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Abstract

In sub-Saharan Africa (sSA) there is a high prevelance of gut colonisation with antimicrobial resistant
(AMR) bacteria and a high morbidity and mortality from drug-resistant infections. Given the reliance
on third generation cephalosporins (3GCs) in human health, two of the most important AMR bacteria
found in these settings include the extended-spectrum R-lactamase (ESBL) producing
Enterobacteriaceae, E. coli and K. pneumoniae. These bacteria are present in the guts of humans and
animals and also within the wider environment. In LMICs, the key factors that lead to community ESBL
colonisation are unclear, and | hypothesise that within low-income settings, ineffectual household
water, sanitation and hygiene (WASH) practices and a paucity of WASH infrastructure contribute to
ESBL contamination of the household environment and pollution of the riverine and community
environment via inadequate management of faecal sludge. Interactions between humans, animals
and environmental reservoirs of ESBL bacteria in these settings promotes the acquisition,
maintenance and spread of ESBL E. coli and ESBL K. pneumoniae, ultimately resulting in increased
levels of gut carriage of these drug-resistant organisms. To that end, in this thesis | present the results
from two observational studies undertaken in southern Malawi designed to broadly assess key One-
Health risks for human carriage of ESBL E. coli and ESBL K. pneumoniae in Malawian communities.

Firstly , within a large household-centred study | found a paucity of household WASH infrastructure
and access to materials to enable safe toileting, adequate sanitation or effectual hand-hygiene and
waste management in urban, peri-urban and rural communities, paralleled by behavioural proxies
that may increase the risk of bacterial transmission, such as household attitudes to water usage, food-
hygiene, open defaecation, and handwashing. Microbiological surveillance of the households
illustrated a staggeringly high prevalence of ESBL colonisation in humans and animals, alongside ESBL
contamination of the household and broader environment (i.e. rivers and drains). Risk factor analysis
highlighted the importance of the wet season alongside differences in WASH and animal factors
between urban, peri-urban and rural settings that lead to differing AMR prevelance and regional risk
profiles. Lastly, in addition to the high levels of ESBL bacteria found within the river networks, |
identified elevated levels of antibiotics and other resistance driving chemicals within urban rivers,
suggesting that the riverine system may be a key ecological niche for AMR in this setting.

In summary, within this thesis, | highlight the key role that WASH infrastructure and behaviours play
in driving human carriage of ESBL bacteria in communities of southern Malawi and identify key
differences in risks of ESBL colonisation from urban, peri-urban and rural settings. Therefore, | propose
that future interventions and policy designed to interrupt ESBL AMR transmission should adopt a One-
Health approach, consider the integration of community-based WASH interventions, and be cognisant
of regional differences in AMR-prevalence, making adaptions wherever possible which are tailored to
the local population for maximal effect.
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Chapter 1:

Introduction

“Whoever wishes to investigate medicine properly, should proceed thus: in the first place to consider
the seasons of the year, and what effects each of them produces for they are not at all alike, but differ
much from themselves in regard to their changes. Then the winds, the hot and the cold, especially such
as are common to all countries, and then such as are peculiar to each locality. We must also consider
the qualities of the waters, for as they differ from one another in taste and weight, so also do they
differ much in their qualities.”

Hippocrates 4 Century AD

1.0. Chapter summary

Within this chapter | review the public health challenge of antimicrobial resistance (AMR) through a
“One-Health” lens, with a focus on low-and middle-income countries (LMICs), specifically African ones.
| then evaluate the importance of water, sanitation and hygiene (WASH) and environmental hygiene
in contributing to the acquisition, maintenance and transmission of AMR, concentrating on the
extended-spectrum beta-lactamase (ESBL) producing Enterobacteriaceae E. coli and K. pneumoniae.
Lastly, | draw this information together to provide a conceptual framework that forms the rationale

for my thesis and explain my hypothesis and how it will be tested throughout this thesis.

My contributions to this chapter and those of others are included in Table 1.0.

Table 1.0. Chapter contributions made by the PhD candidate, alongside those from external partners

and DRUM consortium collaborators

Listed chapter contributions

Personal contribution All sections of this chapter were drafted by the PhD

candidate.
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Contributions from external Guidance and document review was provided by the PhD
partners and DRUM consortium supervisory team and DRUM collaborator, Tracy Morse.

collaborators

1.1. AMR and antibiotic usage

Bacterial AMR occurs due to changes to bacterial structure or function, resulting in the drugs used to
treat infections becoming less effective (1). This is a natural phenomenon, whereby changes arise from
mutations generated in response to host or environmental selection pressures, and has been well
documented since the introduction of penicillin in the 1940s (2). The majority of antibiotics available
are derived from chemicals produced by bacteria or fungi to protect themselves from microbes in the
ecosystem, with only a small minority synthetically derived in the laboratory (3). After the “golden
antibiotic era” few novel antibiotics have been produced and currently there are limited antibiotics in
the clinical (4) or the pre-clinical pipeline (5), leaving us with a finite number of antibiotics available
for use. There are many mechanisms in which bacteria have evolved to become resistant to antibiotics
(6—9), and resistance mechanisms exist for all currently available antibiotics (10). This is compounded
by accumulation of resistance mechanisms in the same organism, rendering bacteria resistant to

multiple antimicrobials (11,12).

Effective antimicrobials are required in human and animal heath for the prevention and treatment of
bacterial disease and to help safeguard the practice of routine surgery or chemotherapy (13,14). This
places antimicrobials firmly at the core of modern medicine. Therefore, global rises in AMR are starting
to greatly impact on morbidity and mortality, especially in low income settings (15—18). In this regard,
it is estimated that without efforts to curb the rising trend in antimicrobial resistance, up to 10 million
people annually will die from AMR causes by 2050, most profoundly impacting LMICs, with an
associated economic impact comparable to the 2008/9 financial crisis (13). While these estimates are
disputed, the magnitude of the threat posed by antibiotic resistance is well accepted, and novel
methods are currently being used to better determine the true burden of disease (19-22). Estimates
of the AMR disease burden in animals are unavailable because of a lag in global animal health
surveillance metrics alongside a complexity in inferring outcomes from resistance. Nevertheless, it
was estimated that 131,109 tons of antibiotics were used in animals in 2013, and this figure is
expected to rise to 200,235 tons by 2030 (23-25). The true effect of antibiotic usage in animals on

human health is uncertain, however there is a consensus that antimicrobial use contributes to the
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overall burden of AMR (26,27), and hence there has been a recent drive for policies that streamline
antibiotic use in animals for the health and wellbeing of both animals and humans (14,28-31). Reasons
for ABU in animals commonly includes growth promotion as well as disease prevention and treatment
(25,32—34), although the use of antibiotics as growth promoters in livestock has been banned in the
European Union since 2006 (34). Antibiotics consumed by animals and humans reach the environment
through the excretion of waste (urine or faeces), and this leads to contamination of groundwater, sail,
crops and plants, which is in turn fed back into the human and animal chain through a variety of

mechanisms (35-37).

Antibiotic usage is only one of several factors that drive AMR and given the importance of antibiotic
prescription in the treatment of bacterial disease there is an ethical balance to be struck between
access and restriction (38—43). Within humans, 3™-generation cephalosporins (3GCs) are frequently
the first line antimicrobial agent of choice in the treatment of severe gram-negative bacterial
infections, especially in LMICs (44). 3GC resistant (3GC-R) enteric bacteria have rapidly emerged,
largely due to acquisition of ESBL-producing enzymes, resulting in infections that are frequently
untreatable in low-income countries, due to unavailability of carbapenems or other reserve antibiotics
(21,22,45,46). As a result of the expansion of ESBL and carbapenem resistance, Enterobacteriaceae
such as E. coli and K. pneumoniae have been labelled as critical on the WHO priority pathogen list (47).
Within this thesis | will be focussing on ESBL AMR within these two key organisms, in the low-income

country setting of Malawi.

