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1. Zusammenfassung

Streptococcus pneumoniae (Pneumokokkus) ist ein Bestandteil des menschlichen
Atemwegsmikrobioms. Jedoch ist es auch ein pathogenes Bakterium, welches zur Morbiditat
und Mortalitdt bei Kindern, &lteren und immungeschwéchten Personen beitragt. Laut
weltweiten Schatzungen, ist zwischen 2000 und 2015 ein Rickgang von Pneumokokken
verursachten Todesfallen bei Kindern um 51% zu verzeichnen. Dieser Erfolg ist hauptséchlich
auf die Einfiihrung von Pneumokokken-Konjugat-Impfstoffen (PCV) in den Landern mit der
hdchsten Pneumokokkenbelastung zurtickzuftihren. Seit Mai 2012 erhalten Kinder in Ghana im
Rahmen einer routinemafigen Immunisierung eine PCV-Impfung. Die kontinuierliche
Uberwachung des Pneumokokkus nach der Einfilhrung des PCV-Impfstoffes ist unerlasslich,
da diese die sich standig andernde Epidemiologie des Erregers in der Bevdlkerung abbildet.
Das Ziel dieser Studie ist: (1) die Pravalenz, Serotypen und Sequenztypen von Pneumokokken-
Isolaten zu bestimmen, (2) Antibiotika-Empfindlichkeitsmuster und die genetische Grundlage
flr die Antibiotikaresistenz unter diesen Pneumokokken-Isolaten zu untersuchen und (3) die
Prévalenz ausgewahlter Virulenzgene, welche als potenzielle Impfstoffkandidaten in friiheren
Studien identifiziert wurden, zu bestimmen. Daflir wurden Nasopharyngealabstriche von
geimpften Kindern unter flinf Jahren in Cape Coast (Ghana) entnommen. Sechs Jahre nach der
Einflhrung von PCV liefern wir Daten zur Epidemiologie der Pneumokokkenstdmme, die bei
Kindern in Cape Coast, Ghana, zirkulieren. Zur Identifizierung und Charakterisierung der
Pneumokokkenstamme wurden mikrobiologische und molekulare Standardtechniken
verwendet.

Die Gesamtpravalenz an Pneumokokken-Trégern betrug 29,4% (151/513). Alle teilnehmenden
Kinder waren vollstdndig geimpft und 26 verschiedene Serotypen wurden bei den Tragern
identifiziert. Die funf haufigsten PCV13-Serotypen (VT) waren 6B, 23F, 19F, 3 und 6A. Unter
den nicht-PCV13-Impfstoffserotypen (NVT) waren die Serotypen 23B, 13, 11A, 15B und 34
die funf haligisten Serotypen. Die PCV13-Abdeckung betrug 38,4% und 61,6% der Isolate
gehdrten der NVT Gruppe. Die Isolate waren empfindlich gegentiber Levofloxacin, Ceftriaxon,
Vancomycin und Erythromycin. Jedoch wurde eine deutliche Resistenz gegen Cotrimoxazol
und Tetracyclin beobachtet. Die Reduktion der Penicillinresistenz (35,8%) im Vergleich zu
Daten vor der Einfuhrung des Impfstoffes (45% - 63%) deutet auf einen positiven Effekt der
PCV13-Impfung hin. Jedoch wurde bei einigen NVT-Serotypen eine Penicillinresistenz

festgestellt.
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Insgesamt wurden 28,5% der |Isolate, die gegen mindestens drei verschiedene
Antibiotikaklassen resistent waren, als multiresistent (MDR) eingestuft.

Um die genetische Basis fiir Resistenzen gegen Penicillin, Erythromycin und Tetracyclin zu
analysieren, wurden die Gene pbp2b, ermB, mefA und tetM amplifiziert. Achtunddreilig (70%)
der 54 Penicillin-resistenten Isolate enthielten das pbp2b-Resistenzgen. Von den 11
Erythromycin-resistenten Isolaten waren 7 (63,6%) und 4 (36,4%) positiv fur die ermB- bzw.
mefA-Gene. Das tetM-Gene wurde in 85 (98,8%) der 86 Tetracyclin-resistenten Isolaten

nachgewiesen.

Wir haben versucht die Prévalenz ausgewahlter Virulenzgene unter den Isolaten zu

bestimmen, um festzustellen, in wieweit potentielle Impfstoffe auf Proteinbasis bei ghanaischen
Kindern Schutz bieten konnten. Die Gene IytA, pavB und cpsA waren in allen lIsolaten
vorhanden, wéhrend psrP, pcpA, Pilus-Insel (PI) PI-1 und PI-2 nur in 62,7%, 87,5%, 11,8%
bzw. 6,5% der Stamme vorhanden waren. Die psrP- und pcpA-Virulenzgene wurden in allen
Serotypen nachgewiesen, dagegen konnten die Pilusinseln nur in den Serotypen 19F, 6B, 9V,
6A, 13, 11A und 23B nachgewiesen werden. Funf Isolate des 19F Serotyps besallen sowohl PI-

1 als auch PI-2. Dariiber hinaus waren die Pilusinseln mit einer Multiresistenz verbunden.

Sowohl der vorherrschende NVT-Serotyp 23B als auch Isolate, die gegen > 4 Antibiotika
resistent waren, wurden mittels Multilocus-Sequenztypisierung (MLST) analysiert. Neun
bekannte und zehn neue STs wurden identifiziert. Sieben der zehn neu-identifizierten STs
gehdrten zum Serotyp 23B, wéhrend die restlichen drei STs zu den VTs 6B und 19F zugeordnet
wurden. Ein Kapsel-Switch wurde unter Isolaten von ST802 identifiziert, die sowohl Serotyp
23F als auch 19F umfassten. Die Mehrzahl der Serotyp 23B-Stdmmen gehdérte zu ST172.
Normalerweise ist dieser ST mit dem Serotyp 23F und einem ,,single locus variant* (SLV) des
international verbreiteten Klons ST338 (Colombia?F-26) assoziiert. Folglich war ST172 durch
eine ausgeprégte Antibiotikaresistenz und durch Merkmale eines Kapsel-Switches
gekennzeichnet. Ein Serotyp 6B-Stamm wurde als SLV von ST273 (Griechenland®®-22)
identifiziert, wahrend zwei Serotyp 9V-Stdmme zum international verbreiteten Klon ST156

(Spanien®’-3) gehorten.
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Zusammenfassend zeigte diese Studie einen geringfligigen Riickgang der Gesamtpréavalenz der
Pneumokokken-Tréger, der Persistenz von VTs trotz des Anstiegs der NVTs und des ‘Serotype
replacement’ sowie des Kapsel-Switches. Zusatzlich zirkulieren in Ghana Sequenztypen, die
mit international verbreiteten Klonen zusammenhédngen. Mit der festgestellten hohen
Verteilung der pcpA- und psrP-Gene konnte die Einbeziehung dieser Gene in Impfstoffe auf
Proteinbasis einen guten Schutz fur ghanaische Kinder bieten.
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2. Summary

Streptococcus pneumoniae (the pneumococcus), a bacterium belonging to the normal flora in
the human respiratory tract, continues to be an important pathogen due to its contribution to
morbidity and mortality among children, the elderly, and immunocompromised persons. Global
estimates of pneumococcal deaths among children declined by 51% between 2000 and 2015.
This achievement was mainly due to the introduction of pneumococcal conjugate vaccines
(PCVs) in countries with the highest pneumococcal burden. Since May 2012, children in Ghana
have been receiving PCV vaccination as part of routine immunization. The continuous
monitoring of the pneumococcus after PCV introduction is essential to understand the changing

epidemiology of the pathogen in the population.

This study therefore, aims to determine the (1) prevalence, serotypes, and sequence types of
pneumococcal isolates, (2) antibiotic susceptibility patterns and the genetic basis for the
antibiotic resistance among these pneumococcal isolates, and (3) prevalence of selected
virulence genes that have been identified as potential vaccine candidates. Nasopharyngeal
swabs were obtained from vaccinated children under five years of age in Cape Coast, Ghana.
Six years after PCV implementation, we provide data on the epidemiology of pneumococcal
strains circulating among children in Cape Coast Ghana. Standard microbiological and

molecular techniques were used to identify and characterize the pneumococcal strains.

Overall, pneumococcal carriage prevalence was 29.4% (151/513). All participating children
were fully vaccinated. Of the 26 different serotypes identified, the top five PCV13 serotypes
(VT) were 6B, 23F, 19F, 3, 6A and non-PCV13 vaccine serotypes (NVT) were 23B, 13, 11A,
15B, and 34. PCV13 coverage was 38.4%, however, more than half of the isolates were NVT
with a coverage rate of 61.6%. The isolates were highly susceptible to levofloxacin, ceftriaxone,
vancomycin, and erythromycin. However, marked resistance to cotrimoxazole and tetracycline
was observed. The reduction in penicillin resistance (35.8%) as compared to pre-vaccination
data (45% - 63%) suggests an attributable effect from PCV13 vaccination. However, penicillin
resistance was also detected in some NVT serotypes. Overall, 28.5% of the isolates resistant
to three or more different classes of antibiotics were classified as multidrug-resistant (MDR).
To analyze the genetic basis for resistance to penicillin, erythromycin and tetracycline, pbp2b,

ermB, mefA, and tetM genes were amplified.




Thirty-eight (70%) out of the 54 penicillin-resistant isolates contained the pbp2b resistance
gene. Out of the 11 erythromycin-resistant isolates, 7 (63.6) and 4 (36.4%) were positive for
the ermB and mefA genes, respectively. The tetM gene was detected in 85 (98.8%) of the 86

tetracycline resistance isolates.

To determine the extent to which potential protein-based vaccines could be protective in
Ghanaian children, we sought to determine the prevalence of selected virulence genes among
the isolates. The IytA, pavB, and cpsA genes were present in all the carrier isolates. However,
psrP, pcpA, pilus islet (PI) PI-1, and PI1-2 were present in 62.7%, 87.5%, 11.8%, and 6.5% of
the strains, respectively. The psrP and pcpA virulence genes were evenly distributed among all
the serotypes. However, the pilus islets were detected in only seven serotypes namely 19F, 6B,
9V, 6A, 13, 11A, and 23B. Five serotype 19F isolates possessed both PI-1 and PI-2.

Furthermore, the pilus islets were associated with multidrug resistance.

The predominant NVT serotype 23B and isolates resistant to > 4 antibiotics were analysed by
multilocus sequence typing (MLST). Nine known sequence types (STs) and 10 novel STs were
identified. Seven out of the 10 new STs belonged to serotype 23B, while the remaining 3 were
VTs 6B and 19F. A capsular switch was identified among isolates of ST802, which comprised
of both serotype 23F and 19F. The majority of serotype 23B strains belonged to ST172. The
ST172 is associated with serotype 23F and a single locus variant (SLV) of internationally
disseminated clone ST338 (Colombia?®™-26). Consequently, ST172 was characterised with
marked antibiotic resistance and with traits of capsular switching. One serotype 6B strain was
identified as a SLV of ST273 (Greece®8-22) while two serotype 9V strains belonged to the

internationally disseminated clone ST156 (Spain®'-3).

In conclusion, this study showed a marginal decline in overall pneumococcal carriage
prevalence, persistence of VTs despite the increase in NVTs, and the occurrence of serotype
replacement and capsular switching. In addition, sequence types related to internationally
disseminated clones are circulating in Ghana. With the high pcpA and psrP coverage detected,
including these genes in protein-based vaccines could provide adequate protection for Ghanaian
Children.
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3. Introduction

3.1 Background

Streptococcus pneumoniae (S.p.), also referred to as the pneumococcus, is a versatile,
extracellular bacterium that can thrive successfully in both aerobic and anaerobic environments.
However, S.p. grows best in the presence of 5% carbon dioxide (CO2). When Gram-stained,
S.p. is usually seen as Gram-positive diplococci although they can also appear in chains or
singly. Similar to other Streptococci, the pneumococcus is catalase-negative and a glucose
fermenter. After 18 - 24 hours of incubation on blood agar, S.p. appears as small, dome-shaped,
and shiny colonies, accompanied by the classical a-haemolysis. Apart from colonial
morphology, S.p. can be separated from viridans streptococci through bile solubility and
optochin tests. Typically, the pneumococcus forms a clear zone of inhibition, usually >14mm
around a 5 pg optochin disc of 6mm diameter. If the zone of inhibition is less <13mm, the bile
solubility test is used to further identify the pneumococcus. The presence of the autolytic
enzyme, LytA facilitates the lysis of the pneumococcus when added to sodium deoxycholate
solution, by destroying the cell wall, which leads to lysis. The recent advancement in
biomedical technology makes it possible to identify S.p. through the use of molecular
techniques.

3.2 Epidemiology of the pneumococcus

S. pneumoniae has established a commensal relationship with its obligate human host. It is
highly adapted to the upper respiratory tract of humans and children serve as the main reservoir.
The presence of the pneumococcus in the nasopharynx referred to as carriage or colonization
always precedes invasive disease. About 27% - 65% of children and <10% of adults carry
pneumococci in their nasopharynx *. Carriers spread the pneumococci to other persons by direct
contact through droplets or aerosols. However, carriers can develop pneumococcal disease
when the pneumococcus migrates from the nasopharynx to other parts of the body. Researchers
have been able to identify transmission sources and acquisition of the pneumococcus among
different age groups 2. Pneumococcal carriage rates are highest among infants especially in

children younger than 2 years old.
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However, studies have shown that they do not play a pivotal role in S.p. transmission 34,
However, toddlers and older children seem to rather be the central drivers of S.p. epidemiology.
Hence, children aged 2-8 years are more likely to acquire the pneumococcus from their
surrounding environment especially in daycare centers where children mostly interact and play
together. Adults, on the other hand, acquire S.p. from within their households with higher
tendencies of acquisition from their younger children who are often colonized with SP 2 Factors
that influence the spread of S.p. include living under crowded conditions, seasonality,
symptoms of respiratory infections, and the presence of pneumococcal disease. In addition to
these factors, close contact and younger age have also been identified to put others at risk of

pneumococcal infection 358,

Colonization is established when S.p. enters the nasal cavity and successfully attaches itself to
the epithelial cells in the nasopharynx. It can remain there as a colonizer or transmigrate to other
parts of the human body and manifest in disease. S.p. can persist in this new niche within the
nasopharynx by co-existing or outcompeting other microbes already present in the nasopharynx
7. S.p. exhibits spontaneous phenotypic variation between opaque or transparent forms at a rate
of 10-3 and 10-6 per generation 8. The expression of a particular form of phenotypic variant is
influenced by the amount of capsular polysaccharide, teichoic acids, and other virulence factors.
Depending on the niche S.p. occupies, it may express a predominant phenotype. For example,
the transparent phenotypes are highly efficient in colonization while the opaque variants are
significantly more virulent in systemic infections °. The opaque variants are associated with
high expression of the capsular polysaccharide and pneumococcal surface protein A (PspA).
The amount of teichoic acid and the surface expression of LytA in the opaque variant is very
low. However, the transparent variants though produce a low amount of CPS and PspA whereas
teichoic acids and LytA are highly expressed °. There are several pneumococcal surface proteins
such as HtrA, ChpG, and NanA that facilitate colonization °. However, PspC has been shown
to play a prominent role by binding to polymeric immunoglobulin receptor (pIgR). This action

permits adherence and uptake of pneumococci into nasopharyngeal epithelial cells 1114

The pneumococcus can spread to other niches or penetrate host tissue to cause invasive disease
when there is a damage in the mucosal layer of the upper respiratory tract. The process of
pneumococci invasion is driven by the interaction between pneumococcal proteins and

activation of host immune response.
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Pneumolysin and hydrogen peroxide are released during this process and thereby damage lung
epithelial cells leading to pneumonia. Other proteins involved in this process include PsrP and
PhtD family 1°. The pneumococcus can escape from the lungs into the blood as its thick capsule
prevents any phagocytotic action from host defence. This bacteraemic state is characterised by
high titres which could eventually lead to septicaemia. The increased bacteria load in the blood
thus becomes a precursor for meningitis. The pneumococcus is able to cross the blood-brain
barrier to cause meningitis. S.p. uses components of its cell to bind to the endothelial cells of

the brain, cross damaged tight junctions, and enter the meningeal space *°.

3.3 Burden of pneumococcal disease

Invasive pneumococcal disease frequently occurs in children, the elderly, and
immunocompromised persons . IPD s also associated with morbidity and mortality among
adults 18-64 years with underlying medical conditions *’. Localized infections like otitis media
caused by S.p. are highly common among young children &, Most of these children will suffer
recurrent infections with associated long term complications °. Globally, about 300 million
acute otitis media cases are reported yearly 8. Apart from otitis media, S.p. is implicated in

severe invasive diseases such as pneumonia, septicaemia, and meningitis.

In 2000, the global burden of pneumococcal disease among children was estimated at 14.5
million with 735 000 deaths occurring in HIV-uninfected children %. However, recent data
published in 2015 showed a 51% decline in the global burden of IPD. These data estimates
global pneumococcal deaths in 2015 at 45/100,000 among children less than five years of age
2L Further breakdown of this data depicted that 294,000 children died in 2015 as compared to
735,000 in 2000. The greater majority of these deaths were associated with pneumonia and
meningitis 2. Furthermore, the highest rates of pneumonia associated deaths occurred in 40
countries. However, South Asian countries including India, Pakistan, Bangladesh, and
Afghanistan presented the highest rates 22, Other data showed that S.p. causes 24% of all
confirmed invasive bacterial disease among children under five years in South East Asia 2.
Although the mortality estimates for Asia and Eastern Mediterranean countries in 2015 were
110,000 and 190,000 respectively, the story is different in higher-income countries. In 2015,
Europe and America recorded the least mortality from IPD, with only 10,000 - 20,000 deaths
2L Africa contributes significantly to the global pneumococcal burden. In 2015, nearly 2 million
pneumococcal deaths were reported from the African continent 2.,
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When Somalia, Chad, and Angola registered > 200/100,000 deaths among children under five
years, Nigeria a West African nation recorded 49,000 deaths. However, Ghana a West African
neighbour of Nigeria showed a declining trend in pneumococcal deaths with 2,136 deaths in
2000 compared to 1,257 in 2015. Additionally, in 2017, deaths related to pneumococcal
meningitis were estimated at 5.09 per 100,000 among children younger than 5 years old 4.
Rwanda was the only African country that introduced PCV in 2009 recorded very low
pneumococcal mortality. In the light of PCV introduction among many African and other
developing countries in 2015, the pneumococcal burden is expected to drastically decline in

subsequent years.
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Figure 3. 1:  Country-specific HIV negative mortality rates and deaths attributable to the
pneumococcus in 2015 2,

3.4 Pneumococcal disease surveillance

Even though IPD is highest in Africa, the continent lacks a strong IPD surveillance system that
can provide adequate and accurate data for the proper assessment of the disease. This has led
to the lack of collective data, which stems from one source to define the occurrence of the
disease on the continent. To fill this data gap, Tam and colleagues performed a systematic
review of IPD from published studies originating from the African continent. They report a
pooled IPD incidence rate of 62.6/100,000 children under five years 25, however, they alluded
to the fact that this could be an underestimation as only one-third of the African countries had
published data on IPD, coupled with the unavailability of standard diagnostic facilities across
the continent. Because concise IPD data is lacking from many African countries, pneumococcal

carriage prevalence has been used as a proxy to project the occurrence of pneumococcal disease.
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On the contrary, such robust IPD surveillance have been implemented by several developed
countries including countries from Europe and North America. In Ontario, Canada, the burden
of IPD was prominent in younger children and the elderly with associated hospitalization prior
to pneumococcal vaccination. However, PCV introduction lowered the IPD burden such that
only 11.8 out of 100,000 children under 5 years experienced IPD in 2017 1°. In the same year,
data contributed to the European Union (EU) by 29 member states reported an overall IPD
incidence of 23,000. The highest burden was among infants (<1 year) and persons >65 years
with 14.9/100,000 and 18.9/ 100,000 cases respectively 6. Comparably the national IPD
estimates for children <1 year and adults aged 65-74 were 13.3/100,000 and 20.2/100,000,
respectively 2’. Even though the incidence of invasive pneumococcal disease remains low in
many developed countries, this disease remains notifiable and continuous monitoring through

surveillance is implemented 2832,

3.5 Health care cost associated with pneumococcal disease

Clearly, IPD continues to be a substantial financial and social burden for individuals and
families. The health care cost of treating pneumococcal disease remains high especially in cases
of severe infections. Recent data from Turkey showed that the median treatment cost for acute
otitis media (AOM), pneumonia, and meningitis were €117, 835 and €4,060 respectively %2,
However, AOM treatment cost in Turkey was lower when compared to treatment charges in
Korea 2232, Meanwhile in the USA, the cost of treating AOM ranged from $100-200, while that
of pneumonia was between $200 and $400 33. In the USA, the costs are even higher for the
treatment of IPD among adults. There was a difference in the cost of IPD treatment between
apparently healthy adults and adults with underlining conditions and thus costs were from
$4,725 and $9,168 respectively 7.

Very few studies have assessed the economic burden of IPD from the African continent .
Despite this lack, countries like Kenya, Zambia, and Gambia have presented some data on the
economic burden of IPD. The estimated costs of treatment of pneumonia among children varied
from $99 to $177, which is even more expensive, particularly when treating meningitis 3. In
neighbouring Zambia, treatment cost for pneumonia differed between outpatient and inpatient;
$48 to $215. In the case of The Gambia, treatment cost varied with respect to the severity of
the disease. Treatment of pneumococcal sepsis and meningitis cost $144 and $170 respectively

when family member’s time loss from work was valued
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These studies demonstrated that the cost of treatment is dependent on the severity of the disease
and the period of hospitalization. The introduction of preventive strategies such as vaccination
has the aim of reducing such economic hardships, pneumococcal carriage, IPD, and antibiotic
resistance among pneumococcal strains. One study estimated the global economic burden of
pneumococcal disease at $13.7 billion which is expected to increase to $14.3 billion when
societal costs are added *. In the same study, the estimated global vaccination costs per fully
vaccinated child were approximately $137, whereas the comprehensive global cost of
vaccination was $15.5 billion. However, they presented that Africa will require a much lower
cost of about $1.8 billion, because Africa benefits from vaccine subsidies from the Vaccine
Alliance program 3¢, Even though the estimate for global vaccination seemed higher than the
expenses of pneumococcal disease in the absence of vaccination, the long term benefit of herd
immunity, prolonged hospital stay, and time lost by family to care for sick children will be
substantially averted. This study went on to project that vaccination would bring in a savings
of $3.19 billion considering the afore mentioned benefits ¢. In addition, Chen and colleagues
estimated that PCV prevented over 500/100,000 children from pneumococcal related deaths in
2015. Therefore, countries with a high burden of IPD that have introduced PCV vaccination are

expected to reap full benefits in the coming years.

PCV-prevented deaths per 100000 children
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[10-99
[1100-199
I 200-499
I >500

Figure 3. 2:  Estimated deaths prevented by PCV vaccination per 100,000 children under 5
years in 180 countries

The map represents the number of deaths prevented by routine childhood vaccination with
PCV at 2015 coverage levels compared with the no vaccination scenario. Countries that have
implemented PCV programmes are shaded with solid colours. Countries without existing PCV
programmes are shown with diagonal lines. Countries in grey (n=17) were excluded because
of missing data. PCV: pneumococcal conjugate vaccine .
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3.6 Preventive strategies

3.6.1 Vaccination as a preventive strategy

Prevention has been identified long ago as the best intervention strategy for many infectious
diseases. Vaccination provides a significant cost-effective measure to prevent infectious
disease. The role of vaccination in preventing and reducing the impact of infectious diseases
caused by pathogens such as Neisseria meningitidis and Haemophilus influenzae has been
demonstrated *’. Before the advent of antibiotics, whole killed pneumococcal cells were used
for vaccination . Although initially protective, it was later discovered that the immune
response was excessive with accompanying adverse reaction 3°. Later, it was shown that
different pneumococcal strains expressed different capsular types, hence vaccination with a
particular capsular type elicited specific responses in association to the capsular type. This led
to the development of pneumococcal vaccines based on capsular types °. Therefore, all
currrently available pneumococcal vaccines are capsular based and they include the polyvalent
pneumococcal polysaccharide vaccine (PPV) and the pneumococcal conjugate vaccines
(PCVs).

3.6.1.1 Pneumococcal polysaccharide vaccine (PPV)

A 23-valent pneumococcal polysaccharide based vaccine (PPV23) has been available since
1983 when it was first licensed in the USA 3. It is sold under the trade name Pneumovax23 and
distributed by Merck ( Lansdale, PA, USA). These 23 serotypes are: 1, 2, 3, 4, 5, 6B, 7F, 8, 9N,
9V, 10A, 11A, 12F, 14, 15B, 17F, 18C, 19F, 19A, 20, 22F, 23F and 33F. They are known to
cause close to 90% of global invasive pneumococcal infections. PPV23 is specified for use in
persons > 65 years as well as persons younger than this age group who have underlining
conditions such as diabetes “%*'. However, PPV23 has been plagued with limitations in its
effectiveness against certain age groups and its dependence on whether the disease outcome
was invasive or not. Furthermore, it is not immunogenic in children younger than 2 years of
age, does not elicit immunological memory response, only reduces the severity of community
acquired pneumonia (CAP) without preventing it and finally, it does not reduce pneumococcal
carriage “>*4. Awvailable studies showed that serotypes 6B, 9V, 19F, and 23F all included in the
PPV23 induce low antibody levels that reverses back to prevaccination levels in a space of 3
years “°. The universally accepted non-effectiveness of PPV23 in children coupled with the
above drawbacks has propelled the development of conjugate vaccines that has proven to be

more beneficial in preventing IPD in children.
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3.6.1.2 Pneumococcal conjugate vaccines (PCVs)

The PCVs, which are currently sold for use include PCV10 and PCV13. However, these two
were preceded by PCV7 which is longer in use. Although PCVs are also capsular based, they
are tagged to carrier proteins to enhance their ability to elicit T-cell dependent response, thereby
producing immunoglobulin G (1gG) and memory B-cells. Such immune response prepares the
body in readiness to natural exposure or booster vaccination “6. By far PCVs have been shown
to confer better and lasting immunogenicity among children, in whom occurrence of
pneumococcal disease is also high 4. To overcome the drawbacks of PPV23, PCV7 was
introduced in the United States in 2000, for use among children younger than five years. PCV7
contained serotypes (4, 6B, 9V, 14, 18C, 19F, and 23F) and was the first PCV to be introduced
in 2000. Subsequently, the WHO recommended in 2007 the inclusion of PCV7 into national
immunization programs in countries with the highest pneumococcal mortality, based on reports
of its effectiveness from initial introduction in 2000. The success of PCV7 was demonstrated
in the drastic decline in carriage and IPD among children who were vaccinated. Additionally,
there were indirect effects such as herd immunity among non-vaccinated children and persons
of older age groups *®°. Despite the success of PCV7 in reducing serotype-specific infections,
there was a significant increase in non PCV7 serotypes causing IPD, particularly serotype 19A
8 Later post-licensure studies also showed that some of the serotypes in PCV7 did not offer
the expected cross protectivity %!, Response to these setbacks led to the development and
licensure of higher valent PCVs such as PCV10 and PCV13. PCV10 is sold under the brand
name Synflorix and manufactured by GlaxoSmithKline plc. (Brentford, UK). The PCV10
formulation contains polysaccharides of serotypes 1, 4, 5, 6B, 7F, 9V &14, that are covalently
linked to non-typeable H. influenzae carrier protein D, and serotype 19F and 18C conjugated
to diphtheria toxoid and tetanus toxoid respectively. Therefore it is also referred to as PHiD-

CV meaning pneumococcal non-typable Haemophilus influenzae protein D conjugate vaccine.

PCV13 is sold under the trade name Prevnar and produced by Pfizer. PCV13 containing
serotypes 1, 3, 4, 5, 6A, 6B, 7F, 9V, 14, 18C, 19A, 19F, and 23F was introduced as a
replacement for PCV7 and has been in use since 2010. This vaccine is based on the direct
conjugation of the polysaccharides of these 13 serotypes to the diphtheria toxoid carrier protein,
CRM197. Interestingly, the serotypes included in both PCV10 and PCV13 are noted for causing
the majority of global pneumococcal infections. Particularly, the inclusion of serotype 19A in
PCV13 brought a huge relief as it was expected to reduce the burden of IPD due to this serotype

especially in children %2,
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Although serotype 19A is not included in PCV10, Hausdorf and colleagues believe that
successful decline in 19A IPD among a cohort of PHiD-CV-10 vaccinated children from
various backgrounds could be suggestive of cross protectivity from the serotype 19F included
in this vaccine 3. They also argued that this cross protectivity, which was not achieved with
PCV7 but is evident with PCV10, could be due to the carrier protein to which this serotype 19F
IS attached to as the carrier protein varies between the different vaccines. Despite both vaccines
proving to be safe and highly tolerable, questions remain about their protection against
serotypes 1 and 3. Particularly serotype 1 remains the number one cause of invasive disease and
outbreaks in Africa, yet this serotype has never been isolated in carriage studies. Serotype 3 has
demonstrated very low immunogenicity, without improvement even after booster vaccinations
5355 Children have been the target of PCVs as this type of vaccine has the ability to initiate the
kind of immune response that is protective for children. In addition, there was no noted
interference with immune response parameters when administered together with other pediatric
vaccines °°.

The WHO recommends dosing schedules of 2+1 (2 initial doses before 6 months and 1
additional dose at 9 months) or the 3+0 (3 initial doses before 9 months of age with no booster)
5  Data from the centers for disease control and prevention (CDC) of the USA showed that
PCVs have had drastic effects on IPD in both adults and children. IPD rates among children
under five years declined from 95/100,000 to 9/100,000 between 1998 and 2016 . Individual
countries and continents have also reported such success with PCVs 8-, The 3+0 schedule has
been adopted by most countries benefiting from Gavi support
(https://www.who.int/immunization/policy/position_papers/who_pp_pcv_2019_summary.pdf
?ua=1, 2019). However, recent studies have demonstrated the full benefits of a schedule with a
booster to one without .. The 3+0 schedule has been characterized by increased residual
vaccine serotypes and waning immune response 2. Therefore, it will be worthwhile to consider
revising the 3+0 schedule when enough data are available from countries using this schedule.
It has also been part of the WHO recommendation to conduct post-vaccination studies to
monitor the dynamics of pneumococcal disease as well as inform policy on vaccine schedules
57 PCVs were expected to lower IPD, confer herd immunity, reduce pneumococcal carriage,
and reduce the transmission of antibiotic-resistant pneumococci. However, these expectations
have been undermined by the emergence of non-vaccine serotype (NVT) in carriage and IPD,

a phenomenon known as serotype replacement 6063,
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Apart from serotype replacement, capsular switching has been identified as a means by which
some pneumococcal serotypes exchange their capsules through homologous recombination in
order to evade immune response targeting the capsule. There are also reports of alterations in
bacterial flora after PCV immunization and some studies report a marked increase in
Staphylococcus aureus carriage >%4. Of concern is the fact that PCVs have limited serotype
coverage such that they mainly protect against serotypes that are included in the vaccines, which
mostly favor high-income countries %. Because the distribution of the pneumococcus varies
with geographical location, it is very difficult to reach a point where all serotypes distributed
globally are included in the vaccine. Unfortunately, the valency of PCVs cannot be increased
easily because the process is very complex and expensive . Nonetheless, higher valent PCVs
such as PCV15 and PCV 20, both in stage 3 clinical trials, have been announced by the two
PCV companies, GlaxoSmithKline and Pfizer, respectively, in response to the effect of serotype

replacement and geographical variations in serotype distribution .

In January 2020, the WHO approved of the use of another polysaccharide-based vaccine
‘Pneumosil’ which has been developed with a primary aim of making pneumococcal vaccines
affordable to low- and middle-income countries. Pneumosil is a 10 valent PCV developed
through a collaboration between PATH and Serum Institute of India, Pvt., Ltd. Serotypes 1, 5,
6A, 6B, 7F, 9V, 14, 19A, 19F, and 23F are present in Pneumosil, which can be safely co-
administered with other childhood vaccines without disruption in the respective immune

responses.

3.6.1.3 Alternatives to polysaccharide-based vaccines

Despite new compositions and higher valency PCVs, the limitations that have been identified
from the current and previously used PCVs will continue to persist. Hausdorff and colleagues
have also cautioned against persistently increasing the valency of PCVs. They claim that
increasing the valency of PCV will not necessarily translate to disease prevention among
vaccinated children °3. Therefore, there is a need for new vaccines that can offer broad
protection against IPD caused by different serotypes. This need drives the search for
pneumococcal vaccine candidates based on highly conserved and abundant pneumococcal
protein antigens. So far, protein-based vaccines appear to be a promising alternative to PPVs
and PCVs. Thus, highly expressed and conserved proteins that cover different serotypes are the

targets for these vaccines.
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The search for promising vaccine candidates has been expanded to include several
characteristics being involved and expressed during pathogenesis in addition to being
immunogenic with both B-cell and T-cell immune response. Pneumococcal proteins that have
been studied as potential vaccine candidates include but are not limited to pneumococcal
surface protein A (PspA), pneumolysin (Ply), pneumococcal surface protein C (PspC), and
pneumococcal surface adhesin A (PsaA) 8%, Other well studied candidates include
pneumococcal choline-binding protein (PcpA), the poly-histidine triad (Pht) proteins, made up
of four members: PhtA, PhtB, PhtD, and PhtE, Pili (RrgA, RrgB, RrgC), neuraminidase A
(NanA), autolysin (LytA), serine/threonine protein kinase (StkP), and protein required for cell
wall separation of group B streptococcus (PcsB) “6. One research group found that these
pneumococcal antigens (PhtD, PhtE, LytB, PcpA, PspA and Ply) provided protection against
acute otitis media in addition to showing sufficient immune response ’°. Two other lipoproteins
SP_2180 and SP_0148, were characterized as highly immunogenic, protective and involved in
TLR2 activation ",

In silico analysis of potential candidates in relation to specific serotypes have also been
performed. A key example is the identification of protein candidates from various serotype 1
strains collected globally 2. Most of these proteins have been proposed for use in combination
to ensure broad protectivity. The move towards protein-based vaccines has led to the
proliferation of research into the prevalence of these potential candidates among carriage and
invasive isolates 774, Besides protein-based vaccines, one other approach to providing an
alternative PPV and PCVs is the use of next-generation whole-cell pneumococcal vaccines
(WCPVs). The pneumococcal cells used in this method are unencapsulated and attenuated. This
approach has been employed successfully in whole-cell pertussis vaccines, which has proven
to be more efficacious with lasting immunity ”°. Unlike protein-based vaccines, WCPVs require
no external adjuvant as they present several proteins from the surface, the cell wall, and
lipopeptides of the pneumococcus "®7. Hence they possess the propensity to offer protection
against several serotypes. Even though protein-based vaccines and WCPVs seem promising
alternatives to PCVs, their effectiveness and success will depend on factors such as nutrition,

nasopharyngeal flora, homeostasis, and early or high nasopharyngeal colonization ”.
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3.7 Pneumococcal cell wall

The cell wall of most bacteria comprises of a thick layer that helps to maintain shape as well as
prevent them from bursting open due to complex cytoplasmic content and activity. The cell
wall of S.p. is primarily made up of peptidoglycan (PGN) and teichoic acids (TA). The wall
teichoic acids (WTA) bind covalently to the peptidoglycan cell wall whereas the lipoteichoic
acids (LTA) are fastened to the cytoplasmic membrane with a lipid motif. The alternating
glycan chains of the PGN are made of sugars from N-acetylglucosamine (GIcNAc) and N-
acetylmuramic acid (MurNAc) which have phosphorylcholine that promotes attachment of choline-
binding proteins to the pneumococcal cell (Figure 3.3). A peptide link exists between the alternating
N-acetylmuramic acid (MurNAc) sugars. These peptides appear in this sequence: L-Ala_D-(y)
Glu_L-Lys D-Ala_D-Ala and further crosslink with L-Ser—L-Ala or L-Ala—L-Ala peptide
branches anchored to an e-amino group from the lysine stem residue 8. The PGN cell wall in
pneumococcus is covered and protected by an extracellular layer referred to as the capsule. The

capsule is considered as the most important virulence factor of the pneumococcus.

