common event types that
were linked were skin carriage with skin carriage (12 [29%]
of 42 linkages), skin carriage with pyoderma (ten [24%] of
42 linkages), and pyoderma with pyoderma (eight [19%)] of
42 linkages; appendix p 10). No transmissions between
pharyngitis and pyoderma or skin carriage were identified.
Of 18 between-visit transmissions identified, pyoderma was
the source in 11 (61%), and the median serial interval was
28 days (IQR 15-29). The most common routes of trans-
mission were pyoderma to pharyngeal carriage (three [17%)]
of 18 linkages), pyoderma to skin carriage (three [17%)] of
18 linkages), and pyoderma to pharyngitis (three [17%] of
18 linkages; appendix p 11).

We identified eight occasions on which a different event-
type occurred in the same individual within the transmis-
sion windows. Concurrent (within-visit) event types in one
individual were identified five times, of which four (80%)
were concurrent pyoderma and skin carriage and one was
concurrent pyoderma and pharyngeal carriage. Three
between-visit event-type changes were identified: two from
skin carriage to pyoderma and one from pyoderma to pha-
ryngeal carriage. No event-type changes from pharyngeal
carriage to pharyngitis occurred (appendix p 13). The
longest gap between events of the same emm type within a
household was 252 days (appendix p 12).

Discussion

The findings of this longitudinal cohort study demonstrate a
substantial burden of S pyogenes carriage and disease in The
Gambia, especially in children. To our knowledge, this is the
first evidence from Africa to show bidirectional household
transmission of S pyogenes between the pharynx and the
skin, that both pharyngeal and skin carriage are transmis-
sion sources, and that pyoderma is the predominant source
of transmission to household contacts. However, the
majority of events were not emm type-linked household
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S pyogenes carriage S pyogenes disease
Pharynx (37 events) Skin (38 events) Pharynx (16 events) Skin (82 events)
HR (95% Cl) p value HR (95% Cl) pvalue  HR (95% Cl) p value HR (95% Cl) p value
Rainy season 5-67 (2-19-14-69)  0-0004 0-42 (0-09-1-91) 0-26 3-00(1-10-8-22)  0-032 114 (0-34-3-84)  0-83
Sex 0-24 0-030 0-51 0-0003
Male 1 (ref) - 1 (ref) 1 (ref) - 1 (ref)
Female 0-71 (0-40-1-26) - 0-45 (0-22-0-92) 0-75 (0-31-1-77) - 0-34 (0-19-0-61)
Age group, years 0-0009 0-022 0-055 0-0001
<5 2-92 (1-53-5-58) 2 22-69 (3-08-167-21) 0-43 (0-11-1-69) = 7-00 (2:78-17-64)
5-11 4-80 (1-71-13-49) - 18-44 (2-70-126-08) 2-86 (0-95-8-58) - 6-60 (2:77-15-74)
12-17 0-92 (0-18-4-64) - 16-52 (2-58-106-93) 1-15 (0-38-3-43) - 2-69 (1-18-6-12)
>18 1 (ref) - 1 (ref) 1 (ref) - 1 (ref)
Household size 1-03 (1-00-1:05)  0-030 1-00 (0-98-1-01) 074 1:04 (1:02-1:07)  0-0001  1.01(1-00-1-03)  0-14
HR and Cl values are rounded to two decimal places. p values are rounded to two significant figures (to a maximum of four decimal places). S pyogenes=Streptococcus pyogenes.
HR=hazard ratio.
Table 3: Multivariable Cox proportional hazards regression models showing the impact of sociodemographic factors on S pyogenes carriage acquisition and
disease

transmissions, but rather appeared to be new introductions
to the household. These findings provide fundamental
insights into the dynamics of S pyogenes transmission and
will inform intervention strategies to reduce S pyogenes
transmission and disease.

Although the incidence of S pyogenes carriage was
similar between the pharynx and the skin, we identified a
higher number of pyoderma episodes than pharyngitis
episodes. The role of skin infections in the development
of acute rheumatic fever has been debated,*? but it is
likely that repeated infections of the skin contribute to
immune priming ahead of an event that triggers acute
rheumatic fever.”?* We demonstrate that S pyogenes pyo-
derma is common in the age group most at risk of
immune priming and that pyoderma is a key source of
household transmission. We observed substantial diver-
sity of S pyogenes emm types, consistent with previous
findings."*"* Exposure of children to the diversity of
S pyogenes emm types seen in LMICs could be a contrib-
uting factor in immune priming for acute rheumatic fever
and rheumatic heart disease.?*”** The higher risk of
pyoderma in male participants was unexpected and in
contrast to previous findings."* More work is required to
confirm this finding and whether it should influence
pyoderma prevention strategies.