1.2.International AMR policy

Due to overwhelming evidence of the threat posed by AMR, in 2014 the UK government
commissioned the first report on global issue of rising AMR, commonly referred to as the O’Neill report
(13,48). This was a hugely impactful piece of work which contributed to increased international
support for action and has been accompanied by responses from the World Health Organization
(WHO) (14) the Food and Agricultural Organization (FAQO) of the United Nations (30), the World
Organisation for Animal Health (OIE) (31), and the European Union (49). A global action plan was
developed by WHO in 2015 (14), which stated that all member states should have a national action
plan within 2 years, and while this ambitious timeframe has not been achieved, to date there has been
the creation of over a 100 national action plans by a range of high income, middle income and low

income countries (50).
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There has, however, been criticism of the governance, strategy, and scope of these documents,
particularly inrelation to adoption of One-Health goals and a lack of consideration for health inequities
in low-income settings (51,52). Despite the acceptance of the importance of human, animal and
environmental health there is still a focus on human health, with limited targets or goals in the animal
sector, and rarely any meaningful incorporation of environmental targets or actors (53). It has been
proposed that this is, in part, a consequence of chronic underfunding in environmental microbiology
capacity and research, leading to a lack of understanding of AMR in the environment and resulting in
an absence of evidence-based mitigation strategies (36). Funding issues are also pertinent to AMR
strategies in LMICs, and without external financial support or a global focus on capacity strengthening,
LMICs are unable to effectively implement action across the human, animal and environmental sectors
(51,54). A better understanding of how humans, animals and the environment interact to facilitate
AMR transmission in LMICs is clearly needed and this begins with the generation of microbiological
surveillance data on key priority pathogens, embedded within a framework that contextualises the

specific risks of life in low-income settings.

1.3.The role of One-Health in AMR

One-Health is a modern phrase for an ancient concept that recognises that the health of people is
strongly interconnected with the health of animals and the shared environment (55-57). Since
Hippocratic times there has been a historical precedent in the need for physician advocacy within the
realm of One-Health, and texts taken from “On airs, waters, places” advises the doctor to serve his
patient best by paying attention to the environment including the quality of the waters and the soils
(58,59). Recently, there has been an evolving use of the term “One-Health”, from the integration of
animal and human medicine to the current day incorporation of human and animal health within the
framework of environmental health (55,60,61). Changes to the definition have resulted from a
heightened awareness within the scientific and political community in the need for interdisciplinarity
and a holistic response to understanding complex systems, to enable effective solutions for a range of
critical global health issues. These efforts have been largely focused on new and emerging zoonotic
diseases, due to the prominence of recent viral epidemics (i.e. Ebola, Zika and SARS-CoV2), historical
collaborations between human and animal health sectors and the absence of an environmental voice
within the political narrative (60,62,63). However, One-Health has now become broader in its scope,
and is widely accepted to incorporate other global health threats such as antimicrobial resistance,
food safety and environmental contamination, alongside non-communicable diseases such as mental

health, ecotoxicology and the effects of urbanisation (49,60,64—67).
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AMR is one of the issues which is considered most likely to benefit from a One-Health approach, given
that it has clear connections to human, animal and environmental health domains, and solutions
requires collective action from a range of specialists and authorities (13,68,69). Therefore One-Health
approaches are now the foundation on which a number of AMR research activities, policies and

international action plans are built (14,50).

1.4. Current knowledge of ESBL carriage and disease epidemiology in sub-Saharan Africa from

a One-Health perspective.

1.4.1. The microbial context

Enterobacteriaceae are a family of gram-negative facultative anaerobes, which includes the species E.
coliand K. pneumoniae. These are nearly ubiquitous bacteria, and can be responsible for a broad range
of intestinal and extraintestinal infections in humans and animals (70). These bacteria have been
selected as they often share AMR phenotypes, however E. coli is typically considered to be both
community-acquired and nosocomial, whereas K. pneumoniae is more often judged to be the
archetypal nosocomial AMR pathogen (71). However, these bacteria are also present within the
broader environment, including surface waters such as lakes, rivers and groundwater, soil and plants,
and these ecological niches provide a gene pool with a far greater diversity than that of the human or

animal microbiota (72).

Bacterial classification is complex; for example, E. coli can separated into >190 serogroups based on
its surface antigens (73) or seven broad phylogenetic groups (A0, Al, B1, B2,, B2;, D1 and D2) (74).
Given the propensity for these bacteria to adapt to a range of host and environmental conditions,
several highly adapted E. coli or K. pneumoniae clones have emerged, with specific virulence factors
that produce pathogenic E. coli or hypervirulent K. pneumoniae (75). These virulence attributes may
either be encoded on genetic elements that can be mobilised into other strains to create novel
combinations or be locked into the chromosome. In E. coli, the most evolutionary successful
combinations of these virulence factors form “pathotypes” which can cause specific disease in healthy
individuals (76), and within K. pneumoniae, alterations to the thick polysaccharide coat can facilitate
evasion of the host defences and can change the propensity for disease leading to hypervirulent
strains (77). These adaptions highlight some of the mechanisms by which these bacteria can become

pathogens.
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E. coli and K. pneumoniae infections are commonly treated with antibiotics, including, but not limited
to, R-lactams (penicillins, cephalosporins or carbapenems), fluoroquinolones and aminoglycosides.
They have evolved many mechanisms to survive the toxic effects of antibiotics, including decreased
uptake or removal of antibiotics through alterations in efflux or membrane permeability, target
modification or replacement, and inactivation, frequently via enzymatic methods (7,8). B-lactamases
are the enzymes that hydrolyse the active 3-lactam ring of B-lactam antibiotics, and the production of
these enzymes is the most common mechanism for B-lactam resistance identified in gram negative
bacteria, including Enterobacteriaceae (78). Extended-spectrum R-lactamases are widely defined as
R-lactamases that confer resistance to penicillins, first-, second- and third-generation cephalosporins

and aztreonam and can be inhibited by B-lactamase inhibitors such as clavulanic acid (79).

Characterisation of B-lactamases is made on the basis of functional (Bush-Jacoby) or structural
(Ambler) information (80,81) (Table 1.1). The Ambler system sorts R-lactamases into classes A, B, C
and D based on protein homology, with class A, C and D denoting serine-B-lactamases and class B
denoting metallo-R-lactamases (78). The Bush-Jacoby system sorts R-lactamases into four main
groups, with other multiple subgroups according to functional similarities. In the Bush-Jacoby system
ESBLs belong to group 2be (Ambler group A) or 2d (Ambler group D). These include the enzyme
families TEM, SHV, CTX-M, PER, VEB or in the case of 2d, OXA (80). Amp-C B-lactamases, located in
Bush-Jacoby group 1 (Amber group C) can also confer resistance to B-lactam antibiotics, but they are
not inhibited by clavulanic acid (82). Within this thesis, | will focus on third generation cephalosporin
resistance (3GC-R) caused by ESBL-production of group 2be and 2d enzymes within the

Enterobacteriaceae species E. coli and K. pneumoniae.
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Table 1.1. Enzymatic classification of ESBLs. Adapted from (78,80)

Bush Jacoby Ambler
Representative enzymes Distinctive substrates
group (2009) class

E. coli AmpC, P99, ACT-1, CMY-2, 1 C Cephalosporins
FOX-1, MIR-1
GC1, CMY-37 le C Cephalosporins
PC1 2a A Penicillins
TEM-1, TEM-2, SHV-1 2b A Penicillins, early
cephalosporins
TEM-3, SHV-2, CTX-M-15, PER-1, 2be A Extended-spectrum
VEB-1 cephalosporins,
monobactams
TEM-30, SHV-10 2br A Penicillins
TEM-50 2ber A Extended-spectrum
cephalosporins,
monobactams
PSE-1, CARB-3 2c A Carbenicillin
RTG-4 2ce A Carbenicillin, cefepime
OXA-1, OXA-10 2d D Cloxacillin
OXA-11, OXA-15 2de D Extended-spectrum
cephalosporins
OXA-23, OXA-48 2df D Carbapenems
CepA 2e A Extended-spectrum
cephalosporins
KPC-2, IMI-1, SME-1 2f A Carbapenems
IMP-1, VIM-1, CcrA, IND-1 L1, 3a B (B1/B3) Carbapenems
CAU-1, GOB-1, FEZ-1
CphA, Sfh-1 3b B (B2) Carbapenems

E. coli and K. pneumoniae can acquire ESBL resistance vertically or horizontally through transfer of
mobile genetic elements (MGEs) independently of cell division, and this can occur in a variety of
intestinal and extraintestinal environments (83). A globally important example of this is the rise of
ESBL-E. coli (ESBL-E) infections due the acquisition of IncFl, Incl, and IncK plasmids associated with

CTX-M enzymes, often in E. coli ST131 (39,84,85). Resistance genes can be transferred between
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chromosomes and plasmids and between different plasmids, and therefore it is important to consider
the degree to which AMR is a problem of movement of ESBL genes, MGEs, or bacteria species and

subtype, and the degree to which the relative importance differs between bacteria.