The role of the penicillin-binding proteins in cell wall synthesis

There are six known penicillin-binding proteins in pneumococci. These include PBPs 1a, 1b,
2a, 2b, 2x, and 3. Five out of the six PBPs have transpeptidase activity. PBP1a, PBP1b, and
PBP2a are grouped as Class A PBPS, while PBP2b and PBP2x are grouped as class B PBPs ”°.
PBP3isa low molecular mass PBP classified as class C PBP. PBP3 its pp-carboxypeptidase
(CPase) activity is able to convert pentapeptides to tetrapeptides & PBP3 is evenly distributed
in the cellular membrane of the pneumococci and regulates the transpeptidation of the
peptidoglycan 8. Class A PBPs are bifunctional enzymes. They use their N-terminal
glycosyltransferase (GTase) domain to polymerize glycan chains and perform transpeptidation
by their C-terminal DD-transpeptidase (TPase) domain 8. None of the class A PBPs were
considered essential & however, a recent study has shown the involvement of class A proteins
in modifying existing peptidoglycan 4. The class B PBPs are monofunctional transpeptidases
and are essential for different phases of cell growth. The PBP2x is an important part of the
divisome, which is responsible for synthesizing the septal cross wall 8. The other class B PBP,
PBP2b is an essential component of the elongosome which is responsible for peripheral PGN

synthesis 8°.
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Figure 3.3:  Pneumococcal cell wall

A schematic diagram of the pneumococcal cell wall showing the MurNAc and GIcCNAc residues
in the glycan chains of peptidoglycan which are modified by O-acetylation or N-deacetylation,
respectively. Recent studies have shown that the capsular polysaccharides are connected to
GIcNAc residues rather than MurNAc. Choline-binding proteins attach non-covalently to
phosphorylcholine residues in the wall teichoic acid and surface proteins covalently bind to
peptides in the peptidoglycan WTA 78,

3.8 Pneumococcal virulence factors

S. pneumoniae can defend itself from the human immune system by producing a harmful toxin
and using the myriad of virulence factors it possesses. These virulence factors are essential in
the survival and pathogenesis of the pneumococcus. The pneumococcus is able to exploit its
host when there is a breach in the defence barrier or the immune system of its host is
compromised. S.p. presents its capsule as an initial means of evading the immune system,
supported by several other mechanisms to prevent or interfere with host immune response. The
presence of several proteins decorating the cell surface of the pneumococcus and its ability to
produce other enyzmes aids it survival 8. Additionally, the wide genome variation within
the pneumococcal community also plays a major role in virulence determination since a
variation in even a single gene could alter the expression and effect of a particular protein. A
recent study of the pneumococcal genome content of 25 selected serotypes showed that the
genome size was between 2.0-2.2 million bp while genes and proteins were between 474 and
553 respectively 8. Besides the capsule, other identified virulence factors are grouped

according to their role in pathogenesis and function.
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These include LPXTG — proteins, choline-binding proteins (CBPs), lipoproteins, non-classical
surface-exposed proteins regulators, histidine kinases (hks) response regulators (rrs). In the in
silico analysis by Gamez et al. identified a total of 92 genes encoding 61 surface proteins, 4

transcriptional regulators, and 13 histidine kinases and 14 regulators.
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Figure 3.4:  Pneumococcal virulence factors

A schematic diagram of the pneumococcal proteins responsible for virulence, metabolism, and
regulation. NCPS: non-classical surface proteins, CBPs: choline-binding proteins. The capsule
covers the pneumococcal cell wall and prevents killing by phagocytes. The pneumococcal core
genome encodes genes for metabolism, virulence and regulation. Additional virulence factors
such as PsrP or pili are encoded by genes of the accessory genome %.

3.8.1 The capsular polysaccharide ( CPS)

The capsular polysaccharide is by far the most dominant virulence factor in pneumococci. The
CPS prevents the pneumococcus from being phagocytosed by immune cells °L. It also serves as
a protective layer that prevents host antibodies from interacting with the intracellular
components of pneumococci. Encapsulated strains are active colonizers as compared to their
unencapsulated counterparts %2, Actually, the capsule can prevent the mechanical removal of
the pneumococcus by mucus secreted by the mucosal defence barrier. Due to its thick nature, it
does not allow easy penetration of antibiotics and hence reduces killing. In addition to
facilitating the attachment of host cells to initiate infection, it also blocks host receptors and

prevents complement activation %,
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Of concern is the emergence of unencapsulated pneumococci, whose ability to colonize have
been enhanced by the newly discovered pneumococcal surface protein K in the cps loci ®.The
capsule is made up of repeating units of 2-8 sugar residues which usually have O-acetyl,
phosphoglycerol, and pyruvyl acetal substitutions at various sites *°. Serotypes 3 and 37 are
synthesised by the synthase pathway while the rest of the other serotypes are synthesized via
the Wzx/Wzy-dependent pathway. The genes for the Wzx/Wzy-dependent pathway are
localized between dexB and aliA gene in a capsule gene cluster. The synthesis of the CPSs starts
with the transfer of a monosaccharide phosphat from a nucleotide diphosphate sugar to a
membrane-associated lipid carrier. Subsequently, additional monosaccharides are attached to
form a lipid-link repeat unit. This membrane lipid-link repeat unit is then transferred to the outer
surface of the cytoplasmic membrane by the Wzx flippase. The Wzy polymerase links
individual repeat units to form a matured CPS. The matured CPS is translocated by the
Wzd/Wze complex and subsequently attached to the peptidoglycan cell wall. The enzyme CpsA,
covalently links the capsule to the PGN cell wall and in some instances, the capsule is secreted
extracellularly . S. pneumoniae is classified into >94 serotypes based on the unique capsular
polysaccharide composition . In addition, the gene loci within the capsule for every serotype
is different. The majority of the pneumococci serotypes are synthesized by the wzy pathway
except for serotype 3 and 37 that uses the synthase-dependent mechanism. After the sequencing
of all known >90 different serotypes, it became obvious that wzy dependent serotypes possessed
a conserved locus positioned between dexB and aliA genes on the pneumococcal chromosome
% However, the synthase dependent serotype 3 only expresses cpsC while serotype 37 has the
necessary tts gene located outside of the dexB/aliA region. The similarity in the structural
arrangement of the cps confirms the cross-reactivity seen when serotype-specific polyclonal
antibodies are used. This then became the foundation upon which certain serotypes were
classified into particular serogroups such as serogroup 6 and 19. The occurrence of mutations,
and changing repeat units or genetic recombination at the cps locus could lead to variations in
serotype composition. Therefore, the numerous capsular types that have been identified produce
a substantial antigenic diversity and in some cases enabling the pneumococci to switch capsules
and evade host immune response 8. Recently, a new mechanism that allows for serotype
variation was identified in serogroup 11. Oliver and colleagues demonstrated that serotype 11D
differed from serotype 11A by a single codon variation in the WcrL gene of the
glycosyltransferase enzyme. This enzyme adds a fourth sugar repeating unit to the

polysaccharide chain in the case of serotype 11D 7.
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Furthermore, The spontaneous occurrence of the opaque and transparent variants of
pneumococci is associated with the amount of expressed 8. The opaque variant, which produces
more capsular polysaccharide has been shown to more virulent and involved in systemic
infections. Unlike the opaque variants, the amount of CPS produced by the transparent
phenotypes is very small and therefore are more efficient in mucosal surface colonization °.
Hammerschmidt et al. also showed a reduction in the thickness of the capsule of S.p. serotype
3 strain recovered from invaded epithelial cells. Their study further showed the variants with
reduced capsule thickness appeared substantially attenuated in in vivo experiments *8. In both
in vivo and in vitro experiments, they observed via electron microscopy studies that the
thickness of the CPS was reduced during host cell invasion and reduced further during

colonization.

3.8.2 Pneumolysin

Pneumolysin (Ply) is a crucial virulence factor in pneumococci. Ply is a toxin found in the
cytoplasm and binds to cholesterol in host cell membranes which results in cell perforation and
subsequently cell lysis. Ply also promotes biofilm formation, regulates the complement system,
and interferes with phagocytosis %. The toxin is efficient in damaging host cells as it acts as a
pro-inflammatory toxin; leading to an increased rate of shedding, culminating in increased
transmission rates *. pneumolysin is a conserved protein in pneumococci and usually expressed
during the log phase of growth. Hence, its use as a molecular marker for the detection and
confirmation of pneumococci has been on the rise in recent years 1%, In addition, Ply remains
one of the promising candidates to be included in protein-based vaccine. In fact, pneumolysin

is included in some vaccines that have progressed through the initial stages of clinical trials ™.

3.8.3 Surface-exposed proteins

The cell surface of S. pneumoniae is decorated with a variety of surface-exposed proteins that
are involved in pneumococcal pathogenesis. These proteins are classified into four main groups
including 1. Choline binding proteins (CBP) 2. LPTXG proteins 3. non-classical surface
proteins (NCSP) and 4. Lipoproteins (LP) 0%,

3.8.3.1 Choline-binding proteins (CBPs)
Choline is a necessary nutritional requirement for the pneumococcus. Choline is usually

obtained from the growth medium and immediately used for cell wall synthesis.
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CBPs are able to attach to the pneumococcal cell surface by binding to the phosphorylcholine
residues present in the PGN cell wall 12, Up to 15 CBPs have been identified so far, depending
on the pneumococcal strain 193194 CBPs play a key role in modifying the pneumococcal cell
surface and hence prevent the binding of specific immune receptors secreted in response to
pneumococci 1%, Another important role of CBP is in adhesion and virulence. Some well-
investigated CBPs include pneumococcal surface protein A (PspA), pneumococcal surface
protein C (PspC), and four hydrolytic enzymes; LytA, LytB, LytC, and CbpE. Other CBPs are
choline-binding protein F (CbpF), choline-binding protein L (CbpL), pneumococcal surface
protein A (PspA), and pneumococcal choline binding protein A (PcpA). The PcpA and PspA
proteins have progressed into protein-based pneumococcal vaccine clinical trials on the basis

of being immunogenic and highly conserved ™.

3.8.3.2 Autolysin A (lytA)

Lytic amidase A (LytA) also known as autolysin A, functions primarily as a lytic enzyme that
destroys the PGN cell wall of pneumococcus leading to the release of cell wall and cytoplasmic
contents that are finally harmful to the host. The indirect contribution of LytA to nasal
colonization is mediated by the release of pneumolysin. LytA inhibits phagocytosis by
preventing the host cells from producing interleukin 12 %, LytA is highly conserved in
pneumococci and its immunogenic properties have been reported 1°71%, However, when LytA
is co-administered with Ply, this effect is not observed. Moreover, the high allelic sequence
variation limits the chances of LytA to be selected as a vaccine candidate 111!, Despite this
shortfall, LytA continues to be an important molecular marker in the detection of S.

pneumoniae when molecular detection methods are used 2,

3.8.3.3 Pneumococcal choline-binding protein A (PcpA)

This 75kDa CBP aids the pneumococcus to adhere to nasopharygeal and lung epithelial cells
of humans '3, Recent studies have proved that anti-PcpA antibodies offered protection against
S.p. through complement activation with macrophage dependent phagocytosis 1*4. Other studies
have shown that immunization with PcpA was protective against acute otitis media (AOM) 7
115 PcpA promises to be a valuable vaccine candidate with its strong immunogenicity
properties. PcpA’s immunogenic properties have led to it’s use in combination with other

conserved proteins in protein-based vaccine formulation and clinical trials 6,
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Although PcpA has been highly investigated for its protective properties, data on its prevalence
among pneumococcal isolates remain limited 7. Very few studies have investigated the
prevalence of pcpA in S.p. isolates. Selva et al. obtained PcpA prevalence of 92.7% among
different serotypes while other researchers reported a prevalence between 2% - 80% among

serotype 1 strains only, collected from different continents 2117

3.8.3.4 Sortase anchore proteins (LPXTG proteins)

About 19 putative LPXTG proteins have been identified so far in pneumococci 8. However, a
previous study using an optimized biotinylation approach and shaving with trypsin beads
identified 16 LPXTG proteins in the genome of S. pneumoniae D39 *°, The LPXTG proteins
are also referred to as sortase anchored proteins because their attachment to the PGN cell wall
is catalysed by sortase *1°. Their role in adherence to host epithelial cells has been demonstrated
through experiments that deleted the sortase gene srtA.

In this in vitro experiment, it was observed that S. pneumoniae could not adhere to the
nasopharyngeal cells and caused the release of neuraminidase, a protein bound to the cell wall
120 Key members of the LPXTG group that play a role in virulence and adhesion include
hyaluronidase, neuraminidase (NanA), and protease PrtA, PavB, PsrP, and pili. The proteins
collectively breakdown certain host cell components thereby facilitating the adhesion of S.
pneumoniae to both nasal and lung epithelial cells. Neuraminidases (NanA, B, and C), are
associated with biofilm formation and AOM, in addition to causing direct damage to the host

through the cleavage of sialic acid from cells 4694121,

3.8.3.5 Pneumococcal adherence and virulence factor B (PavB)

PavB is a highly conserved protein that is convaently anchored to the PGN cell wall. PavB has
been characterized as an adhesin with about 150 amino acids making up one of each of its 5-9
Streptococcus Surface REpeats (SSURE) 22, Apart from playing a role in colonization PavB is
also known for interacting with fibronectin, plasminogen, and matricellular hTSP-1 in a dose-
dependent manner 2212, Further studies showed that in the absence of PavB transmigration
from the nasopharynx to the lungs is impaired 22, Jensch and colleagues were further able to
show that PavB is highly conserved and immunogenic. All the pneumococcal strains in their
study tested positive for PavB. Furthermore, under in vivo conditions, they identified an activity
between the SSURE repeats of PavB and patient convalescent patient sera confirming the

immunogenicity of PavB 122,
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3.8.3.6 Pneumococcal serine-rich repeat protein (PsrP)

A region of diversity (RD10) habours one of the largest surface proteins in pneumococci. The
pneumococcal serine-rich repeat protein (PsrP) which is made up of 4,776 amino acids 8. RD
10 is located within the 37 kb pathogenicity island (PAI) also called psrP-secY2A2. PsrP
comprises a long signal peptide containing 72 amino acids, a short serine-rich repeats (SSR1)
of 49 amino acids, and another large serine rich repeat region comprising of 4,319 amino acids
that attach to the PG cell wall 124, PsrP has been identified to be associated with invasive disease
and it is required for full virulence in pneumococci *?41%, PsrP also promotes pneumococcal
aggregation and adhesion to lung epithelial cells leading to IPD. In addition, antibodies raised
against PsrP protected mice during pneumococcal challenge 1?5127, It has since then being
identified as a potential vaccine candidate. Despite these evidences, limited data exist on the
prevalence of PsrP among pneumococcal isolates. A prevalence rate of PsrP ranging between
51.7% to 88% has been detected by different studies "7, Although data from these studies
showed that the PsrP is present in more than 50% of pneumococcal strain at a given time, it is

still important to determine if similar prevalence rates are present in newly emerging serotypes.

3.8.3.7 Pili

Pili are fibrous protrusions on the surface of pneumococci. They play an important role in the
virulence and pathogenesis of pneumococci. The pili are involved in adhesion to epithelial
cells, colonization, and also promote biofilm formation 2812, Two types of pili have been
identified in pneumococci and both are encoded by different pathogenicity islets. So far pilus
islet 1 (PI-1) encoded by the rIrA pathogenicity islet is present in <30% of all pneumococci
strains 1?8, Pilus islet 2 (P1-2) has been found in other closely related species such as S. oralis,
S. mitis, and S. sanguinis 18128, The initial identification of rlrA was in the TIGR4 strain ¥
The PI-1 islet spans a region of 12-kb comprising of a multicomponent structure that are
attached covalently to the PGN cell wall by sortases (SrtC-1, SrtC-2, and SrtC-3) *°. The islet
is made up of three structural proteins (RrgA, RrgB, and RrgC) and three sortases (SrtC-1, SrtC-
2, and SrtC-3). RrgB forms the backbone while RrgA is a major subunit and RrgC forms the
main bridge for anchorage %3, RrgA binds to fibronectin, laminin, and collagen I, but not to
vitronectin **2. The structure of RrgA has been solved by Izoré and colleagues in 2010 33, The
three sortase genes srtC-1, srtC-2, and srtC-3 are important for pilus assembly 2, Pilus islet 2
spans a 7-kb region and comprises of two structural proteins (PitA and PitB), two sortases
(SrtG1 and SrtG2) and signal peptidase-like protein (SipA) 3.
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PitB is indispensable for PI-2 formation as it contains major polymers necessary for the covalent
linkage to SrtG1. As such the presence of PitA and SrtG2 are not so important, however, the
role and function of SipA are unclear 3. Shaik and colleagues recently solved the crystal
structures of PitB and SrtG1 of PI-2 1. While PI-1 is found in approximately 30% of clinical
isolates, P1-2 is less expressed and therefore found in 16% of pneumococcal stains **°. The
expression of the pilus islet has been identified as a clonal property rather than serotype

associated 3713 This notwithstanding, some pneumococcal strains express both PI-1 and PI-2
139,140

The presence of this hair like structures on the surface of some pneumococcal strains contribute
to pneumococcal adherence to nasopharyngeal epithelial cells and thus supports their role in
establishing colonization 4%, PI-1 has been shown to enhance the spread of pneumococci from
the nasopharynx to other parts of the body. Again, PI-1 promotes the ability of piliated strains
to cross the blood-brain-barrier 8. Furthermore, pilli prevent phagocytosis by macrophages by
inhibiting the activation of complement factor 3 1. In a recent study, tumor necrosis factor
(TNF) was secreted in high quantities in response to piliated pneumococcal cells, suggesting its
role in initiating inflammatory response in host cells **°. Previous studies showed that mice
immunized with a recombinant protein of pilus subunits were protected during a pneumococcal
infection challenge '#2. Other studies detected serum antibodies against pilus antigens in
colonized and pneumococcus infected persons 142143, These preliminary observations led to the
targeting of the pilus as a potential candidate for protein-based vaccines

A Type IV-like pilus has been discovered and its main function has been linked to
transformation in pneumococci 44, The ComGC is the primary structural component of the
pilus and it is conserved in all transformable Gram positive bacteria including pneumococci 4.
This Type 1V-like pilus was present incompetent pneumococci, where the vital role in binding
and uptake of DNA from the external environment, a means by which pneumococci could

acquire resistance genes was demonstrated 144145,

3.8.3.8 Non-classical surface proteins (NCSPs)

The non-classical surface proteins are located on the surface of pneumococci even though they
do not possess a signal peptide or an anchoring motif 146, The mechanism by which they are
secreted and bound to the cell membrane is unclear 4 However, they are intracellular proteins

and functions within the pneumococcal cell 146147,
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The NCSPs also known as ‘moonlight proteins’ are characterized by their involvement in
adherence and invasion of host cells %146, Therefore, they constitute a new group of virulence
factors that are highly expressed in pneumococci #7148, The members of this family include
pneumococcal adherence and virulence factor A (PavA), glycolytic enzymes such as enolase,
and glyceraldehyde 3-phosphate dehydrogenase (GAPDH), 101147:148 These NCSP are highly
conserved in pneumococci and have been identified as potential constituents in future protein-
based vaccines. PavA binds to human fibronectin and is an important pneumococcal factor for
efficient attachment to host cells. GAPDH and enolase bind plasminogen and promotes host

tissue invasion 149151,

3.9 Treatment strategies and antibiotic resistance

Antibiotics have been used for many years to manage infections caused by bacterial pathogens.
In some instances, these antibiotic agents reduce bacterial load by inhibiting their growth or
even Kill the bacteria. Antibiotic resistance occurs when the bacterium does not respond
accordingly to a particular antibiotic. This can be seen in the continuous presence of the
bacterium despite the administration of an antibiotic followed by progression of the disease. In
some cases, the infection re-occurs and could be more devastating to the host. Antibiotic
resistance renders inexpensive first-line antibiotics ineffective and thus more costly antibiotics
are prescribed. Antibiotic resistance also leads to prolonged hospitalization with an associated

increase in health care cost and additional economic burden on families.

Penicillin was the first antibiotic to be discovered in 1928 by Alexander Fleming. Subsequently,
it became a drug of choice in treating bacterial infections including those caused by S.
pneumoniae. However, the frequent use and abuse of penicillin led to the emergence of resistant
pneumococci. The first penicillin-resistant pneumococci was identified in the late 1960s and
this strain originated from Australia '°2. Subsequently, penicillin resistance pneumococci strains
became more rampant, especially in the 1970s and 1980s. Currently, the spread of penicillin
resistance has been reported from different parts of the world %34 Following this
development, new antibiotics belonging to groups such as macrolides, fluoroquinolones and
other non-B-lactam antibiotics were introduced **°. Accordingly, resistance to these antibiotics

has been reported making antibiotic resistance a public health burden of global concern.
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The increase in antibiotic resistance globally has been attributed to a number of factors. The
key contributors to global antibiotic resistance was summarized by Chokshi and colleagues to
include the following (1) Lack of surveillance of resistance development, (2) poor quality of
available antibiotics, (3) clinical misuse, (4) ease of availability of antibiotics, (5) poor hospital-
level regulation and (6) excessive antibiotic use in agriculture **®. One dominant feature is the
overuse of antibiotics among humans and in agriculture. Studies have shown a correlation
between antibiotic consumption and the emergence and spread of antibiotic resistance %718,
Global antibiotic consumption increased from 50 billion to 70 billion standard units between
2000 and 2010, with penicillins, cephalosporins, and macrolides among the top three consumed
in 2010 *°,

Another factor fueling the growing antibiotic resistance in pneumococci is antibiotic selective
pressure. The extensive use and abuse of antibiotics eliminate susceptible pneumococci strains
while non-susceptible strains thrive and multiply. Additional factors influencing antibiotic
resistance include; young age, prolonged hospitalization, urbanization, clonal expansion of
resistant strains, spontaneous mutation, and acquisition of resistance genes *°>'%, Vaccination
against pneumococci has also been identified as a key driver of pneumococci resistance
especially in the era of PCVs. PCVs are expected to reduce the incidence of globally recognized
resistant clones, however, as this objective is achieved, reports of increase in antibiotic
resistance among NVT are of concern 62163, PCV vaccination has the tendency to exert
selective pressure thereby allowing non-vaccine type antibiotic resistant strains to emerge and
disseminate. To reduce antibiotic resistance through the regulation of antibiotic use, the WHO
established standard guidelines for antibiotic prescription and use. Thus, several individual
countries have tailored the WHO treatment guidelines to suit their country’s needs. However,
lack of adherence to treatment protocols coupled with ease of acquisition of antibiotics reported

in several countries across the globe rather compound the worrying trend in antibiotic resistance
156

3.9.1 Antibiotic surveillance

The detection and monitoring of antibiotic resistance are essential not only for patient
management but also to guide empirical treatment. It provides evidence also for the extent of
spread of globally identified resistance clones. In view of this, standardized detection and
interpretation of susceptibility test results must be adhered to, as this will allow comparison of

results between laboratories and between countries.
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Generally, most microbiology laboratories use protocols generated by the Clinical and
Laboratory Standards Institute (CLSI), the British Society for Antimicrobial Chemotherapy
(BSAC), or the European Committee on Antimicrobial Susceptibility Testing (EUCAST).

3.9.2 Mechanism of antibiotic resistance

3.9.2.1 Beta-lactam (p-lactam) resistance in S. pneumoniae

The B-lactam group includes penicillins, cephalosporins, and carbapenems. These agents have
the B-lactam ring as part of their core structure. Whereas penicillins have a five-membered ring
thiazolidine ring attached to the B-lactam, cephalosporins have a six-membered dihydrothiazine
ring 164,

Penicillin resistance has spread across the globe and currently high rates have been reported
from many developing countries in Africa and Asia %% However, p-lactams are still a drug
of choice for treating pneumococcal infections. These drugs are cell wall acting as they prevent
cell wall synthesis by binding to penicillin-binding proteins (PBPs). So far, 6 PBPs have been
identified in pneumococci. These are pbps 1a, 1b, 2x, 2a, 2b, and 3. However, alterations in the
transpeptidase domain of 3 (pbp 1a, 2x and 2b) out of the 6 pbps reduce the affinity of penicillin-
binding and hence lead to penicillin resistance in pneumococci 1%°. The sequence of the pbp
genes in susceptible pneumococci appears to be well conserved, while those in the non-
susceptible strains are more diverse and exhibit a mosaic structure 7. The mosaic structure
showing differences at the DNA level is a result of the acquisition of resistance genes from
other commensal Streptococci, especially S. mitis and S. oralis %, These commensals are
implicated in donating resistance genes to pneumococci. When pneumococci acquires these
genes through transformation, they insert them into chromosomal DNA through genetic
recombination events. Low-level B-lactam resistance is associated with changes in pbp2b and
pbp2x. Alterations in pbpla, or a combination of altered pbpla, 2b, and 2x are responsible for
high-level resistance to penicillin and cephalosporins %, Therefore, molecular detection of -
lactam resistance has been based on the amplification of different portions of the transpeptidase
domain and in some cases, the gene sequences have been analyzed to determine the genetic
basis for this resistance 1’171, Other researchers have also designed primers targeting the highly

conserved pbp domain in susceptible strains 8172,

36



INTRODUCTION

Another gene that has been identified to be involved in -lactam resistance is the murM gene.
The murMN operon encodes for the MurM, which is responsible for the branched structure of
the muropeptides in the pneumococcal cell wall 173,

When murM is inactivated in the presence of penicillin, the synthesis of the cell wall is inhibited
resulting in linearized muropeptides instead of branched ones. Alterations in murM have been
shown to cause high-level resistance to penicillin and cephalosporins °

3.9.2.2 Macrolide resistance in S. pneumoniae

The macrolide group of antibiotics includes erythromycin, clarithromycin, and azithromycin.
These compounds have a large 14 to 16 membered lactone ring attached to deoxy sugars.
Macrolides are bacteriostatic and prevent protein synthesis in bacteria. They do so by attaching
to the 23S ribosomal RNA (rRNA) component of the large 50S ribosomal subunit.

This interaction leads to an interruption in protein elongation. Eyrthromycin was the first
macrolide to be discovered and subsequently used in the 1950s to treat penicillin-resistant
infections. Their extensive use in the treatment of respiratory infections globally underpins the
evidence of increased macrolide resistance registered in different parts of the world such that
there are equal if not more, erythromycin-resistant strains as penicillin resistance ones 8%,
Erythromycin and azithromycin resistance have been reported with regional variations ™. In
Europe the prevalence of erythromycin and azithromycin resistance was 23% between 2015
and 2016 17>, The rates from North America, Latin America, and Asia Pacific were 44%, 27%,
and 45% respectively 1>, However, macrolide resistance is quite low on the African continent
25 Apart from the overuse of macrolides, PCV vaccination and acquisition of mobile genetic
elements that confer resistance are key drivers of the epidemic of macrolide resistance 174176,
Two major mechanisms facilitate macrolide resistance in S. pneumoniae namely target

modification and active efflux pumps.

Target modification

Target modification is mediated by the ermB (erythromycin-resistance methylase) gene. This
gene encodes a methylase that methylates 23S rRNA resulting in a conformational change in
the ribosomal target site, which then impairs antibiotic binding. The ermB gene does not only
confer resistance to macrolides but also lincosamides e.g. clindamycin and streptogramin B
resulting in a phenotype known as MLSg (macrolide, lincosamide, streptogramin B type ). This

phenotype is responsible for high-level resistance in pneumococci 7.
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The expression of this phenotype can be expressed constitutively (cMLSg) or induced (iMLSg)
in pneumococci. Apart from the ermB which occurs commonly in pneumococci, other erm
subclasses like ermA and ermTR that were identified in Greece and Italy, respectively, occur
quite sparingly 1'"178, Furthermore, the transposons belonging to the Tn916 family have been
implicated in ermB resistance in pneumococci. These transposons can carry ermB alone and in
some cases together with tetM in their genetic composition and introduce them into

pneumococci %,

Active efflux pump

Unlike ermB mediated resistance which is common in Asia, Africa, and Europe, efflux mediate
resistance mostly involving macrolide efflux genes mefA/E have been associated with UK,
North, and Latin Americas 1’*. However, there are reports from some Asian and Latin American
countries indicating the carriage of both ermB and mefA/E genes among certain pneumococcal
strains 174, These mef genes produce an efflux pump that actively prevents and controls the entry
of antibiotics into the pneumococci. They confer low-level resistance among 14-15 membered
macrolides and not to lincosamides or streptogramin B . Both mefA and mefE share 90%
similarity in sequence identity whereas the recently identified mefl does not bear much
resemblance to mefA/E 1’°. To determine the genetic basis for macrolide resistance, primers are
designed to target the most frequently occurring genes e.g. ermB, mefA, and mefE ¥, PCR
reactions targeting these genes provide a better understanding of the molecular mechanisms of

macrolide resistance.

3.9.2.3 Fluoroquinolone resistance in S. pneumoniae

Fluoroquinolones are broad-spectrum, synthetic, and bactericidal. They comprise of two joined
rings attached to a 4-quinolone and a fluorine atom. They exert their antibacterial properties
through the interruption of DNA separation and duplication. Typically, they impair DNA
synthesis by targeting DNA gyrase (GyrA/B) and topoisomerase 1V (ParC/E) which are
essential for DNA coiling and chromosome separation 8. Some brand names include
ciprofloxacin, levofloxacin, and moxifloxacin. These drugs are prescribed in situations of -
lactam or macrolide resistance. Hence the incidence of fluoroquinolones resistance in
pneumococci is low (<2%), even though high resistance rates have been reported in other
bacteria 182183 Molecular analysis shows that spontaneous point mutations in the gyrA (gyrase)

and parC (topoisomerase V) region known as the quinolone resistance determining regions
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(QRDR), are the main mechanisms of resistance in fluoroquinolones 84, However, mutations
at positions 79 and 83 in the ParC gene are related to ciprofloxacin and levofloxacin 8.

Another mechanism associated with low resistance to fluoroguinolone is the efflux pump,
controlled by pmrA and patA/B. Although the role of the efflux pump in fluoroquinolone
resistance remains unclear, some reports show its association with increased mutations in the
QRDRs 18, Because the prevalence of fluoroquinolone resistance is low, very few studies have
gone beyond the conventional culture-based fluoroquinolone susceptibility testing to determine
the genetic basis of fluoroquinolone resistance. Some researchers have studied the genetic basis
for fluoquinolone resistance among clinical isolates collected over some time 818 Most of
these studies were based on PCR techniques using primers designed to target gyrA, gyrB, parC,

park, patA, and patB genes.

3.9.2.4 Tetracycline resistance in S. pneumoniae

Tetracycline is a broad-spectrum, bacteriostatic antibiotic discovered in the 1940s. It is
characterized by its classical four-membered hydrocarbon rings attached to different functional
groups. Tetracycline was very useful in the past against many different infections and thus it
was widely used among humans and also in veterinary medicine %, This has led to the
phenomenal tetracycline resistance seen not only in pneumococci but also in other bacteria 87,
Currently, tetracycline is the recommended drug for treating adult lower respiratory infections
in Europe 88, Tetracycline resistance ranged from 20% in North America to 44% in Asia Pacific
countries 1>, However, combined data from Africa rates tetracycline resistance at 51% even

though individual countries have reported higher rates .

Similar to other aminoglycosides, tetracyclines inhibit protein synthesis by binding to the 30s
ribosomal subunit. When this happens, the aminoacyl tRNA is unable to bind to the mRNA
translation complex resulting in a disruption of the protein synthesis process. In order to survive,
the pneumococcus has devised three unique mechanisms to escape the bacteriostatic effect of
tetracyclines. Tetracycline resistance in pneumococci has been mainly through active efflux,
ribosomal protection, and enzymatic drug inactivation 8’. However, active efflux is the most
common mechanism. Pneumococci actively pumps tetracycline out of the cell in order to reduce
tetracyclin cytoplasmic concentrations. To further escape the pressure of tetracycline, the
pneumococcus acquires tet genes that reduce the affinity of antibiotics to bind to the 30s

ribosome 123,
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The tetM and tetO have both been identified in pneumococci with the latter rarely detected.
Pneumococci acquire these genes located on mobile genetic elements (transposon) of the
Tn916-Tn1545 family via transformation. Some of the transposons in this family also carry the
ermB gene and hence recent studies have identified erythromycin and tetracycline co-resistance
especially where transposons were involved 8°,

The detection of tet genes and their associated transposons have formed the primary basis of
understanding the genetic basis of tetracycline resistance. Primers have been used to amplify
these resistant genes in pneumococci, and in some instances, they have been predicted through

in silico analysis 19019,

3.9.2.5 Chloramphenicol resistance in S. pneumoniae

Chloramphenicol (Cm)was first discovered in 1946 and chemically synthesized for use in 1949.
Like other aminoglycosides, Cm interferes with protein synthesis by binding to the 23S rRNA
complex of the 50S ribosomal subunit. This bacteriostatic, broad-spectrum antibiotic has been
used in the treatment of invasive disease including meningitis *°2. Although the routine use of
Cm has declined in recent years due to its adverse side effects, it is used in situations where
pneumococcal strains exhibit resistance to commonly used antibiotics. Hence the Cm resistance
rates in pneumococci remain low although one study found a MIC of >4 pg/ml indicating Cm
resistance in pneumococci isolated from children in Papua New Guinea 1%,

Three main means of Cm resistance have been identified in pneumococci. The predominant
mechanism is through the acquisition of chloramphenicol acetyltransferase (Cat) encoded by
the cat gene. The cat gene inactivates Cm via acetylation and therefore prevents it from
accessing the ribosomal binding site. The cat gene conferring high-level resistance is also
carried on Tn5253 conjugative transposon, which has also been associated with tet genes %4,
Plasmid-mediated Cm resistance was detected in pneumococci in 2000 %, The cat carrying
plasmid pC194 was initially identified in S. aureus and later detected in S. pneumoniae . Two
other mechanisms confer low Cm resistance. One through reducing membrane permeability to
Cm and the other by a mutation in the 50S ribosomal subunit, however, the latter rarely occurs.
Whole-genome analysis of pneumococcal strains has led to the detection of cat genes and in

some other studies, the presence of the cat gene has been shown through PCR methods $91:1%,
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3.9.2.6 Cotrimoxazole resistance in S. pneumoniae

Cotrimoxazole (Cot), first commercialized in 1974, is a combination of two drugs;
trimethoprim (TMP) and sulfamethoxazole (SMX). Cotrimoxazole is made up of one part TMP
to five parts of SMX and this combination is mostly administered together. Cotrimoxazole is
one of the essential drugs recommended by the WHO as it has proven to be generally effective,
safe, and inexpensive.

Cot has been used in the treatment of a variety of disease conditions including pneumococcal
disease, particularly in children. Similar to other antibiotics cotrimoxazole has been extensively
used in several parts of the world especially in Africa and hence there has been a dramatic
increase in cotrimoxazole resistance in recent years. Cot resistance rates in pneumococci range
from 19% in Europe to > 50% in Asia and Africa . One reason for this high resistance in
Africa has been to the use of Cot for prophylaxis in HIV infected persons **71%, Another reason
is that many countries in Africa previously used sulfadoxine-pyrimethamine (SP) a close
relative of Cot, in the treatment of malaria. Reports show a correlation between the use of SP
and Cot resistance in pneumococci %°.

TMP and SMX act in synergy to inhibit folate synthesis by competitively blocking the enzymes
dihydrofolate reductase (DHFR) and dihydropteroate synthase (DHPS) which are essential in
the biosynthesis of folate. Cot resistance in pneumococci have been identified to arise from
mutations in the folA and folP, the genes encoding for DHFR and DHPS respectively 2%,
Mutations in folA occur through a single substitution of Ile-100-Leu in DHFR which is linked
to TMP resistance. SMX resistant pneumococci strains have shown a 3 or 6 bp insertion in the
folP gene resulting in changes in the conformation of the DHPS SMX binding site. Recently,
Cornick and colleagues found a new Cot resistance genotype among pneumococcal strains from
Malawian children. They showed an Asp-92-Ala substitution without the normal lle-100-Leu
substitution in DHFR 2%, Despite the high level of Cot resistance reported across the world,
very few studies have determined the genetic basis for this resistance. Studies that did so used
either conventional PCR to amplify the folA and folP genes plus sequencing or performed in

silico analysis for whole-genome sequenced strains 2%° 201,
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Figure 3.5:  Antibiotic introduction and year of first identification of resistance

Schematic diagram of antibiotics showing the period of antibiotic introduction and the year in
which resistance was first identified. PCV: pneumococcal conjugate vaccine, MDR: multidrug
resistant. Above the arrow: shows the various antibiotics and PCV types and periods in which
intervention. Below the arrow: shows the year in which resistance towards the different
antibiotics discovered 6°,

3.9.2.7 Resistance to other antibiotics

As a result of the growing resistance of pneumococci to commonly used antibiotics, some other
antibiotics have been recommended for use in instances of treatment failure. One such drug is
vancomycin, a glycopeptide which works by inhibiting cell wall synthesis. To date, there are
no reports of vancomycin resistance pneumococci, however, some studies have reported
vancomycin-tolerant pneumococci (VTP) which has led to treatement failures 202203,
Vancomycin tolerance means the pneumococci can survive but without replication during
vancomycin treatment but can resume growth activities when treatment is over. Antibiotic

tolerance also contributes to pneumococci resistance.