Onward transmission of emm types within households
occurred from all four event types (pharyngitis, pyoderma,
pharyngeal carriage, and skin carriage). Most events are
likely to have originated from a non-household source.
Nevertheless, for within-visit transmissions, there was
extensive interaction between pyoderma wounds and
skin carriage, and pyoderma was the source in most of
the between-visit transmissions identified, suggesting
S pyogenes on the skin could be the predominant source of
transmission within households and the main source of
event-type change within individuals. Relatively few
household transmission events were identified, suggesting
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Index events*  Between-visit (3-42 days) transmissions

Epidemiologically linked eventst  emm-linked eventst

Secondary Mean HSAR Secondary Mean HSAR
events (95% Cl) events (95% Cl)
Overall 169 128 4-9 (3-5-63) 18 074 (0:3-1-2)
Event
Pharyngeal 40 30 4-6 (1-4-7-8) 2 0-71 (0-0-1-7)
carriage
Skin carriage 33 20 6-0 (2:4-9-4) 2 0-58 (0-0-1:5)
Pharyngitis 15 19 6-8 (0-6-12-9) 3 0-80 (0-0-2:0)
Pyoderma 81 59 4-2 (2:4-6-0) 11 0-81 (0-1-1-6)

HSAR=household secondary attack rate. S pyogenes=Streptococcus pyogenes. *Events at which emm type was available and at
least one household member was swabbed within 3-42 days. TAny S pyogenes-positive event occurring within 3-42 days of
the index event. £S pyogenes positive even with identical emm type occurring within 3-42 days of the index event.

Table 4: Mean HSAR for between-visit transmissions for epidemiologically linked events and emm-linked
events

that most acquisitions occur elsewhere. Future research
should aim to better understand S pyogenes transmission
dynamics beyond the household environment.

S pyogenes-positive pharyngitis was rare and served as the
transmission source with a frequency similar to that of
pharyngeal and skin carriage. Of note, we did not identify
any occasions on which an individual was identified as a
pharyngeal carrier and then progressed to pharyngitis. On
only one occasion was an individual identified as a
pharyngeal carrier after an episode of pharyngitis. These
findings suggest that in this setting, pharyngitis and
pharyngeal carriage do not represent different stages in the
natural history of pharyngitis, but rather represent two ends
of the symptomatic spectrum of pharyngeal S pyogenes
infection. There is already increasing recognition that
carriage events are not immunologically silent, which
indicates that carriage might be implicated in rheumatic
heart disease.’” Collectively, these results raise questions
about the current advice to leave asymptomatic carriage
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Figure 3: Household transmission linkage timeline plot of Streptococcus pyogenes events across the cohort study period

Events are grouped by each emm type within a household. The y-axis is arranged by date of first isolate, with labels written as emm type_household ID. Each point represents an isolate cultured from an
individual with pharyngitis, pyoderma, pharyngeal carriage, or skin carriage. Isolates from the same visit are stacked. The solid black lines represent between-visit transmission (3-42 days) linkages of the same
emm type (note that the lines are stacked in some instances, so not all 18 lines are visible). The dashed black lines represent between-visit event-type changes within the same individual.

untreated in settings at high risk of theumatic heart disease.
Further studies are needed to delineate the impact of treat-
ment of asymptomatic carriage, particularly in LMICs, on
transmission and immune responses.

There is an urgent need to identify strategies to reduce
S pyogenes transmission. Although screening and treating
children for S pyogenes carriage could potentially reduce
transmission, interventions aiming to improve diagnosis
and treatment of pyoderma and to increase handwashing
with soap could also have a large impact.** Research is
required to understand the impact that such interventions
would have on transmission.

Our study has several limitations. First, although we
found a considerable degree of presumed transmission
with identical emm types, emm typing does not fully
distinguish between S pyogenes lineages compared with

whole-genome sequencing and pairwise identity at the
single nucleotide polymorphism level. Genome sequen-
cing of the isolates collected in this study is planned but
these data are not yet available. As such, some presumed
transmission events might reflect alternative intro-
ductions of separate lineages of the same emm type.
Second, we actively identified and treated cases of disease
and, as a result, the risk of transmission from household
infections is probably underestimated. Third, we relied
on culture to identify S pyogenes. Baseline S pyogenes
nasopharyngeal colonisation prevalence of children aged
24 years in The Gambia using qPCR was 8-1% (95% CI
5-4-11-7) in a previous study’® compared with 1-9%
(95% CI 0-3-7-5) in children younger than 5 years in this
study detected by culture. Molecular tests probably would
have identified additional S pyogenes carriage and disease
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events and transmissions. Similarly, a larger cohort
would have provided greater confidence around trans-
mission. Fourth, weekly swabbing of clearance time
episodes was too infrequent to accurately estimate pha-
ryngeal and skin clearance time and the insensitivity of
culture probably led to an underestimated clearance time.
Daily swabbing and diagnosis by a molecular method
would be required to give a more accurate estimation.
Given the short clearance times found for carriage, we
probably missed incident carriage events between
monthly visits. Fifth, results should be interpreted with
caution due to participant absenteeism at monthly visits,
the loss of several households to follow-up, and a lack of
population demographics for comparison. Finally, clinical
reporting of pharyngitis was less than anticipated. We
recently conducted a study of health-care-seeking behav-
iour which suggested that many pharyngitis episodes are
not reported.* For all of these reasons it is likely that we
have underestimated the true burden of S pyogenes
carriage, disease, and transmission in this setting.

Our study addresses a crucial gap in understanding of the
burden of S pyogenes in Africa and the importance of
pyoderma and asymptomatic carriage in the transmission of
S pyogenes within households. Further studies to capture the
burden of S pyogenes and its sequalae more fully in this
setting are required and will underpin work towards
developing effective vaccines and other interventional tools
for the control of S pyogenes.
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