Whole genome sequencing (WGS) data offer unprecedented resolution when attempting to type
bacteria in order to investigate transmission of bacteria or MGEs between bacteria circulating in the
human and animal guts and the environment and shines a light on the degree to which these
compartments are interconnected (86). Therefore, it will ultimately be important to large scale

sequencing of isolates collected in this study to add granularity to the findings.

Despite the propensity for bacteria to share genetic information, there are variations seen in the
epidemiology of ESBL-E and ESBL-resistance K. pneumoniae (ESBL-K) in terms of species cross-over,
carriage rates, disease burden and associated risk factors (38,41,87—89). In the next sections | explore

the epidemiological landscape of ESBL-E and ESBL-K in more detail.

1.4.2. The human context.

The global burden of disease from AMR is vast, and depending on the measurement index used is
either the third or twelfth leading cause of death annually in humans; with 929,000 deaths
attributable, and 3:57 million deaths associated with AMR (90). Within this, 50,000-100,000 deaths
are attributed to 3GC-resistant E. coli, and 25,000-50,000 deaths are attributed to 3GC-resistant K.
pneumoniae (90). Contributing factors include a person’s age and geographical location, with infants
and the elderly most at risk, and the highest all-age death rates seen in low income settings (90,91).
Estimation of the burden of disease attributed to ESBL-E and ESBL-K in sub-Saharan Africa (sSA) is
hampered by inadequate clinical and microbiological surveillance and inadequate data reporting
frameworks (46,90). Nevertheless, recent estimates place the prevalence of ESBL in blood stream
infections (BSIs) in sSA at 18.4% for ESBL-E and 54.4% for ESBL-K (46). Locally in Malawi, 61.9% of BSls
are either 3GC or fluroquinolone resistant, and there has been an increasing trend of ESBL resistance
seen in E. coli and Klebsiella spp. BSI isolates, with 30.3% of E. coli, and 90.5% of Klebsiella spp. now
3GC resistant (16). ESBL-producing bacteria are implicated in a range of other conditions including
adult and neonatal sepsis (92-95), urinary tract infections (UTIs) (96,97) and intrabdominal infections
(98) amongst others, however, there is even less clinical data for these syndromes in the African

context.
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Gut mucosal colonisation with ESBL Enterobacteriaceae is thought to precede invasive infection
(88,99,100), and the prevalence of ESBL gut colonisation varies widely between geographical location
(46,101). Global estimates range between 3-8% in Europe, 3-4% in North America, and are as high as
46% in SE Asia (101). In sSA ESBL carriage rates have been reported between 5-84%, with a median of
31% (101). However, the prevelance of colonisation also depends on the setting (i.e. community vs
hospital), and this information is rarely captured. These data are key if we are to quantify the
interrelationship between community and hospital ESBL transmission. Current figures of the
community carriage rate with ESBL bacteria from sSA populations range between 5-59%, with a
pooled estimate of 18%. This increases to 32% for samples taken at hospital admission and up to 55%
for hospitalised inpatients (101). Longitudinal community-based studies are needed to evaluate
community prevelance more accurately, with a focus on the role of different community structures

and the effects of urbanisation.

An important factor within AMR transmission is the spread from person to person and transmission
of ESBL-K between hospitalised patients in close proximity, whereas ESBL-E has shown less propensity
for transmission between patients (102,103). This is contrasted in the community setting, where
evidence exists that both ESBL-E and ESBL-K transmission occurs within households, and that this in
turn is influenced by household density (87). This highlights the importance of within-household
transmission in the community setting and that ESBL-E and ESBL-K may have different ecological
niches (87,104-106). The dynamic interaction between healthcare settings and the community is less

well described, especially in Africa.

Other than hospital exposure, risk factors for community ESBL colonisation include previous antibiotic
usage, indwelling devices (i.e. catheters), foreign travel, prior colonization, increasing age, chronic
disease, living in overcrowded households and contact with animal and environmental sources (38—
40,87,107-110). Whilst there has been a great deal of focus on the risk from antibiotic usage, there is
less data to quantify the risks associated with animal and environmental exposures, especially within
LMIC settings. These factors are likely to play an important role in the acquisition, maintenance and

transmission of ESBL resistance within the community and deserving of future research.

1.4.3. The animal context.

In HICs, human-human transmission is estimated to account for two thirds of community ESBL-E, with

the other third coming from non-human causes, such as animals and the environment (83). Given
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these estimates, community ESBL-E transmission may not be self-maintaining without transmission to
and from non-human sources (83). The role of animals in the transmission of ESBL in LMICs is likely to
be distinct to high-income settings. In Africa, 250-300 million people depend on livestock for their
income and livelihood (111), and given this precarity, antibiotics are often used for growth promotion
and treatment of disease, with rates up to 97% having been reported (112). Within LMICs the
proportion of transmission of ESBL bacteria that is from animals and the environment to humans has
not been modelled, but this is expected to be significantly higher than in high income settings, due to

the complex and close relationship between animals and humans and the shared environment.

Akin to human health, antimicrobial use in animals is directly linked to higher rates of AMR
(23,26,32,113). Antibiotic usage in animals is often unregulated, particularly in LMICs (28,111), and
global antibiotic consumption in animals, including sSA is expected to rise substantially by 2030
(114,115), fuelled by the demand for meat production. ABU in these settings is dependent on access,
cost, local veterinary services and socio-cultural choices (111,116). Currently there is no standardized
framework for animal ABU within LMICs (117) and despite efforts to improve monitoring, regulation
and stewardship, governmental action is still lagging in this sector (117-119). Development of
macroeconomic approaches (120) and regulation of AMU in animals is required to address the wider

issue of AMU, although it is recognised that implementation will be difficult in LMICs.

The close proximity of animals and humans is important for transmission, and in sSA, animals
frequently live inside the household or compound (121). Frequent exposures to animal faeces have
been reported in these settings (121), and this in turn leads to faecal-oral transmission of ESBL bacteria
through direct contact with faecal matter or contamination of hands, food, and water sources.
Subsistence farmers have reported to be colonised with the same bacteria as their animals (122), and
itis likely that community members that share their household environments with animals would also

be colonised with the same bacteria, however data on this is lacking from LMICs.

In HIC settings, livestock animals including cattle (86,123), pigs (124,125) and poultry (86,126)
alongside domestic animals such as cats (127,128) and dogs (127—129) are shown to be colonised with
ESBL bacteria to varying levels, depending on the country and context (i.e. abattoir works, farmers or
retailers). In livestock, sequence types (STs) 131, 10 and 88 are commonly found, with CTX-M-1 / CTX-
M-15 genes detected (86), especially in chickens (130,131) and pigs (86,132). These STs and ESBL
genes have also been identified in other livestock species and domestic animals (127,133). Clonal

complexes such as ST131 blaCTX-M-15 are of global importance to human ESBL-associated disease,
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and the presence of these in animal populations demonstrates that the animals may serve as a
reservoir for human AMR (134). However, a large number of other STs and ESBL genes have been
reported in animals (86,125), and the true relationship between animal and human colonisation is the
subject of extensive ongoing research, with many citing host-specific niches and minimal transmission
between the animal-human axis. Examples of this include pooled analysis from an extensive collection
of ESBL-E isolates in the Netherlands (135) and sequencing on livestock samples from the UK (136,137)
which both failed to demonstrate any close epidemiological linkage between the genes or plasmid
replicon types in human and animal populations. Equally, in relation to ESBL-K, the biggest One-Health
study to date found no link between circulating clades of ESBL-K in humans and animals (138). It is
important to note that these studies are all from HICs, and the prevelance of ESBL in livestock and
domestic animals from LMICs, and sSA in particular is less well known. As evidence grows for the
prevelance of ESBL-producing bacteria in animals, and genomic libraries increase, better assessment

of the importance of animal-human transmission will be possible.