Clindamycin belongs to the group of lincosamides and similar to macrolides, they bind
reversibly to the 50S rRNA of the ribosomal subunit thereby blocking the protein synthesis
process. This drug is recommended for the treatment of pneumococcal infections and as an
alternative drug in persons with B-lactam intolerance. Although clindamycin is primarily

bacteriostatic, it can give the pneumococcus when given in higher doses.
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Although not common, clindamycin resistance is mediated through methylation of ribosomal
RNA similar to what is seen in erythromycin resistance 2°4. By extension, the ermB gene confers
high-level resistance to lincosamides and streptogramins known as the MLSg phenotype.
Clindamycin resistance can either be constitutive or induced. Inducible clindamycin resistance
(iIMLSg) is determined by the D-test prescribed by the CLSI or the single well combination test
shown in other studies 2%, In both methods, erythromycin and clindamycin are placed
together ina well or in close proximity on an agar plate. The presence of growth in the combined
well or the flattening of the clindamycin zone adjacent to the erythromycin disc indicated the
IMLSg phenotype. Hence, these strains are deemed resistant to both erythromycin and

clindamycin.

Linezolid is one of the newest antibiotics which was made commercially available in 2000. It
is mainly used in nosocomial and community-acquired pneumonia therapy. Belonging to the
oxazolidinone group, its mode of action is through binding to the 50S ribosomal subunit thereby
inhibiting protein synthesis. There are no reports of linezolid resistance pneumococci partly

because it is fairly new, given intravenously, and has not yet gained widespread use 3,

3.9.2.8 Multidrug resistance in S. pneumoniae

Multidrug resistance (MDR) in pneumococci is characterized by resistance to three or more
classes of antibiotics. Pneumococcal strains that demonstrate MDR generally are resistant to -
lactams, macrolides, tetracyclines, and cotrimoxazole. Resistance to the fluoroquinolones and
the other classes of antibiotics in MDR strains is less common. However, there are reports of
extensively drug-resistant (XDR) pneumococci in different parts of the world 297208,
Surveillance data from 2015 to 2016 collected from across the globe show MDR rates of 39.2%
in Asia, while the rate remained at 10% in Europe and Latin and North America 2%, However
varying MDR rates have been reported from the African continent 20%-211,

The global dissemination of resistant pneumococci is of major concern and this formed the
basis for the establishment of the Pneumococcal Molecular Epidemiology Network (PMEN) in
1997. They aimed to characterize and maintain surveillance on globally disseminated drug
pneumococcal strains 22, This network has readily available data on 43 drug-resistant strains

circulating globally.
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In spite of the geographical differences in the distribution of resistant strains, it has been
established that the majority of MDR strains are genetically related 23, In addition, certain
serotypes have been linked to MDR depending on their geographical location. In Europe, MDR
has been detected among serotypes 1, 14, 15A, 19A, 19F, and 23F, in North America 15A, 15B,
15C, 22F, 23A, 33F, and 35B, while in Asia and Africa 11A, 15A, 19A, 19F and 19A, 19F
respectively 0, Although PCV vaccination is expected to reduce the burden of drug-resistant
pneumococci, the current development of MDR in non-vaccine serotypes remains a major

concern.

3.10 Detection and identification methods of S. pneumoniae

Before the advent of serological and molecular techniques, conventional microbiological
methods were used to identify S. pneumoniae. Molecular methods have been employed to
confirm and detect S. pneumoniae directly from biological samples 24, A research group
recently described the Xisco gene which is unique to S. pneumoniae as an effective biomarker
for differentiating pneumococci from its close relatives 2. Furthermore, some conserved
pneumococcal genes such as IytA, ply, and 16S rRNA have been used in PCR reactions to
further detect and confirm S. pneumoniae. Serological methods permit the rapid detection of
pneumococci directly from biological samples. An example is the use of the Pastorex latex
agglutination kit to confirm pneumococcal infections using cerebrospinal fluid 26,

The advancement in clinical laboratory practice has witnessed the use of Matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) to distinguish S.
pneumoniae and other Streptococci 2. More than 90 different serotypes ° have been identified
and therefore it is important to go beyond confirming only the presence of pneumococci but
rather progress to monitor the different serotypes involved in both invasive and non-invasive
diseases. Moreover, serotyping provides data for a better understanding of pneumococcal
epidemiology as well as the impact of pneumococcal vaccination. Phenotypic techniques have
been used in the past for serotype determination, however, newer genotypic methods have been

introduced to complement and address major challenges identified with the former.
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3.10.1 Phenotypic methods for serotyping S. pneumoniae

3.10.1.1 Quellung reaction

The Quellung reaction remains the gold standard for serotyping the pneumococcus. This highly
sensitive and specific method was first described by Neufeld in 1902 28, Antibodies of specific
serotypes were raised in rabbits and the rabbit antisera were used to individually screen for
possible serotypes within a pneumococcal population. A positive Quellung reaction viewed
under a microscope is characterized by a classical swelling of the pneumococcal strain when
there is specific binding between the antibodies and the pneumococcal capsule. This method
has limitations which include: expensive antisera, inability to detect multiple serotypes in a
given sample, and labour-intensive. Nonetheless, the Quellung reaction stands as the method to

which all other serotyping methods are compared.

3.10.1.2 Latex agglutination method

This method also uses antisera raised in rabbits, however, it appears less laborious, accurate,
fast, and laboratory personnel do not require special expertise to perform this test. It is possible
to detect 46 pneumococcal serotypes with this method. However, in the 1990s, the chessboard
system (Pneumotest-latex) was introduced by the Statens’ Serum Institute in Denmark.

The Pneumotest-latex identifies serotypes included in the PPV23 and PCV7-11 vaccines %°.
Pooled rabbit antisera coated on the surface of latex beads are mixed with a fresh pneumococcal
culture. The presence of agglutination with a particular pool indicates the presence of
pneumococci specific to serotypes contained in that pool of antisera.

3.10.1.3 Immuno-assays

Immuno-assays such as dot blot, enzyme-linked immunosorbent assay (ELISA) and flow
cytometric methods have been suggested as alternatives to the Quellung reaction. However, the
short shelf life, cross-reactivity, extended length of time coupled with the requirement for
special equipment, and training makes it a less preferred choice. With the dot blot method,
pneumococcal cell lysates are blotted onto nitrocellulose membrane, incubated with specific
antisera raised in rabbit or mouse, and visualized with a tagged-secondary antibody. However,
the ELISA method relies on producing high antibody titres of cps specific antiserum raised in
rabbits to detect pneumococcal antigens from biological samples including serum, urine, and
nasopharyngeal swabs 22°. Another method that allows the direct serotyping of pneumococci
from biological samples is based on flow cytometry.
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Here, beads are coated with cps specific monoclonal antibodies and are allowed to bind freely
or competitively to pneumococcal antigens present in the test sample. A secondary antibody is

added and the final results are measured by the flow cytometry 221:222,

3.10.2 Genotypic methods for serotyping S. pneumoniae

In 2006, Bentley and colleagues made public the nucleotide sequences of cps loci of 90 different
serotypes . Their study provided the foundation for molecular serotyping. Most of the
proposed genotypic methods have primers designed to target the cps loci specific for each
serotype. One commonly used genotypic method is a PCR based serotyping. Genotypic
methods using molecular techniques have proven to be cost-effective, easy to use, offers quick

turn around time and large samples can be processed in batches.

3.10.2.1 Multiplex PCR (mPCR)

This method was initially designed to simultaneously identify 40 different pneumococcal
serotypes 222 however the Streptococcus laboratory of the CDC has presented an updated
version that allows up to about 70 serotypes to be detected 22, About 8 reactions are set up,
where a set of 4-5 primers are included in each reaction tube using DNA extracted from the
pneumococcal strain of interest as a template. These primers target the wzy or wzx genes located
within the cps loci. The reaction mix is placed in a thermocycler with specific conditions after
which the PCR fragments are visualized in 2% agarose gel. The amplicon sizes are compared
to established sizes that correspond to particular serotypes. This method is not only suitable for
cultured bacteria but can also be employed directly on biological samples 2°22°, The high cps
sequence homology among closely related serotypes limits the rapid development of additional
primers, some studies have published the sequences and use of additional primers to distinguish
between serotypes within the same serogroup or closely related serotypes like in the case of

serogroup 6, serotype 22F and 33F 226:227,

3.10.2.2 Real-time PCR (RT-PCR)
Real-time PCR (RT-PCR) has been designed to allow the direct detection of pneumococci
capsular types from biological samples. This highly sensitive method allows for the detection

of 35 serotypes with the use of specific probes 22,
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Pimental and colleagues have recently developed a triplex RT-PCR method for detecting 21
serotypes including those present in PCV 13 22°, RT-PCR is less time consuming, provides
quantified results, and works perfectly on culture-negative specimen. However, a RT-PCR
machine and expertise are needed to successfully use this method. In 2014, Dhoubhadel et al.
described the suitability of the novel nanofluidic RT-PCR to identify 50 different serotypes %*°.
Although it provides high-throughput data, it lacks the ability to distinguish between closely

related serotypes within a serogroup and overall, the nanofluidic RT-PCR machine is expensive.

3.10.2.3 Sequetyping

This is a sequence-based method first described by Leung and colleagues in 201223, It uses a
single primer pair in one PCR reaction to amplify a targeted portion of the cpsB loci. The
resulting PCR fragment is sequenced and analysed via a computer-based algorithm. This in
silico analysis compares the test sequence with a reference sequence 2. This method seems to
be simple however, the specificity rate of 85% is low when compared to other methods. One
explanation could be that the chosen cpsB locus is not specific enough. This was confirmed by
the poor performance of this method to detect a wide range of pneumococcal serotypes when
compared to conventional mPCR and whole-genome sequencing 2*2. To address this poor
performance, the PCRSeqTyping was recently described by a research group from India 2.
They proposed a second step of PCR to the conventional Sequetyping. The second step
identified serotypes which could not be detected in the first PCR and sequencing step. They
report that homologous strains mostly undectable in the first step were identified in the second
step. However, a very small collection of isolates (28 isolates) was used in their study, and

perhaps the results may vary when this technique is applied to a larger strain collection.

3.10.2.4 Microarray

A microarray scanner is used to visualize the signals generated when a labeled pneumococcal
DNA is added to an array chip designed with specific probes to target the wzx and wzy genes
with 12 polymorphism 234, The microarray can identify 23 different serotypes in addition to
assigning other 24 serotypes to various sub-groups 2. This method can give further information
about the biochemical composition of the capsule in addition to the detection of multiple
serotype presence within a sample 2*°. Although this method has the above advantages, it

requires well-experienced personnel and the provision of a microarray scanner.
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3.10.2.5 Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry
(MALDI-TOF MS)

The new member to join the group of serotype detection methods is MALDI-TOF MS. This

relatively new and emerging technology has been successfully used to serotype pneumococcal

strains 2237, However, Ercibengoa and colleagues pointed out some discrepancies when they

attempted to validate the findings of the two initial studies. They think MALDI-TOF MS is not

yet a valid technique to be used in serotyping the pneumococcus 23,

3.11 Molecular typing of pneumococci

Several molecular typing schemes have been used over the years to study the epidemiology of
pathogens. These schemes further provide an understanding of pneumococcal epidemiology.
The applied methods provide detailed insights into understanding the dynamics of clonal spread
particularly during outbreaks, tracing the route of infection transmission, and analysing the
evolutionary changes accompanying interventions such as vaccination. Widely used methods
include DNA fingerprinting and sequence-based methods.

3.11.1 DNA fingerprinting methods

The methods used here which include Pulsed Field Gel Electrophoresis (PFGE), Penicillin
Binding Protein (PBP) Fingerprinting, BOX-PCR, Restriction Fragment Length Polymorphism
(RFLP), and Amplified Fragment Length Polymorphism (AFLP) and are based on a
combination of PCR amplification followed by digestion of the PCR fragments with restriction
endonuclease enzymes. The fragment sizes are then compared after gel electrophoresis.

3.11.2 Pulsed-field Gel Electrophoresis (PFGE)

Pulsed-field Gel Electrophoresis (PFGE) has been widely used globally and was previously
pronounced as the gold standard for typing different microorganisms 2%, It uses the principle
of digesting the total extracted DNA with the restriction enzyme Smal. The digested DNA
products are then electrophoresed on a gel in a non-homogeneous electric field device for close
to 20 hrs. The gels are visualized under UV light to identify the various fragment sizes and the
fragment patterns generated are compared between strains and assigned to groups based on

levels of similarity.

48



INTRODUCTION

In most cases, isolates were considered unrelated when they differed by more than 3 bands.
This method is particularly useful in analysing outbreaks. Although with careful controls, the
experiment can be reproduced in different laboratories, the comparison of fragment sizes on
gels is not optimal and the obtained data is not portable. In addition, it does not allow the
comparison of DNA sequence data of similar isolates between different laboratories. Again,
there is no consensus nomenclature and the dilemma of whether fragment sizes in two isolates
are representative of the same pieces of DNA remains. To address these shortfalls, improved
methods like MLVA, MLEE, and MLST were developed.

3.11.3 Multiple-locus variable number tandem repeat analysis (MLVA)

This method combines the accuracy of MLST with the high discriminatory effectiveness of
PFGE 2. A PCR reaction is set up using primers designed targeting the variable-number
tandem repeats loci. The fragments are visualized on a gel to estimate the number of repeats at
each locus. The repeats are classified into clonal complexes and MLVA types which can be
compared to MLVA types (MT) in the MLVA database. Although MLVA seems to have a
higher discriminatory power over MLST, the MLV A database does not provide full support
and services as the MLST database. Besides, this method is used less frequently so the
contribution of data to the database is limited. Due to the high rate of recombination in
pneumococci DNA over time, this method is not suitable in establishing genetic relationships

except for closely related strains 224,

3.11.4 Multilocus enzyme electrophoresis (MLEE)

MLEE has been used to study the population genetics of different microorganisms. It is the first
genetic method to be used for such studying the global spread of infections from specific
genotypes. Hence it provided a better understanding of the genetic relatedness and structure of
these organisms. It used between 15-30 different enzymes to assess the electrophoretic
mobilities of genes encoding these enzymes 2. Despite the high discriminatory power and the
ability to examine a greater proportion of the pneumococci genome, this method has been met
with major setbacks that have led to a decline in its use in later years. Among these setbacks is
e.g. the inability to detect changes at the nucleotide level and hence it is considered as a
phenotypic rather than a genotypic test. Again, there are technical challenges with MLEE and
that adversely affects reproducibility and comparison of results between laboratories.

49



INTRODUCTION

3.11.5 Multilocus sequence typing (MLST)

This approach comes as an improvement of MLEE even though the discriminatory power is
lower. It was first described by Maiden and colleagues in 1998 242, They used this method to
describe in detail the genetic relatedness of hypervirulent lineages of N. meningitidis. It has
been used in subsequent years to describe the population structure and epidemiology of other
bacteria including pneumococci. Unlike MLEE which uses a large number of enzymes, MLST
focuses on the unigque sequences of seven housekeeping genes, each having between 400-500
bp. The selected housekeeping genes are amplified in a PCR reaction and sequenced. The
sequence variation of each gene is considered a distinct allele. The combination of the different
alleles makes up the allelic profile or sequence type (ST) of the isolate. Isolates with identical
STs are grouped into the same clonal complex (CC). Unlike MLEE, MLST can detect changes
at the nucleotide level, results can be reproduced easily, data portability and comparison
between different laboratories are added advantages *3. Data generated from MLST can be
uploaded into the publicly available database 2*4. This allows for unlimited access and
comparison of sequences with other genes submitted from different countries across the globe.
The database also provides access to third-party tools for data analysis. This typing method has
been used extensively for all its noted advantages, however, it is less discriminatory compared
to other typing methods when used in local outbreak investigations. To address this limitation,
there have been proposals to sequence virulence genes or better still, use next-generation

sequencing methods like whole-genome sequencing (WGS).

3.11.6 Next-generation sequencing and whole-genome sequencing (WGYS)

The rapid decline in the cost of WGS has triggered an increase in uptake and utilization of WGS
to resolve the limitations of existing molecular typing methods 23224, This method provides far
more details in the genomic analysis of pneumococci. Furthermore, it allows for rapid and easy
detection and understanding of localized outbreaks. This method has been successfully used in
clinical settings to unravel the causative agents, their genetic relatedness, and transmission
routes 2%, There are reports of variations in methodologies employed across different WGS
platforms, however, the recent proliferation of analytical softwares that harmonizes the data
generated from these platforms could ameliorate this challenge 2*5. This method tends to
provide extensive information from a single strain than would other typing methods. WGS has
been used to predict the presence of virulence genes, determine the genetic basis for antibiotic
resistance, clonality, and genetic relatedness of globally collected strains 201:247:248,
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3.12 Objectives of this study

In 2012, Ghana began the implementation of PCV13 across the country. The PCV13 vaccine
was introduced into childhood immunization under the expanded program for immunization
programme. This move was to reduce the burden of invasive pneumococcal disease among
children less than five years. Like many developing countries, Ghana prior to 2012 recorded
higher pneumococcal disease morbidity and mortality among young children. In the absence of
invasive pneumococcal disease surveillance in Ghana, data on the burden of the pneumococcus
has been measured by proxy through the carriage studies. Pre-vaccination pneumococcal
carriage rates ranged between 34% and 49% in 2011. In addition, these data showed high
resistance to penicillin and other antibiotics. In order to understand the dynamics of
pneumococcal disease as well as assess the impact of PCVs, disease surveillance, and or
carriage studies are recommended. However, six years after PCV13 was introduced, data on

the pneumococcus in the post-vaccination era remain limited.

Aiming to understand the epidemiology of the pneumococcus in the post PCV era, we designed
and carried out a carriage study. Pneumococcal isolates from children less than five years of
age were taken through molecular characterization. This process provided details on the
pneumococcal serotypes circulating in the population thereby providing data to assess the
occurrence of serotype replacement. In addition, multilocus sequence typing was used to study
the clonality and genetic relatedness of these strains when compared to globally disseminated
strains. This typing method also provided the basis to determine whether the phenomenon of
capsular switching has occurred. As the quest for protein-based vaccines that could offer cross-
protection irrespective of serotype remain high, we sought to determine the prevalence of some
proposed vaccine candidates among the pneumococcal strains. Pneumococcal proteins such as
PcpA, PsrP, PavB, LytA and the two pilus islets (P1-1 and P1-2) in pneumococci were analysed.
Again, PCVs are expected to reduce the burden of antibiotic resistance among pneumococcal
isolates. To monitor this the susceptibility of isolated strains to different classes of antibiotics
was determined. Because pre-vaccination data reported high antibiotic resistance among
pneumococcal strains, we aimed at examining the prevalence of selected resistance genes. In
this way, a better understanding to the molecular basis for antibiotic resistance among these
strains was reached. Hence, the above steps and aims resulted in the generation of data that
describe the pneumococcal epidemiology among Ghanaian children in the post PCV era.
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4. Results

4.1 General overview

This section describes the results obtained from the pneumococcal carriage study five years
after the introduction of PCV13 in Ghana. Findings from the field, microbiological
identification, and characterization of pneumococcal isolates are reported. Results are presented
in tables and graphs and the results presented here have the ultimate aim of understanding the

changing epidemiology of the pneumococcus in the post PCV13 era.

4.1.1 Description of the study area and population

This study was conducted in the Cape Coast Metropolitan Assembly (CCMA), which is one of
the 260 Municipal and District Assemblies (MMDAS) in Ghana. CCMA is part of the 22
MMDA: s in the Central Region of Ghana, of which Cape Coast is its administrative capital. The
CCM stretches over an area of 122 square kilometres making it the smallest metropolis so far
in Ghana. It is located on longitude 1°15'W and latitude 5°06'N. The metropolitan is bounded
on the south by the Gulf of Guinea, west by Komenda Edina Eguafo /Abrem Municipal, east
by the Abura Asebu Kwamankese District, and north by the Twifo Hemang Lower Denkyira
District. Based on data from the 2010 national population and housing census, the CCMA has
a total population of 169,894 with 82,810 (48.7%) and 87,084 (51.3%) being males, and
females, respectively (http://www.ghanadistricts.com/). In addition, children of 0-9 years
accounted for 32,403 (19.1%) of the entire population. The major economic activity of the
people is farming for those living in the northern part of the metropolis while those at the
southern part engage in fishing.

55



RESULT

‘l A
{ y -
Vo NPT
a - t
UPPER SAENCYRA v
v EarY ?

3
i ASHANTI ; 7
Ouse N :;A’;’f_‘fu('gj ?
/ NS
4 EASTERN G 8

UPPER DENCYIRA
AST MUNCPALITY

ASEN NORTH
MUNICPALITY
B v Tone
ASHUNA | NOCRA £y GREATER ACCRA
Tet Mo 4 COCOEN - BRVAOWA | WEST |
" MANCIFALTY ARUTU
e— Moo | sEwva
e »
£ - | b S
4 ASSIN SOUTH . - B
) A -
TWIFO MEMAN Aol 48— GOMOA EAST
LOWLE DUNKYSRA A
" ARMAXD | Gyt Lo
s ENYAN ESM [ GONOA WEST
Adbera .
WESTERN Foved 7 g =
ADUA AZLNS. NFANTSRMAN
[ MACHALITY
o g prrm
%
OMENCGAEDNA
DOUAFO ADEIEM ok 7'«..:.- Legend
MUNCE here @ Deviz Capaat
3 Guil'of Guinea 1] SedyAvess
0 10 20 40 . Dt BOunCary
A
o Regona Bouncary

Figure4.1:  Cape Coast metropolitan assembly (CCMA) in regional and national context

Study area in pink colour with the lable C.C.M.A. Central region is in beige colour.
Source: Department of Geography and Regional Planning, UCC, 2011 2%°,

4.1.2 Description of study sites

This study was conducted in February 2018 at selected public and private schools in addition
to public immunization clinics. The public schools were selected from a list of schools obtained
from the Central Regional office of the Ghana Education Service in Cape Coast. The schools
were grouped under the Cape Coast south and Cape Coast north constituencies respectively. In
the former, there were 3 circuits which included Aboom, Bakaano, and Cape Coast. Effutu and
Pedu/Abura circuits belonged to the Cape Coast North constituency. Both private and public
Kindergartens were included in this study. The immunization clinics include Kwaprow,
Akotokyire, Amamonma, Bakaano, Ewim health centers, and the University of Cape Coast

child welfare clinic.
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4.1.2.1 Recruitment from the kindergartens

A letter of introduction from the Ghana Education Service (introducing the researcher and her
team), the study document, and an approval letter from the ethical review board were presented
to heads of private and public kindergartens within the CCMA. When a school expresses
interest to participate in the study, a scheduled meeting was organized between the school
authorities, the parents of the children, and the research team. In these meetings, the objectives,
as well as risks and benefits of the study were explained to parents and school authorities.
Parents were also allowed to ask questions and encouraged them to voluntarily allow their
children to participate in the study. Informed consent forms were given to each child from the
kindergarten to be completed by parents or guardians. Children who returned the informed
consent with a positive response were subsequently included in the study. However, some
parents also consented and filled the informed consent forms at the end of the scheduled

meetings.

4.1.2.2 Recruitment from the immunization clinics

An introductory letter, a copy of the proposal, an informed consent form, and an approval letter
from the ethical review board were submitted to the medical director of each clinic. The
research team was referred to the heads of the child immunization clinic after the documents
have been considered and accepted. The research team then gave a verbal briefing of the study
to the staff at the child immunization clinic. On the day of the visit by the research team, the
concept of the research was briefly introduced by the senior nursing officer on duty to gathered
parents. The researchers were also allowed to give detailed information after the general
introduction to the attendants at the clinic. Parents who would like to know more about the
study and subsequently participate were referred to the research team. Each parent was then
taken through the aim of the study as well as the risks and benefits. Each parent who signed the
informed consent form in agreement to participate in the study was supported by the research
team to complete a brief questionnaire to collect data on demographics and previous

immunizations. The immunization card of each child was also verified by the research team.
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4.1.2.3 Inclusion and exclusion criteria

A child less than five years of age attending any of the selected kindergartens and immunization
clinics was eligible to participate in the study following parental informed consent. Children
older than five years of age were excluded from the study. In addition, children attending
kindergarten were encouraged to stay at home when sick, however, a child with visible signs
of a respiratory infection such as runny nose, cold, or cough were excluded from the study.
Children of parents whose parents declined consent were finally not included in the study.
Furthermore, children who declined participation even after parental consent were also

excluded.

4.2 Pneumococcal carriage prevalence and serotype distribution

4.2.1 Participant characteristics

A total of 513 children less than five years participated in this study with almost equal
distribution of gender. Males accounted for 262 (51.1%), while females were 251 (48.9%). The
median age of the group was 30 months with a range of 6 months to 59 months. Children were
selected from 6 kindergartens and 6 child immunization clinics within the Cape Coast
Metropolis. Four hundred and thirteen (413 = 80.5%) of the children were selected from the
kindergartens, while 100 (19.5%) were from the immunization clinics. The median ages were
36.5 (ranging from 14-59 months) and 14.4 (ranging from 6-37 months) from the kindergarten
and the immunization clinics, respectively. Participant characteristics are summarized in table
4.1.
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Table 4. 1: Demographic characteristics of participating children

Variable Number (%) 959% CI*
Gender

Males 262 51.1 46.8-55.4
Females 251 48.9 44.6-53.3

Age (months)

<24 162 31.6 0.28-0.36
>24 351 68.4 0.64-0.72
1-6 6 1.2 0.47-2.6
7-12 47 9.2 6.9-11.2
13-18 54 10.5 8.1- 135
19-24 55 10.7 8.3-13.7
25-30 98 19.1 15.9-22.7
31-36 79 154 12.5-18.8
37-42 26 5.1 3.5-74
43-48 45 8.8 6.6 -11.6
49-54 53 10.3 8.0-13.3
55-59 50 9.7 7.5-12.6
Total 513 100

Source of participant
Immunization clinic 100 19.5 16.3-23.2
Kindergarten 413 80.5 76.9-83.7

Vaccination status
Fully vaccinated 513 100

*ClI: confidence interval
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4.2.2 Sample collection and identification of pneumococcal isolates

4.2.2.1 Sample collection and transport.

Copan flexible minitip flocked swabs (FLOQSwab™) were used to collect samples from the
nasopharynx of 513 children. Sample collection was based on the description by #°. All
nasopharyngeal (NP) swabs were collected by trained health care personnel from children
securely positioned and held by their guardians. The swab was introduced into the nasopharynx
and rotated gently at 180° or left in place for 5 seconds to allow the tip of the swab to be
saturated with the specimen. The swab was gently removed and immediately placed in 1 ml of
sterilized skimmed milk-tryptone-glucose-glycerin (STGG). All the samples were transported

on ice to the laboratory, where the samples are vortex and frozen away in -80°C freezer.

4.2.2.2 Laboratory isolation and identification of S. pneumoniae

The frozen NP samples were thawed and vortexed for 10-20 seconds. Then, 10 ul of each
sample was streaked on Columbia base agar with 5% (v/v) defibrinated sheep blood
supplemented with 5ug/ml gentamicin (Roth). The agar plates were incubated overnight at
35°C to 37°C inacandle jar to provide an enriched atmosphere of 5% to 10% CO.. Agar plates
that showed bacterial growth in resemblance to a-haemolysis, were selected for further
identification. A single colony was selected and streaked out on a freshly prepared blood agar
plate. A 5ug (Oxoid) Optochin disc with a 6 mm diameter was placed aseptically at the centre
of the streaked area and incubated for 18-24 hours at 35°C to 37°C in a candle jar. Isolates with
inhibition zone size > 14 mm in diameter were considered as S. pneumoniae. Isolates with
inhibition zone size < 14 mm were tested via bile solubility test. Colonies of freshly grown
presumptive pneumococci isolates were suspended in 0.9% saline and the turbidity adjusted to
0.5 McFarland standard. To each suspension, 500 pul of 2% sodium deoxycholate (Applichem)
solution was added. The negative control tube contained only saline without 2% sodium
deoxycholate. S. pneumoniae strain ATCC 49619 was used as a positive control. All the test
samples were incubated at 35°C to 37°C with 5% CO> for up to 2 hours. The observation of a
clear suspension in tubes containing 2% sodium deoxycholate (Applichem) confirmed that
those strains were positive for S. pneumoniae. However, when the suspension remained turbid
after the incubation period, the isolates were classified as non-pneumococcal isolates. Fresh
cultures of all identified S. pneumoniae isolates were inoculated into 1 ml STGG medium and

stored at -80°C for molecular typing and antimicrobial susceptibility testing.
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4.2.3 Pneumococcal carriage

Nasopharyngeal swabs were collected from 513 children in February 2018. A total of 151 S.
pneumoniae isolates were obtained bringing the overall pneumococcal carriage rate to 29.4%,
(95% CI 0.25-0.33). There was no significant difference in pneumococcal carriage rates among
males and females (p=0.546). Pneumococcal carriage rates were nearly equal among children
selected from kindergarten (30%) and immunization clinics (27%). Pneumococcal carriage
rates were nearly identical between children <24 months 30.9%, (95% CI, 0.24-0.38) and those
older than 24 months with 28.8%, (95% CI, 0.24-0.34). Although there was no significant
difference between pneumococcal carriage and various age groupings, higher carriage rates
were seen in age groups 13-18 months with 33%, (95% CI, 20-46) and 43-48 months with 38
%, (95% CI, 23-53). However, there is a decline in carriage with increasing age. Carriage rate

was lowest in the 25-30 months age group.
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Table 4. 2: Univariate analysis of S. pneumoniae carriage

Number  Children with
Variable of pneumococcal OR* (95% CI) / P-value

children  carriage

(%, 95% CI*)

Total number of 513 151 (29.4, 26-34)
children
Gender
Males 262 74 (28.2, 23-34) 1
Females 251 77 (30.7, 25-37 1.124 (0.77-1.64) (p=0.546)
Sou_rc_e of
participants
Immunization clinic 100 27 (27, 18-36) 1
Kindergarten 413 124 (30, 26-34) 1.160 (0.71-1.89) (p=0.552)
Age group (months)
<24 162 50 (30.9, 0.24-0.38)
>24 351 101 (28.8, 0.24-0.34) 0.905 (0.60-1.36) (p=0.677)
1-6 6 2 (33, 21-88) 1
7-12 47 14 (30, 16-43) 1.29 (0.21-7.83) (p=0.785)
13-18 54 18 (33, 20-46) 1.09 (0.45-2.63) (p=0.846)
19-24 55 16 (29, 17-41) 1.29 (0.56-2.97) (p=0.556)
25-30 98 22 (22, 14-31) 1.06 (0.45-2.46) (p=0.902)
31-36 79 23 (29, 19-39) 0.74 (0.32-1.62) (p=0.457)
37-42 26 8 (31, 12-50) 1.06 (0.48-2.32) (p=0.892)
43-48 45 17 (38, 23-53) 1.14 (0.41-3.22) (p=0.801)
49-54 53 17 (32, 19-45) 1.56 (0.66-3.70) (p=0.312)
55-59 50 14 (28, 15-41) 1.21 (0.52-2.83) (p=0.652)
Total 513 151 (29.4, 25-34)

*OR: odds ratio, Cl: confidence interval
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Pneumococcal carriage by gender
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Figure4.2:  Pneumococcal carriage rate among children in Cape Coast, Ghana, 2018

A. Pneumococcal carriage rate by gender
B. Age-specific pneumococcal carriage rate
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4.2.4 Serotype distribution and vaccine coverage

Serotyping of pneumococcal strains in this study was performed by using multiplex PCR
(mPCR) and Quellung reaction. All the isolates were initially serotyped by mPCR however,
isolates that could not be serotyped by PCR were identified by the Quellung reaction
(collaboration with Dr. Mark van der Linden, NRZ, Aachen, Germany). The extracted
chromosomal DNA from the individual strains was used as a template for all serotyping
reactions. The reaction set up was based on the protocol designed by the CDC for deducing
pneumococcal serotype for African samples. Each strain was included in the various reaction
sets however, this was done sequentially starting with reaction set 1. Each of the 8 reaction sets
contained five carefully selected primers (Table 7.4a-j) to give distinct PCR products of specific
sizes corresponding to specific serotypes. In addition, primers targeting the pneumococcal
capsular polysaccharide synthesis gene A (cpsA) were included in each reaction (Table 7.4j) set
to serve as an internal control. PCR reactions were run on a 2% agarose gel and visualized using
the Intas® gel documentation system. The resulting PCR DNA-band sizes are compared to the
known sizes corresponding to a particular serotype. When no PCR products were obtained for
the selected strains, they are included in the next reaction set up until an 8" reaction set-up to
be able to deduce the serotype. A strain is classified as non-typable (NT) when the PCR reaction

is not able to assign a specific serotype or the Quellung reaction was negative.

Serotype confirmation

When a specific strain yields a PCR product that is similar to a particular serotype, the new
single PCR reaction is set up using the specific primers for this serotype and the chromosomal
DNA of this strain as a template. A strain is assigned to a particular serotype when it produces
the expected PCR product size corresponding to this serotype. However, if the PCR fails to
produce a DNA fragment that corresponds to this serotype, the strain is returned and included
in the next reaction set up until the serotype could be deduced. Figure 4. shows a cross section
of the different serotypes obtained in this study. Some of the strains were classified into
serogroups such as serogroup 6/A/B/C/D and 18/18A718B/18C/18F rather than their specific
serotypes. Strains that fell within these categories were further serotyped by the Quellung

reaction.
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Serotype 6 determination

The initial primers used in the PCR reaction described above only assigned a strain as serotype
6A/B and 6C/D. Twenty (13.2%) of our strain collection fell within this serogroup. Therefore
to correctly assign these strains to their specific serotypes, specific primers described earlier 22
were used in a subsequent PCR reaction in which serotype 6A, 6B, and 6C produced DNA
fragments of 958 bp & 2000 bp, 1267 bp, and 1800 bp respectively depending on the primer

combinations (Figure 4.3).
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Figure 4.3:  Serotype determination by PCR

PCR products were obtained using serotype-specific primers. *Serotypes were lumped together
in their respective groups. The set of primers used could not distinguish them into their
respective specific serotypes. These strains were further serotyped by Quellung reaction.

A. Serotypes 7C, 3, 15B, 17F, and 18C corresponds to DNA sizes 260 bp, 371 bp, 496 bp, 693
bp, and 573 bp respectively.

B. Serotypes 21, 15A, 13, 16F corresponds to 192 bp, 434 bp, 655 bp and 717 bp respectively.
DNA sizes of 199 bp, 463 bp, 623 bp, and 408 bp belonged to serotypes 23B, 11A, 10A,
and 34 respectively.

C. DNA sizes of 189 bp, 250 bp, 304 bp, 384 bp, 573 bp, and 818 bp were assigned to serotypes
14, 6A/B, 19F, 23F, 38, and 9V respectively.

D. Discrimination of serotype 6A/B, 6C/D was determined with specific primers. Serotypes
assigned to 6A and 6B correspond to band sizes 958 bp and 1267 bp respectively.
Serotype 6C and 6D were not detected among our strain collection.
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Quellung reaction

Strains that were non-typable by PCR and isolates that were identified only to the serogroup
level were included in the Quellung reaction. These strains were harvested from freshly grown
overnight cultures and a single colony for each strain was plated out on fresh blood agar plates.
They were incubated in CO, at 37°C for 1-2 hours and transported at room temperature to the
German National Reference Center (NRZ) for Streptococci, Aachen Germany. Bacterial cell
suspensions were made from freshly grown cultures of the transported strains and used for the
Quellung reaction. For the serogrouped strains, individual-specific antisera belonging to the
serotypes included in the serogroup were used to make the distinction. The NT strains were
tested against the different serotype-specific antisera until the serotype is determined. All strains
initially classified into serogroups were all successfully serotyped by the Quellung reaction.
Most of the NT strains were identified to belong to serotype 19B, however, one of them could

still not be serotyped (Figure 4.4).

4.2.4.1 Summary of serotypes after mPCR and Quellung reaction

Twenty-five different serotypes were detected in the pneumococcal collection and one isolate
was non-typeable (NT) (Figure 4.4). The predominant serotypes observed in this study were
serotypes 23B (22, 14.6%), 6B (14, 9.3%), 23F (13, 8.6%), 13 (11, 7.3%), and 19F (11, 7.3%).
The dominating PCV13 serotypes included 6B, 23F, and 19F, while non-PCV13 serotypes were
23B, 13, and 11A. The most diverse serotype composition was observed in the age groups 25-
30 months, 31-36 months, and 43-48 months. They all contained 12 different serotypes (Table
4.3). Sixty-two percent (8/13) of the 13 serotypes included in the PCV13 were found among
the isolates of this study. The various serotypes obtained in this study were analyzed for vaccine
coverage. Vaccine coverage was mainly based on PCV13, however, the serotype distribution
was also analyzed among other pneumococcal vaccine types. PCV13 serotypes covered 38.4%
(58/151) of the isolates (Figure 4.5). Similarly, PCVV10 and PCV7 covered 30.5% and 31.8 %
of the isolates respectively (Figure 4.6). In contrast, PPV coverage accounted for 58.9% of the
isolates. PCV13 coverage was slightly higher in males (45.9%) than in females (31.2%). In
addition, there was no significant difference in PCV13 serotype carriage among the various age
groups although higher PCV13 carriage was seen among age groups of 25-30 and 31-36 months
(Table 4.4). Further vaccine coverage was assessed among newly proposed PCV15, PCV20,
and Pneumosil. The coverate rates for PCV15, PCV20, and Pneumosil were 38.4%, 53.3% ,and
33.8% respectively (Figure 4.6).
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Furthermore, the overall vaccine type (VT) carriage prevalence was 11.3% (58/513). Vaccine
type carriage prevalence estimates the proportion of PCV13 vaccine serotypes obtained from

the total number of children included in the study.
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Figure 4. 4:  Distribution of pneumococcal serotypes among children in Cape Coast, Ghana

The number of isolates for each serotype is shown.
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Figure 4.5:  Distribution of vaccine and non-vaccine serotypes

Non-PCV13 serotypes are shown in the left panel in orange colour, while the PCV13 serotypes
are shown on the right panel in green colour.
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Table 4. 3: Serotype diversity among children of different age groups (months), Cape Coast
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Table 4. 4: PCV13 coverage by gender and age group in children, Cape Coast

Variable

Number of
children (%0)

Children with
pneumococcal OR* (95% CI*) / p-value
carriage (%, 95% CI)

Vaccine type

PCV13

Non PCV13

Gender by vaccine type

carriage (PCV13)
males

Females

Age group by vaccine
type (PCV13)
<24

>24

1-6
7-12
13-18
19-24
25-30
31-36
37-42
43-48
49-54
55-59
Total

151
151

74
77

50
101

2
14
18
16
22
23
8
17
17
14
151

58 (38.4, 31-48)
93 (61.6, 54-69)

34 (45.9, 35-57)
24 (31.2, 22-42) 0.53 (0.27-1.04) (p=0.0679)

14 (28.0, 0.17-0.42)
44 (43.6, 0.34-0.53) 1.99 (0.96-4.13) (p=0.076)

0

4 (28.6,0.11-0.55)

6 (33.3, 16-56) 0.72 (0.15-3.54) (p=0.686)
4 (12.5, 2-37) 0.9 (0.21-3.91) (p=0.888)
11 (50, 31-69) 0.6(0.12-2.89) (p=0.525)
11 (47.8, 29-67) 1.8 (0.46-7.12) (p=0.402)

4 (50, 22-78) 1.65 (0.42-6.50) (p=0.472)
6 (35.3, 17-59) 1.80 (0.38-10.52) (p=0.514)
7 (41.2, 22-64) 0.98 (0.22-4.31) (p=0.981)
5 (35.7, 16-61) 1.26 (0.29-5.40) (p=0.756)

58 (38.4, 31-46)

*OR: odds ratio, Cl: confidence interval
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Figure 4.6:  Distribution of isolates by type of vaccine

A: Pneumococcal coverage by different pneumococcal vaccines in use globally. PCV13 covers
less than half of our strain collection whereas PP\V/23 covers more than half of the isolates.

B: Comparison of vaccines in use with proposed vaccines. The proposed PCV20 currently under
clinical trials could cover about half of this strain collection. However, PCV15 and Pneumosil
cover less than half of the isolates. *Proposed vaccines under development.

C: Distribution of the different vaccine types by gender. PCV13 coverage is slightly higher in
males than in females. However, PCV10, PCV7, and PPV23 coverage are nearly equal between
males and females.

D: Distribution of vaccine serotypes among different age groups. The various vaccines covered
more than 40% of the strains carried among children aged 3 years.

71



RESULT

4.3 Antibiotic susceptibility patterns among pneumococcal

carriage strains

4.3.1 Disk diffusion method

The antibiotic susceptibility testing was performed for all 151 strains using the Kirby-Bauer
disc diffusion method. A pneumococcal cell suspension with turbidity equivalent to 0.5
McFarland standard was prepared for all the isolates. The suspension was seeded on Mueller
Hinton agar plates supplemented with 5% sheep blood (Oxoid). The different antibiotics were
aseptically placed on the agar plate and incubated for 16-18 hours at 35°C - 37°C in 5% CO0,.
The zones of inhibition around each antibiotic were measured and the values were interpreted
according to CLSI interpretative chart (Table 4.5) (CLSI, 2017). S. pneumoniae ATCC 49619
strain was included in each test as a control strain. Antibiotics tested included oxacillin (1 pg),
chloramphenicol (30 pg), erythromycin (15 pg), cotrimoxazole (25 pg), tetracycline (30 pg),
clindamycin (2 pg), linezolid (30 pg), ceftriaxone (30 pg), vancomycin (30 pg) and levofloxacin
(5 ng) (Figure 4.7). Oxacillin was initially used to screen for penicillin resistance. Isolates
with inhibition zone size <20 mm were selected to be included in the minimum inhibitory

concentration (MIC) test against penicillin.

Figure 4.7:  Antibiotic susceptibility testing by disc diffusion of pneumococcal isolates

The image shows varying inhibition zone sizes of selected antibiotics to isolate number
‘S1’ from our strain collection.
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Table 4. 5: Antibiotic interpretive chart for susceptibility testing.

Sensitive Intermediate Resistant
Antibiotic (mm) (mm) (mm)
Oxacillin (1 pg) >20 - -
Cotrimoxazole (25 pg) >19 16-18 <15
Tetracycline (30 pg) >28 25-27 <24
Chloramphenicol (30 pg) >21 - <20
Erythromycin (15 pg) >21 16-20 <15
Ceftriaxone (30 pg) >29 26-28 <25
Vancomycin (30 pg) >17 - -
Levofloxacin (5 pg) >17 14-16 <13
Clindamycin (2 pg) >19 16-18 <15
Linezolid (30 pg) >21 - -
Penicillin G (0.002-32 mg/L)  <0.06 0.12-1 >2

All the isolates were fully susceptible to four out of the ten antibiotics tested. The four
antibiotics were linezolid, vancomycin, ceftriaxone, and levofloxacin. Over 50% of the isolates
were resistant to cotrimoxazole and tetracycline. Although only one isolate was fully resistant
to penicillin, 35% of the strains showed intermediate resistance. However, resistance to

erythromycin, chloramphenicol, and clindamycin were low.

Antibiotic susceptibility pattern
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Linezolid (LZD} Levofloxacin (LEV} Vancomycin (VA) Ceftriaxone (CRQ) Clindamycin (DA}
Erythromycin (ERY) Chloramphenicol {CHL} Penicillin (PEN) Tetracycline (TET) Cotrimoxazole (COT)
S: susceptible R: resistant I: Intermediate

Figure 4.8:  Antibiotic susceptibility patterns of pneumococcal isolates
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4.3.2 Epsilometer (E-test) agar diffusion method

To determine the minimum inhibitory concentration (MIC) for penicillin, all isolates initially
resistant to Oxacillin (OX) (<20 mm) were selected and screened. A pneumococcal cell
suspension for oxacillin resistant isolates was prepared as described in section 4.3.1. The
suspension was spread evenly onto Mueller Hinton agar plates supplemented with 5% sheep
blood (Oxoid). Penicillin E-test strips (Liofilchem) (0.002-32 mg/l) were placed on the agar
plates with the graduated side facing up (Figure 4.9). This was followed by incubation for 16-
18 hours at 35°C - 37°C in 5% CO.. The MIC values were read where the edge of the inhibition
ellipse intersected the strip. Isolates were classified as susceptible, intermediate resistant, or full
resistant when MIC values were <0.06, 0.12-1, and >2 pg/ml, respectively, with reference to
the Clinical and Laboratory Standards Institute (CLSI) guidelines (CLSI, 2017) (Table 6.12).
Of the 79 strains that were resistant to OX, 25 (31.6%) were susceptible, while 53 (67.1%)
showed intermediate resistance and 1 (1.3%) was fully resistant to penicillin (PEN).

Figure 4.9:  Minimum inhibitory concentration for penicillin using E-test agar diffusion
method

A: Pneumococcal strain shows marked susceptibility to PEN at a very low concentration
B: The Pneumococcal strain being tested here was resistant to penicillin as its MIC was > 0.06
pg/ml.
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4.3.2.1 Distribution of penicillin susceptibility by serotype

Penicillin non-susceptibility was high among vaccine serotypes, particularly for serotypes 23F,
19F, and 3. However, among non-PCV 13 serotypes, resistance to penicillin was markedly seen
among serotype 23B strains (Figure 4.10). Majority of the serotypes within the penicillin non-
susceptibility pneumococci (PNSP) group are PCV13 serotypes, while most of the non-vaccine
serotypes are more susceptible to penicillin. Additionally, there was a significant association

between penicillin-non-susceptibilty and PCV13 serotypes (p=0.000).
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Figure 4. 10:  Penicillin susceptibility by serotype among pneumococcal strains

Serotypes were grouped into penicillin non-susceptibility pneumococci (PNSP) in red colour
and penicillin susceptibility pneumococci (PSP) in grey colour. PCV13 serotypes are illustrated
on the right panel while non-PCV13 serotypes are shown on the left panel.
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4.3.3 Multidrug resistance patterns among pneumococcal isolates

Multidrug resistance was classified as being resistant to 3 or more different classes of
antibiotics. Forty-three (28.5%) of the 151 pneumococcal isolates showed intermediate or full
resistance to 3 different classes of antibiotics. Furthermore, in assessing resistance to >4 classes
of antibiotics showed that 23 (15.2%) were intermediate or fully resistant to these antibiotics
(Figure 4.11). The relationship between multidrug resistance to >3 antibiotics with factors such
as age, sex, and virulence factors is shown in Table 4.6. Additionally, there was a significant
association between multidrug resistance and PCV13 serotypes (OR 4.19, 95% CI 1.99-8.84)
(p=0.000)
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Multidrug resistance (>3 antibiotics) by serotype
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Figure 4. 11: Distribution of multidrug resistance among isolates according to serotype

A: Pneumococcal isolates resistant to >3 different classes of antibiotics. The majority

of the MDR isolates were PCV13 serotypes, except for serotypes 23B, 15A, 35B, and 38.
B: Isolates resistant to >4 different classes of antibiotics. Nearly all the strains belonged to
PCV13 serotypes except for serotypes 23B, 35B, and 38.
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Table 4. 6: Univariate and multivariate analysis of factors associated with multidrug resistance

(> 3 antibiotics).

Crude OR* Adjusted OR*
Variable No./total (%6) (95% CI) p-value  (95% CI¥*) p- value
Sex
Male 17/74 (23)
Female 26/77 (33.8) 1.709 (0.83-3.50) 0.153 - -
Age group
< 24 months 15/50 (30)
> 24 months 28/101 (72.3) 0.895 (0.43-1.89) 0.849 - -
Vaccine type
Non-PCV13 16/93 (17.2)
PCV13 27/58 (46.6) 4.192 (1.99- 8.84) 0.000 3.945 (1.68-9.26) 0.002
Virulence genes
pCcpA negative 6/19 (31.6)
pCpA positive 37/132 (28.0) 0.844 (0.29-2.34) 0.788 1.036 (0.29-3.62)  0.956
psrP negative 26/56 (46.4)
psrP positive 17/95 (17.9) 0.251 (0.12-0.53) 0.000 0.244 (0.11-0.55)  0.001
PI-1 negative 35/133 (26.3)
PI-1 positive 8/18 (44.4) 2.240 (0.82-6.13) 0.161 1.168 (0.33-4.12)  0.809
PI-2 negative 37/141 (26.2)
P1-2 positive 6/10 (60) 4.216 (1.13-15.78) 0.032 1.690 (0.38-7.48) 0.489

*OR: odds ratio, ClI

: confidence interval
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4.3.4 Molecular analysis of antibiotic resistance among pneumococcal

isolates

4.3.4.1 Penicillin resistance genes

Penicillin resistant pneumococci produce altered penicillin-binding proteins (PBPSs), which
reduces their affinity to B-lactam antibiotics. Alterations usually occur in the transpeptidase-
encoding region (TER) of the pbp2b gene. The pbp2b divergent gene region habours changes
that are common to all penicillin-resistant pneumococci. Therefore to study the molecular basis
for resistance to penicillin among our pneumococcal collection, we used primers described
earlier to amplify various regions of the TER of the pbp2b gene '’*. The primers (R1, R2, R3,
and R4) were designed to target the altered region of the pbp2b gene. These upstream primers
together with the downstream primer P6 amplify resistance products (Figure 4.12) which were
used in the PCR reaction to detect the presence of penicillin resistance genes. Therefore, 4 PCR
reactions were set up for each isolate. Each PCR reaction contained the P5 and P6 in addition
to one of the resistance gene primers. The PCR products were visualized on 0.8% agarose gels
and images were taken using the Intas® gel documentation system. Figure 4.13 shows an

example of two selected strains.

) Pbp2b gene region Primer combination bp
P5&P6 682
346 694 814 1028 Resistance products
| | R1, P5&P6 331
R1 : P6 R2, P5&P6 328
P5 R2 R4 R3, P5&P6 334
R3 R4, P5&P6 214

Figure 4. 12:  Primer binding sites within TER of the pbp2b gene region

Primers P5 and P6 amplify a conserved region within the TER of the pbp2b gene. The remaining
four primers R, R2, R3, and R4 were carefully designed to target the altered areas of the pbpb
gene.
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Figure 4. 13:  Detection of penicillin-binding proteins within the TER of the pbp2b gene

The presence of a resistance gene was detected in one of the two isolates shown in this image.
The pbp2b gene (682 bp) was present in both isolates. However, R1 primer combination
produced a PCR product of (331 bp) indicating the presence of a resistance gene.

Because these primers were designed to amplify resistant genes from pneumococcal resistant
strains with MIC > 0.125 pg/ml, only strains that showed intermediate and full resistance to
penicillin were included in this screening. Of the 54 penicillin-resistant isolates, 38 (70.4%)
showed alterations in the pbp2b gene. The remaining 16 resistant strains did not produce
detectable amplicons to these primers and therefore did not have alterations in their pbp2b gene
region. Half of the 16 strains without positive amplicons belonged to serotype 23B while the
others were single strains of serotypes 6A, 23F, 15A, 3, 14, 35B, 15A, and 38. In addition,
significant associations were detected between pbp2b and PI-1 and PI-2 (p= 0.000). Figure

4.14 shows the overall distribution of the resistance genes and also within the various serotypes.
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Distribution of penicillin resistance gene pbp2b

10

g 8

L=

o

2 6

©

2 4

E

=
2
O_

19F 23B 23F 14 9 11A
serotype

Figure 4. 14: Distribution of penicillin resistance gene among serotypes

Each bar represents the presence of the pbp2b gene detected among the various serotypes.

4.3.4.2 Macrolide and Tetracycline resistant genes

Macrolide resistant genes

The resistance of pneumococcal strains to macrolides is an increasing public health problem
globally, due to the spread of resistance genes mef (A), subclasses mefA, and mefE as well as
the ermA, and ermB genes. In this study we amplified the ermB, mefA, and mefE genes among
our 11 (7.3%) erythromycin-resistant strains. Previously designed primers (Table 6.5) ermB
251 mefA, and MefE 52 were used in conventional PCR to produce amplicons sizes of 224 bp,
294 bp, and 1218 bp, respectively. All the 11 strains were negative for the mefE gene, however,
7 (63.6%) and 4 (36.4%) were positive for the ermB and mefA genes respectively. The ermB
and mefA genes were detected in serotype 19F isolates. However, only serotypes 35B, 23B, 6B,

9V, and 38 contained the ermB and mefA genes (Figure 4.16).
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mefA and ermB genes screening
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Figure 4. 15: Detection of erythromycin resistance gene (ermB and mefA)
The ermB (224 bp) and mefA (294 bp) genes present in 2 out of the 8 strains shown in this image.
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Figure 4. 16: Distribution of ermB and mefA genes among pneumococcal isolates

A Prevalence of erythromycin resistance genes among pneumococcal isolates.
B: Distribution of erythromycinresistance genes among pneumococcal serotypes.
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Tetracycline resistance genes

The genetic basis for S. pneumoniae resistance to tetracycline has mainly been attributed to the
tetM gene. This gene prevents tetracycline from binding to the bacterial 30S ribosome subunit
by encoding a protective protein. To determine the genetic basis of the high tetracycline
resistance identified in our carriage isolates, we amplified the tetM gene among our strains.
Previously designed primers (Table 6.5), were used in a single conventional PCR to produce an
amplicon size of 406 bp 2°. All the 86 pneumococcal strains that showed intermediate or full
resistance to tetracycline were screened for the presence of the tetM gene. Eighty-five (98.8%)
out of the 86 pneumococcal strains tested were positive for the tetM gene and only one strain
was negative. The tetM gene is present in all the different serotypes identified in this study
(Figure 4.18). Furthermore, a significant relationship between tetracycline resistance and the
presence tetM (p=0.000) was detected. Figure 4.17 shows amplified PCR products of some
selected strains from this study.

tetM gene screening
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Figure 4. 17: Detection of tetracycline resistance gene (tetM)

This image shows a PCR product of the tetM genes in selected strains from this study.
The tetM gene (406 bp) was present in the selected isolates.
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Figure 4. 18: Distribution of tetM genes among pneumococcal isolates

A: Prevalence of tetracycline resistance gene tetM among pneumococcal isolates.
B: Distribution of tetM among the various serotypes.

84



RESULTS

4.4 Molecular detection of pneumococcal virulence genes

In order to determine the distribution of selected virulence genes among the strain collection
used in this study, PCR-based strategies were employed. Virulence genes including cpsA,IytA,
pavB, psrP, pcpA, Pilus islet 1 and 2 (PI-1 & PI-2) were studied. The presence of core genome
virulence factor such as IytA and pavB were used as molecular markers to confirm all
pneumococcal isolates. All the isolates were screened for the presence of these genes by
conventional PCR. The presence of the pavB gene was confirmed by the detection PCR product
size of 700 bp using primers designed to target the pavB (end) and rr08 (beginning). To detect
the presence of the IytA gene, primers targeting the conserved region of of the IytA gene was
used. A strain was classified as lytA positive when a DNA size of 934 bp was obtained.
Similarly, the pcpA gene primers targeted the conserved regions to produce a PCR product size
of 130 bp was indicative of the pcpA gene. In addition, the cpsA gene was amplified with
primers described by CDC 2%, Serotype 4 (TIGR4) laboratory strain, serotype 2 (D39), 19F
(Taiwan 19F-14) and serotype 1 (SPPD1) were used as control strains. Figures 4.19 to 4.22

shows a gel images of selected pneumococcal carriage strains.
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4.4.1 Molecular detection of virulence genes

4.4.1.1 Determination of virulence genes

pavB screening B IytA screening
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Figure 4. 19: Determination of core genome virulence genes pavB and IytA from pneumococcal
carriage strains

The presence of both the lytA and pavB genes was used as a molecular marker to confirm

that a strain was a pneumococcus.
A: An isolate that is positive for the pavB gene produced a PCR product size of 700 bp.

B: IytA containing strains produced a PCR product size of 934 bp.
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Figure 4. 20: Determination of virulence genes cpsA and pcpA from pneumococcal carriage
strains

All strains were screened for the presence of the capsular polysaccharide gene (cpsA).

The presence of the cpsA gene confirmed the presence of the capsule gene cluster. The
samples were electrophoresed on 2% agarose gel and visualized using Intas® gel documentation
system.

A: A PCR product size of 160 bp confirmed the presence of the cpsA gene

B: Primers designed to determine the presence of pcpA produced a PCR product of 130 bp.
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4.4.1.2 Determination of other virulence genes

Pneumococcal serine-rich protein (psrP)

The pneumococcal serine-rich protein (psrP) is localized on a pathogenicity islet found in
pneumococci. psrP promotes adhesion of the pneumococci to lung epithelial cells via binding
to keratin-10 2°°, Because the genes flanking this pathogenicity islet belong to the core genome,
are highly conserved and distributed among all pneumococci, primers were designed targeting
this region to confirm the absence of the psrP gene (450 bp) PCR product (Figure 4.21). The
550 bp psrP-positive fragment amplification was achieved by amplifying the non-repetitive
basic region of psrP gene. The 151 pneumococcal strains were initially screened with the psrP-

positive primers and isolates that were negative were re-screened with psrP-negative primers.

psrP screening psrP screening
A (positive primers) (negative primers)
S O
Mo o P B & &

kb
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S

Figure 4. 21: Screening for psrP virulence genes from pneumococcal carriage strains

All 151 pneumococcal strains were initially screened with the psrP-positive primers. Isolates
that were negative were rescreened with psrP-negative primers. The samples were
electrophoresed on 0.8% agarose gel and visualized using Intas® gel documentation system.
A: Two strains were negative for the psrP gene and were subsequently selected for screening
with the psrP negative primers however one strain was positive producing a PCR product of
0.55 kb.

B: The expected amplicon 0.45 kb was obtained in the his image thereby confirming the absence
of the psrP gene.
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Pilus Islets (P1-1 and PI-2)
The pilus is a long protrusion that extends beyond the polysaccharide capsule and acts as an

adhesin. The pilli promotes adherence and colonization of host epithelial cells within the

nasopharynx and lungs 3. Pilli also inhibit phagocytosis and promote host cell invasion 2. We

screened our strain collection to determine the prevalence of the two major pilli : Pilus islet-1

(PI-1) and Pilus islet-2 (P1-2) found in the pneumococcus (Figure 4.22). PCR reactions were

performed on each pneumococcal strain to ascertain whether PI-1 and PI-2 were present or

absent. For PI-1, primers targeted the end of rrgA and the beginning of rrgB to produce a PI-1-

fragment size of 600 bp. To detect the presence of PI-2, the end of the sipA gene and the

beginning of the pitB gene was amplified to produce a PCR product size of 600 bp.
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Screening for PI1-1 and PI-2 virulence genes in pneumococcal carriage

The PCR fragments were visualized on 0.8% agarose gel and photographs taken using the Intas®
gel documentation system.

A: All the strains screened for the presence of PI-2 were negative. These strains were re-screened
with PI1-2 negative primers to confirm they lack the PI-2 gene.

B: The absence of the PI1-2 gene was confirmed for these strains initially screened with PI1-2
positive primers. This confirms that these strains do not have the PI-2 gene.

C and D: This image shows a positive amplicon for strains that possessed the PI-1 genes.
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4.4.2 Prevalence of virulence genes

All the 151 strains contained the cpsA, IytA, and pavB core genome virulence genes. However,
the distribution of the other genes in the flexible genomic regions varied. One hundred and
thirty-two (87%) of the strains tested positive for the presence of the pcpA gene, while 95
(62.9%) tested positive for psrP. The prevalence of the pilus islets was rather low, only 18
(11.9%) and 10 (6.6%) tested positive for PI-1 and PI-2, respectively (Figure 4.25).
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Figure 4. 23:  Prevalence of virulence genes among carriage

More than half of the isolates tested positive for the pcpA and psrP genes while less than a
quarter tested positive for the PI-1 and PI1-2. However, all the strains were positive for the core
genome virulence factors including pavB and IytA.
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Distribution of virulence genes
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Figure 4. 24:  Distribution of pcpA and psrP genes by serotypes

A: Distribution of pcpA gene by serotype. The pcpA gene was present in all
the different serotypes except for serotype 7C.

B: Distribution of psrP gene by serotype .

psrP was present in all serotypes except for serotype 17F
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number of isolates

number of isolates

Figure 4. 25:
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Distribution of PI-1 and PI-2 genes by serotypes

A: Distribution of PI-1 by serotype
PI-1 was present among serotypes 19F, 6B, 9V, 11A and 13
B: Distribution of PI-2 by serotype
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4.4.3 Association of virulence genes and vaccine serotypes

There was no significant association between the presence of pcpA and psrP with PCV13
serotype carriage. However, isolates carrying PI-1 or PI-2 were more likely to belong to
vaccine serotypes as there was a significant association (p<0.00) between pilus presence and
PCV13 serotypes (Table 4.7). Five strains that possessed both PI-1 and PI1-2 were all PCV13

serotypes.

Table 4. 7: Univariate analysis of virulence factors by vaccine serotypes

Non-PCV13 (%) PCV13 OR* (95% CI*) / p-value
PCPA 85 (64.4) 47 (35.6) 0.402 (0.15-1.07) (p=0.078)
psrP 61 (64.2) 34 (35.8) 0.743 (0.38-1.46) (p=0.393)
PI-1 2 (11.1) 16 (88.9) 17.33 (3.81-78.83) (p=0.00)
PI-2 1(10) 9 (90) 16.89 (2.08-137.28) (p=0.01)
PI-1 and PI-2 0 (0) 5 (100)

*OR: odds ratio, Cl: confidence interval

4.4.4 Multilocus sequence typing (MLST)

MLST was carried out on a total of 40 strains with 22 isolates belonging to serotype 23B and
19 isolates presenting resistance to more than 4 different. Using primers described by Enright
& Spratt 1998 and alternative primers published by the CDC (2018) the seven housekeeping
genes: arokE, gdh, gki, recP, spi, xpt, and ddl were amplified by PCR using chromosomal DNA
as template DNA. The amplified fragments (Figure 4.26) were cleaned up and subsequently
sequenced (Method section 7.3.3.5) in each direction using primers (Table 6.3) that were used
for the initial amplification. The sequence data for each allele were compared with sequences
of known alleles that have been uploaded onto the PubMLST database. Sequence data that does
not match any known allele was submitted to the curators of the database for curation and
assignment of a new allele number. Alleles numbers were assigned to the seven housekeeping
genes using the software available at the PubMIst website?**. The combination of the allele
numbers assumed by each gene gives rise to the allelic profile of the strain and this profile
corresponds to a particular sequence type (ST). New STs were assigned to allelic profiles that
did not match those already in the PuUbMLST database.
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The strains were grouped into clonal complexes (CC) based on the level of similarity between
the number of shared alleles for the 7 loci. A strain was classified as single locus variant (SLV)
when it shares 6 out of the 7 alleles with other STs. The ancestor CC was defined as the ST
connected with the largest number of other STs that differ from itself only by one allele (SLVs).
A subgroup founder is a ST that appears to have diversified to produce multiple SLVs. The
PHYLOViZ software 2*® was used to produce graphical representations to show genetic
relatedness between the strains. The graphical images including dendrograms, minimum
spanning trees (MST), and neighbor-joining trees (NJTs) were constructed based on the allelic
profiles of the strains. Dendrograms were based on the unweighted pair group method with
arithmetic averages (UPGMA), MSTs were based on the goeBurst algorithm and finally, the

NJTs were constructed using Saitou-Nei Criterion 2%,

PCR products for seven
housekeeping genes
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Figure 4. 26: Amplification of seven house keeping genes for MLST
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4.4.4.1 MLST results of serotype 23B
The MLST of the 22 isolates revealed 3 known STs and 7 novel STs. Eight isolates were

assigned to the known STs while 14 isolates clustered within the 7 novel STs (Table 4.8).
The most common STs were ST172 (6 isolates) and novel ST15111 (5 isolates).

Table 4. 8: MLST of serotype 23B pneumococci isolates.

Isolate aroE gdh gki recP  spi xpt ddl ST assigned ID serotype
ID from pubmlst

S1 12 5 4 10 15 155 9 15102 50524 23B
S152 12 4 18 474 31 15110 50525 23B
S200 12 13 8 6 3 8 15111 50526 23B
S207 12 13 8 6 3 6 8 15111 50527 23B
S114 7 13 8 6 25 246 8 6281 50528 23B
S119 7 13 8 6 25 6 8 172 50529 23B
S35 18 13 8 6 3 6 8 1349 50530 23B
S110 7 13 8 6 25 6 8 172 51389 23B
S158 7 13 8 6 25 6 8 172 51390 23B
H174 7 13 8 6 25 6 8 172 51391 23B
S258 7 13 8 6 25 6 8 172 51392 23B
S357 7 13 8 6 25 6 8 172 51393 23B
S239 12 5 4 18 474 4 31 15110 51406 23B
S214 12 13 8 6 6 8 15111 51407 23B
S238 12 13 8 6 6 8 15111 23B
S361 12 13 8 6 3 6 8 15111 51408 23B
S156 2 5 36 18 474 4 31 15447 51409 23B
S237 1 43 41 18 13 37 8 15448 51410 23B
S311 7 19 8 6 25 6 8 15450 51411 23B
H58 18 13 8 6 21 8 15451 51412 23B
S266 18 13 8 6 21 8 15451 51413 23B
S306 18 13 8 6 3 21 8 15451 51414 23B

*Bold numbers: novel STs
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Phylogeny of serotype 23B strains

The goeBurst diagram (Figure 4.27) indicates that serotype 23B strains clustered in 6 clonal
complexes (CCs). There are 2 notable clonal complexes, CC1 (ST172, ST6281, and ST15450)
contained 8 isolates and CC2 (ST1349, ST15111, and ST15451) with 9 isolates. ST172 was
the ancestral founder of ST6281 and ST15450. These SLVs varied from ST172 at the xpt locus
and gdh locus respectively. SLVs of ST1349 (founder) was ST15111(5 strains) and ST15451(3

strains) with variations at the aroE and xpt loci respectively. The remaining 5 strains group into
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Figure 4. 27:  Minimum spanning tree (MST) showing the genetic relationship between STs
obtained from MLST of serotype 23B strains.

The tree was generated using the goeBurst algorithm in PHYLOViZ software.

Diameters of nodes are proportional to the number of isolates. Founding STs have yellow colour
around their nodes. Branch labels correspond to the number of allelic variations between STs,
branch lengths are not to scale.
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Antimicrobial resistance patterns among the various STs

More than half (n= 17, 77%) of the STs contained strains resistant to penicillin. Strains
belonging to ST15448 were resistant to both erythromycin and penicillin, while ST15111
contained strains that were either resistant or susceptible to erythromycin and penicillin.
ST15102 and ST15110 haboured strains susceptible to both erythromycin and penicillin and
ST15448 contained strains that were only resistant to penicillin (Figure 4.28A) . Strains
belonging to CC1 with ST172 as its founder were all MDR. In contrast, ST1349 of CC2
contained both MDR and non-MDR strains (Figure 4.28B). ST15102 and ST15110 were not
MDR, however, the double locus variant (DLV) of ST15110 was MDR. Comparing the MDR
STs with PMEN clones revealed that ST172, ST6281, ST15450, and ST15111 are SLVs and
DLVs of PMEN clone ST338 (Columbia®F-26). However, ST15448 and ST15447 vary at 5
and 6 loci, respectively, with PMEN clone ST9 (England**-9).
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Figure 4. 28: Neighbour joining tree (NJT) showing antibiotic resistance patterns among various STs
of serotype 23B
A: Penicillin and erythromycin resistance patterns. Red colour indicates resistance to both
erythromycin and penicillin. Green: sensitive to both erythromycin and penicillin. Blue:
sensitive to erythromycin but resistant to penicillin
B: Multidrug resistant patterns among the STs. Blue: MDR STs, Red: non-MDR STs.
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Genetic relatedness of STs with virulence factors

All serotype 23B strains that were sequenced were positive for cpsA, IytA, and pavB.
Furthermore, the distribution of pcpA, psrP, PI-1, and PI-2 was assessed among the STs. The
PI-1 gene was not detected in any of the serotype 23B strains. However, all the strains possessed
the pcpA gene with the exception of one strain. Only strains belonging to ST15451 contained
both pcpA and PI-2 genes. ST1349, ST6281, ST15450, and ST15111 contained solely pcpA.
ST15448, ST15102, and ST1447 showed the presence of both psrP and pcpA (Figure 4.29).

M psrP only pCpA & PI-2 M pcpAonly ®pcpA & psrP

Figure 4.29: A minimum spanning tree showing the distribution of virulence genes among the
STs of serotype 23B.

Blue nodes indicate the presence of only pcpA, red nodes: the presence of only psrP, bright green
node: the presence of both pcpA and PI-2 and dark green nodes: presence of both pcpA and psrP.
None of the STs possessed PI-1.
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Phylogenetic comparison of serotype 23B with PUbDMLST serotype 23B strains

A total of 728 serotype 23B records (including data of serotype 23B from this study) were
present in the PUbMLST database accessed on 19.05.2020. However, 4 records were incomplete
and were therefore not included in this analysis. Nearly half (346, 47.8%) of the strains were
contributed by countries from Europe and African countries provided data for 75 (10.4%)
isolates. All the isolates cluster into 72 CCs. ST 39 is a major CC with 72 STs in its population.
Our strains, however, cluster around ST1349, ST1373, and ST5511 (Figure 4.30). A SLV of
ST1373 was ST172, which contains the largest number of serotype 23B strains from this study.
Notable were the two other ST12236 and ST12479 (Blue), which are serotype 23B strains that
have been provided by other researchers from Ghana. ST12236 is a SLV of ST15110 from this
study, while ST12479 is a triple locus variant (TLV) of ST15111 also from this study.
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Figure 4. 30: Relatedness of serotype 23B clones from this study with PUbMLST serotype 23B
strains

PubMLST database (accessed 19.05.2020). Green colour: represents STs reported from other
countries. Red colour: STs from this study. Blue colour: STs of other serotype 23B strains
from Ghana.
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4.4.4.2 MLST results of multidrug-resistant strains
The continuous increase in antibiotic resistance among pneumococcal isolates globally finally

leads to limited treatment options in the event of pneumococcal disease. Moreover, some STs

have been classified as MDR and their global dissemination has been well documented. It is

therefore important to maintain surveillance of pneumococcal MDR strains. A selection of

strains that showed MDR were sequenced and further analyzed to determine their genetic

relatedness with globally recognized resistant strains. The MLST of the 18 MDR isolates

revealed a total of 9 ST of which 6 were known and 3 were novel STs. Fourteen isolates

belonging to serotype 9V, 19F, 23F, 35B, and 14 were assigned to known STs, while 4 isolates

(serotype 19F and 6B) clustered within 3 novel STs (Table 4.9). The most common ST was

ST802 with 7 isolates with 6 serotype 23F and 1 serotype 19F strains.

Table 4. 9: MLST of multidrug-resistant pneumococci isolates.