In the African context, the CTX-M group predominates, especially in poultry (139). Evidence from East
Africa illustrates widespread pan-species ESBL-E colonisation in domestic and farm animals, including
CTX-M-15 genes and plasmids of international concern; with the highest rates found in dogs (39.2%)
and pigs (33.1%) (140,141). ESBL-E colonisation in poultry has been reported from many sites,
including Ghana (142), Nigeria (143), Tanzania (140) Kenya (144) Uganda (145) and Zambia (146).
Colonisation rates vary by setting and low sample numbers and methodological inconsistencies
between the studies hamper us from making meaningful comparisons. Currently there are no

published ESBL rates amongst poultry, livestock or domestic animals in Malawi.

Close proximity of humans and animals is important for transmission, but so is the species, the nature
of the interaction and shared environment. For example, in abattoir workers in South Africa and
Cameroon who slaughtered pigs, the greatest risk for ESBL colonisation came from external contact
with poultry, not pigs (147), illustrating the differences in risks to human health posed by individual
animal species. Poultry are a species of particularly concern, because they have the highest prevelance
of ESBL colonisation globally (148), share the same clones that are found in human disease (149) and
frequently co-habit with people in a shared household environment (150). Furthermore, they are
regularly given antibiotics for growth promotion or disease prevention (113,148), especially in LMICs
(117), and consume animal feed that contains antibiotics (151) or heavy metals (148), which co-select

for AMR (36,152). When considering the impacts of animals in LMICs attention should be drawn to
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the species in question, ABU and husbandry practices, the frequency and nature of interactions and

the role of sanitation and hygiene measures governing animal waste management.

1.4.4. The environmental context.

Research and policy have long focussed on healthcare facilities and human or animal antibiotic
exposures (1), whilst the environmental component has until recently been overlooked (153).
Contamination of water, soil, food and household environments by AMR organisms may allow for the
maintenance and spread of AMR, however the degree to which this is the case is unknown (36,154).
Environmental contamination with ARB (i.e. ESBL-E and ESBL-K) that are able to colonise both humans
and animals pose the highest overall risk (155), and specific environments can themselves serve as
reservoirs for ARB or ARG (36,156). ESBL-E, ESBL-K and ESBL ARGs are frequently found in the
environment, particularly surface waters such as lakes (157—-160) or rivers (36,161-167). Evidence of
their presence in these environments exists in LMICs (168—174), including sSA countries (32,140,175-
177), but the rates reported vary substantially by site and source type, and to date, there is no
documentation of environmental ESBL-E or ESBL-K rates from Malawi. There is also a dearth of studies
reporting epidemiological and temporally linked clinical ESBL isolates with environmental samples.
Where they do exist, they frequently employ a wide range of study designs and have very low sample
numbers (168,178-181). So, although the high prevalence of ARB and ARG in the environment is well
documented, the precise role that environmental niches play in the transmission and stable

acquisition of AMR pathogens to humans still remains uncertain.

Metagenomic analysis has been undertaken to better determine the inter-relationship between AMR
in humans and the environmental resistome (182—-184). The resistome comprises of all the AMR genes
and their precursors that are present in an environment, whether from pathogenic or non-pathogenic
bacteria (185). Studies from high-income and low-and-middle income sites show that environmental
resistomes are structured by ecological gradients, and ARGs in LMICs have been shown to cross
habitat boundaries, most likely due to the excreta management strategies employed (183). Whilst
these metagenomic studies provide information on the relative abundance and diversity of AMR in
various habitats and permit broad-level assessment of the relationships between the human
microbiota and environmental resistomes, they are unable to delineate the bacterial species which

harbour specific ARG, and therefore how these environments relate to clinical disease. So, although

39



functional metagenomics is an excellent research tool, it does not provide us with the information
needed to link the environment to human AMR-associated disease epidemiology (161,182,186-191).
One-Health studies that capture temporally and geographically linked human, animal and
environmental metadata are urgently needed, that undergo a range of short-read, long-read and

metagenomic analyses.

The origin of AMR is ancient, evidenced by the presence of ARGs in permafrost predating the
Anthropocene epoch and perhaps relates to mechanisms designed to evade destruction by toxic
substances, such as antibiotic release by environmental bacteria in response to competition for
nutrients (192). Antibiotics are not the only toxic substance to bacteria, and genetic mutations that
confer advantages to specific environmental conditions such as the presence of heavy metals lead to
indirect co-selection for AMR (72). Resistance genes are, however, commonly associated with a fitness
cost, thus ARGs are prone to de-selection in nature (193). Within the aquatic environment, such as
rivers or surface waters, the drivers of AMR selection include antibiotics, metals and biocides (36). The
presence of antibiotics, alongside other key resistance-driving chemicals (i.e. biocides and heavy
metals) in these aquatic environments promotes HGT and alters microbial communities, contributing
to the dissemination of ARGs and subsequently poses downstream risks to human and ecological
health (194-196). In certain settings, this is compounded by pollution from inadequate treatment of
industrial, domestic, and agricultural waste, enhancing the resistome in the environment (197).
Research on the distribution and ecological risks of resistance-driving chemicals in urban rivers from
LMICs is scarce, particularly in sSA. A key knowledge gap is therefore the baseline metrics and seasonal
trends in the presence and continuum of antibiotic residues from waterways within these settings to

start to quantify these risks.

When considering potential environmental reservoirs of ARG, it is important to contextualise site-
specific human and animal exposures and key WASH factors. For example, LMICs often have
inadequate sanitation facilities and sub-optimal waste management practices (198), which leads to
increased contamination of river and surface waters by human and animal faeces (199). Interactions
with these types of environments are enhanced in LMICs due to paucity of WASH infrastructure (200),
and exposures to untreated sewerage from surface waters put the local population at risk of AMR
transmission (201). It will be crucial to study these key environmental niches in LMIC settings and the
sanitation factors that drive the dissemination of ARB and ARG if we are to develop contextualised

solutions to combating antimicrobial resistance.
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Seasonal effects on the environment are of particular importance in LMICs. Alterations to water supply
can drive behavioural changes that stimulate the use of unprotected water sources such as rivers,
thereby placing the local population at increased risk of transmission (202—204). Increased rainfall in
the wet season leads to the overflow of human and animal sewerage into the riverine environment
(205,206). This is compounded by poor drainage systems which further heightens the susceptibility to
flooding, thereby increasing the frequency of these events (207,208). Urban settings in sSA are
particularly vulnerable to these threats, with dense populations and a paucity of WASH infrastructure,
leading many to highlight them as potential hotspots for environmental AMR (209). The advent of
open drain flooding in urban areas has been shown to parallel with increased rates of enteric
infections, especially in children (210). Interactions with rivers are also known to increase rates of non-
AMR enteric disease. River water use and exposures have been noted to be a risk factor for Typhoid
disease in Nepal (211), Vietnam (212) and locally in Blantyre, Malawi (213). This in turn leads to an
increase in antibiotic usage and further selects for AMR. With the advancement of climate change,
flooding events are expected to increase in frequency and intensity (214) and LMICs will suffer the

highest burden of effects as a result of climate insecurity (215).