Isolate aroE gdh gki recP  spi Xpt ddl ST assigned ID serotype
ID from pubmlst

S125 7 11 10 1 6 8 156 51387 9V
S276 7 11 10 1 8 156 51388 9V
S106 7 13 4 5 88 373 51394 35B
H130 10 13 53 1 72 38 31 802 51395 19F
H148 10 13 53 1 72 38 31 802 51396 23F
S33 10 13 53 1 72 38 31 802 51397 23F
S34 10 13 53 1 72 38 31 802 51398 23F
S305 10 13 53 1 72 38 31 802 51399 23F
S341 10 13 53 1 72 38 31 802 51400 23F
S578 10 13 53 1 72 38 31 802 51401 23F
S243 15 16 19 15 104 63 983 51402 19F
S41 7 16 8 8 142 14 2174 51403 23F
S294 2 89 38 1 18 8437 51404 14
S300 2 89 38 1 18 8437 51405 14
H9 4 16 19 15 55 20 31 15458 51415 19F
S26 4 16 19 15 55 16 31 15459 51416 19F
S85 4 16 19 15 55 20 31 15458 51417 19F
S579 8 6 1 2 6 1 31 15461 51419 6B

*Bold numbers: novel STs
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Phylogeny of multidrug-resistant strains

MLST was carried out for 18 MDR strains comprising serotypes 19F (5), 6B (1), 14 (2),35B
(1), 9V (2), and 23F (7). These 18 MDR strains were resistant to > 4 different classes of
antibiotics. For this analysis, two serotype 23B strains resistant to > 4 different classes of
antibiotics were added. Therefore, a total of 20 MDR strains were analysed for their genetic
relatedness. The MDR strains were grouped into 10 main clonal complexes. ST15459 varies
from its founder ST15458 at the xpt locus. The remaining 9 CCs contained 1 STs each. Notable,
among these STs, are ST802 and ST156 which have mostly being associated with drug
resistance. (Figure 4.31). However, from this analysis ST2174 was the putative ancestor of
ST156 and ST373 with variations in 5 and 6 alleles, respectively. ST802 shared only one allele

in common with its ancestor ST15458.

e Serotype
m23B
v’

W23F

15448 W19F
e y © i
mov

@ 0 © mos

HeB

Figure 4. 31: Genetic relatedness between MDR strains of different serotypes

Diameters of nodes are proportional to the number of isolates. Ancestral STs have yellow colour
around their nodes. Branch labels correspond to the number of allelic variations between STs,
branch lengths are not to scale.
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Genetic relatedness of STs with virulence genes among MDR strains

The constructed MST in figure 4.29 shows the distribution of selected virulence factors among
the identified STs. The pcpA gene was present in all the STs except for ST983. Although the
strain belonging to ST983 was positive for psrP, PI-1, and PI-2, the isolate did not have the
pcpA gene (Figure 4.32). The presence of PI-1 and PI-2 shown in ST802, ST15458, and
ST15459 were contributed by 19F strains.
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Figure 4. 32:  Distribution of virulence genes among STs of MDR strains

Colours show the presence of different virulence genes. Diameters of nodes are proportional to
the number of isolates. Founding STs have yellow colour around their nodes. Branch labels
correspond to the number of allelic variations between STs, branch lengths are not to scale.

Phylogenetic comparison of MDR with PMEN clones.

The Pneumococcal Molecular Epidemiology Network (PMEN) maintains surveillance on
multidrug-resistant strains of S. pneumoniae 2. The network currently has updated information
on 43 clones in its database. These clones are made up of 19 different serotypes and 2 non-
typable strains. To determine the genetic relatedness of our MDR strains with other MDR
pneumococcal strains collected globally, we compared the STs within these two groups in a
minimum spanning tree (Figure 4.33). One international clone described by PMEN namely
ST156 was seen in 2 of our isolates. This clone has been well described in its role in the global
spread of penicillin resistance. Additionally, we identified 6 main founding ancestors. These
include ST236 (Taiwan®"-14) founder to 4 STs (983, 15548, 15449, and 2174) among our
strain collection, all but one of the strains in this STs were serotype 19F. ST173 (Poland®*"-16)
was founder to ST802, ST338 (Columbia®F-26) was founder to ST15111 with variation in 2
loci. The strains making up this double locus variant of ST338 were all serotype 23B. ST 9
(England4-9) was the ancestor of our ST15448.

101



RESULT

Furthermore, ST8437 and ST156 varied 4 and 5 allele variations respectively from their
proposed founder ST384 (Maryland®®-17). ST15461 was related to ST191 (Netherlands’™-39)
and ST 273 (Greece®B-22).
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Figure 4. 33: MLST comparison of the genetic relatedness of MDR strains with PMEN clones

Red colour represents STs of MDR strains from this study. Blue colour shows the PMEN STs
obtained from the PMEN database. Diameters of nodes are proportional to the number of
isolates. Founding STs have yellow colour around their nodes. Branch labels correspond to the
number of allelic variations between STs, branch lengths are not to scale.

4.4.4.3 Summary of MLST results from all 40 strains from this study

The MLST of the 40 isolates revealed 9 known STs and 10 novel STs (Table 4.10). The most
common STs were ST802 (7 isolates), ST172 (6 isolates) and a novel ST15111 (5 isolates). Six
of the 7 isolates of ST802 belonged to serotype 19F, while the remaining isolate was of serotype
23F. In contrast, all the 6 isolates of ST172 were serotype 23B. Similarly, the five isolates of
the novel ST15111 were also serotype 23B isolates.
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Phylogeny of all sequenced strains

Table 4. 10: MLST of 40 pneumococci isolates.

Isolate aroE gdh gki recP  spi xpt ddl ST assigned ID serotype
ID from pubmlst

S1 12 5 4 10 15 155 9 15102 50524 23B
S152 12 5 4 18 474 4 31 15110 50525 23B
S200 12 13 8 6 3 6 8 15111 50526 23B
S207 12 13 8 6 3 6 8 15111 50527 23B
S114 7 13 8 6 25 246 8 6281 50528 23B
S119 7 13 8 6 25 6 8 172 50529 23B
S35 18 13 8 6 3 6 8 1349 50530 23B
S110 7 13 8 6 25 6 8 172 51389 23B
S158 7 13 8 6 25 6 8 172 51390 23B
H174 7 13 8 6 25 6 8 172 51391 23B
S258 7 13 8 6 25 6 8 172 51392 23B
S357 7 13 8 6 25 6 8 172 51393 23B
S239 12 5 4 18 474 4 31 15110 51406 23B
S214 12 13 8 6 3 6 8 15111 51407 23B
S238 12 13 8 6 3 6 8 15111 23B
S361 12 13 8 6 3 6 8 15111 51408 23B
S156 5 36 18 474 4 31 15447 51409 23B
S237 43 41 18 13 37 8 15448 51410 23B
S311 19 8 6 25 6 8 15450 51411 23B
H58 18 13 8 6 3 21 8 15451 51412 23B
S266 18 13 8 6 3 21 8 15451 51413 23B
S306 18 13 8 6 3 21 8 15451 51414 23B
S125 7 11 10 1 6 8 1 156 51387 Qv
S276 7 11 10 1 6 1 156 51388 Qv
S106 7 13 4 5 7 88 9 373 51394 35B
H130 10 13 53 1 72 38 31 802 51395 19F
H148 10 13 53 1 72 38 31 802 51396 23F
S33 10 13 53 1 72 38 31 802 51397 23F
S34 10 13 53 1 72 38 31 802 51398 23F
S305 10 13 53 1 72 38 31 802 51399 23F
S341 10 13 53 1 72 38 31 802 51400 23F
S578 10 13 53 1 72 38 31 802 51401 23F
S243 15 16 19 15 104 63 983 51402 19F
S41 7 16 8 8 142 14 2174 51403 23F
S294 2 89 9 38 1 18 8437 51404 14
S300 2 89 9 38 1 18 8437 51405 14
H9 4 16 19 15 55 20 31 15458 51415 19F
S26 4 16 19 15 55 16 31 15459 51416 19F
S85 4 16 19 15 55 20 31 15458 51417 19F
S579 8 6 1 2 6 1 31 15461 51419 6B

*Bold numbers: novel STs
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Phylogenetic comparison of the 40 strains used for MLST analysis

The MLST results for the 40 strains are presented in this section. Of the 40 pneumococcal
strains that were sequenced serotype 23B (n=22) formed the majority while the remaining
strains belong to serotypes 19F, 23F, 14, 9V, 35B, and 6B, all of which were MDR to >4
classes of antibiotics. The STs of theses strains fall into 3 different groups. The first group
comprises mostly of STs that habour serotype 23B strains. The second group comprises STs
that have lineages of serotypes 19F and 23F. The third group consists of STs related to
serotypes 14 and 6B (Figure 34). The isolates cluster into 14 CCs notable among them is the
first three CCs have and the other 11 CCs are singletons. ST172 is a founder of 6 other STs
comprising mainly of serotypes 23B and 23F. ST1349 is also a founding ancestor to STs
containing serotype 23B and 19F isolates (Figure 34).
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Figure 4. 34: Dendrogram of 40 pneumococcal isolates collected from children in Ghana.

The different colours represent the various serotypes of the MDR strains. The number of the
various STs are displayed at the end of each bar. The scale bar represents the estimated
evolutionary divergence between isolates based on average genetic distance between strains.
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Genetic relatedness of STs with antibiotic resistance to >4 antibiotics

Relatedness of antibiotic resistance to >4 antibiotics different classes of antibiotics is shown in
Figure 4.32. Only five (12.5%) out of the 40 strains were susceptible to penicillin. The
remaining 35 (87.5%) were all resistant to penicillin. These penicillin-susceptible strains were
limited to the novel STs 15102, 15110, and 15111, all of which belonged to serotype 23B.
However, resistance to >3 antibiotics was widely distributed among both novel STs and already

known STs (Figure 4.35).

m non MDR strains
B MDR strains

Figure 4. 35:  Minimum spanning tree of 40 pneumococcal isolates collected from children in
Ghana.

Blue and red colours represent MDR and non-MDR STs respectively. Diameters of nodes are
proportional to the number of isolates. Ancestral STs have yellow colour around their nodes.
Branch labels correspond to the number of allelic variations between STs, branch lengths are not
to scale
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Genetic relatedness of STs with the pilus islets

The pilus islets were absent in a greater proportion of STs. However, PI-1 was detected among
strains belonging to ST156 whereas P1-2 was present in ST802 and ST15451. Strains belonging
to ST15459, ST15458, and ST983 possesed both PI-1 and PI-2 genes (Figure 4.36).
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Figure 4. 36:  Minimum spanning tree of 40 pneumococcal isolates in relation to pilus islet
prevalence.

Red nodes represent STs negative for PI-1 & P1-2, Green nodes: Positive for both PI-1 & PI-2.
Blue nodes: positive for PI-2 and Grey nodes: positive for PI-1.
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Phylogenetic comparison of the 40 strains with PMEN clones

A total of 83 strains were compared in this analysis and of these 43 were from the PMEN
database. The allelic profiles were compared to understand the relationship between our strains
and the antibiotic-resistant clones logged in the PMEN database. The isolates cluster into 55
CCs, notable amongst them is CC1 which has ST172 as its founder and PMEN clone ST338
(Columbia®®F-26) as a SLV. Our clones seem to be related to the majority of the PMEN clones
as they are uniformly distributed in the cluster. Additionally, ST15461 (serotype 6B) is a SLV
of PMEN clone ST273 (Greece®®-22). Some of the 19F strains belonging to ST15459,
ST15458, and ST983 cluster around PMEN clone ST236 (Taiwan'®"-14). ST802 and ST156
have two alleles in common with PMEN clone ST173 (Poland®F-16).

M STs from this study
STs from PMEN (all other colours)

Figure 4. 37: Relationship among our strain collection and strains from the PMEN database.

A neighbour-joining tree was constructed by the Saitou-Nei Criterion to show the genetic
relatedness among the allelic profiles of the isolates. Red colour shows all STs related to our
strain collection. The other colours show all STs belonging to the PMEN clones.
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Phylogentic comparison from Ghana available in the the PubMLST database

The relatedness of our strains to other strains from Ghana that have been documented in the
PubMLST database was compared by using the goeBurst algorthim. There were 236 records
from Ghana in the database accessed on 15.05.2020. However, 234 records were used for this
analysis because two records had incomplete data. Of the 234 isolates present, serotype 1
formed the majority (n=111, 47.4%) followed by serotypes 19F (n=27, 11.1%), 23B (n=22,
9%) and 23F (n=11, 4.4%) (Figure 4.38). However, data were not complete for all data to make

it possible for analysis of other variables such as age, sex and antibiotic resistance.
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Figure 4. 38:  Serotype distribution of 234 isolates from Ghana in the PUbMLST database

(accessed 22.05.2020). Different serotypes are represented with various colour codes.
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Phylogeny of strains from Ghana retrieved from the PUbMLST database

There were 97 STs for the 234 records, which cluster into 59 CCs. Notable among these CCs
are ST303, ST217, and ST612 with 63 (26.9%), 18 (7.7%), and 8 (7.7%) serotype 1 strains
respectively. STs from our strain collection were in the lower majority, ST 802, ST172, and
ST15222 with 7 (2.9%), 6 (2.6%), and 4 (1.7%) comprising serotypes 23F, 23B, and 19F.
However, the strains in the database were devoid of the majority of the PMEN clones. We
detected only 2 PMEN clones namely ST156 ( Spain®'-3: PMEN 3) from our strain collection
and ST217 (Sweden'-27: PMEN 27) prevalent among the serotype 1 strains in the database
(Figure 4.39).
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Figure 4. 39:  Relationship among our strain collection and strains from the PMEN database.

goeBurst analysis of 234 isolates from Ghana ( including 40 strains from this study) available at
the PUbMLST database (22.05.2020). Red colour represents STs from our strain collection and
PMEN clones are highlighted with =
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Phylogenetic comparison of the 40 strains with other strains from Africa

A total of 7863 isolates were available in the PubMLST database as of 24.05.2020. However,
7848 isolates were included in this analysis as data for the other 15 isolates were incomplete.
These isolates have been contributed by 27 out of the 52 African countries. The top contributors
were South Africa (n=3036, 38.7%), Kenya (n=1564, 19.9%) and The Gambia (n=1471,
18.7%). Malawi, Mozambique, Ghana, and Ethiopia have all contributed more than 200 isolates
each. Serotype 1 formed the majority with 1090 (13.9%) of all the isolates. Serotypes 19A, 6a,
6B, 23F 19F, and 14 made up 673 (8.6%), 668 (8,5%), 542 (6.9%), 512 (6.8%), and 245 (3.1%)
respectively. In addition, 177 non-typeable isolates have been submitted to the database. There
are 3461 STs forming 1184 CCs. Among these STs are 25 PMEN clones of which ST217
(Sweden'-27) formed the majority with 530 isolates from South Africa, Malawi, and
Mozambique. The PMEN clones seem to be concentrated in South Africa, Malawi,
Mozambique, Kenya and The Gambia. However, Ghana has two main circulating PMEN
clones, namely ST271 (Sweden!-27 ) and ST156 Spain®-3. ST373 is a TLV of the predominant
PMEN clone ST217 circulating in Ghana. ST802 also seen among our strain collection is the
founder to many other clones circulating in Africa. Interestingly ST 8437 isa SLV ST 9091
which was recently found among 19F strains in the pre-vaccination era. One of the novel STs
among our strains is a DLV of a predominant ancestral founder ST271 found to be circulating
mostly in South Africa. ST172, one of the predominant STs among our strain collection is a
major ancestral founder for many other STs circulating in various parts of the African continent.
ST172 also varies from ST75, a PMEN clone (South Africa'®A-7) clones at 2 loci.
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Figure 4. 40: MST indicating the relatedness of STs from this study with STs from Africa

Green colour show other STs from the database, red colour represents STs from this study. Blue
colour represents PMEN clones. Blue arrows show the positions of PMEN clones. Red arrows

show the positions of STs from this study.
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5. Discussion

Streptococcus pneumoniae, a bacterium of the normal flora in the human respiratory tract
continues to be an important pathogen due to its contribution to morbidity and mortality among
children, the elderly, and immunocompromised persons. The global decline of pneumococcal
disease and deaths among children in recent years has been encouraging. This achievement has
been mainly attributed to the introduction of pneumococcal conjugate vaccines into childhood
immunization programs in countries with the highest pneumococcal burden. Through Ghana’s
expanded program on immunization, every child is eligible to receive PCV13, which was
introduced in the country through the Gavi alliance project in May 2012. The WHO
recommends the continuous monitoring of the pneumococcus when pneumococcal vaccines are
introduced.

Establishing an invasive pneumococcal disease (IPD) surveillance system is as important as
conducting periodic pneumococcal carriage studies because they serve as means to monitor the
impact of existing pneumococcal vaccines, evaluate herd immunity under various vaccine
schedules and evaluate new pneumococcal vaccines. There is no IPD surveillance solely set up
for pneumococcal disease in Ghana, however, two major hospitals contribute data and isolates
including biological samples to the Paediatric Bacterial Meningitis Surveillance Network
established by the WHO. This network aims to describe disease epidemiology and vaccine
impact of three bacteria strains namely Streptococcus pneumoniae, Neisseria meningitidis, and
Haemophilus influenzae, causing meningitis and pneumonia among children globally.
Although there is a lack of nationwide IPD surveillance in Ghana, individual researchers have
conducted pneumococcal carriage surveys prior to the introduction of PCV13 and very few
studies have emerged in the post PCV 13 era. These studies have been limited to Ghana’s capital

city Accra and Northern regions of the country that fall in the meningitis belt of Africa.

To provide a different perspective of pneumococcal carriage from a region with no previous
data on pneumococcal carriage both in the pre and post PCV13 era, Cape Coast, the capital of
the Central region was chosen. This study was performed among children under five years of
age and sought to understand the epidemiology of S. pneumoniae six years after the introduction
of PCV13 in Ghana. Furthermore, the study sought to answer the following questions: what is
the pneumococcal carriage prevalence in Cape Coast, which serotypes are circulating in the

population, and have there been serotype replacement and /or capsular switching?
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Another important aspect concerns the situation of pneumococcal antibiotic susceptibility,
whether global MDR clones are circulating in Ghana and which pneumococcal virulence factors
or pathogenicity islands are most prevalent among the pneumococcal isolates?

The present study successfully addressed the above questions and provide detailed evidence on
the molecular epidemiology of pneumococcal carriage among these children in Cape Coast,
Ghana. To our knowledge, this is the first carriage study to be conducted in Cape Coast, Ghana
to evaluate the impact of PCV13 among healthy children six years after PCV13 introduction.

5.1 Pneumococcal carriage

Carriage of S. pneumoniae in the nasopharynx does not only contribute to transmission between
persons but also known to be a precursor for invasive pneumococcal disease 3. We describe the
pneumococcal carriage prevalence among children less than five years in relation to
demographic characteristics.

An overall pneumococcal carriage rate of 29.4% was observed among these fully vaccinated
children participating in this study. Carriage was highest among children between ages 42 to
48 months (38%) with the lowest rate recorded among children 25-30 months old (22%). This
observation is quite different from the few post-vaccination studies that have been performed
in Ghana. A carriage prevalence as high as 54% was observed among healthy children in Accra,
Ghana %', The other two post PCV studies reported pneumococcal carriage prevalence of
18.9% and 47.9% among children under five years suffering from HIV and sickle cell disease
258259 1t is worthy of note that the two latter studies were carried out in immunocompromised
children whose vaccination status was not clear and in addition, the sample size for age group
6-59 months was small. As the children in this study and that of Dayie et al (2019) have all
been vaccinated, the difference in carriage prevalence could be attributed to variations in the
period of sample collection, host factors, demographic and geographic characteristics of the
targeted population as well as methodological differences.

The carriage prevalence of 29.4% from this study appears lower when compared to other post
PCV carriage rates reported across the globe among children of varying age groups. Higher
post PCV carriage rates have been seen in countries such as Nigeria (77.2%-91.6%), Malawi
(58.5%), Belgium (60%), Norway (60.4%), Russia (41.7%), and Laos (45.6%) 26°-26°, Despite
the varying post PCV carriage rates reported by different studies, the carriage prevalence of

29.4% from our study remains comparable to other post PCV carriage studies.
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In Ethiopia, a 21.5% carriage rate was observed among children aged 3-5 years attending
Kindergarten 2%, Similar rates of carriage to ours were reported by researchers from Spain
(30.9%), Italy (32.9%), and New York (33%) 257-2%°, In addition, Cyprus reports of a comparable
nasopharyngeal carriage prevalence of 25.3% among PCV vaccinated children between ages 6
to 36 months ° while in Sweden carriage rates remained stable at 30%, eight years after PCV
introduction 2%, Furthermore, Tanzania, a country that also introduced PCV13 in 2012 reports
of carriage prevalence of 31% among children < 24 months similar to 30.9% reported from this
study among children in the same age group 2*. On the contrary, the drastic reduction in
pneumococcal carriage after PCV vaccination seen in high-income countries was not observed
in this study 2227, Very recent post PCV publications from Turkey (9.8%) and Cambodia

16.6% also reported low post PCV carriage rates 27427,

Differences in pneumococcal distribution globally have been attributed widely to local
genotype prevalence, socio-economic factors, various host factors, and environmental factors
26 Carriage studies that included risk factor components determined attendance to daycare,
low socioeconomic status, symptoms of upper respiratory tract infections, co-infection with
respiratory viruses, recent use of antibiotics, exposure to smoking, and use of solid fuel such as
charcoal and wood for cooking purposes as factors that interfere with pneumococcal carriage
6.259.276 In our study, we did not explore the role of risk factors on pneumococcal carriage and
as such we cannot state to what extent any of these risk factors could have influenced the
carriage prevalence. In addition, most of the carriage studies are not able to assess all these risk
factors in one study and hence could be accounting for the fluctuating carriage prevalence
reported in post PCV studies. We can, however, explain that the prevalence rate obtained in this
study could have been influenced by seasonal variations because data for this study were
collected in February, which is presumed to be in the dry season. The dry season in Cape Coast
spans from November through March, with February as one of the hottest periods of the year.
According to Numminen and colleagues, dry and cool weather conditions influence
pneumococcal carriage 2’7 as seen in this present study. Other researchers from Kenya and
North America also confirm the influence of climate on carriage 28%°. This seasonal trend is
also featured in the number of reported cases of suspected IPD among Ghanaian children. The
majority of the cases with high pathogen isolation rates were monitored in the first quarter of

each year under surveillance of which February is inclusive 280282,
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5.2 Impact of PCV13 on carriage

There seems to be no net effect on carriage rate when post PCV carriage rate of 29.4% is
compared with pre-vaccination rates of 34% and 49% 283, This phenomenon where no apparent
difference is identified between pre and post-vaccination carriage rates has been reported in
The Gambia, England, and Denmark 28428, From The Gambia, there was no significant change
in carriage rates 2 years after PCV introduction 24, Likewise in England, where carriage rates
reduced only from 51.1% to 47.7% two years post PCV 2%, In Denmark, 10 years after PCV
vaccination, carriage among children less than five years did not show any reduction 2,
Similarly, western Australia also showed no evidence of pneumococcal carriage prevalence
reduction (72.2% to 66.8%) after PCV13 introduction 28’. Similarly, 8 years post PCV, carriage
rates (29.3%-31.1%) remained consistently unchanged during a five year sampling period in
Sweden 27°. Finally, Chan and colleagues came to this conclusion that even though VT carriage
prevalence declined due to replacement by NVT, overall pneumococcal carriage prevalence
remained unchanged in most middle and low-income countries 2%, This study observed no
significant differences between pneumococcal carriage and gender as well as the site of

recruitment (immunization clinics or kindergartens). This observation is consistent with other
studies 257,287,289,290

5.3 Serotype distribution and diversity

There are over 90 known pneumococcal serotypes out of which only a limited number of
serotypes have been shown to cause invasive disease *. However, in recent years, this preserves
for specific serotypes to cause IPD has been taken over by non-vaccine serotypes 2°*. This is
consistent with results published by other researchers and data from the ongoing global
surveillance organized by the WHO 222 The top five serotypes in this study were serotypes
23B, 6B, 23F, 19F, and 13, of which serotypes 23F, 19F, and 6B have been previously described
as part of the top seven serotypes that cause IPD among children in Africa and globally 293:2%,
These serotypes were also identified to cause invasive disease among Ghanaian children 2,
Apart from serotype 23B, which is not present in the PCV13, other leading NVT serotypes
encountered in this study include 13, 11A, 15B, 15A, and 19B. Several studies have reported
on the emergence of serotype 23B in carriage after PCV vaccination 272%2% A similar trend
of NVT serotypes (11A, 23B, 35F, 21, 15B, and 15C) appearance was found by Lindstrand and
colleagues in Sweden. Consequently, serotype 23B has been implicated in IPD in countries like
Germany, Norway, and the USA 298-300,
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Interestingly, serotypes 23B, 35B, and 38, which are present among our carriage strains have
already been reported by Renner et al., (2019) to be causal pathogens of pneumococcal disease
among children under five years in Ghana 2. Serotype 1 which is the number one cause of IPD
in Ghana 823%1 was not detected among the strains of this study. Data from other carriage
studies from Ghana have reported the absence of serotype 1 in both pre and post PCV 8257-259,
In addition, we did not detect serotype 19A among our strain collection, a strain that is noted to
be the eighth most prevalent serotype worldwide 2%, We, however, detected serotype 19B
which is a variant of serotype 19A. Similar to observations by Vorobieva in Russia our children
aged 25-36 months and 43-48 months carried the most diverse pneumococci population *°2, The
aforementioned age groups contained more than 11 different serotypes. Serotype 23B persisted
among all age groups except in children < 6 months. While children < 6 months seem to have
the least diverse serotypes, vaccine serotypes 23F and 19F are present among almost all age
groups and the other NVT are mostly found among children between 7-36 months. In contrast,
Swarthout and colleagues demonstrated that carriage of VT declined with increasing age among

children in Malawi 262,

5.4 Impact of PCV13: Serotype replacement and persistence of

vaccine serotype

Serotype replacement among a vaccinated population has been identified in many countries
where initial formulations of PCV7 and subsequently PCV10 and PCV13 were introduced. The
leading NVT found in this study were 23B, 13, 11A, 15B, 34, 15A, and 19B in decreasing
order. This notable finding is suggestive of the possibility of NVT becoming candidates for IPD
in Ghana in the near future. In this study, none of the isolates expressed serotype 12F, a non-
PCV13 serotype that was implicated in a recent pneumococcal meningitis outbreak in Ghana
and also found in IPD among children under five years 22%282 The NVT coverage of 61.6%
concurs with 65.4% obtained by Dayie et al in a post PCV study among healthy children from
Accra, Ghana 2%, This synonymous finding solidifies the suggestion that the phenomenon of
serotype replacement has occurred in the population under study and could be present in the
larger Ghanaian population. The increase in NVT after PCV introduction has been well
documented in several African countries that have so far introduced PCV in their routine
immunization program. In Malawi, Heinsbroek and colleagues found an increasing trend where
NVT increased from 32.2% to 41% among children 1-4 years old following a PCV13

vaccination schedule of 3+0 3%,
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Two separate studies performed in Kenya reported an increment in NVT from 13% to 57% and
9% to 70% 3°43%_ In neighbouring South Africa, NVT increased from 24% to 50 % in children
< 2 years and from 29% to 44% in children 2-5 years of age *°°. The takeover by NVT was still
eminent in the studies from Kenya and South Africa even though they have used different PCVs
and schedules compared to the PCV13 3+0 being used in Ghana. Apart from the African
continent, NVT carriage among Japanese children suddenly jumped from 8% in the pre PCV
era to 49% post PCV implementation *°’. Similarly, researchers from Cyprus, Sweden, and
England indicated NVT of 76.8%, 94%, and 96.1% post-PCV *>?7° 3% |n Greece, non-PCV13
serotypes accounted for 73.1% of the isolates of which serotypes 23B, 15B/C, 16F, 21, 11A,
15A, 6C, 10A, 22F, and 23A were the commonest 2%. In turn, a Canadian study reports of a
continuous increase of NVT from 23% pre PCV7 to 94% post PCV13 ?°7, The continuous use
of PCVs could have induced selective pressure resulting in the upsurge of NVT. The steady
increase of NVT seen in this study suggests a gradual replacement of PCV13 serotypes with
complete serotype replacement in the future.

In this study, we show the persistence of vaccine serotypes circulating in the study population
six years after PCV13 introduction. A PCV13 coverage of 48% was observed in a study
conducted before PCV introduction 21, Post PCV13 coverage of 34.6% was reported by Dayie
et al in 2019 2% a finding which is in harmony with 38.4% obtained from this study. Therefore,
PCV13 introduction in Ghana has had an effect on serotype distribution and as such the
corresponding increase in NVT observed in this study. The PCV13 serotypes found in this
study were; 6B, 23F, 18F, 3, 6A, 14, 9V, and 18C in decreasing order of occurrence. This is an
indication of the persistence of VT being in circulation even after PCV13 vaccination. This is
in accordance with several post PCV studies conducted across the globe. One Swedish study
demonstrated that VT serotypes persist in circulation for several years before they finally
disappeared in carriage 2’°. Moreover, VTs were still circulating years after PCV vaccination
among children in The Gambia, Ghana, Malawi, Mozambique, Portugal, Peru, Japan, and
Turkey 2°7:261.274,288,309-311 '\\je observed an overall VT carriage of 11.3%, which is comparable
to 16.5% and 18.7% obtained by two separate studies carried out in Malawi 3% It is therefore
not surprising to find VT causing 58.3% of IPD among children in Ghana %°. However, the
residual VT carriage observed in this study contrasts what has been reported from high-income

countries such as The Netherlands, Canada, and Norway 263273297,
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The disparity in data on residual VT carriage exposes the lack of data on the long term effects
of the widely used PCV13 schedule of 3+0 in many developing countries. Countries such as
Canada, Denmark, and The Netherlands have registered a drastic decline in overall VT carriage
partly because they used different vaccination schedules that included a booster 28627, Recent
evidence supports the advocacy for use of ‘reduced-dose PCV schedules plus a booster’ for
countries where children receive 3+0 doses of PCV 288312 |n a dose effectiveness study of
PCV7 and 13, the effectiveness of the 2+1 PCV schedule against colonization by VT was
demonstrated ®*. Their study showed that the 2+1 vaccination schedule confers about 70% of
protection against PCV13 serotypes, whereas children who received lower doses such as 2+0,
1+1, and 0+2 were at a greater risk of VT carriage beyond one year of life. Their study supports
data published by high income countries that have used 2+1 schedule to show the reduction in
VT carriage in the post PCV era. Although their study did not include the 3+0 in a control arm,
the relatively high VT carriage published from studies conducted by 3+0 countries gives reason
for the revision of this vaccine schedule. Additionally, PCV doses without booster have been
shown to elicit a waning immunity and in some cases promoted IPD 62313314 |t js therefore not
without reason that Australia recently switched from a 3+0 to 2+1 in order to reap the full
benefit of the dose schedule with a booster ®2. The involvement of serotype 1 (PCV13 serotype)
in pneumococcal meningitis in Ghana undermines the achievement of herd immunity after PCV
vaccination and supports the call for variation in PCV doses 21282 Again, evidence from a
Vietnamese study shows the benefits of the 2+1 315, Perhaps the 2+1 schedule currently
underway in South Africa could provide some evidence of colonization control among children
from the African continent. It is therefore important to evaluate the impact of booster doses

over a wider age group on schedules with and without a booster

5.5 Virulence genes: prevalence, PCV coverage, and association

with antibiotic resistance

The extensive implementation of PCVs has been characterized by the phenomenon of serotype
replacement, NVT causing IPD, and the emergence and spread of multidrug-resistant clones
316317 Further, PCVs offer vaccine serotype-specific immunity and for these reasons, the
development of pneumococcal protein vaccines is currently underway to provide an alternative
intervention strategy. In this case, the protein-based vaccines will offer broader protection and

will not be serotype dependent.
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Such proteins must be immunogenic and highly conserved within all pneumococcal serotypes.
Multiple studies have investigated some pneumococcal proteins as promising vaccine
candidates for protein-based vaccines 14318 Virulence factors such as pcpA, psrP, pspA,
pspC, pneumococcal histidine triad proteins (phtA, phtB, phtD, and phtE) and neuraminidases
(nanA, nanB, and nanC) have been well investigated for their potential in being included in
protein-based vaccines 1438, There are also ongoing pneumococcal protein-based vaccine
trials involving different pneumococcal proteins in different countries across the globe 31920,
In light of this, we sought to determine the prevalence of some of these pneumococcal proteins

that have been proposed to be promising vaccine candidates.

In this study, we showed that all the pneumococcal strains were encapsulated (cpsA), and tested
positive for lytA, and pavB. However, the presence of other virulence genes including pcpA,
psrP, PI-1, and PI-2 were in this proportion; 87%, 62.9%, 11.9%, and 6.6% respectively.
Interestingly, this is the first study to determine the prevalence of virulence genes among
carriage isolates from Ghana. Two studies from Africa that screened for some selected vaccine
candidates mostly concentrated on the serotype 1 strain and few other serotypes of invasive
disease origin >’ Both studies recorded a very low prevalence of the selected proteins. The
proportion of African strains possessing pcpA, psrP, PI-1, PI-2, both PI-1 and PI-2 were 34%,
19%, 11% and 4% respectively ". This low prevalence compared to our findings on pcpA, and
psrP could be due to the low diversity of serotypes included in their study, where 56% of the
strains belonged to serotype 1 and the rest were of serotype 19F, 12F, and 18F. Cornick and
colleagues found that only 2% of the serotype 1 strains encoded the pcpA gene, while in
European serotype 1 strains pcpA prevalence was as high as 82% 2. Using these data from
Africa, which predominantly centered on serotype 1 could promote an underestimation of the
prevalence of pcpA among strains generally from Africa. The search for the pilus islets in a
more diverse serotype population (with 17% being serotype 1) was carried out among
pneumococcal strains collected in the pre PCV era from Malawi. Fourteen percent of their
isolates were tested positive for the pilus islet gene with one serotype 19F possessing both PlI-
1 and PI-2 32, The pilus in TIGR4 has been shown to enhance adhesion thereby promoting
colonization in addition to promoting the invasion of host cells *°322, The pilus was only
detected in approximately 25% of pneumococcal isolates in various populations before the
widespread introduction of PCV7, with no difference prevalence among carriage and invasive
disease 322324 In this study, the prevalence of pneumococci PI-1 and P1-2 were 11.9% and 6.6%

respectively.
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PI-1 was detected in 6 different serotypes (6B, 19F,9V, 6A, 13, and 11A), while PI-2 was
present only in 19F and serotype 23B isolates. This relatively low prevalence could not be
explained by the predominance of a particular serotype as seen in previous studies 2’4, In this
study, the pilus islets were detected among different serotypes. Because the majority of the
piliated serotypes from this study are covered by PCV13, we can expect that continuous use of
the vaccine can eradicate these piliated VT from the population. Additionally, the pilus islets
were significantly associated with MDR and PCV13 serotypes (p=0.00), which is in agreement
with previous studies supporting the idea that the pilus is serotype-specific and significantly
associated with VT 32132 However, the emergence of piliation in NVT such as serotype
13,11A, and 23B could be of concern to Ghana as they could expand and emerge in

pneumococcal disease. Other studies have also reported the piliation of NVT 139325,

The generally low prevalence of the pilus islets in pneumococci have been reported in several
other countries. Among 151 Japanese pneumococcal strains studied for the presence of the pilus
islet, only 13%, 1.3%, and 7.9% possessed PI-1, P1-2, and both PI-1 and P1-2, respectively 3%,
In Malaysia PI-1 and PI-2 were present in 20.6% and 14.0%, respectively of the studied
pneumococcal population %27, Whereas in Brazil, PI-1, PI-2, PI-1, and PI-2 accounted for
16.6%, 3.2%, and 2% respectively *°. However, in Iran, the prevalence of PI-1 was much
higher (40% ) 32, These studies identified a relationship between the dual expression of PI-1
and P1-2 within serogroup 19, which is in consonance with our findings. The decline of pilus
prevalence after PCV introduction has been observed among American Indian children 32,
Because there is no data on pilus prevalence from isolates collected from Ghana before PCV
13 introduction, we cannot attribute the low prevalence observed in this study entirely to the
use of PCV13 in Ghana.

Hence, the generally low prevalence of the pilus islet among the isolates underscores the need
to re-examine its inclusion in protein-based vaccines, as it may offer very little additional
protective benefit in African countries like Ghana. We observed an association between pilus
presence and antibiotic resistance. All strains possessing pilus genes also showed alteration in
the pbp2b gene region confirming their resistance to penicillin. Various studies have
documented the association of the pilus in pneumococci with antibiotic resistance. A study that
assessed the relationship between the pilus and antibiotic resistance among globally known
MDR strains found an association between possessing a pili gene and penicillin and
erythromycin resistance gene cassette **’. In Japan 88.3% of piliated pneumococcal isolates

were MDR 3% likewise in Iceland, 70.7% of piliated strains were resistant to penicillin 3%,
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Again, Blumental and colleagues found an association between serotype 1 piliated strains with
penicillin non-susceptibility . Furthermore, a pre-vaccination study performed in Malawi did
not find any association between piliated pneumococcal isolates and antibiotic resistance 32
Although the association between the pilus and antibiotic resistance is not clear, it is possible
that these piliated strains could be selected due to antibiotic treatment because the pilus
facilitates adhesion and nasopharyngeal colonization 1%

The psrP gene has previously been described to contribute to lung cell attachment, enhance
bacterial aggregation and promote the formation of biofilm 126127329 Thijs protein has been
proposed as a potential vaccine candidate to be included in a pneumococcal protein-based
vaccine. In the present study, we found psrP among 62.9% of the isolates which is similar to
51.7% reported by Selva et al., with no difference between invasive and carriage isolates /. A
slightly lower prevalence of 48.6% and 45.7% were found among unvaccinated children in
Russia and Peru 333 In contrast, a much higher prevalence of psrP was detected among 88%
of serotype 1 strains from France compared to only 3% from selected African countries 7.
Similar to other studies, we detected psrP in nearly all serotypes reported in this study, and
therefore, no association between psrP and VT (OR 0.743; 95% CI 0.38-1.46) was indicated.
Comparing data from studies that involved pneumococcal isolates of invasive origin and ours
suggests that there is no difference in the occurrence of psrP in both invasive and carriage
isolates. Hence, its inclusion as a potential vaccine candidate can theoretically have an impact
on both IPD and pneumococcal colonization. In general, isolates that expressed psrP were less
likely to be MDR, as we observed a protective effect of psrP with MDR (OR 0.251; 95% ClI
0.12-0.53). This finding is in agreement with observations made in another study 332, To date,
the reason for this negative association between psrP and resistant strains remains unknown %',
While the prevalence of psrP and the pilus islets in pneumococci have been investigated in
previous studies including our own, only a few studies are available on the prevalence of pcpA
in carriage or invasive pneumococcal isolates. Pneumococcal choline-binding protein A (pcpA)
is an adhesin and mediates adherence to the mucosal lining of the nasopharynx and lungs in
humans. Its ability to elicit a strong immune response has provided sufficient evidence for its
inclusion in a potential bivalent and trivalent vaccines that have entered phase 1 clinical trials,
thereby showing promising safety profiles 3. However, studies on the prevalence of pcpA

among pneumococcal isolates are lacking 72747,
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However, consistent with a previous study that reported pcpA prevalence of 92.7% with
detection in all serotypes ', we also report an 87% prevalence of pcpA and a wide distribution
in all serotypes characterized on the molecular level in our study. This finding supports the
knowledge that pcpA is conserved in pneumococci without considering here the genetic
variation. In two separate studies that screened for the pcpA gene among serotype 1 strains
collected from African and those from other continents, they showed a very low prevalence of
pcpA among the African strains as compared to European strains with 2% versus 82% and
15% versus 97% respectively ‘24, Even though, the strain collections of the aforementioned
studies comprised of solely serotype 1. Considering the knowledge that serotype 1 is the leading
cause of meningitis and outbreaks in Ghana raises concern for the use of pcpA as a monovalent
vaccine for use on the African continent. However, because pcpA has a high coverage among
different serotypes in this study, we suggest its use in combination with other protein candidates

that are highly conserved and immunogenic in all pneumococci for use in Africa.

5.6 Antibiotic susceptibility of isolates

The introduction of PCVs is expected to reduce the high burden of drug-resistant pneumococcal
strains. Some studies have reported a significant reduction in penicillin resistance and MDR
pneumococci following PCV introduction 7. However, the significant increase in penicillin-
resistant and MDR NVT pneumococci undermines the success of previously reported decline
in S. pneumoniae resistance rates 3343%_ In general, All the isolates tested in this study showed
full susceptibility towards levofloxacin, vancomycin, and linezolid. Susceptibility to
ceftriaxone in this study was 97.4%. It is promising to see this level of high susceptibility

towards these antibiotics.

Vancomycin serves as the last drug of choice in the management of MDR pneumococcal
infections as well as other severe infections where treatment options are limited. Even though
our report and that of others 33-3% depict the lack of resistance towards vancomycin, the
tolerance of vancomycin among a limited proportion of pneumococcal isolates has been
reported in other studies 202203, It is therefore important to continue monitoring antibiotic

resistance among pneumococcal isolates in order to capture early changes in drug resistance.
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In recent years, newer fluoroguinolones such as levofloxacin and moxifloxacin have replaced
earlier antimicrobials in the treatment of lower respiratory tract infections (LRTIs) 3%°.
However, in Ghana, there is a marked use of fluoroquinolones in the treatment of urinary tract
infections 34°. The high susceptibility rates to levofloxacin detected here is consistent with
studies from other studies ©%1%3%2, Global surveillance data also showed sustained susceptibility
of S. pneumoniae isolates to levofloxacin 2%, Our study and that of others, suggest that

levofloxacin is still an effective drug that can be prescribed for the treatment of LRTIs.

Third-generation cephalosporins like cefotaxime and ceftriaxone are recommended for the
treatment of penicillin-resistant pneumococcal infections. A recent publication indicated that
up to 32.4% of respiratory tract infections reported to a teaching hospital in Ghana were treated
with ceftriaxone 341, This reflects the use of ceftriaxone as a first-line antibiotic in the treatment
of common community-acquired infections. If this trend continues, we could see gradual
progress of ceftriaxone resistance in the future. It is, however, reassuring that we registered
high susceptibility towards ceftriaxone (97.4%), which is consistent with studies conducted
recently 210211302 Aqgain, isolates from a recent outbreak of pneumococcal meningitis in Ghana
were also highly susceptible to ceftriaxone 282, The small fraction of isolates (2.6%) showing
non-susceptibility to ceftriaxone in this study have also been reported by researchers and
regional antimicrobial surveillance networks across the world 208.271338.342  previous reports of
ceftriaxone non-susceptibility from pre-vaccination pneumococcal carriage studies in Ghana
ranged from 0% - 5.2% %21, while post-vaccination carriage studies report of 0% - 3.7%
ceftriaxone non-susceptibility. This gives an impression of no net impact of PCVs on
ceftriaxone non-susceptibility. However, we caution that if the current rate of use of ceftriaxone
in tertiary care facilities continues this way, Ghana could be faced with ceftriaxone resistance

not only to the pneumococcus but also to other bacteria.

To date, there are no reported data on linezolid resistance and it is not surprising that all isolates
from this study were susceptible. It is interesting to note that the use of linezolid is quite rare in
Ghana and is only recommended for use in the treatment of extensively drug-resistant
tuberculosis, a condition that is rare in Ghana 333, Similarly, global susceptibility remains
high in several countries 2%, Eighty-eight percent of the isolates were susceptible and this is

consistent with studies conducted in the pre-PCV era in Ghana and elsewhere 6:210283,342345
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Cotrimoxazole is a combination of two antibiotics (trimethoprim and sulfamethoxazole) and
was used extensively in the past for treating pneumococcal disease especially in children. It was
previously the drug of choice for treatment of respiratory infections in resource-poor countries
36 There is, however, a growing trend of pneumococcal resistance to cotrimoxazole. Results
from a 20 year (1997-2016) surveillance of antibiotic resistance in S. pneumoniae from
countries within Europe, North America, Latin America, and Asia Pacific revealed
cotrimoxazole resistance ranged that from 63.1% to 73.7% 2%. Further evidence from other
studies performed in both the pre and post PCV era show this worrying trend. These include
reports from Russia (72%), Thailand (78.9%) Algeria (53.8%) India (88.1%), Malawi (96%),
Kenya (98.6%), Nigeria (93.0%), and Ghana (99.1%) 6.200:210,211,302,345-347 ' thjs study we report
a similarly high cotrimoxazole resistance of 84.1% in the post PCV era. This observation is
consistent with 85% and 92.6%, but slightly higher when compared to 63% obtained in similar
carriage studies conducted in Ghana after PCV introduction among Ghanaian children in Accra
28,259 These observations indicate that the introduction of PCV in Ghana has not had an effect
on cotrimoxazole resistance as the figures remain largely unchanged when pre- and post-
vaccination resistance rates are compared. This finding could be explained by the ease of
accessibility of cotrimoxazole as an over the counter drug, its extensive use in treating
respiratory infections, and also as prophylaxis for HIV infected children and adults in Ghana
and several African countries 1934834 Additionally, Ghana among other African countries
previously used sulfadoxine/pyrimethamine for the treatment of malaria, and this drug is
currently administrated to pregnant women during antenatal care to prevent maternal anaemia
due to malaria **8. Both cotrimoxazole and sulfadoxine/pyrimethamine act as inhibitors to
enzymes in the metabolic pathway of folic acid synthesis. The impact of continuous use of
sulfadoxine/pyrimethamine on non-susceptible cotrimoxazole pneumococci have been
demonstrated in a recent study 1%1%°, We believe that the increased prevalence of cotrimoxazole
seen in Ghana can be attributed to these factors, which is supported by findings from a study
that showed a significant correlation between extensive use of cotrimoxazole and

pneumococcal resistance 1%83%,

Tetracycline is an inexpensive antibiotic that has been widely used in poorly resourced
countries. It has been used mainly in the treatment of eye and urinary tract infections and
previously shown to be active against pneumococci **3. It is an over the counter drug and as

such can easily be acquired by individuals, resulting often in self-medication.

127



DISCUSSION

Tetracycline has been on the Ghanaian market for several years leading to its use and abuse and
therefore, reflects the high level of resistance that has been reported in this study and other
studies from Ghana . It is possible that the reasons stated above coupled with strong selective
pressure from extensive use could have led to this high level of resistance in Ghana and many
other countries. Furthermore, the potential for pneumococci strains to acquire these transposons
from other bacteria in the respiratory tract remains high, because tetracycline resistance is
mediated by transposons. The tetracycline resistance of 57% observed in this study is consistent
with previous reports from Ghana showing 63% and 66.7% resistance rates, respectively 2°72%8,
Similarly, India (60.8%), Algeria (46.2%), and countries contributing data to the global
antibiotic surveillance network (56.1% to 80.7%) showed comparable results 175347352
However, other studies have reported even higher levels of tetracycline resistance; China
(91.2%), Niger (77.4%), and Korea (79.3%) 66190353 \while some other countries including

Kenya (19.6%) and Thailand (15%) have reported lower rates 21034,

Tetracycline resistance is a result of the acquisition of tetM and tetO genes, with the latter rarely
reported in pneumococci >3 This is the first study from Ghana to determine the genetic basis
for tetracycline resistance among all the carriage isolates identified in a single study.
Tetracycline resistance was not discriminatory by serotype or age group. Eighty-five out of the
86 tetracycline-resistant strains from this study haboured the tetM gene. Consequently, we
found a significant association between tetracycline resistance and the presence of tetM
(p=0.000). The only study from Ghana that attempted to determine the genetic basis of
tetracycline resistance did so by selecting 12 out of their 220 isolates and performed in silico
analysis following whole genome sequencing of these strains. The tetM gene was present in 11
out of the 12 isolates %7, Data from the paediatric bacteria meningitis surveillance in Ghana
also revealed that 23 out of 26 isolates harboured the tetM gene, which was present in both VT
and NVTs 29, Similarly, a Polish study reported that tetM was present in all 138 isolates
previously identified as tetracycline resistant 3**. Another study from Niger confirmed the
presence of the tetM gene in 85.6% of tetracycline-resistant strains **°, while a study from Lao
detected tetM in 58.8% of the study isolates 26°.

Erythromycin is a macrolide just like clarithromycin and azithromycin, which have been used
to extensively treat respiratory tract infections globally. Marked erythromycin resistance to
pneumococci has been reported by several countries across the world rendering drug resistance

to erythromycin in recent years more common than penicillin resistance %3,
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Erythromycin resistance of <10% to >90% among pneumococcal isolates has been reported,
globally with variations in geographical location . The present study shows a high
susceptibility rate, where 92.7% of the isolates were susceptible to erythromycin. The low
resistance (7.3%) pattern recorded in this study is consistent with post-PCV reports from Ghana
with resistance rates ranging from 7.4% to 16% 2°"28, Erythromycin resistance rates in the pre-
PCV era published in 2015 by two separate studies were 2.6% and 24%, respectively &2,
Comparing data from the pre and post PCV era suggests that PCV vaccination has not had a
drastic impact on macrolide resistance as the rates remain relatively low. These low rates could
be attributed to the low level of use of erythromycin among the public and even in health
facilities. In a study that looked at antibiotic prescription in a tertiary hospital in Ghana; the
macrolides comprising azithromycin, erythromycin, and clarithromycin were never prescribed
for children. Even among adults, the macrolides were among the bottom five prescribed
antibiotics 34!, Another study conducted at the University of Cape Coast hospital, Ghana on the
antibiotic prescription pattern among clinicians proved the low level of macrolide prescription
for patients even though 30% of the conditions under study were linked to respiratory infections
35 However, the recent introduction of mass distribution of azithromycin as a prophylactic
measure towards yaws elimination among a section of the Ghanaian population could have a
futuristic effect on macrolide resistance among pneumococcal strains *¢. Such an effect has
been shown in Burkina Faso, where azithromycin was added to antimalarials to prevent
seasonal malaria 37. The low resistance to erythromycin seen in this study is not different from
what has been reported by other African countries 2°%2193%8 In contrast, higher rates of

macrolide resistance have been reported in Europe and other high-income countries 166:174180.208

Macrolide resistance in pneumococci has primarily been mediated by two major mechanisms;
target modification and active efflux involving the ermB and mef class genes respectively.
Again, this is the first pneumococcal study from Ghana to determine the genetic basis of
macrolide resistance among all erythromycin-resistant strains in a single study. We found that
of the 11 isolates that were erythromycin-resistant, 7 (63.6%) and 4 (36.4%) were positive for
the ermB and mefA genes respectively. The ermB gene was detected in serotypes 35B, 23B, 6B,
and 19F, while the mefA gene was limited to serotype 9V, 38, and 19F. The mefE gene was not
detected in any of the resistant isolates. Dayie et al., (2019) performed an in silico analysis on
11 pneumococcal isolates. They report that 4 out of the 11 strains haboured the ermB gene and
these were also identified to be phenotypically resistant to erythromycin®®’. The ermB gene was

also detected in 26 serotype 35B strains whose genome was sequenced 28,
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The ermB gene has been the most reported erythromycin resistance globally, followed by the
mefA/E with very few studies reporting the co-occurrence of the two genes ™. A recent
publication by a research group in Malawi showed that pneumococcal strains collected in the
pre-vaccination era displayed ermB, mefA and mefE as compared to post-vaccination of ermB
and mefA without mefE **°. In Germany, the most prevalent resistance markers were detected in
the order mefA (57.7%) followed by ermB (27.0%) and mefE (11.2%) 8. Other studies have

also reported the presence of these genes in erythromycin-resistant pneumococci 174:2°1:265:354,360,

In the pre-PCV carriage study by Mills et al., penicillin resistance among pneumococcal isolates
was as high as 63% °. Another pre-PCV carriage study showed that 45% of the isolates were
resistant to penicillin. This present study reports a reduction in penicillin resistance at a level of
35.8% suggesting an attributable effect from PCV13 vaccination. However, we see a marked
increase of penicillin resistance in NVT such as serotypes 23B, 11A, and 35B. This general
decline in penicillin resistance observed in this study is consistent with post-vaccination
carriage studies in Ghana among different populations 2°"2%°, PCV introduction is expected to
lower the burden of penicillin resistance among pneumococcal strains . A global genomic
epidemiology study identified a general decline in penicillin resistance shortly after PCV
introduction. However, this was short-lived as they detected increasing penicillin resistance in
lineages of NVTs like 11A and 35B 2*’. Similarly, findings by Chaguza et al. described the
reduction of penicillin resistance among PCV related serotypes without drastic changes in the
overall penicillin resistance rate when pre and post-PCV rates are compared 3°. Data from
global antibiotic surveillance published penicillin susceptibility of 62% among paediatrics with
variations from contributing regions 2%, Higher resistance rates have been reported post-PCV
from ltaly (30.9%), Tanzania (41%), Congo (80%) and Korea (86%) 166178271358 |t js,
however, worthy of note that the only isolate that showed full resistance to penicillin was

identified as serotype 23B which isa NVT.

We used primers described previously 1* to amplify various sections of the transpeptidase-
encoding region (TER) of pbp2b gene. We found that 38 (70%) of the 54 penicillin-resistant
strains showed evidence of alteration in the pbp2b gene, which was detectable in both VT and
NVT. From whole-genome sequenced data, Renner et al found that 26.9% of the strains
sequenced possessed penicillin resistance genes, meanwhile, only 4 out of 11 sequenced strains

were predicted to have penicillin resistance genes 272,
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It is possible that the strains in this study might have had amino acid substitutions in their
transpeptidase domain resulting in reduced affinity to penicillin and subsequently the
appearance of penicillin resistance. Another possibility is that these pneumococcal strains
acquired resistance genes from other streptococcus species such as S. oralis and S. mitis who’s
PBP are highly homologous to PBP in pneumococci. This occurrence makes it easy for resistant
strains to emerge following recombination events. Despite these findings, it is however
promising to see a gradual decline in penicillin resistance in VT indicating that penicillin will
still be effective in the treatment of pneumococcal infections. However, further monitoring of

increasing resistance in NVT will be required.

Overall, 28.5% of the isolates were classified as MDR as they were resistant to three different
classes of antibiotics. Furthermore, 15.2% were resistant to four different classes of antibiotics.
Eighty percent of the MDR strains were covered by PCV13; with evidence of a significant
association between MDR and PCV serotypes (OR: 4.19, CI: 1.99 - 8.84) (p=0.000). However,
there was no significant association between age, gender, and MDR. Comparable to our results,
a study among Thai children reported MDR of 31.6% 3*°. Meanwhile, Wang and colleagues
reported a difference in MDR prevalence among IPD and non-IPD isolates of 46.1% and 18.3%,
respectively, even though the overall MDR was 21.4% %4, On the contrary, Liu et al. reported
ahigher MDR of 95.6% among children less than five years with IPD in China %2, It is worrying
to see the development of MDR in NVT as this has serious implications for treating
pneumococcal infections caused by NVT MDR strains. In this study, MDR strains were seen
in NVT like 23B, 15A, and 35B. A case report from Malaysia provides evidence of a MDR
NVT 15A causing the death of a 20-month-old baby 362, This isolate was resistant to penicillin,
erythromycin, cotrimoxazole, tetracycline, chloramphenicol, and ceftriaxone. Similarly, data
from Canada showed the emergence of MDR among NVT (22F, 15A, 35B, and 33F) causing
invasive disease after PCV introduction 37, However, the sharp decline in MDR seen in this
study and that of Dayie et al., 2019 2°’, when compared with pre-vaccination MDR rate of 72%
211 indicates that PCV13 vaccination had had an effect on overall MDR among pneumococcal
isolates in Ghana. We predict the possibility of a continual decline of MDR in the future as VT
decline with a corresponding reduction in penicillin resistance. Although there is a decline in
pneumococcal MDR isolates it is worth noting that without a decline in antibiotic use and abuse
among the general population, there could be rather an upsurge in MDR in the future. In Ghana,

MDR has been seen not only in pneumococcal strains but also in other bacteria 363364,
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DISCUSSION

Though physicians, midwives, and trained nurses are allowed by Ghanaian laws to prescribe
antimicrobials, there is a widespread practice of unauthorised persons prescribing and
dispensing antibiotics in Ghana 3%. This signifies laxity in law enforcement and supervision. In
addition, there is no surveillance system on antibiotic consumption in the country and no
monitoring of antibiotic resistance in both humans and animals. Furthermore, it is quite easy to
access some restricted antibiotics from unlicensed sources 3%°. In addition, there is evidence of
self-medication among the general public partly because some antibiotics are readily accessible
and on the other hand, there is limited proximity to health facilities and a low number of
microbiological testing facilities 3¢, Even in facilities where microbiology laboratories are
available, the microbiological tests are not routinely prescribed for patients because of financial
difficulties as most of these tests are not covered by the national health insurance *!. Thus,
clinicians resolve to syndromic treatment in cases of community-acquired infections %!, Data
collected from antibiotic resistance surveillance in Ghana will serve as a guide to antibiotic
selection for empirical treatment in clinical practice as has been done in China, Europe, and
USA 154298 Tt is expected that such data will be provided by the agencies working under ‘The
Fleming Fund’ recently established in Ghana. In December 2017, the government of Ghana
approved a policy document on ‘National Policy on Antimicrobial Use and Resistance’.

This document will require agencies working under ‘The Fleming Fund’ to provide essential
data on antibiotic use and resistance through surveillance and research. Because this policy
document was developed with a One Health approach, it promises to provide data that covers

antibiotic use and resistance from both human health and veterinary services.

5.7 MLST

There is evidence to support the occurrence of serotype replacement in vaccinated populations
since the introduction of PCV7 and subsequently PCV10 and PCV13 %6738 This study reports
a strong upsurge of NVT (61.6%) of which serotype 23B accounts for 23.7%. We, therefore,
decided to determine the clonality of this serotype. Previous carriage studies conducted in
Ghana in the pre-vaccination era had no reports on the presence of serotype 23B ®21, However,
data from carriage studies in the post-PCV era report serotype 23B as an emergent serotype
among both adults and children as well as immunocompromised persons 2572%, Serotype 23B

was also isolated from samples collected from IPD patients 2.
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The emergence of serotype 23B as a replacement serotype has been indicated worldwide and
has been implicated in invasive disease as well 24":2%:3% Unfortunately, there is no cross-
protective effect from antibodies of serotype 23F towards serotype 23B 2% similar to what has
been seen with antibodies of 19F raised from PCV7 vaccination offering no protective effect
towards serotype 19A 3130 However, a recent publication demonstrated cross-protection
against 19A from the 19F contained in PCV10 administered to children in a high 19A setting
in Canada 3. Nevertheless, Hausdorff and colleagues predict the PCV13 vaccination could
offer much better protection against 6A, 7F, and 19A, which could be different from previous

observations using PCV7 3,

MLST of serotype 23B strains

MLST of all 22 serotype 23B isolates revealed 3 known and 7 novel STs respectively. This is
the first study conducted in Ghana to explore the clonality of a predominant NVT in the post-
PCV era. The most frequent occurring ST was ST172, which was identified also to be
associated with serotype 23F and 23B in invasive disease in Ghana %,

ST172 has been reported from several African countries, the USA, Australia, Germany, Spain,
UK, Portugal, Thailand, and Isreal, and therefore seems to a global clone 24, This clone is
highly associated with serotype 19A and 23F with the majority of the isolates expressing
penicillin resistance. It is however interesting to note that, ST172 is a SLV of ST338
(Colombia?®*-26), a PMEN clone that has been linked to the global spread of penicillin
resistance 2!2, Hence, it is not surprising to see that the study isolates of ST172 were all
penicillin-resistant. Because vaccines induce serotype-specific immune response, some
serotypes switch their capsules in order to evade the immune system. It is therefore, possible
that serotype 23B strains from this study and associated with ST172 could have originated from
serotype 23F, but have switched capsules in response to changes of the immune system. A
study in USA reported that serotype 23A belonging to ST172 shared the same genetic
background as the serotype 23F strains suggesting an expansion of the clone as well as a
capsular switch 372, That study also hypothesised that the emergent serotype 23A strains could
have originated from serotype 23F. The other known STs, ST6281 has been reported solely by
South Africa, whereas ST1349 have been reported primarily from Europe and USA %4 with
>90% of the isolates presented as serotype 23B with associated penicillin resistance. This
observation suggests the dissemination of these clones beyond their previously identified

geographical areas.
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ST6281 is associated with serotype 23F 2%, however, in our study, ST6281 takes on the form
of serotype 23B demonstrating yet another natural capsule switch event. This event could occur
as a result of the high homology between serotypes 23F and 23B 373, Other studies have reported
such events between serotype 6A and 6C 4. On the other hand, ST1349 is a DLV of ST338
(Colombia?3-26) with serotype 23F genetic background. It is therefore also possible that these
strains might have originated from serotype 23F and tried to escape vaccine selection pressure.
This study, therefore, portrayed that a high rate of capsular switch has occurred among the
serotype 23B isolates obtained from fully vaccinated study participants. In an attempt to survive
the serotype-specific charged immune system, these isolates undergo genetic recombination
leading to either a loss or switch of their capsule, and in this case the capsule switch seems to
have occurred. Despite the possible change in capsule, the genetic background remains highly
identical to that of serotype 23F of ST338 (Colombia?*¥-26). Out of the 7 novel STs, three were
SLVs of known STs indicating a form of clonal expansion of their founding ancestor. In
addition, two new STs were DLVs of the PMEN clone ST338 (Colombia?®¥-26), which
supports the evidence of penicillin resistance seen among these STs. It is interesting to note
that, some of the novel STs already express MDR. Therefore, the expansion of these clones in
the future could be problematic as treatment options may be limited.

The only pilus possessing serotype 23B strain belonged to a novel ST15451 showing resistance
to penicillin but not being multidrug-resistant. Similarly, the presence of PI-2 among
pneumococcal strains in Canada did not influence their propensity to drug resistance 3°. The
other virulence genes (pcpA and psrP) were fairly distributed among all the STs except PI-1,
which was not detected among any of the STs. This suggests that including pcpA and psrP in

protein-based vaccines could be beneficial in the long term on emergent NVT.

We compared the STs of our serotype 23B with STs of all serotype 23B logged into the
PubMLST database. Interestingly, the STs identified in this study did not cluster around the
predominant clone ST439, which has been reported to be circulating in Europe. This ST439 is
the major clone associated with serotype 23B strains circulating in Germany 2°. However, the
predominant clone ST172 found in this study appeared as a SLV of ST1373, which is a sub-
group founder that has been reported mainly by the USA. The two other subgroup founders
associated with STs from this study were ST1349 and ST5511. These STs (ST1373, ST1349,
and ST5511) are quite distant from the dominant clone ST439.
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These data therefore, suggests an evolutionary young group of serotypes that have emerged
recently and have not yet had enough time to diversify significantly. Of note, two other STs

reported by other studies from Ghana were also linked to these subgroup founders.

MLST of multidrug-resistant strains

The continuous monitoring of drug resistance among pneumococcal strains is necessary to
guide empirical treatment and to understand the spread of antibiotic resistance among
pneumococcal strains. In this study the MDR rate of strains that were resistant to 3 classes of
antibiotics was 28.5%. Nevertheless, we could only sequence strains that were resistant to more
than four classes of antibiotics (15.2%) due to financial constraints. Most of the MDR strains
in this category were vaccine-related serotypes including serotype 9V, 14, 19F, 23F, and 6B.
Serotype 35B was the only NVT showing resistance to > 4 antibiotics. The MLST of the 18
MDR isolates revealed in total 9 STs, of which 6 were already known and 3 (ST15458,
ST15459, and ST15461) were novel. Fourteen isolates were assigned to known the STs, while

4 isolates clustered within the 3 novel STs.

Very few data exist on the distribution of virulence genes among multidrug-resistant
pneumococcal strains 3. The knowledge that the presence of the pilus islet is a clonal property
was also evident in this study 3°. The presence of PI-1 and PI-2 in ST156, ST15458, and
ST15459 was contributed by serotype 9V and 19F strains. Studies from Canada, Brazil, and
Czech Republic also found clonal relationships between STs and serotypes 37276 13% Majority
of the piliated pneumococci described in these studies clustered around similar STs and were
related to serogroup 19, 9V, and 7F. Other studies have also demonstrated the emergence of the
pilus islet among serotype 19A with an associated MDR *° 377, The pcpA and psrP virulence
genes were fairly distributed among the identified STs. However, possessing both PI-1 and PI-
2 has been found to be a unique property of serotype 19F (ST15459 and ST983) %78 as indicated
also in this study. It is interesting to note that isolates that makeup CC156, which was previously
described to include serotypes 9V and 14 °7°, have quiet recently expanded after PCV
introduction to encompass many more serotypes such as serotype 19A in the USA, and 11A,
19A, and 24F in Spain 3% In the present study, ST156 was associated with serotype 9V

similar to reports from South Africa 382,
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ST156 (Spain®V-3) is a global clone identified by the PMEN to be involved in the dissemination
of penicillin resistance. It appears to be a well-disseminated clone globally, however, this is the
first time ST156 has been identified in Ghana and reported to the PubMLST database.
Interestingly, no other African country aside south Africa has reported this clone before 244382,
This means the spread of this clone has largely been limited to Europe, though a recent
publication has reported its decline in Spain, the country where is was first traced 3.
Furthermore, 6 out of the 7 serotype 23F strain, clustered into ST802. However, one more
isolate, phenotypically serotype 19F found itself clustering into ST802. This is an indication of
a possible capsular switch from serotype 23F to 19F. Capsular switching has been documented
in many studies conducted in the post PCV era 383, This phenomenon describes the exchange
or alteration of a portion of the capsular polysaccharide locus in order to escape host antibodies.
Additionally, a capsular switch may arise from the recombination of fragment sizes ranging
from 21.9 kb to 56.5 kb. In some instances, these fragments my include part or the entire pbp2x
and pbpla genes usually in close proximity to the cps locus. Pneumococcal genotypes deduced
from MLST demonstrate serotype-specific relationships. However, when an isolate shows a
different genotype or serotype within this relationship, then the isolate represents a capsular
switch variant. Because we did not compare in detail the cps of the serotype 23F with that of
the 19F included in ST802, we can only infer from the data the possible exchange of cps loci
within this clonal complex 3. Although ST802 is usually associated with serotype 23F, this
ST was previously identified among serotype 19F and 23F pneumococcal strains in Ghana
during the pre-vaccination era 21134 ST802 was previously reported from Ghana, Nigeria, The
Gambia, Kenya, Malawi, Niger, South Africa, hence all from the African continent. In addition,
there were reports from Thailand, China, the United Kingdom (UK), and the United States of
America (USA) 3% 244 The remaining single serotype 23F, which did not cluster into ST802,
was identified to belong to ST2174. ST2174 has only been reported from Gambia and Senegal,
both West African countries like Ghana. This ST has had its lineage from serotype 23F and
19A. Moreover, ST2174 is a DLV of ST9090, which is a major clone 19F associated with
serotype 19F described in Ghana during the pre-vaccination era 384,

The two serotype 14 MDR isolates clustered into ST8437, a relatively new clone that has only
been reported in Gabon 24, However, further investigations revealed that this clone is a SLV
of (ST9091) a serotype 19F strain that was identified in the Northern part of Ghana in 2011 384,
This implies that this clone might have disseminated to other parts of the country signifying the
role of movement in spreading MDR clones. Meanwhile, ST8437 has been reported in Germany

(2 records) in association with serotype 11A 244,
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The only serotype 6B strain resistant to > 4 antibiotics was associated with ST15461 which is
a DLV of the international clone Greece®®-22, ST273. Greece®8-22 has been described as a
global widespread clone with characteristics of penicillin and erythromycin resistance. This
again places great emphasis on monitoring pneumococcal clones globally as it gives an
indication of how widespread a clone has become. Drivers of this extended dissemination are
predominantly through travel and recombination within the pneumococcal genome as it strives

to survive and escape the immune response.

Serotype 19F among the MDR strains appeared to be highly clonal as it comprised of 4 different
STs of which 2 were novel. The two novel STs (15458 and 15459) are DLV and TLV of the
hypervirulent ST217 clone associated with serotype 1 in the 2016 pneumococcal outbreak in
Ghana 282, ST217 was the major clone implicated in large outbreaks in the early 2000s in Ghana
and neighboring Burkina Faso 31, The close association between these novel clones of serotype
19F and ST217 mainly of serotype 1 lineage in Ghana demonstrates the gradual expansion of
this clone. This further gives an indication of capsular switching, which could be due to vaccine

pressure and possible recombination of the genetic elements within this clone 374

In general, the few singletons of our MDR strains were not highly related to the internationally
dispersed clones documented by the PMEN, since they varied at > 4 loci. Two singletons
identified among MDR strains included ST983 (serotype 19F) and ST373 (serotype 35B). The
PubMLST pneumococcal isolate database associates ST983 with serotype 19F submitted by
China. It is possible that this clone could have been introduced into Ghana by Chinese or by
Ghanaians who have traveled to China because in recent years the interaction between Ghana
and China has increased 3¢, However, ST373 with 4 records available has previously been
reported by Ghana, Norway, and Saudi Arabia in association with serotype 35B 24
Furthermore, three major STs from this study were closely related (varied at < 3 loci) to PMEN
clones. Predominant among them was ST172, which is a SLV of ST338 (Colombia®F-26) and
at the same time a DLV of ST75 (South Africal®A-7), and TLV of ST268 (Hungary*®A-6). The
other clones highly related to PMEN clones were ST15461, a DLV of ST273 (Greece®8-22),
and STs15458 and 983, which are TLVs of ST236 (Taiwan'®F-14). The relationship seen
between strains from this study and those documented by the PMEN suggests that there is a
high activity of recombination going on among the pneumococcal strains, something that is
expected after vaccine introduction, all in an attempt to adapt and escape the pressure of the

vaccine as well as evade the immune system.
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It is therefore important to ensure the continuous monitoring of these clones as it proves critical
to ascetain the effect of vaccination on the pneumococcal population. When we studied STs
contributed by Ghana over the years to the PUbMLST database, we identified two main PMEN
clones circulating in Ghana. These were ST217 (Sweden-27, PMEN 27) and ST156 (Spain®V-
3, PMEN 3). ST217 is related to serotype 1, which has been associated with massive
pneumococcal outbreaks in the pre-vaccination era. Of note, this is the first time ST156 has
been reported to the PUbMLST database from Ghana and this has been contributed by this

present study.

5.8 Conclusion and outlook

The continuous monitoring of the pneumococcus after PCV introduction is essential to
understand the changing epidemiology of the pathogen in the population. PCVs are expected to
protect vulnerable groups, confer herd immunity on the population at large and also reduce the
occurrence of antibiotic resistance. However, the inability of the early PCV especially PCV7 to
offer cross-protection and the increase in non-PCV7 serotypes was of grave concern. Therefore,
higher valent PCVs were introduced to curb this problem. Hence, the WHO through support
from the global alliance for vaccination and immunization (GAVI) introduced PCV13 in low
and middle-income countries, who bear the highest burden of pneumococcal disease. Through
this initiative, Ghana also included PCV13 into its childhood immunization program in 2012.
However, there is no national surveillance in place to monitor the pneumococcus and hence,
individual researchers have contributed data to fill this gap. It is in this light that we conducted
this research. Firstly, to determine the serotypes and sequence types circulating among children
in the country. Secondly, to determine the antibiotic susceptibility patterns and the genetic basis
for the antibiotic resistance among these pneumococcal isolates. Thirdly, to determine the
prevalence of some virulence genes that have been identified as potential vaccine candidates.
The study was carried out among children under five years of age from a region in Ghana where
no prior data existed from both the pre-and post-vaccination era. Six years after PCV
implementation, we provide data on the epidemiology of the pneumococcus circulating among

vaccinated children in Cape Coast Ghana.
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DiscuUssION

This study provides evidence of a slight reduction in pneumococcal carriage among the study
population. Although the gain in reduction is not so wide, it could have been influenced by the
upsurge of non PCV13 serotypes. More than half of the isolates were of non PCV13 origin and
this underpins the need for continuous monitoring of these serotypes to identify their
contribution to IPD in Ghana. The emergence of non-vaccine serotypes is a characteristic
feature of serotype replacement, we therefore, conclude that serotype replacement has occurred

in the study population.

Further, this study identified a relatively high residual vaccin- type carriage when compared to
higher-income countries that have also introduced PCV13. This persistent circulation of
vaccine types even after vaccination could be attributed to the vaccine schedule that is currently
used in Ghana and many other developing countries. Strikingly, countries that used a vaccine
schedule with a booster reported very low or residual vaccine types. Ghana administers the 3+0
schedule. As more post-vaccination studies emerge, the data accrued will be provided to the

WHO and country policymakers to consider a revision of the current vaccine schedule.