1.5. Water, Sanitation and Hygiene and AMR

There has been international support linking the AMR agenda to WASH priorities (209,216), including
most recently via WHO guidance on WASH and AMR published in 2020 (198). WASH infrastructure is
a key barrier to unfettered interaction between human, animals and the environment. WASH
inadequacies, whether infrastructural or behavioural increase these interactions. Globally, WASH
inadequacies are heavily concentrated in LMICs. Currently, 2 billion people are estimated to lack
access to basic sanitation such as improved pit latrines or private toilets, and over 600 million people
practice open defecation (198). Poor sanitation levels directly correlate with higher levels of AMR
(217), and increased prevelance of diarrhoea (218). Diarrhoeal disease is frequently treated with
antibiotics and it is estimated that a 40% reduction in WASH-associated ABU would be achieved by

implementing safe WASH practices and infrastructure in LMIC communities (13).

From the 3.4 billion people who have safely managed sanitation (as defined by WHO and Joint
Monitoring Program [JMP]), only 2/3 have toilets connected to sewerage networks where waste is
treated, and ~1/3 use toilets where excreta are managed in situ (219). The management of sewerage
in situ impacts household exposure routes through direct contamination of faecal material (220) or

sludge management issues including bioaerosol dispersal of enteric pathogens from pit emptying
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(221,222) or soil and groundwater contamination from bacterial and chemical pollutants (223). Waste
streams, particularly in urban slums can also be influenced by the use and disposal of grey water
(defined as wastewater of domestic use, excluding that pertaining to toilets), and in peri-urban regions
of LMICs grey water accounts for ~75% of the total domestic water consumption (224). Grey water is
frequently contaminated by human faeces, most notably from households that are washing nappies
(223-225), and where evidence exists, it commonly contains ESBL enterobacteriaceae (225). Leaching
of grey water and pit latrine excreta into the groundwater and rivers subsequently contaminates
drinking water and can lead to faecal-oral ingestion of AMR bacteria. Within the WASH community,
faecal-oral exposure routes are commonly described in an F-diagram (121,226). When considering the
routes from acquisition of AMR bacteria in our setting, adaptions are likely to be needed that

incorporate the importance of animal faecal risks and environmental exposures (Figure 1.1).

Fluids

(drinking water and environmental water)

Human

b

Future
victim

il
.

Animal

Figure 1.1. Adapted F-diagram, illustrating the routes of household faecal exposures from humans,

animals and the environment (121,226).
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Drinking water provides a key risk if not managed effectively, and unsafe water use is associated with
an increase in the transmission of faecal oral pathogens (219,227). Safe water is in short supply, and
at present 2 billion people consume water from a source contaminated with faeces (198,219). 785
million people do not have access to a basic drinking water service (defined as an improved water
source accessible in 30mins) and 144 million people are dependent on surface water, such as lakes or
rivers (198,219). However, unsafe water usage is considered to be highly prevalent in sSA, and JMP
estimates that within Malawi 86% of people have basic water access, with the rest having either
limited, unimproved or use surface water as a primary drinking water source (228). Unsafe water
sources frequently have E. coli contamination (229) and many examples of ESBL-E contamination in
water sources exist, especially from low-income settings or displaced populations where water
insecurities are an everyday threat (211,230-232). There are differences noted in the regional
qualities and risks of water sources from country-country and between urban vs rural settings,
especially in sSA (209,229,233,234), so it will be important to contextualise these risks based on local

infrastructure, socio-cultural practices and access.

InsSA, where water insecurities are common, drinking water is typically collected from non-household
sites (i.e. boreholes or public kiosks), brought back in containers and stored on premises. Post-
collection contamination of source water by E. coli and ESBL-E is commonly identified (235-237), and
the levels of contamination reported in the literature fluctuate by site (237) and are subject to
seasonal changes (235). The mode of contamination is thought to be related to inadequate hand-
hygiene alongside contact with animal or environmental sources, and some benefits have been
identified by covering water storage containers, thereby limiting environmental contamination

(237,238).

Hand-hygiene plays an important role in safe water and sanitation and is frequently suboptimal in sSA.
Globally, 3 billion people lack basic handwashing facilities at home, 1.6 billion have limited facilities
lacking soap or water, and 1.4 billion have no facility at all. Rural areas in countries like Malawi have
substantially less hand-washing facilities that those in urban settings, and this reiterates the
importance of regional contextualisation (228). Hand-hygiene interventions in LMICs have been
modelled for their impact on community ESBL carriage and early findings suggests that, targeted
household hand-hygiene interventions could help prevent transmission of ESBL-E to a greater degree
that alterations to local ABU (106). In practice, hand-hygiene interventions have been difficult to

implement effectively. Work undertaken in Malawi found that a high level of knowledge on
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appropriate hygiene practices was not reflected in observed habits (239) and observed levels of hand-
hygiene are frequently lower than those that are reported (240). Therefore, we should consider the
local barriers to key practices and psychosocial factors that influence decision-making in these

contexts (239,241).

Food can be another source for AMR transmission. Food and water purchased from local vendors in
these settings often are contaminated with ESBL bacteria (242,243). If safe produce is obtained, food
prepared in the household under unhygienic conditions, with inadequate hand-hygiene can become
contaminated with pathogens (244) or AMR bacteria including ESBL-E (135,137,245,246). This is
further compounded by faecal contamination of kitchen utensils, water and other items used in
cooking practices as a result of inadequate hand-hygiene, especially in LMICs (241,247,248). Animal
contact with food items and utensils adds an additional risk for AMR transmission, and non-human

contaminations should be evaluated in these settings (121).

Lastly, contaminated raw and ready to eat foods that are uncooked prior to eating (245), or post-
cooked food contamination (249) are common sources of bacteria that lead to diarrhoeal disease. This
is of particularly concern for children in low-income settings (250), where in the under 5s up to 70%
of diarrhoea-inducing pathogens are thought to be acquired from food produce (241). In this cohort,
epidemiological data indicates that food is more important than water for transmitting bacteria that
leads to diarrheal disease (251). Together, vendor-associated food-hygiene and household practices
can lead to direct risks of ESBL acquisition or pathogens that cause diarrhoea and subsequent
antibiotic prescription. Whilst benefits from WASH interventions on diarrhoeal disease are still unclear
(252-255) it is likely that measures that reduce bacterial transmission of faecal-oral pathogens would

also reduce transmission of AMR bacteria.

1.6. Conceptual framework for the community transmission of AMR in Malawi.

Various drivers of AMR have been postulated and these have been framed within clinical,
epidemiological, social, political and environmental narratives (1,3,256). From the evidence reviewed
in this chapter we can see that the community setting is an important site for ESBL AMR transmission
in LMICs such as Malawi. It is likely that in low-income settings, WASH factors play a central role in

environmental ESBL contamination that leads to onward risks for the local population.
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| therefore hypothesise that in Malawi, ineffectual household WASH practices and a paucity of WASH
infrastructure leads to ESBL contamination of the household environment along with pollution of the
riverine and community environments from faecal sludge containing ESBL bacteria. Human and animal
interactions with these environmental reservoirs promotes the acquisition, maintenance and spread
of ARB and ARGs, thereby facilitating the transmission of AMR-pathogens including ESBL-E and ESBL-
K to humans, ultimately resulting in gut carriage of drug resistant organisms in these settings.
Furthermore, variations between urban, peri-urban and rural infrastructure and behavioural practices
are likely to result in regional differences in ESBL prevelance within humans, animals and the
environment as a result of individual-level and household-level factors. Therefore, it will be important
to describe the household-level risks associated with ESBL carriage from these unique geographic
perspectives to look for key similarities and differences in WASH, animal husbandry and
environmental exposures in parallel with assessments of individual-level factors such as age, sex, co-

morbidities, ABU and healthcare exposure.

To interrogate this hypothesis, | will undertake a One-Health study in households from urban, peri-
urban and rural Malawi that assesses the prevelance of ESBL-E and ESBL-K colonisation of humans,
co-located animals and the household environments, in conjunction with ESBL-E and ESBL-K
contamination of the broader local environment including the drainage and riverine networks. This
will be augmented by individual-level and household-level datasets that capture a broad range of
potential risk factors for ESBL AMR transmission, and a river water study in urban Blantyre to evaluate

the key drivers and ecological risks within the aquatic environment.