Several pneumococcal protein candidates have been proposed and some have even entered
phase I clinical trials. To determine the extent to which these protein-based vaccines could be
protective, we sought to determine the prevalence of selected virulence genes among the
isolates. We presented that lytA, pavB, and cpsA genes were present in all the carriage strains.
However, we monitored variations in the prevalence of psrP, pcpA, and PI-1 and PI- 2. More
than half of the isolates were tested positive for psrP and pcpA. Therefore, psrP and pcpA could
provide a protective effect when formulated in conjunction with other highly abundant and
conserved proteins. However, the pilus was of very low abundance, as less than a quarter of the
strains possessed the pilus. It is possible that the PCV has had an effect on the number of piliated
pneumococci. However, these data also suggest that including the pilus in a protein-based
formulation will not be extremely beneficial to Ghanaian children.

In addition, we identified an association between the presence of the pilus and antibiotic
resistance. The MDR resistance identified in this study was quite low compared to data from
the pre-vaccination era. This finding shows that the PCV13 had made an impact on the overall
antibiotic resistance. This marked improvement is a result of a drastic decline in penicillin

resistance. However, resistance to tetracycline and cotrimoxazole remained relatively high.
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DISCUSSION

We report a marginal increase in erythromycin resistance, even though there was no resistance
to vancomycin, levofloxacin, and ceftriaxone. Erythromycin resistance was mediated by mefA
and ermB genes. In addition, the presence of the tetM gene contributed to the marked
tetracycline resistance seen among the isolates in this study. Despite the remarkable reduction
in penicillin resistance, alteration in the pbp2b gene was identified as a major contributor to the
penicillin resistance seen in this study. Although some VT were also MDR, we expect that the
continuous use of PCV 13 in the country will lead to the expected decline of VTs in the near

future.

Multilocus sequence typing provides genetic information about the relatedness of a group of
isolates. The predominant NVT serotype 23B and selected isolates that were resistant to > 4
antibiotics were analysed by MLST. Sequence types found to contain more than one serotype
give an indication of previous serotype switching. Nine already known STs and 10 novel ST
were identified. Seven out of the 10 new STs belonged to serotype 23B, while the remaining 3
were VT. Capsular switching was identified among many of the isolates. Capsular switch was
identified among isolates of ST 802, which comprised of both serotype 23F and 19F. Of note
is ST172, to which the majority of the serotype 23B strains belonged. This ST is highly
associated with serotype 23F and closely related to an internationally disseminated clone ST338
(Colombia?®"-26). Consequently, ST172 was characterised with marked resistance traits and
we predict a possible capsular switch from serotype 23F to 23B within this ST. Therefore, we

conclude that in addition to serotype replacement capsular switching has also occurred.

In conclusion, there was a marginal decline in overall pneumococcal carriage prevalence,
serotype replacement and capsular switches have occurred. There is a drastic decline in
penicillin resistance as well as MDR and finally, the inclusion of pcpA and psrP in protein-

based vaccines will provide adequate protection among Ghanaian Children.

Outlook

This study could not screen the whole range of virulence genes described to date, hence there
is the need to expand this research to include other virulence genes identified as potential
vaccine candidates because the global analysis will provide useful information on the

prevalence of these virulence genes in the pneumococcal population.
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DiscuUssION

Whole-genome sequencing (WGS) is the current method used in genomic studies as it provides
very detailed information for each strain. In this study, we could not provide detailed genetic
information on all the isolates and as such, we recommend the use of WGS for further studies
into the genetic basis for antibiotic resistance, virulence genes, serotype prediction, and

sequence types amongs others of these pneumococal isolates.

It will also be of interest to monitor the ability of serotype 23B and other NVT to disseminate

and become biologically successful clone in colonization and IPD in Ghana.

This study provides preliminary data on the molecular epidemiology of the pneumococcus in
the post-vaccination era in the Cape Coast Metropolis of the Central region of Ghana. Hence,
the data cannot be generalized to the entire region. It will be interesting to expand this study to

cover other districts within the region.

Finally, the establishment of an IPD surveillance will provide very insightful data on the

dynamics of the pneumococci after PCV13 introduction.
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MATERIALS

6. Materials

6.1 Culture media and pneumococcal strains

6.1.1 Culture media

Table 6. 1: Culture media used for cultivation of S. Pneumoniae

Culture media

Composition

Blood agar plates

Mueller Hinton Blood agar Plates

THY

Skim milk, tryptone, glucose,
and glycerine (STGG)

Amies transport medium

23 g/l Peptone, 5 g/l NaCl, 14 g/l Agar, 65
ml/l, Sheep blood, pH 7.4 (Oxoid, Wesel,
Deutschland)

3009/l Beef, Casein hydrolysate 17.5 g/I,
Starch 1.5 g/l pH 7.3 £ 0.1 (Oxoid, Wesel,
Deutschland)

36.4 g/l Todd Hewitt Broth, 0.5% yeast
extract 1% Bacto-Trypton, 0.5% yeast
extract, 0.5% NaCl, pH 7.5

20 g/l Skim milk powder,
30 g/l Tryptone soy broth,
5 g Glucose

100 ml of glycerol

Roth

Amies transport medium and charcoal
(Sarstedt)
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6.1.2 Pneumococcal strains

Table 6. 2: Culture media used for cultivation of S. Pneumoniae

Strain* Serotype Source

SP 107 18F Gregor Zysk, University of Dusseldorf

SP 206 10A Darwin

SP 313 6 Regine Landmann, Basel

SP 332 1 (SPPD1) Michele Barocchi, Siena, Lab Norvatis

SP 333 19F-Taiwan 14 Michele Barocchi, Siena, Lab Norvatis

SP 35 2 NCTC 7466

SP 38 1 ATCC 6301

SP 39 63B/C ATCC 6303

SP 401 2 Marien de Jonge, Nijmegen, The
Netherlands

SP 405 19A M. van der Linden, Aachen

SP 41 5 ATCC 6305

SP 42 8 ATCC 6308

SP 44 14 ATCC 6314

SP 45 19F ATCC 6319

SP 46 23F ATCC 6323

SP 47 6B ATCC 6326

SP 50 9V ATCC 10368

SP 70 12F Gregor Zysk, University of Dusseldorf

SP 100 23A Gregor Zysk, University of Dusseldorf

SP 178 16F Darwin

SP 261 4 Laboratory strain

SP 309 19F (G54) Gianni Pozzi, Siena, Italy

SP 334 4 V. Vimberg, Swedish institute for
infectious diseases, Sweden

SP 380 11A Ewa Sadowy, Warsaw

SP 391 35B Ewa Sadowy, Warsaw

SP 40 4 ATCC 6304

SP 413 ATCC 49619

SP 43 9L/N ATCC (6309)

SP 48 7F ATCC 10351

SP 81 33F Gregor Zysk, University of Dusseldorf

SP 81 6A/B/C Gregor Zysk, University of Dusseldorf

*Numbering from the stock list of the Department of Molecular Genetics and Infection Biology, Interfaculty

Institute of Genetics and Functional Genomics, Center for Functional Genomics of Microbes, University of

Greifswald
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MATERIALS

6.2 Oligonucleotides

Table 6. 3: Oligonucleotides used for multilocus sequence typing (MLST)

Primer Primer Primer sequence** Source or

No. * name reference

15 aroE-F 5-TCCTATTAAGCATTCTAT 224
TTCTCCCTTC-3’

16 aroE-R 5’-ACAGGAGAGGATTGGCCA 224
TCCATGCCCACACTG-3’

19 gdh-F 5-ATGGACAAACCAGC s
(G/IAITIC)AG(CIT) TT-3

20 gdh-R 5’-GCTTGAGGTCCCAT(G/A) 387
CT(G/A/T/C)CC-3’

21 gki-F 5’- GGCATTGGAATGGGATCA 387
cC-3

22 gki-R 5’- TCTCCCGCAGCTGACAC-3’ 387

7 recP-F 5’- TCCGATGGCTTACAGCCTC-3’ 244

8 recP-R 5’- CTGTTCCATTTTCAACCAAGG-3’ 244

9 spi-F 5’- AAAATTTCTTAAAAGAGTGGGG 244

10 spi-R 5’- CGATACGGGTGATTGGCC-3’ 244

11 xpt-F 5’-GATCTGCCTCCTTAAATACG-3’ 244

12 xpt-R 5’- GAAATTATTAGAAGAGCGCATC-3’ 244

17 ddI-F 5>-TAAAATCACGACTAAGCG 224
TGTTCTGG-3’

18 ddI-R 5’- AAGTAGTGGGTACATAGACCACT 224

GGG-3’

*Numbering from the stock list of the Department of Molecular Genetics and Infection Biology, Interfaculty
Institute of Genetics and Functional Genomics, Center for Functional Genomics of Microbes, University of

Greifswald

**The primers were synthesized by Eurofins MWG Operon, Germany. The concentration was adjusted to 10
pmol/ul in nuclease free H,O
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Table 6. 4: Oligonucleotides used for serotyping 224

Primer Primer name Primer sequence**

No. *

1 1-f 5’- CTCTATAGAATGGAGTATATAAACTATGGTTA-3’

2 1-r 5’- CCAAAGAAAATACTAACATTATCACAATATT
GGC-3’

3 2-f 5’- TATCCCAGTTCAATATTTCTCCACTACACC-3’

4 2-r 5’- ACACAAAATATAGGCAGAGAGAGACTACT-3

5 3-f 5’- ATGGTGTGATTTCTCCTAGATTGGAAAGTAG-3’

6 3-r 5’-CTTCTCCAATTGCTTACCAAGTGCAATAACG-3’

7 4-f 5’-CTGTTACTTGTTCTGGACTCTCGATAATTGG-3’

8 4-r 5’- GCCCACTCCTGTTAAAATCCTACCCGCATTG-3’

9 5-f 5’- ATACCTACACAACTTCTGATTATGCCTTTGTG-3’

10 S5-r 5’GCTCGATAAACATAATCAATATTTGAAAAAGT
ATG-3’

11 6A/6B/6C/6D-f 5- AATTTGTATTTTATTCATGCCTATATCTGG-3’

12 6A/6B/6C/6D-r 5’- TTAGCGGAGATAATTTAAAATGATGACTA-3’

13 6C/6D-f 5’- CATTTTAGTGAAGTTGGCGGTGGAGTT-3’

14 6C/6D-r 5’- AGCTTCGAAGCCCATACTCTTCAATTA-3

15 7C/(7B/40)-f 5’CTATCTCAGTCATCTATTGTTAAAGTTTACGACGGGA-3’

16 7C/(7B/40)-r 5’- GAACATAGATGTTGAGACATCTTTTGTAATTTC-3’

17 TFITA-f 5’-TCCAAACTATTACAGTGGGAATTACGG-3’

18 TFITA-r 5’- ATAGGAATTGAGATTGCCAAAGCGAC-3’

19 8-f 5’- GAAGAAACGAAACTGTCAGAGCATTTACAT-3’

20 8-r 5’- CTATAGATACTAGTAGAGCTGTTCTAGTCT-3’

21 9ON/9L-f 5’- GAACTGAATAAGTCAGATTTAATCAGC-3’

22 ON/9L-r 5’- ACCAAGATCTGACGGGCTAATCAAT-3’

23 9V/9A-f 5’- GGGTTCAAAGTCAGACAGTGAATCTTAA-3

24 9V/9A-r 5’- CCATGAATGAAATCAACATTGTCAGTAGC-3’

25 10A-f 5’- GGTGTAGATTTACCATTAGTGTCGGCAGAC-3’

26 10A-r 5’-GAATTTCTTCTTTAAGATTCGGATATTTCTC-3°

27 10F/(10C/33C)-f 5°- GGAGTTTATCGGTAGTGCTCATTTTAGCA-3’

28 10F/(10C/33C)-r 5’- CTAACAAATTCGCAACACGAGGCAACA-3’

29 11A/11D-f 5’- GGACATGTTCAGGTGATTTCCCAATATAGTG-3’

30 11A/11D-r 5>-GATTATGAGTGTAATTTATTCCAACTTCTCCC-3’

*Numbering from the stock list of the Department of Molecular Genetics and Infection Biology, Interfaculty
Institute of Genetics and Functional Genomics, Center for Functional Genomics of Microbes, University of

Greifswald

**The primers were synthesized by Eurofins MWG Operon, Germany. The concentration was adjusted to 10
pmol/ul in nuclease free H.O
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MATERIALS

Table 6.4: Oligonucleotides used for serotyping 2%(contd)

Primer Primer name Primer sequence**
No. *
33 12F(12A/44 5’- GCAACAAACGGCGTGAAAGTAGTTG-3’
146)-f
34 12F(12A/44 5’- CAAGATGAATATCACTACCAATAACAA
146)-r AAC-3’
37 13-f 5’- TACTAAGGTAATCTCTGGAAATCGAA
AGG-3’
38 13-r 5’- CTCATGCATTTTATTAACCGCTTTTTG
TTC-3
39 14-f 5’- GAAATGTTACTTGGCGCAGGTGTCAGA
ATT-3°
40 14-r 5’- GCCAATACTTCTTAGTCTCTCAGATGAAT-3’
41 15A/15F-f 5’- ATTAGTACAGCTGCTGGAATATCTCTTC-3’
42 15A/15F-r 5’- GATCTAGTGAACGTACTATTCCAAAC-3’
45 16F-f 5’- GAATTTTTCAGGCGTGGGTGTTAAAAG-3’
46 16F-r 5’- CAGCATATAGCACCGCTAAGCAAATA-3’
47 17F-f S’TTCGTGATGATAATTCCAATGATCAAACA
AGAG-3’
48 17F-r 5’GATGTAACAAATTTGTAGCGACTAAGT
CTGC-3’
49 18/18A718B/18C/  5’- CTTAATAGCTCTCATTATTCTTTTTTTA
18F-f AGCC-3’
50 18/18A/18B/18C/  5’- TTATCTGTAAACCATATCAGCATCTGA
18F-r AAC-3’
51 19A-f 5’- GAGAGATTCATAATCTTGCACTTAGCCA-3’
52 19A-r 5’- CATAATAGCTACAAATGACTCATCGCC-3’
53 19F-f 5’- GTTAAGATTGCTGATCGATTAATTGATA
TCC-3°
54 19F-r 5’- GTAATATGTCTTTAGGGCGTTTATGGCGAT
AG-3’
55 20-f 5’GAGCAAGAGTTTTTCACCTGACAGCGAGA
AG-3’
56 20-r S’CTAAATTCCTGTAATTTAGCTAAAACTCT
TATC-3’
59 22F/22A-f 5S’GAGTATAGCCAGATTATGGCAGTTTTATT
GTC-3
60 22F[22A-r 5’CTCCAGCACTTGCGCTGGAAACAACAGAC
AAC-3’
61 23A-f 5’- TATTCTAGCAAGTGACGAAGATGCG-3’
62 23A-r 5’- CCAACATGCTTAAAAACGCTGCTTTAC-3’
65 23F-f 5’GTAACAGTTGCTGTAGAGGGAATTGGCTT
TTC-3°
66 23F-r 5’CACAACACCTAACACTCGATGGCTATATG

ATTC-3

*Numbering from the stock list of the Department of Molecular Genetics and Infection Biology, Interfaculty
Institute of Genetics and Functional Genomics, Center for Functional Genomics of Microbes, University of

Greifswald

**The primers were synthesized by Eurofins MWG Operon, Germany. The concentration was adjusted to 10
pmol/ul in nuclease free H,O
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Table 6.4: Oligonucleotides used for serotyping 2%* (contd)

Primer Primer name Primer sequence
No. *
67 24/(24A24B24F)-f 5’- GCTCCCTGCTATTGTAATCTTTAAAGAG-3’

68 24/(24A124B/24F)-r 5’-GTGTCTTTTATTGACTTTATCATAGGTCGG-3”

71 31-f 5’-GGAAGTTTTCAAGGATATGATAGTGGTG
GTGC-3’

72 31-r 5’- CCGAATAATATATTCAATATATTCCTA
CTC-3°

73 33F/(33A/37)-f 5’- GAAGGCAATCAATGTGATTGTGTCGCG-3’

74 33F/(33A/37)-r 5’- CTTCAAAATGAAGATTATAGTACCCTTCT
AC-3’

75 34-f 5’- GCTTTTGTAAGAGGAGATTATTTTCACCCA
AC-3’

76 34-r 5S’CAATCCGACTAAGTCTTCAGTAAAAAACTTT
AC-3’

77 35A/(35C/42)-f 5’- ATTACGACTCCTTATGTGACGCGCATA-3’

78 35A/(35C/42)-r 5’- CCAATCCCAAGATATATGCAACTAGGTT-3’

79 35B-f S’GATAAGTCTGTTGTGGAGACTTAAAAAGA
ATG-3’

80 35B-r S’CTTTCCAGATAATTACAGGTATTCCTGAAG
CAAG-3’

81 35F/4TF-f 5’GAACATAGTCGCTATTGTATTTTATTTAAA
GCAA-3’

82 35F/4TF-r 5’GACTAGGAGCATTATTCCTAGAGCGAGTAA
ACC-3’

83 38/25F/25A-f S’CGTTCTTTTATCTCACTGTATAGTATCTTT
ATG-3

84 38/25F/25A-r 5’-ATGTTTGAATTAAAGCTAACGTAACAATCC-3’

85 39-f 5’-TCATTGTATTAACCCTATGCTTTATTGGTG-3’

86 39-r 5’- GAGTATCTCCATTGTATTGAAATCTACCAA-3’

87 cpsA-f 5’- GCAGTACAGCAGTTTGTTGGACTGACC-3’

88 CpsA-T 5’- GAATATTTTCATTATCAGTCCCAGTC-3’

94 15B/15C-f 5’-TTG GAATTT TTTAATTAGTGGCTTACCTA-3’

95 15B/15C-r 5’- CATCCGCTTATTAATTGAAGTAATCTGA

ACC-3°

*Numbering from the stock list of the Department of Molecular Genetics and Infection Biology, Interfaculty
Institute of Genetics and Functional Genomics, Center for Functional Genomics of Microbes, University of
Greifswald

**The primers were synthesized by Eurofins MWG Operon, Germany. The concentration was adjusted to 10
pmol/ul in nuclease free H>O
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Table 6. 5: Oligonucleotides used for antibiotic resistance gene amplification

Primer Primer Primer sequence** Reference
No. * name
1963 16S-F 5’- AGTCGGTGAGGTAACCGTAAG-3> %8
1964 16S-R 5’- AGGAGGTGATCCAACCGCA-3’ 388
Erythromycin
1965 ermB-f 5’- CGTACCTTGGATATTCACCG-3’ 251
1966 ermB-R 5’- GTAAACAGTTGACGATATTC-3’ 251
1969 mefE-f 5’- GGGAGATGAAAGAAGGAGT-3’ 252
1970 mefE-R 5’- TAAAATGGCACCGAAAG-3’ 252
1971 mefA-f 5’-TGGTTCGGTGCTTACTATTGT-3’ 252
1972 mefA-r 5’- CCCCTATCAACATTCCAGA-3’ 252
Tetracycline
1973 tet M-f 5’- GTGGACAAAGGTACAACGAG-3’ 253
1974 tet M-r 5’- CGGTAAAGTTCGTCACACAC-3’ 253
Penicillin
1987 P5 5’-CTGACCATTGATTTGGCT TTC i
CAA-3’
1988 P6 5-TTT GCAATAGTT GCTACATAC 1
TG-3°
1989 R1 5-GCC TTT TCT AGG CCAATGCCG *
ATT AC-3°
1990 R2 5- GCC TACGATTCATTC CCG ATT- 71
3,
1991 R3 5-AAATTG GCATATGGATCTTTT '
CCT-3
1992 R4 5-GTTTTAACT AAC AATTTAGAA M1
TCC-3

*Numbering from the stock list of the Department of Molecular Genetics and Infection Biology, Interfaculty
Institute of Genetics and Functional Genomics, Center for Functional Genomics of Microbes, University of
Greifswald

**The primers were synthesized by Eurofins MWG Operon, Germany. The concentration was adjusted to 10
pmol/ul in nuclease free H,O
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Table 6. 6: Oligonucleotides used for molecular genotyping of pneumococcal strains

Primer Primer name Primer sequence**
No. *
RD10-PsrP genotyping (positive
fragment)
PsrP (BR; basic region)
722 RD10-PsrP-F 5’- CAACTGCTAAGAAGGTCGAAG-3’
723 RD10-PsrP-R 5’- CAAGTATACCCACTACCCTGC-3’
RD10-PsrP genotyping
(negativefragment)
RD10-(psrP-secY2A2) (flanking genes)
724 RD10-Neg-F 5’- CACCCTTCTTCAACTCCTACG-3’
725 RD10-Neg-R 5’- CTTCCAAGCGAGCCACCATCC-3’
PavB genotyping
161 Fnbmut3 5’- GCTACCAAATACTGGTGAGACTC-3’
254 TCS08mut6 5’- CTCCTATTTGAACTTCATGACTAC-3’
Pilus genotyping (positive fragment)
Pilus islet-1
279 rrgBmutl 5’- GTGGTATCGGAATGTTGCC-3’
280 rrgBmut2 5’- GATCAATATTCACTCCTAGAG-3’
Pilus genotyping (negative fragment)
Pilus islet-1
287 PilusF 5’- CGCCTTGGATGCATTGAGC-3’
288 PilusR 5’- GTATTACAAGATATTATTTCACC-3’
Pilus genotyping (positive fragment)
Pilus islet-2
301 pitBmutl 5’- GAGTGTCTGGGGAGAATTCCTTTAC-3’
302 pitBmutl 5’- GGTTATTGCTGAATTAGGATCCGC-3’
Pilus genotyping (negative fragment)
Pilus islet-2 (flanking genes)
305 Pilus2-F 5’- AAAATCAGCAGTATCCATGTG-3”
306 Pilus2-R 5’- GGGACTGGAAAACTTATTAGC-3’
857 lytAfor 5’-
GAAATTAATGTGAGTAAATTAAGAACAG-
3’
859 IytArev2 5-TTTTACTGTAATCAAGCCATCTGGC-3’
1686 RT_pcpA_F 5’- CTCCTAGTTCGGAAGTAATCA-3’
1687 RT_pcpA R 5’- CTTGACCAGCTTCAAACTCTA-3’

*Numbering from the stock list of the Department of Molecular Genetics and Infection Biology, Interfaculty
Institute of Genetics and Functional Genomics, Center for Functional Genomics of Microbes, University of
Greifswald. **The primers were synthesized by Eurofins MWG Operon, Germany. The concentration was
adjusted to 10 pmol/pl in nuclease free H.O
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6.3 Antibiotics

Table 6. 7: Antibiotics used for susceptibility testing

Antibiotic Antibiotic code Concentration Source
Vancomycin VA 30ug Thermo Fisher
Erythromycin ERY 15pg Thermo Fisher
Tetracycline TET 30ug Thermo Fisher
Levofloxacin LEV Sug Thermo Fisher
Cotrimoxazole COoT 25ug Thermo Fisher
Chloramphenicol CHL 30pg Thermo Fisher
Clindamycin DA 2ug Thermo Fisher
Linezolid LZD 30pg Thermo Fisher
Ceftriaxone CRO 30ug Thermo Fisher
Oxacillin OX lug Thermo Fisher
Penicillin G PEN 0.002-32mg/L Liofilchem
Optochin P Sug Thermo Fisher
Gentamicin GEN 5¢ Roth

6.4 Commercial kits and markers

6.4.1 Commercial kits

Table 6. 8: Commercial kits

Molecular biology Source

Wizard® SV Gel and PCR Clean-Up System Promega

QlAamp DNA Mini Kit Qiagen

dNTPs Thermo Fisher
FLOQSwab™ Copan diagnostics

Kits were used according to respective manufacturers instructions

Table 6. 9: DNA ladder

DNA ladder Band size in bp Source
GeneRuler™ kb DNA 10000, 8000, 6000, 5000, 4000, Fermentas
Ladder 3500, 3000, 2500, 2000, 1500,

DNA Ladder 100 bp

1000, 750, 500, 250

1517, 1200, 1000, 900, 800, 700 NEB
, 600, 500/517, 400, 300, 200, 100

Kits were used according to respective manufacturers instructions
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6.5 Solutions, buffers and enzymes

6.5.1 Enyzmes

Table 6. 10: Enzymes

Enzyme

Source

Tag-DNA-Polymerase, recombinant Department of Molecular Genetics and

Pfu-DNA-Polymerase

Pfu-DNA-Polymerase

Infection Biology, E. coli clone E175*
Bio u Sell

Genaxxon Bioscience

Lysozyme Sigma-Aldrich
6.5.2 Buffers and solutions
Table 6. 11: Buffers and solutions used for PCR
Buffers or solutions Composition/application Source
10X ThermoPol Reaction Tris-HCI -200mM, Department of Molecular
Buffer (NH4)2S04-100 mM Genetics and Infection
KCI-100 mM Biology,
MgS0O;-20 mM

Magnesium chloride

dNTP set

Sodium deoxycholate
(bile salt) 2%
Sodium deoxycholate
(bile salt) 1%

Triton X-100-1%
(pH 8.8 @ 25°C)

MgClz- 25mM Roth

100 mM dATP, Thermo Scientific
100 mM dCTP,

100 mM dGTP,

100 MM dTTP

2 g of sodium deoxycholate in Sigma

100 ml distilled water

1 g of sodium deoxycholate in Sigma

100 ml distilled water

154



MATERIALS

Table 6. 12: Buffers and solutions for molecular biology

Buffers or solutions

Composition/application

Source

TAE buffer (20x)

Agarose (0.8%)

Agarose (2%)

HD-green plus DNA stain

DNA loading buffer

Gel loading dye purple

Tris-800mM, EDTA-

200mM, Glacial acetic acid-

2.28%, distilled water, pH
8.0.

DNA electrophoresis in
agarose gels

Agarose 2.4g in 300ml
1TAE buffer

Agarose 6g in 300ml 1TAE
buffer

Dissolve 18ul of HD green
in 300ml agarose (0.8% in
IXTAE

Solution buffer).

DNA staining

Bromo-phenol blue-0.25%,
Succrose-40% dissolved in
distilled water

2.5% Ficoll-400, 10 mM
EDTA, 3.3 mM Tris-HCI
(pH 8.0 @ 25°C), 0.02%
Dye 1 and 0.0008% Dye 2.

Department of Molecular
Genetics and Infection
Biology,

Genaxxon bioscience

Genaxxon bioscience

INTAS

fermenters

NEB
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Table 6. 13: Solutions and buffers for genomic DNA isolation

Solution/ buffer

TES-buffer

Lysozyme stock solution
RNase A- stock solution
Pronase E
N-Lauroylsarcosine solution
Phenol

Phenol-chloroform-isoamyl, 25:24:1
Na-Acetate

Composition/ source

50 mM Tris-HCI, 5 mM disodium
EDTA, 10 mM NaCl, pH 8.0

5 mg/ml, dissolved in TES-buffer
5 mg/ml, dissolved in TES-buffer
5 mg/ml, dissolved in TES-buffer
10% in 250 mM disodium-EDTA
Roth

Roth
3M, pH 5.2
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7. Methods

7.1 General overview

This section describes in detail the methods used in this study. It describes the study design,
study population, recruitment criteria as well as ethical issues addressed by this study. Children
who were less than five years of age attending immunization clinics and kindergartens were
selected from the Cape Coast Metropolis to take part in this study. Nasopharyngeal swabs were
collected from the children and the pneumococcal strains that were obtained were taken through
various laboratory procedures to determine the different serotypes, virulence factors, antibiotic
susceptibility patterns as well as sequence types. These methods were employed to achieve the
set objectives. Each subheading gives a brief description of the procedure used at each step of
the research.

7.1.1 Study design

A cross-sectional study was conducted in February 2018 involving children less than five years

of age residing in the Cape Coast Metropolis.

7.1.2 Description of the study site and participants

This study was conducted in the Central region, one of the 16 regions in Ghana of which Cape
Coast is its capital. It is a coastal town that is bounded on the south by the Gulf of Guinea.
Children 0-9 years account for 19.1% of its total population. Both public and private schools
were included in this study to ensure the adequate inclusion of children attending kindergartens.
In order to include children less than 18 months in this study, childhood immunization clinics
were selected. Healthy children attend these clinics to access routine vaccinations as well as to
have their growth rate monitored. Copies of ethical clearance for the study and introductory
letter from the regional office of the Ghana Education Services was presented to the Heads of
the participating schools and immunization clinics. Children of consenting parents or guardians
were recruited into the study after the study objectives have been explained to them. The
research collected brief demographic data and verified the immunization cards of each
participant. A child with visible signs of respiratory infection such as runny nose or cough were
excluded from the study. In addition, children who declined participation even after parental

consent were also excluded.
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7.1.3 Sample size determination

The minimum number (N) of participants recruited in this study was determined by the formula
below: N=Z2 (P) (1-P) / (d) 2
Where Z = 1.96 is the standard score for the confidence interval of 95%

P = 0.34 prevalence of S. pneumoniae carriage (Dayie et al., 2012).

d = allowable error (d) of 4%

The calculated sample size =539

A total of 513 children were included in this study.

7.1.4 Ethical approval

The study was approved by the institutional review board of the University of Cape Coast
(UCCIRB/EXT/2017/21). Parents and guardians signed an informed consent form prior to the
inclusion of a child into the study. Permission to conduct the study was obtained from the Ghana

education service, Cape Coast.

7.1.5 Data collection

Data on age, sex, and immunization status were collected from parents or guardians of
participating children. This data was also verified from the immunization cards presented at the
time of sampling. A pre-tested semi-structured questionnaire was used to collect further

demographical data from parents who presented children at the immunization clinic.

7.1.6 Sample collection and transport

Copan flexible minitip flocked swabs (FLOQSwab™) were used to obtain samples from the
nasopharynx of participating children. The procedure for collecting nasopharyngeal (NP)
samples was based on the method described by the World Health Organization Pneumococcal
working group, also shown in figure 12%°. All NP samples were collected by trained health care
personnel. Briefly, the parent or guardian is guided to securely hold the child’s head such that
it is slightly tilted backward. The swab is introduced into the nasopharynx about one-half to
two-thirds the distance from the nostril to the ear lobe. The swab is rotated gently at 180° or

left in place for 5 seconds to allow the tip of the swab to be saturated with the specimen.
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The swab is slowly removed and immediately placed aseptically into the prepared vial
containing 1ml of sterilized skimmed milk-tryptone-glucose-glycerin (STGG) transport and
storage medium. If resistance is met during the introduction of the swab into the nasopharynx,
the swab is removed and the procedure is repeated through the same or the other nostril. The
samples were transported on ice to the laboratory and vortexed for 5-10 seconds. The samples

were stored in a -80°C freezer for further processing.

Nasopharynx

Figure 7. 1: Collecting a nasopharyngeal swab from a child 2°

7.2 Laboratory Isolation and Identification

7.2.1 Pneumococcal isolation and identification

Frozen NP samples were thawed and vortexed for 10-20 seconds and 10 pl of every sample was
streaked on Columbia base agar with 5% (v/v) defibrinated sheep blood supplemented with 5
ug/ml gentamicin (Roth). The inoculated agar plates were incubated overnight at 35°C - 37°C
in a candle jar to provide an enriched atmosphere of 5% - 10% CO>. Where no growth was
observed the agar plates were re-incubated for another 24 hours before being considered as
negative. Pneumococcal identification was initially based on colony morphology. This was
based on the presence of a-haemolysis, indicated by a greenish zone around colony growth, and
the characteristic greyish draughtsman-like colonies. One colony was then selected from each
agar plate and streaked out on a fresh blood agar plate. When more than one morphology is
identified, that colony was also subcultured on a fresh blood agar plate for further identification.
In the case where a mixed morphology was identified, a colony of each morphology type was
selected for further identification.
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7.2.2 Optochin test

A single colony of presumptive pneumococci was picked and subcultured on a blood agar plate.
A 5ug (Oxoid) Optochin disc with 6 mm diameter was placed aseptically in the centre of the
streaked area and incubated for 18-24 hours at 35°C - 37 °C in a candle jar. An isolate was
identified as Streptococcus pneumoniae when it showed susceptibility to optochin.

This was determined by a growth inhibition zone of > 14 mm in diameter. Isolates were
classified as optochin-non-susceptible if the zone of inhibition was between 7-13 mm, and
optochin-resistant if the zone of inhibition is < 7 mm. These isolates were taken through bile

solubility testing.

7.2.3 Bile solubility test

A loopful of fresh presumptive pneumococcal colonies were suspended in 500 pl of 0.9% saline
(Roth) to make a pneumococcal suspension. From the 2% sodium deoxycholate (Applichem)
solution, 500 pl was added to the pneumococcal suspension. In parallel, a positive control tube
containing a suspension with control strain ATCC 49619. The negative control tube also
contained ATCC 49619 pneumococci suspension and 500 pl saline. To the positive control tube
and the test strains, 500 pl of 2% sodium deoxycholate solution. All the tubes were incubated
at 35°C - 37°C with 5% CO- for up to 2 hours. A clear suspension indicates that the strains are
bile soluble and therefore pneumococci as compared to the positive control. Other a-haemolytic

streptococci remained turbid after the incubation period

7.2.4 Storage and transport of pneumococci

7.2.4.1 Inoculation for Permanent Storage

Isolates that were classified as pneumococci based on the above tests were subcultured on
freshly prepared blood agar plates for permanent storage. A sterile swab was used to harvest
the pneumococcal colonies from each purity plate and inoculated into cryotubes containing 1ml
STGG medium. The vials were then stored at -80°C for further typing and antimicrobial

susceptibility testing

7.2.4.2 Transportation of pneumococcal isolates from Ghana to Germany

A loopful of frozen SP isolates were subcultured on blood agar plates and incubated under
conditions described above in section 1.2.2. Pure cultures of each isolate were harvested with a
sterile swab and immediately place in Amies transport medium with charcoal (Sarstedt).
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The inoculated tubes were placed in a secondary leak-proof container and then into a tertiary
rigid container. Packaging for shipment was prepared according to Biological Substances,
Category B, UN 3373 3%,

7.2.4.3 Growth and storage of pneumococcal isolates in Germany

Upon arrival in the bacteria laboratory of the Department of Molecular Genetics and Infection
Biology of the University of Greifswald, Germany, swabs from the transport medium were
immediately inoculated onto blood agar plates and incubated under conditions stated above.
Recovered pneumococcal isolates were harvested and achieved in Todd Hewett Broth (THY)
with 20% glycerol. A working stock was also created and stored in a -80°C freezer until the
start of antibiotic susceptibility testing and molecular typing. In the case when no pneumococcal
growth was observed after overnight culture, the plate was incubated for another 24 hours and
the swab from the transport media was re-inoculated. However, this was necessary for <2% of

the swabs

7.2.5 Antibiotic susceptibility testing

7.2.5.1 Disk diffusion Method

The Kirby-Bauer disc diffusion method was used to determine the antibiotic susceptibility
pattern for all the isolates. For each batch of susceptibility testing, S. pneumoniae ATCC 49619
was included as a control strain. Interpretation of all susceptibility test results was based on
breakpoints published by the Clinical and Laboratory Standards Institute (CLSI, 2017).
Inocula were prepared from freshly grown overnight pneumococcal cultures (18-24 hours) from
blood agar plates. The colonies were emulsified in THY broth with turbidity equivalent to 0.5
McFarland standard. This was achieved by estimating the turbidity of each strain suspension at
ODes2snm; values between 0.08 and 0.10 resulting in a CFU between 1-2 x108 cells/ml. A sterile
cotton swab was dipped into the suspension and spread evenly onto Mueller Hinton agar plates
supplemented with 5% sheep blood (Oxoid). Using sterile forceps, the selected antibiotics were
placed on the inoculated agar plates. This was then followed with incubation for 16-18 hours at
35°C -37°C in 5% CO.. Antibiotics tested included oxacillin (1 pg), chloramphenicol (30 pg),
erythromycin (15 pg), cotrimoxazole (25 pug), tetracycline (30 pg), clindamycin (2 pg), linezolid
(30 pg), ceftriaxone (30 pg), vancomycin (30 pg) and levofloxacin (5 ug). Zone of inhibition

sizes was measured and interpreted according to the CLSI interpretative chart 2%,
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7.2.5.2 Epsilometer (E-test) agar diffusion method

The Minimum inhibitory concentration (MIC) for penicillin was estimated for all isolates
resistant to oxacillin using E-test strips (Liofilchem). The pneumococcal suspension and
application of E-test strips were done as described in section 7.2.5.1 above. The E-test strips
were placed on the agar plate with the graduated side facing upwards towards the opening of
the plate. The MIC values were read where the edge of the inhibition ellipse intersected the
strip. Isolates were classified as susceptible, intermediate resistance, or full resistance when
MIC values were <0.06, 0.12-1 and >2 pg/ml respectively with reference to the CLSI guidelines
(Table 6.12).