These data will later be input into agent-based models and undergo genomic analysis to further
characterise the drivers of ESBL AMR in our setting, but these analysis will not be included as part of
this thesis. Details of the study design and methods are discussed in Chapter 2, and broad-level site
descriptions including population demographics, healthcare and common disease epidemiology are

contained in Appendix i.

This work is nested within the DRUM Consortium, an MRC “AMR in a Global Context” award and thus
able to incorporate interdisciplinary approaches and opinions within the study design, data capture
and analysis. This has enabled me to work with specialists in the relevant disciplines to select
appropriate analysis plans and contextualise the findings, in an effort to maximise the validity of the

interpretations made from a One-Health context.
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1.7. Thesis structure and overview

Below | briefly describe the overview of the thesis and summarise the methodologies used and high-

level findings in each chapter as an aide memoire (Figure 1.2).
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Appendix

Appendix 1i. Detailed setting description including population demographics, healthcare and

common disease epidemiology in southern Malawi.

Malawi has a population of 18 million, is split into 3 regions (north, central and southern) and has a
life expectancy of 64 years. With an estimated population of 7,750,629, southern Malawi comprises
of a few dense urban conurbations surrounded by rural areas (257). Malawi is less urbanised than
similar African nations, with 83% of people living in rural areas (2). The city boundaries of Blantyre

encompass 26 administrative wards and has a population of 800,264 (259).

Medical care in Blantyre is provided by health centres in the community and through a large tertiary
hospital, Queen Elizabeth Central hospital (QECH). In Blantyre the HIV prevalence is 18% (260). The
majority of adult admissions to QECH are HIV positive, with up to 34% newly diagnosed at presenting
admission. A study of 892 sequential adult patients admitted to QECH in June-December 2014 showed
a 69% prevalence rate for HIV (261). Trends in medical admissions have reflected the outcome of ART
rollout, with fewer HIV related complications and the advent of increased presentation of non-
communicable diseases (NCDs) and their complications (262,263). High levels of TB bacteraemia (264),

pulmonary and extrapulmonary TB, Typhoid and enteric diseases have also been noted (265,266).

Whilst the incidence of BSls has reduced since the rollout of ART in 2004, a study at QECH in 2009-
2010 illustrated that 90% of patients presenting with BSls were HIV positive (267). In adult attendees
at QECH, the incidence of sepsis was 1772 per 100,000 person years and inpatient mortality for
patients admitted with sepsis and severe sepsis was 23.7% (95% Cl, 22.7-24.7%) and 28.1% (95% Cl,
26.1-30.0%) respectively (268). The prevalence of ESBL BSIs in sSA is high, yet an accurate
understanding of the burden of morbidity and mortality is unknown (46). A recent systematic review
of 40 studies across 12 countries indicated the prevalence of 3GC resistance in E. coli BSls was 18.4%
(IQR 10.5-35.2) and K. pneumoniae of 54.4% (IQR 24.3-81.2) (46). In 2014, there was an ESBL K.
pneumoniae outbreak identified on Chatinka ward (93). From February to November 2014, 75% of all
paediatric K. pneumoniae BSls were from neonates admitted to this ward. A retrospective WGS
investigation of isolates obtained from 2010-2015 identified a discreet outbreak of the MDR ST340
clone (93).
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Reliance on Ceftriaxone and other 3GCs at QECH is high (44). Historically there has been limited
antimicrobial stewardship (AMS) or infection prevention and control (IPC) measures, and while
success was noted following introduction in a pragmatic AMS campaign at QECH in 2016-2018, even
after a reduction of 26.5% in 3GC prescribing, there was still a 53.6% rate of use (44). At present there
is no AMS or IPC support, and in the absence of ongoing efforts it is unclear whether rates of 3GC
remain low. Our anecdotal experience is that, in QECH, 3GCs are widely prescribed for both

appropriate and inappropriate indications.
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Chapter 2:

Methods for a One-Health observational study of ESBL prevalence in Malawi, focussing on

households and the broader environment.

2.0. Chapter Aim

In this chapter | provide an overview of the Malawian sites, and illustrate the methodological
approaches taken to household selection and recruitment, alongside a detailed description of the

sampling frame, microbiological methods, data collection tools and SOPs.

2.1. Outline and contributions

This has been written in the format of a protocol paper, accepted by Wellcome Open, which takes an
interdisciplinary One-Health approach to identifying the key drivers of AMR within Malawi. The
detailed microbiological methods were adapted from previously published SOPs and methods
provided by the UK National Institute for Health Protection Food Water and Environment (FWE)

laboratory and have been locally adapted.

This manuscript summarises the combined work of work strands 2,5 and 6 of the DRUM consortium
(https://www.drumconsortium.org/). It therefore describes the recruitment in Uganda, alongside
genomic analysis and agent-based modelling approaches that will not be included in my thesis. The
modelling and genomic sections provide a framework for how the Malawian data obtained within this
thesis will be developed by other members of DRUM, consequently these sections were not primarily
written by myself (Table 2.0). | wrote all other sections and undertook laboratory optimisation
including implementing quality assurance from sample to bench, to incorporation of result in the
DRUM database (see Chapter 5). Within the manuscript | have included links to the detailed
microbiological methods and questionnaires used, and these are accessible online via Zenodo, on
https://doi.org/10.5281/zenodo.5855774 (269), and https://doi.org/10.5281/zenodo.5855820 (270)

respectively. References cited in the text of the manuscript have been placed at the end of the thesis.
One of the key successes to this project has been its truly interdisciplinary approach, and throughout

the conceptualisation and iterative methodological processes, advice and opinion was sought from

experts in human health, animal health, food, water and environmental microbiology, WASH &
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environmental health, and medical anthropology from within the DRUM consortium. This manuscript
is a culmination of those efforts, and | would like to both thank and acknowledge them for their

contributions.

Chapter-specific statistical modelling techniques (Chapters 6 and 7), and antibiotic residue analysis

(Chapter 8) will be covered in more detail within the relevant chapters.

Table 2.0. Chapter contributions made by the PhD candidate, alongside those from external partners

and DRUM consortium collaborators

Listed chapter contributions

Personal contribution Sections of this paper that are primarily drafted by the PhD
candidate include:

e Abstract, introduction, aim, site selection, methods
(apart from household selection and DNA
extraction), data management and analysis,
community engagement, ethics, study status,

conclusion and extended data.

The included SOPs and CRFs were primarily written and

optimised by the PhD candidate.

Contributions from external Sections not primarily written by the PhD candidate include
partners and DRUM consortium household selection, DNA extraction and spatial analysis.
collaborators e The section on household selection was primarily

written by Melodie Sammaro.

e The section on DNA extraction and sequencing was
primarily written by Patrick Musicha.

e The section on spatial analysis and agent-based

modelling was primarily written by Chris Jewell.

Document review was provided by all authors.

Laboratory flow and processing was conceptualised by a

DRUM laboratory working group, including: Nicola Elviss,

Henry Kajumbula, Nicholas Feasey, Patrick Musicha and the
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PhD candidate. Specific guidance for details of the laboratory
processing SOPs was sought from Nicola Elviss (UKHSA), and
for the HRM PCR SOP from Rachel Byrne (LSTM). Rachel
Byrne also completed optimisation of HRM PCR techniques
within her MSc and these results assisted with the

development of microbiological pipeline.

The SOPs were reviewed by all listed SOP co-authors.

The DRUM CRF working group contributed to the generation
of the CRFs, and this included: Melodie Sammarro, Kondwani
Chidziwisano, Shevin Jacob, Henry Kajumbula, Lawrence
Mugisha, David Musoke, Andrew Singer, Rebecca Lester,
Catherine Wilson, Chris Jewell, Tracy Morse, Clair Chandler,
Eleanor MacPherson, Simon Alderton, Barry Rowlingson

Rachel Tolhurst, Nicholas Feasey and the PhD candidate.

Data management and quality assurance pipelines alongside
electronic CRFs were generated by Barry Rowlingson,
Lumbani Makhasa, Clemens Masasa, Stevie Amos and

(primarily) the PhD candidate.

Conceptualisation of the study was a culmination of all

members of the DRUM consortium listed as authors.

2.2. Overview of microbiological methodologies and rationale

Water, food, environmental and stool samples were obtained using different equipment, dependant

on the sample type. Water was collected in 1L Nalgene containers, food was collected in Whirl-pac

bags, environmental samples were collected using 3M swabs and stool was collected either with a

rectal/cloacal swab or a 30ml stool container. Samples were then processed according to their type

(i.e. water, food, environmental or stool) and these methods are detailed in the paper (section:

Microbiological methodology) and expanded on within the SOPs. A pre-enrichment step in buffered

peptone water (BPW) was then undertaken to increase the chance of recovery of gram-negative
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bacteria, followed by plating and growth on ESBL CHROMagar™ media to select for ESBL bacteria.
ESBL E. coli was determined by chromogenic agar and indole testing, and ESBL K. pneumoniae was
determined by chromogenic agar and high-resolution melt-curve (HRM) PCR. DNA was extracted on
all isolates in conjunction with a selection of plate sweeps (chromogenic agar) and BPW samples for

onward genomic analysis which is not included in this thesis.

Prior to the start of the study considerations were made in the microbiological pipeline for (a) the
benefit of pooling and screening of samples vs individual sample screening, (b) the use of HRM PCR
techniques (either via ESBL gene or bacterial species) vs ESBL culture as a first step after enrichment,
and (c) the choice of ESBL media. In relation to pooling, given the high degree of ESBL positivity seen
on piloting, pooling was not identified as a pragmatic or financially sensible option, therefore,
individual sample testing was opted for. In relation to the use of HRM PCR vs ESBL culture on
chromogenic agar, given the absence of pooling and the need for bacterial isolates for onward
genomic testing, as a consortium we opted for culture-based techniques as the step after enrichment.
It should also be highlighted that on piloting the screening of samples with ESBL genes (TEM/SHV/CTX-
M) using HRM PCR methods, these were found to be less sensitive than ESBL culture (CHROMagar™
media), particularly on environmental samples (personal comms, Rachel Byrne). Lastly, in relation to
the choice of ESBL media, CHROMagar™ media was chosen given its high reported sensitivity for ESBL
E. coliand ESBL K. pneumoniae (362,363), its cost, simplicity, the absence of the need for quantitative

data, and because we had previous local experience of using this media to good effect (300).
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Abstract

In sub-Saharan Africa (sSA), there is high morbidity and mortality from severe bacterial infection, and
this is compounded by antimicrobial resistance, in particular, resistance to 3rd-generation
cephalosporins. This resistance is typically mediated by extended-spectrum beta lactamases (ESBLs).
To interrupt ESBL transmission it will be important to investigate how human behaviour, water,
sanitation, and hygiene (WASH) practices, environmental contamination, and antibiotic usage in both
urban and rural settings interact to contribute to transmission of ESBL E. coli and ESBL K. pneumoniae

between humans, animals, and the environment.

Here we present the protocol for the Drivers of Resistance in Uganda and Malawi (DRUM) Consortium,
in which we will collect demographic, geospatial, clinical, animal husbandry and WASH data from a
total of 400 households in Uganda and Malawi. Longitudinal human, animal and environmental
sampling at each household will be used to isolate ESBL E. coli and ESBL K. pneumoniae. This will be
complimented by a Risks, Attitudes, Norms, Abilities and Self-Regulation (RANAS) survey and
structured observations to understand the contextual and psychosocial drivers of regional WASH

practices.

Bacterial isolates and plate sweeps will be further characterised using a mixture of short-, long-read
and metagenomic whole-genome sequencing. These datasets will be integrated into agent-based
models to describe the transmission of EBSL resistance in Uganda and Malawi and allow us to inform

the design of interventions for interrupting transmission of ESBL-bacteria.

Introduction

Antimicrobial resistance (AMR) is a huge and complex global public health problem (13). It is a threat
to health that reflects both the interconnectedness of humans, animals and the environment and
humanity’s dependence on antimicrobials (14). In sub-Saharan Africa (sSA), there is a high incidence
of severe bacterial infection, frequently inadequate health system infrastructure to diagnose and treat
bacterial disease, and widespread and uncontrolled availability of antimicrobials, which drives
antibiotic use (ABU) in both human and animal sectors (16,271). There is also inadequate water,

sanitation and hygiene (WASH) infrastructure to mitigate spread of environmentally dependent
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bacteria between humans, animals, and the environment (198). This situation favours the

transmission of AMR-bacteria, but the relative contribution of these different factors is uncertain.

The 3™-generation cephalosporin (3GC) ceftriaxone is frequently the antimicrobial agent of first and
last resort across much of sSA. 3GC resistant (3GC-R) enteric bacteria have rapidly emerged, largely
due to acquisition of extended-spectrum beta lactamase (ESBL)-producing enzymes, resulting in
infections that are frequently locally untreatable, due to unavailability of carbapenems or other
reserve antibiotics (272). ESBL-producing Escherichia coli and Klebsiella pneumoniae are key examples
of this. As low-income countries (LIC) in Africa have poor access to watch and reserve agents, it is
critical to define the relative importance of different transmission routes of ESBL-producing enteric
bacteria in order to develop interventions that will interrupt pathogen transmission and ultimately

prevent drug resistant infections (DRI).

Uganda and Malawi are LIC with high incidence of neonatal sepsis and malaria, high prevalence of HIV,
poorly regulated antimicrobial markets, and inadequate WASH infrastructure (92,198,273,274). Here,
we present the protocol developed by the Drivers of Resistance in Uganda and Malawi (DRUM)
Consortium. DRUM will work in urban, peri-urban, and rural settings in Uganda and Malawi and focus
on ESBL producing E. coli (ESBL-E) and K. pneumoniae (ESBL-K). These bacteria were selected as they
belong to the same family and often share AMR phenotypes, however E. coli is typically considered to
be both community-acquired and nosocomial, whereas K. pneumoniae is more often judged to be the

archetypal nosocomial AMR pathogen (71).

We will take an interdisciplinary, One-Health approach to assess how human behaviour, WASH
practices, environmental contamination, and ABU in urban and rural locations within Uganda and
Malawi contribute to the transmission of ESBL-E and ESBL-K between humans, animals, and the
environment and how this transmission relates to strains isolated from the blood of humans with
drug-resistant infection (DRI). We will collect demographic, geospatial, WASH, longitudinal clinical and
molecular microbiological data, and integrate these data into agent-based models designed to

estimate the impact of putative interventions on interrupting transmission.

Aim

In order to determine the critical points at which efforts to interrupt human AMR acquisition are likely

to have the greatest impact in Eastern Africa and beyond, we hypothesise that the household is a key
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setting in which ESBL enteric bacteria are transmitted. We therefore aim to identify risk factors for
and infer drivers of ESBL-E and ESBL-K transmission in Uganda and Malawi at the household level. This
is summarised in Figure 1, created following a stakeholder meeting in Uganda in 2018 by Design

Without Borders.

A HERBALISTS & SPIRITUAL HEALERS

C MR AUROON OF ude or LJ o SETFRSTIVE ANTIIOTICS

Figure 1. Hypothetical model of related behaviours and the movement of AMR-bacteria in Uganda
and Malawi. The schematic situates the household at the heart of the model, in which humans act in
response to their environment within which bacteria are evolving in response to selective pressures

around them.

Site selection

DRUM consortium members identified sites representing urban, peri-urban, and rural settings to
enable variations in WASH behaviours, animal practices, ABU, and contamination with ESBL-producing
bacteria to be contrasted. Additionally, sites were considered based on perceived acceptability of
research within the communities and existing research capacity. Therefore, in Malawi, Ndirande
(urban) and Chikwawa (rural) were selected because of the opportunity to utilize data from previous
studies (i.e. detailed censuses) and prior research engagement, and Chileka (peri-urban) was selected

due to local prior knowledge. We sought to achieve a comparable mixture in Uganda with varied
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socioeconomic status in Kampala (urban) and Hoima District (peri-urban and rural). Within these sites,

recruitment polygons were drawn from local administrative wards (Figure 2).

/| (a) Kampala, Uganda

Urban Site

Size = 3.4km?

Wedge shaped polygon chosen to
account for variations in SES

Rural and Urban Site

Size » 3.6km? and 7.6km?
Two polygons selected, including

/7 Hoima town and agricultural area
l‘,
P ,”‘,
5 7 "
- e .~ -~ | (b) Ndirande, Blantyre, Malawi
. - e
B Urban Site
s Size = 3km?

Largest informal settlement in
Malawi, with dense housing

Chileka, Blantyre, Malawi

Peri-Urban Site

Size = 14km?

Expanding farming areas and
diverse variation in SES

Chi wa Di alawi

Rural Site

Size = 71km?

Sparse rural farming area 1hr
\ drive from Blantyre

Figure 2. Diagram of DRUM study sites. (a) We selected two geographic areas within Uganda including
Kampala (red) and Hoima District (green). From these areas, polygons were created that mapped an
urban setting (Kampala) and urban/rural setting (Hoima District). (b) We selected sites in two regions
within southern Malawi including Blantyre (red) and Chikwawa District (green). Polygons were created
and mapped for urban (Ndirande) and peri-urban (Chileka) settings within Blantyre and a rural setting

within Chikwawa District.

Malawian site descriptions:

Healthcare is free at the point of delivery in Uganda and Malawi, and this should be assumed unless

otherwise stated.

Site 1: Ndirande, Blantyre, Malawi (Urban)

Ndirande is a large urban settlement with high-density housing 4 km from the geographical centre of

Blantyre, the second city of Malawi (259,275) and where 15% (109,164) of the Blantyre population
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resides (276). Ndirande is geographically situated on a mountainside directly next to the city centre,
supplied by 2 main rivers that run from the top of the mountain through the centre of the district and
converge into the Mudi. Open drains flow directly into the rivers, which are frequently contaminated
with plastic waste. Healthcare is provided by one large, government Health Centre (Ndirande Health
Centre) and by the tertiary referral hospital for the Southern region, Queen Elizabeth Central Hospital
(QECH), 2-6 km away (275,277). HIV prevalence in adults aged 15-65 is 18% and there is a high burden
of typhoid and tuberculosis (260,278). The study polygon is 3 km?, and our initial survey in April-May
2019 identified 8 secondary schools, 46 primary (or nursery) schools, 52 places of worship, 15 markets,

1 farm and 9 pharmacies within it.

Site 2: Chileka, Blantyre, Malawi (Peri-Urban)

Chileka is a peri-urban administrative ward on the northern outskirts of Blantyre city. Chileka is a flat
area with a mixture of households, light industry and farms (beef/pig/poultry). Household plots are
typically larger in size than Ndirande, and the river system is formed of a complex network of small
tributaries that flow into a main river which feeds back into the Shire downstream of Blantyre city.
Akin to Ndirande, open drains also flow directly into the river network. Healthcare is provided by a
government Health Centre (Chileka Health Centre), a small local private hospital (Mtengo-Umodzi) or
admission to QECH 10-16 km away. The study polygon is 14 km?, and our initial survey in April-May
2019 identified 3 secondary schools, 20 primary (or nursery) schools, 14 places of worship, 4 large

farms and 6 pharmacies within it.

Site 3: Chikwawa, Malawi (Rural)

Chikwawa is a large district with a population of ~450,000, situated in the southern Shire valley and
its border is 50 km from Blantyre (279). It is a rural area, including a mixture of subsistence and large-
scale sugar farming, and given its low-lying situation is historically prone to flooding (280). It is supplied
by the large Shire river and is hotter than Blantyre, with a less developed sewerage network (T Morse
personal comms). Healthcare is provided by Chikwawa District hospital, 14 health centres and 26
community health care worker outposts (279). We identified a 71 km? study polygon readily accessible
from Blantyre by road, including villages engaged in research activity on the edge of Chikwawa town.
The polygon is directly next to Chikwawa boma, and therefore the local hospital (Chikwawa District
hospital) is located 300m from the southern-east tip of the polygon. Furthermore, given the climactic

conditions, smaller rivers are only present in the wet season, and therefore, few rivers were included
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within the polygon. Our survey in April-May 2019 identified 2 secondary schools, 9 primary (or

nursery) schools, 29 places of worship, 3 markets, 11 farms and 1 pharmacy within the polygon.

Ugandan site descriptions:

Site 4: Kampala, Uganda (Urban)

Kampala, the capital and largest city of Uganda has a metropolitan area population of 3.3 million
people. Adult HIV prevalence is 6.9% (281). The sampling frame comprises of 3 contiguous areas
drawn in wedge shape (measuring 3.4 km? x 2.7 km? x 1 km?) with a spectrum of population density
areas. These areas were loosely stratified relative to each other as being of low, medium or high
socioeconomic status based on local knowledge. The smallest polygon closest to the centre is
considered low, whilst the one furthest from the centre as medium and the middle one as high

socioeconomic status.

Site 5: Hoima, Uganda (Rural and Urban)

Hoima, in the Western Region of Uganda, is the main municipal, administrative, and commercial
centre of Hoima District and has a population of 122,700 people (282). HIV prevalence among adults
aged 15-64yrs in the Mid-West Region of Uganda where Hoima is located is 5.7% (281). The sampling
frame comprises of two non-contiguous polygons of 3.6 km? and 7.6 km?, the former incorporating
Hoima town (peri-urban) and the latter (rural) being a few kilometres away from Hoima town and

which has more animal and human cohabitation.

Methods

Household selection process

As DRUM will investigate AMR transmission at the household level, we chose a spatial design based
on the “inhibitory with close pairs” approach (283). This enables us to distribute primary sampling
sites across the study area evenly, avoiding systematic biases that may occur when sampling on a
regular grid. Secondly, “close-pair” points are added to the design to allow localised comparison of
sample sites and therefore measurement of close-range correlation in AMR status. Thus, seventy
percent of households will be sampled at a minimum inhibitory distance (MID) from all other points
(284) Using one inhibitory point at a time, the rest of the points, called close pairs, are randomly
selected within a circle with a pre-determined close-pairs radius (CPR). The minimum distance for our

design is 100 meters and the radius for each close pair is 30 meters. These values were chosen based
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on results from a spatial investigation of enteric pathogen Salmonella Typhi in Blantyre that showed

a spatial correlation up to approximately 150 meters (213).

Depending on the richness of existing geospatial data within each study area, we will implement
different versions of the algorithm in each area. In Ndirande (Malawi), where all households had
previously been geolocated, direct random sampling of households subject to the spatial constraints
above is possible (275). In Hoima (Uganda), where OpenStreetMap (OSM) data appears complete,
OSM-derived building locations can be chosen to identify potential households. In Chikwawa (Malawi),
WorldPop population density rasters allow us to preferentially (though not exclusively) propose
sampling sites in high population density areas thus avoiding field teams visiting vacant sites
(www.worldpop.org/). In Kampala (Uganda) and Chileka (Malawi), apparent uniformity of the
population density across the study area allows a simple spatially uniform proposal to be used. Two
practical site-specific considerations are necessary. Firstly, for Chileka, the MID and CPR must be
doubled due to the sparse population. In Kampala, the availability of a marked socioeconomic gradient
within the study region allows stratification of the population by socioeconomic status, with
households randomised within strata, but respecting our spatial design constraints across strata

borders.

Proposed sampling locations are then translated into households by the data collection field teams.
For instances where either no suitable household exists at the location or in the event that a
household declines to participate in the study, a random direction is selected by the field team, and

the closest consenting household in that direction is chosen.

Recruitment of households

We aim to enrol up to 100 households in each of the five sites. Households will be grouped into either
“intensive” or “sparse”, with 15 intensive households pre-selected at random within each polygon,
and all others allocated as sparse (Figure 3). Intensive households will undergo extensive WASH
observations at the firs