7.3 Molecular biological methods

7.3.1 DNA extraction

The genomic DNA of the bacteria strains was extracted from cultured isolates to allow for
molecular characterization. The extracted genomic DNA was used as a template for subsequent
molecular analysis. The extraction was done using either QlAamp DNA Mini Kit (QIAGEN

GmbH, Germany) or the phenol-chloroform method.

7.3.1.1 DNA extraction by Qiagen protocol

Pneumococcal isolates that were cultured overnight on blood agar plates were harvested and
resuspended in 500 pl of sterile phosphate-buffered saline (PBS). The suspension was
centrifuged for 10 minute at 7500 rpm to obtain a pellet of the isolate. The pellet was
resuspended in 200 pl lysis buffer (Deoxycholate 1%). This was followed by incubation at 37°C
for 30 minutes. We followed the manufacturer’s protocol for extracting DNA from Gram-
positive bacteria. Briefly, 20 pl of proteinase K and 200 pl Buffer AL from Qiagen kit was
added to the pneumococcal suspension. This was followed by incubation at 56°C for 30 minutes
and then further 15 minutes at 95°C. Then, 200 pl of 96% ethanol was added and centrifuged
at 8000 rpm for 1 minute. The DNA was eluted in 200 ul of elution buffer, quantified by
NanoDrop™ ND-1000 (PeqgLab) at an absorbance ratio of 260/280 nm, and visualized by
agarose gel electrophoresis to assess DNA quality and integrity. The DNA was stored at -20°C

for future molecular analysis.

7.3.1.2 DNA extraction by phenol-chloroform method
Broth cultures of each pneumococcal isolate were made in 30ml THY medium, with growth

reaching 0.6 to 0.8 at ODeoonm. The broth cultures were centrifuged for 10 min at 3750 rpm.
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The pellet was re-suspended in TES buffer, followed by 1ml of lysozyme (5 mg/ml) and
incubation at 37°C for 30 minutes. The cell lysate was further incubated for 15 minutes at 37°C
after adding 50 pul each of Pronase E (5 mg/ml) and RNase A (5 mg/ml). An additional 500 pl
of N-Lauroylsarcosine (10%) was added with continued incubation 37°C for 30 minutes.
Precipitation of the proteins was achieved by the use of the phenol and
phenol/chloroform/isoamyl solution. DNA was extracted by sodium acetate and isopropanol
treatment (ratio 1:9). The precipitated genomic DNA was washed with 96% cold ethanol and
dissolved in sterile distilled water. The concentration of the genomic DNA was measured by at
260/280-nm absorbance ratio using NanoDrop™ ND-1000 (PegLab). A ratio with a range of
1.8-2.0 was considered to be pure. The integrity of the DNA was assessed via agarose gel

electrophoresis.

7.3.2 Agarose gel preparation

In this study, 2% and 0.8% agarose gels were prepared for the visualization of PCR products.
The 2% agarose gel was primarily used for serotyping where the PCR products were as low as
160 bp while the 0.8% was used for visualizing bigger PCR products. In brief, 2% and 0.8%
agarose gels were prepared by dissolving 6 grams and 2.4 grams respectively of agarose
(Genaxxon bioscience) in 300 ml of 1x TAE buffer. This was followed by the addition of 18 pl

of fluorescent dye HDGreen™.

7.3.3 Molecular Typing

Serotyping, multi-locus sequence typing (MLST), and amplification of core and flexible
genome regions were performed to enable phenotypic and genetic characterisation of the
isolates

7.3.3.1 Serotyping by PCR

Serotyping of pneumococcal strains in this study was performed by using multiplex PCR
(mPCR) and Quellung reaction. The protocol designed by CDC for deducing pneumococcal
serotype for African samples (CDC, 2014) was used. This protocol presents eight different PCR
reaction sets (Table 6.4). Each reaction pool contained five carefully selected primers
representing different serotypes to yield different stepwise band sizes. Furthermore, each
reaction set also contained primers for the pneumococcal capsular polysaccharide synthesis

gene A (cpsA) as a positive pneumococcal control.
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Each reaction mixture contained 1 pul DNA extract, 1 ul of 25 mM MgCl. (Roth), 1 ul of 5 mM
dNTPS (Thermofisher), 2.5 ul of 10X Thermopol buffer (NEB), 2 ul of Tag polymerase (in-
house), 1ul of cpsA gene-specific primers and varying quantities of forward and reverse primers
for each of the serotypes in the pool. The appropriate volume of nuclease-free water was used
to make up the reaction to 25 pl. DNA extracts from isolates of known serotypes were used as
positive control. The final reaction volume for each PCR tube was 25 pl and the constituents of
the reaction set is described in table 1. Table 6.1 shows the list of primers used for mPCR. The

PCR reactions were run in the T3 Thermal Cycler (Biometra).

Table 7. 1: PCR reaction mixture for mPCR

~ Component Volume
10x ThermoPol™ Reaction buffer (10x) 2.5 ul
dNTPs (5 mM) 1l
MgCl, (25 mM) 1ul
Oligonucleotide, forward Vary
Oligonucleotide, reverse Vary
DNA (~ 100 ng) 1l
Tag DNA Polymerase 2 ul
Distilled water Vary
=25 ul

Table 7. 2: Thermocycling conditions for amplification

Parameter Temperature/Time
Start 95 °C, 4 min
Denaturation 95 °C, 30 sec
Annealing 55 °C, 30 sec
Elongation 72 °C, 60 sec 2x30
Final extension 72 °C, 5 min
Cooling 8°C
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7.3.3.2 Agarose gel electrophoresis for serotyping

Serotype deduction was done by visualizing mPCR products on 2% agarose gel. Here, 2 pl of
loading dye was added to 5 pl of each reaction and loaded on the 2% agarose gel. In addition,
5 ul of 100 bp gene ruler (NEB) was used to determine band sizes. Gels were allowed to run at
100volts for 1hour and 30 minutes. The agarose gels were photographed in a gel documentation
system (Intas). Serotype/group was then deduced when a band was present in a sample that
corresponds exactly to an expected serotype band size. Table 4 shows a summary of the various

serotypes/groups with their respective sizes.

7.3.3.3 Serotype confirmation

To confirm the serotype of a particular pneumococcal isolate, the specific primer that
corresponds to the identified band size identified in the mPCR was used in a single reaction. In
this step the PCR reaction was carried out similarly to the mPCR setup, however in place of
several primers, only the specific serotype primer and the primers for cpsA gene are included
in this reaction. Table 3 shows the reaction set up while the cycling conditions remain the same
as for the mPCR.

Table 7. 3: PCR reaction mixture for serotype confirmation

_Component Volume
Reaction buffer (10x) 2.5 ul
dNTPs (5 mM) 1pl
MgCI2 (25 mM) 1pl
Specific primer, forward 1l
Specific primer, reverse 1l
cpsA forward 1l
CpsA reverse 1pl
DNA (~ 100 ng) 1l
Taq DNA Polymerase 2 ul
Distilled water 13.5

=25l
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Table 7. 4a: PCR reaction set up for serotyping

Reaction 1
Primer number Name Base pairs
87 cpsA-f 160
88 CpsA-r
39 14-f 189
40 14-r
1 1-f 280
2 1-r
9 5-f 362
10 5-r
7 4-f 430
8 4-r
49 18/18A718B/18C/18F-f 573
50 18/18A/18B/18C/18F-r
Table 7. 4b: PCR reaction set up for serotyping
Reaction 2
Primer number Name Base pairs
87 cpsA-f 160
88 CpsA-r
11 6A/6B/6C/6D-f 250
12 6A/6B/6C/6D-f
53 19F-f 304
54 19F-r
65 23F-f 384
66 23F-r
83 38/25F/25A-f 574
84 38/25F/25A-r
23 9V/9A-f 816
24 9V/9A-r
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Table 7. 4c: PCR reaction set up for serotyping

Reaction sg6/st19Fvar

Primer number Name Base pairs
87 cpsA-f 160
88 CpsA-r
11 6A/6B/6C/6D-f 250
12 6A/6B/6C/6D-f
96 19Fvar-f 585
97 19Fvar-r
13 6C/6D-f 727
14 6C/6D-r
Table 7. 4d: PCR reaction set up for serotyping
Reaction serogroup 6
Primer number Name Base pairs
91 6A/6B-F
92 6A/6B/6C/-R
93 6C-F
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Table 7. 4e: PCR reaction set up for serotyping

Reaction 3
Primer number Name Base pairs
87 cpsA-f 160
88 CpsSA-r
15 7C/(7B/40)-f 260
16 7C/(7B/40)-r
5 3-f 371
6 3-r
94 15B/15C-f 496
95 15B/15C-r
17 TFITA-f 599
18 TFITA-r
47 17F-f 693
48 17F-r

Table 7. 4f: PCR reaction set up for serotyping
Reaction 4
Primer number Name Base pairs
87 cpsA-f 160
88 CpsA-r
19 8-f 201
20 8-r
33 12F(12A/44/46)-f 376
34 12F(12A/44/46)-r
21 ON/9L-f 516
22 O9N/9L-r
59 22F/22A-f 643
60 22F/22A-r
61 23A-f 722
62 23A-r
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Table 7. 4g: PCR reaction set up for serotyping

Reaction 5
Primer number Name Base pairs
67 24/(24A24B24F)-f 99
68 24/(24A124B/24F)-r
87 cpsA-f 160
88 CpsA-r
3 2-f 290
4 2-r
29 11A/11D-f 463
30 11A/11D-r
51 19A-f 566
52 19A-r
45 16F-f 717
46 16F-r

Table 7. 4h: PCR reaction set up for serotyping
Reaction 6
Primer number Name Base pairs
87 cpsA-f 160
88 CpsA-r
98 21-f 192
99 21-r
73 33F/(33A/37)-f 338
74 33F/(33A/37)-r
41 15A/15F-f 434
42 15A/15F-r
81 35F/47F-f 517
82 35F/4TF-r
37 13-f 655
38 13-r
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Table 7. 4i: PCR reaction set up for serotyping

Reaction 7
Primer number Name Base pairs
85 39-f 98
86 39-r
87 cpsA-f 160
88 CpsA-r
100 23B-f 199
101 23B-r
77 35A/(35C/42)-f 280
78 35A/(35C/42)-r
55 20-f 514
56 20-r
79 35B-f 677
80 35B-r

Table 7. 4j: PCR reaction set up for serotyping
Reaction 8
Primer number Name Base pairs
87 cpsA-f 160
88 CpsA-r
27 10F/(10C/33C)-f 248
28 10F/(10C/33C)-r
75 34-f 408
76 34-r
25 10A-f 628
26 10A-r
71 31-f 701
72 31-r
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7.3.3.4 Serotyping by Quellung reaction

The Quellung reaction was applied to strains that could not be serotyped by mPCR and those
that were serogrouped such as 11A/11D or 15B/15C. This procedure was carried out at the
German National Reference Center for Streptococci, Aachen Germany. These isolates were
cultured overnight to obtain confluent growth. On the day of sample transport, single colonies
from each plate were streaked out on a fresh blood agar plate and incubated in CO> at 37°C for
1-2 hours. The plates were then packaged according to the WHO guideline 3° and transported
to the Streptococci reference laboratory in Aachen.

To briefly describe the Quellung reaction #8, a cell suspension was made from freshly grown
pneumococcal cultures. Equal volumes (1 pl) each of the cell suspension and the antiserum
(specific for the different pneumococcal serotypes) are added together on a microscope slide.
A negative control that contains the cell suspension and saline instead of the antiserum is set up
in parallel. The mixture is covered with a cover glass and observed under a phase-contrast with
400X magnification. The presence of swelling of pneumococcal cells, when compared to the

cells in the negative control, is indicative of a positive Quellung reaction.

7.3.3.5 Multilocus Sequence Typing

Multilocus sequence typing (MLST) was performed on all serotype 23B strains and multidrug-
resistant (MDR) strains. Strains that were resistant to more than four antibiotics were classified
as MDR. Fragments of the seven house-keeping genes; aroE (shikimate dehydrogenase), ddl
(Dalanine-D-alanine ligase), gdh (glucose-6-phosphate dehydrogenase), gki (glucose kinase),
recP (transketolase), spi (signal peptidase 1) and xpt (xanthine phosphoribosyltransferase) were
amplified by PCR and subsequently sequenced on both strands using the respective forward
and reverse primers. Primers used for the MLST were selected from the published primer list
in the PubMLST database initially prescribed by Enright & Spratt 1998 and alternative primers
published by the CDC (2018). The list of primers is shown in table 6.3. Extracted DNA from
the selected strains were used as a template for the PCR. PCR reaction was set up as shown in
Table 7.5.
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Table 7. 5: PCR reaction mixture for MLST confirmation

_Component Volume
Reaction buffer (10x) 5ul
dNTPs (5 mM) 1.25 l
MgCI2 (25 mM) 1.25 pl
Specific gene primer, forward 1.25 ul
Specific gene primer, reverse 1.25 ul
DNA (~ 100 ng) 1l
Taq DNA Polymerase 2 ul
Distilled water 37

=50 ul

The amplified fragments were viewed on 0.8% agarose gel and digital photographs were made.
The PCR products were purified with the Wizard® SV Gel and PCR Clean-up System
(Promega) according to manufacturer instruction. Briefly, an equal volume of membrane
binding solution was added to an equal volume of the PCR reaction. This was then transferred
into the SV minicolumn and incubated for 1 minute at room temperature. After centrifugation,
the flow-through was discarded and the minicolumn was washed twice with the membrane
wash solution provided. The minicolumn was transferred into a sterile 1.5ml microcentrifuge
tube. The DNA was eluted in 50 pl of nuclease-free water, loaded again on agarose gel for

visualization and the final DNA concentration was determined by Nanodrop.

7.3.3.6 Sequencing

The purified housekeeping genes were prepared for sequencing according to the protocol
provided by the Macrogen sequencing company (Macrogen Europe B.V). A total volume of
20 pl reaction of PCR product and primer was made. For each gene, two reaction tubes were
prepared, such that each tube contained the PCR product and the forward or reverse primer for
the particular gene. The samples were transported at room temperature to Macrogen Europe
B.V in the Netherlands.
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7.3.3.7 DNA sequence data

Upon receipt of the MLST DNA sequence data, further analysis was performed using tools in
the pneumococcal MLST database 2. The sequence data using Abl sequence files were
initially assessed for quality, followed by alignment and trimming using DNA Dynamo
software (DNADynamo Blue tractor software). The generated consensus sequence was
interrogated in the MLST database. When the consensus sequence matches with a known allele
in the database, that allele number is assigned to this locus. In the case where the consensus
does not match any existing allele in the database, the sequence data is submitted to the curators
of the PUbMLST database for data curation and assignment of a new allele number. The alleles
at each of the seven loci define the allelic profile of that isolate and their sequence type (ST).
In strains where the combination of MLST locus alleles was not observed before, the allele
integers in the order of aroE-gdh-gki-recP-spi-xpt-ddl were also submitted to the curators of
the MLST database, and a novel sequence type (ST) was allocated to these strains. All strains
that are assigned an ST number are then submitted to the database to be included in the data
compilation that can be assessed globally. Should undefined or overlapping peaks appear within
the fragments during the analysis of the quality of the chromatogram, sequences were classified
as being of poor quality. The PCR amplification, purification, and sequencing are repeated for

that particular gene.

7.3.3.8 goeBURST analysis

Genetically related strains are defined as having either six out of seven identical loci conserved
(single locus variant; SLV) or five out of seven identical loci conserved (double locus variant;
DLV) 3%, The PHYLOViZ software 2® was used to produce graphical representations of the
MLST distribution of the carriage isolates. We defined a clone as a group of isolates with
identical allelic profiles or STs. The strains were further grouped into clonal complexes (CC).
This was based on the number of shared alleles for the 7 loci with other STs in the database. A
strain was classified as a single locus variant (SLV) when it shared 6 out of the 7 alleles with
other STs. The ancestor CC was defined as the ST connected with the largest number of other
STs that differ from itself only by one allele (SLVs). A subgroup founder is a ST that appears

to have diversified to produce multiple SLVs.
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7.3.3.9 Amplification of virulence genes

Virulence genes including lytA, pavB, psrP, pcpA, pilus islets (PI) PI-1, and PI-2 were
determined by PCR. Each isolate in our stain collection was screened for the presence of these
genes. Specific gene primers designed to target these conserved regions were used in the PCR
reaction. PCR set up was the same as described in table 4. However, the elongation time was
varied depending on the size of the expected fragment. The list of primers used for genotyping

are displayed in table 6.6.

7.3.3.10 Pilus screening

We set up a PCR reaction to determine the presence or absence of PI1-1 and PI-2. To screen for
the presence of PI-1, primers were designed to amplify PI-1 specific genes ie rrgA (end) and
rrgB (beginning) to produce a fragment size of 600 bp. To confirm the absence of the PI-1
gene, primers targeting the conserved PI-1 flanking gene region were designed to produce a
fragment size of 2800 bp. These control strains were used to validate the primers; Serotype 4
(TIGR4) laboratory strain was used to confirm the presence of PI-1, while serotype 2 (D39)
was used to confirm the absence of PI-1. To screen for the presence of PI-2, we amplified parts
of sipA (end) and pitB (beginning) gene regions to produce a positive amplicon of 600 bp. We
amplified the flanking regions to produce another 600 bp amplicon to confirm the absence of
the PI-2 gene. These strains; D39 and Tigr4 laboratory strains were used as negative controls

while Taiwan 19F-14 and SPPD1 strains were used as positive control.

7.3.3.11 Screening for pneumococcal serine-rich repeat protein (psrP) gene

We determined the prevalence of psrP among our strain collection using primers designed to
target the non-repetitive basic region of the psrP gene. When the psrP gene was not detected in
a particular strain, the flanking regions of the conserved RD-10 were amplified. The positive
psrP fragment produces a PCR product of 550 bp while the test for its absence produces a 450
bp fragment. S. pneumoniae strain Tigr4 was used as positive control strain while D39 was used

as a negative control strain.

7.3.3.12 Screening for core genome virulence genes

Extracted DNA from the pneumococcal strains was used as a template for the PCR to determine
the presence of these conserved genes IytA, pavB, and pcpA. The Primers were designed to
amplify conserved regions of the IytA, pavB, and pcpA genes. These primers produced amplicon

sizes of 934 bp, 700 bp and 130 bp for IytA, pavB, and pcpA respectively.
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To detect the presence of IytA, primers targeting the conserved regions of the lytA gene was
used. A strain was classified as IytA positive when a DNA size of 934 bp was obtained.
Similarly, the pcpA gene primers targeted the conserved region produced a PCR product size
of 130 bp.

7.3.4  Detection of resistance genes

7.3.4.1 Penicillin resistance genes

Penicillin resistance in pneumococci develops as a result of changes in the domain of penicillin-
binding proteins (PBP). Penicillin resistance in pneumococci has been attributed to changes
occurring primarily in the pbp2b gene. To determine the molecular basis for penicillin
resistance among our strain collection, we used primers described earlier ' to amplify
conserved regions of the transpeptidase-encoding region of the pbp2b gene (primer names P5
and P6; fragment size 628 bp). In addition, Primers R1, R2, R3, or R4 were added to the PCR
reaction. These primers bind at different locations within pbp2b region. Therefore, four PCR
reactions were set up for each strain. Reaction 1, 2, 3, and 4 contained primers P5, P6 &R1; P5,
P6 &R2; P5, P6 &R3 and P5, P6 &R1 respectively. Reaction 1, 2, 3, and 4 produced fragment
sizes 331 bp, 328 bp, 334 bp, and 214 bp respectively in addition to the 628 bp. The PCR
reaction and program are described in table 7.6 and 7.7. The PCR products were analysed by

electrophoresis through visualization on 2% agarose gels.

Table 7. 6: PCR reaction mixture for penicillin resistance gene amplification

Component Volume
ThermoPol™ Reaction buffer (10x) 2.5 ul
dNTPs (5 mM) 1l
MgCI2 (25 mM) 1pl
Oligonucleotide, P5 (10 pmol) 1l
Oligonucleotide, P6 (10 pmol) 1l
Oligonucleotide R1, R2,R3 or R4 1ul
DNA (~ 100 ng) 1pl
Taq DNA Polymerase 2 ul
Distilled water 14.5
=25yl
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Table 7. 7: Thermocycling conditions for penicillin resistant gene amplification

Parameter Temperature/Time
Start 93 °C, 3 min
Denaturation 93 °C, 60 sec
Annealing 55 °C, 90 sec
Elongation 72 °C, 90 sec 40 cycles
Final extension 72 °C, 5 min

Cooling 8°C

7.3.4.2 Detection of Macrolide and Tetracycline resistance genes

We determined the genetic basis for macrolide resistance among all macrolide-resistant
isolates. We amplified the mefA/E and ermB genes for macrolide resistance while the tetM gene
was amplified to determine tetracycline resistance. We used previously published primers
251253 Sjingle PCR reactions were set up with the paired primers for each of the genes under

consideration. PCR program and reaction setup is described in table 5 and 6.

7.4  Data analysis

All statistical analyses were carried out in SPSS (version 21) and significance testing performed
by Chi-square test. Categorical variables were expressed as proportions. A p-value of less than
0.05 was taken to indicate statistical significance. Graphical presentation of all data were
performed with GraphPad Prism version 5. DNA sequence data analysis was performed with
DNA Dynamo while phyloviZ software was used to show the genetic relationship between the

strains.
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8.2 List of abbreviations

%
®

o

B

°C
AOM
ATCC

bp
CAP

CBP
CcC
CCMA

CDC
CFU
CHL

Cl
CLSI

Cm
CO2

COoT

CPS
CRO
DA
DLV
DNA
dNTP/s
E. coli

ECDC

EDTA

ERY
etal.
GAVI

GIcNACc

IPD
kb

LB
LEV
LTA
LzD
LytA
MDR

Percent

Registered

Alpha

Beta

Degree Celsius

Acute otitis media
American type

culture collection

Base pairs
Community-acquired
pneumonia
Choline-binding protein
Clonal complex

Cape Coast
metropolitan assembly
Centers for Disease Control and
Colony forming units
Chloramphenicol

Confidence interval
Clinical and laboratory

standards institute

Chloramphenicol
Carbon dioxide

Cotrimoxazole

Capsular polysaccharide
Ceftriaxone

Clindamycin

Double locus variant
Deoxyribonucleic acid
Deoxynucleoside triphosphate
Escherichia coli

European Centre for Disease
Prevention and Control
Ethylene diamine-tetra

acetic acid

Erythromycin

And others

Global alliance for
vaccination and immunization
N-acetylglucosamine
Intermediate resistance

Invasive pneumococcal
disease
Kilo base pair

Liter

Luria Bertani broth
Levofloxacin
Lipoteichoic acid
Linezolid

Lytic amidase A
Multidrug-resistant

mg

ml
MurNAc
MW
NCTC
NCSP
NJT

nm
NT

NVT
oD
OR
OX

p
PavB

MLST
mM

MST
MLSg

mPCR

PATH
PBP
PBS
PCho
PCR
PCV
PcpA

PEN
pFA
Pfu

PGN
Pht
PI-1
PI-2
Ply
PMEN

PNSP
PPV
PsaA
PspA
PsrP

PSP

Milligram

Milliliter
N-acetylmuramic acid
Molecular weight
National collection of type cultures
Non-classical surface protein
Neighbour-joining tree

Nanometer
Non-typeable

Non-vaccine serotypes
Optical density

Odds ratio

Oxacillin

p-value

Pneumococcal adherence
and virulence factor B

Multilocus sequence typing
Millimolar

Minimum spanning tree

macrolide, lincosamide,
streptogramin B type

Multiplex
reaction
Global health organization
Penicillin-binding protein
Phosphate-buffered saline
Phosphorylcholine

Polymerase chain reaction
Pneumococcal conjugate vaccine
Pneumococcal choline-binding
protein A

Penicillin

Paraformaldehyde

Pyrococcus furiosus

polymerase  chain

Peptidoglycan
Pneumococcal histidine triad
Pilus islet -1

Pilus islet -2

Pneumolysin

Pneumococcal Molecular
Epidemiology Network

penicillin non-susceptibility
pneumococci

Pneumococcal polysaccharide
vaccine

Pneumococcal surface adhesin A
Pneumococcal surface protein A
Pneumococcal serine-rich

repeat protein

Penicillin susceptible
pneumococci
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MIC

S.p.
SLV
SP

ST
STGG

SMX
TA
TAE
Tag
TET
TER

Minimum inhibitory concentration

Susceptible

Streptococcus pneumoniae
Single locus variant
Sulfadoxine-pyrimethamine
Sequence type

Skim milk tryptone glucose,
and glycerine
Sulfamethoxazole

Teichoic acid
Tris/Acetate/EDTA
Thermus aquaticus
Tetracycline
Transpeptidase-encoding region

R
rpm
TLV
THY
TMP

™

VT
VTP

VA

WTA
WHO
WGS

Resistance
Revolutions per minute
Triple locus variant
Todd Hewitt Broth
Trimethoprim

Trade mark

Vaccine type

Vancomycin-tolerant
pneumococci

Vancomycin

Wall teichoic acid

World health organization
Whole-genome sequencing
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8.3 Laboratory equipment, consumables and software

Table 8. 1: Laboratory equipment

Equipment Provider
Agarose gel electrophoresis chambers BioRad
Autoclave VX-100 and VX-150 Systec
Balance Sartorius Basic Sartorius
SpectroPhotometer plus Eppendorf
Bunsen burner WLD-Tec
Centrifuge 5417R Eppendorf

Centrifuge Picol7

CO; incubators Heracell 150 Heraeus
Deep freezer, -80°C

Freezers, -20°C

ThermoFisher Scientific
ThermoFisher Scientific
ThermoFisher Scientific
Siemens

Heating block, ThermoMixer compact Eppendorf

Ice machine Scotsman

Incubator ThermoFisher Scientific
INTAS GDS®, gel documentation system INTAS

Magnetic plate separator Greiner

Magnetic stirrer, RCT basic IKA

Microscope Microscope

Microwave LG

Nanodrop ND-1000 Denovix
PCR-Thermocycler T3 Thermocycler Biometra
PCR-Thermocycler PEQSTAR2x VWR

pH-Meter WTW

Pipettes, Eppendorf

Power Supply Power Pac 200 und 300 BioRad

Refrigerator, 4 °C Liebherr

Shaking incubator, innova® 44 New Brunswick Scientific
Spectrophotometer, NanoDrop ND-1000 peQLab

Sterile workbenches for bacterial culture
Vortex
Water bath

Heraeus Instruments
IKA
GFL
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Table 8. 2: Consumable items

Consumable

Provider

Coverslips, 12mm
Centrifuge tubes 15ml, 50ml
Cryo tubes

Disposable gloves

Disposable serological pipettes, steril, 5 ml, 10 ml, 25 ml

Eppendorf tubes 0.5ml, 1ml, 2ml

Hartenstein
Sarstedt
Sarstedt
Hartmann
Sarstedt
Sarstedt

FLOQSwab™ Copan diagnostics
Forceps, 130 mm Hartenstein
Parafilm Hartenstein
Pasteur pipettes Hartenstein
PCR reaction tubes, 0.2 mi Sarstedt
Petri dishes Greiner
Pipette tips, 10 ul, 200 pl, 1000 pl Sarstedt
Plastic cuvettes Sarstedt
Cotton tipped applicator Henry Schein Inc
Screw cap tubes 2ml Sarstedt
Slides Hartenstein
Syringe filter, 0.22 um, 0.45 pm Roth

Table 8. 3: Software
Software Provider

DNADynamo DNA sequencing and Analysis Software
EndNote X7

GraphPad Prism 5

INTAS GDS®, gel documentation system

MS Office Professional Plus 2016

NanoDrop-1000 3.5.2

SPSS

Blue Tractor Software Ltd
Thomson Reuters
GraphPad

INTAS

Microsoft

peQLab

IBM SPSS Statistics

Table 8. 4: Databases and online tools

Database and online tool

Source

KEGG database
PubMLST
PMEN
PHYLOViZ

http://www.genome.jp/kegg/
https://pubmlst.org/spneumoniae/
https://www.pneumogen.net/pmen/
http://www.phyloviz.net.
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8.4 DNA sequence of ST172 and ST15111

This section provides the sequence results of seven house keeping genes that were analyzed by
MLST. ST172 was a known ST detected among majority of the serotype 23B isolates. ST15111
was the most occurring novel ST in this study. The sequence results of the isolates have been

provided in the compiled data submitted to the Deans office.

Sequence of ST172

>aroE_7
GAAGCGAGTGACTTGGTAGAAACAGTGGCCAATATTCGTCGCTACCAGATGTTTGGCATCAATCTG
TCCATGCCCTATAAGGAGCAGGTGATTCCTTATTTGGATAAGCTGAGCGATGAAGCGCGCTTGATT
GGTGCGGTTAATACGGTTGTCAATGAGAATGGCAATTTAATTGGATATAATACAGATGGCAAGGGA
TTTTTTAAGTGCTTGCCTTCTTTTACAATTTCAGGTAAAAAGATGACCCTGCTGGGTGCAGGTGGTG
CGGCTAAATCAATCTTGGCACAGGCTATTTTGGATGGCGTCAGTCAGATTTCGGTCTTTGTTCGTTC
CGTTTCTATGGAAAAAACAAGACCTTACCTAGACAAGTTACAGGAGCAGACAGGCTTTAAAGTGG
ATTTGTGT

>gdh_13
AGAACACTTTATCCGTGGACAATACCGCTCTGGTAAGATTGATGGCATGAAATACATCTC
TTATCGTAGCGAACCAAATGTGAATCCAGAATCAACAACTGAAACCTTTACATCTGGTGC
CTTCTTTGTAGACAGCGATCGATTCCGTGGTGTTCCTTTCTTTTTCCGTACAGGTAAACG
ACTGACTGAAAAAGGAACTCATGTCAACATCGTCTTTAAACAAATGGATTCTATCTTTGG
AGAACCACTTGCTCCAAATATTTTGACCATCTATATTCAACCAACAGAAGGCTTCTCTCT
TAGCCTAAATGGGAAGCAAGTAGGAGAAGAATTTAACTTGGCTCCTAACTCACTTGATTA
TCGTACAGACGCGACTGCAACTGGTGCTTCTCCAGAACCATACGAGAAATTGATTTATGA
TGTCCTAAATAACAACTCAACTAACTTTAGCCACTGGGAT

>gki_8
AGCACAAGCGATTCCCAAGTAACGTGAGAAGTTACGGTAAACAATCAAAGCAAGGTCGTCTCCTTC
TTTTGCGAGATCAAAGACAGTCTTAGCAGTTACTTCTTCTCCGTTATCAATCAAGCGTTTCAAGGCT
GCATCGCCTTCGTATTCATCGGCATAGCGACGAGTCAAGTTGACAATTCCTGTTGCTGAAGCAACG
TCTCAAGGCAGCCTTTTTTACCACAAGTACATGCAATTGGTTGGTCAAAATCAACAGTGATATGAC
CAAGTTCACCTGCTGCACCAGCAACACCATGAAGCAATTTGCCTTCTGCGACAATACCACCACCAA
CACCAGTACCGAGTGTCATAAAGACAACGTCTGGTTGGTTATCTCCAGCACCCATCCAGCGCTCAC
CAAGAGCTGCTACGTTGGCATCATTATCGATGAAAAATGGAATGCCCAAGGCTTTTTCAATCTTTTG
TTTGATTGGTTGAAGGGT

>recP_6
CTGTAAAGGAATCCTTTGTCTCACCATCCAAGTTGATATCATTTGAATCATAAAGAACAACCAACTT
ATCAAGTTTTTGCAAGCCTGCGTATGAAGCTGCCTCGCTTGAGACACCTTCCATCAAGTCTCCGTCT
CCACAGATAACGTAAGTATAGTGGTCAAAGATATTGTAGCCTTCACGGTTATATTTGGCTGCCAAA
ACGTTCTGCTTGGGCAAAACCAGTAGCAGTTGAAATCCCTTGCCCTAGAGGACCTGTCGTAGCATC
AATCCCTGCCGTATGACCAAATTCTGGGTGACCTGGTGTTTTTGAACCCCATTGACGGAAGCTCTTA
ATCTCATCCATGCTGACATCTTCAAAACCAGAAAGGTGAAGAAGAGCATAAAGGAGCATTGAGCC
ATGACCTGCTGAAAGAATAAAGCGGTCGCGGTTAATCCAGTTTGGTTGAG

>spi_25
TGAAGGTACCTACGTGGCGGCTGTCGCTCGAAACCAAGCGGTCATCTCCGAGGAGAAGGTATTCTC
CTTCTGGAACAGTAAAGCTAAAGTTGGTGTTGTAGTTGACATCAACTGTGAAGGCTTGGGCTTTTTG
AGCGATACTTCTAAAGAAAGTTCCTTTATTTCCTTCAAAGCCCTTGCCTGAGTAAGTGCTTTGGAGT
TTGTCATCCTTGAAGCGTTTGATATAGTCTGCTAGATAAGGCTCGTCCGTTTCTTTGTCATTGATGTA
AAGTTTATCATTTTCGTAACGGATGGTATCGCCAGGCATTCCGATGACACGTTTGACAATGTCCTTA
TTGCCATCTTCCTCATGGGCCACCACGATATCAAAACGGTCAATAGGAAGGTGTTTTACAACGAAG
AGAATTTCGCCATCCGCTAGGGTCGGATCCATGGAATGTCCTTCTACGCGAACATTGCTCCAAAAA
AAGATAC
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>Xpt_6
GGTGATAACATCCTCAAGGTAGATTCCTTTTTAACCCACCAAGTTGACTTTAGCTTGATGCGAGAG
ATTGGTAAGGTTTTTGCGGAAAAATTTGCTGCTACTGGCATTACCAAGGTCGTAACCATTGAAGCA
TCGGGTATTGCCCCAGCCGTTTTTACAGCTGAAGCCTTAAACGTTCCCATGATTTTCGCCAAAAAAG
CTAAGAACATCACCATGAACGAAGGCATCTTAACTGCTCAAGTCTACTCCTTTACCAAACAGGTGA
CCAGCACCGTTTCTATCGCTGGAAAATTCCTCTCACCAGAGGACAAGGTTTTGATTATCGACGATTT
CCTTGCTAATGGCCAAGCTGCTAAAGGCTTGATTCAAATCATCGAACAGGCCGGTGCCACAGTCCA
AGCTATCGGTATCGTGATTGAGAAATCCTTCCAAGATGGCCGTGATTTGCTTGAAAAAGCAGGCTA
CCCTGTCCTATCACTTGCTCGT

>ddl_8
GCTAAAATCGCTGAAGTGGAAGAAAAATTGGCTTATCCAGTCTTCACTAAGCCGTCAAACATGGGG
TCTAGTGTCGGTATTTCTAAGTCTGAAAACCAAGAAGAACTCCGTCAAGCCTTAGAACTTGCCTTCC
GATATGATAGCCGTGTCTTGGTTGAGCAAGGAGTGAATGCCCGTGAAATTGAGGTTGGCCTCTTGG
GTAACTACGATGTCAAGAGCACGCTACCAGGAGAAGTTGTCAAGGATGTTGCCTTTTATGACTACG
ATGCCAAGTATATTGATAACAAGATTACTATGGATATTCCTGCCAAAATCAGTGATGATGTGGTGG
CTGTCATGCGTCAAAATGCAGAAACAGCCTTCCGTGCCATTGGTGGCCTTGGTCTATCTCGTTGCGA
TTTCTTCTATACAGATAAGGGAGAGATTTTTCTCAACGAGCTC

Sequence of ST15111

>aroE 12
ACACAAATCCACTTTAAAGCCTGTCTGCTCCTGTAACTTGTCTAGGTAAGGTCTTGTTTTTTCCATA
GAAACGGAACGAACAAAGACCGAAATCTGACTGACGCCATCCAAAATAGCCTGTGCCAAGATTGA
TTTAGCCGCACCACCTGCACCCAGCAGGGTCATCTTTTTACCTGAAATTGTAAAAGAAGGCAAGCA
CTTAAAAAATCCCTTGCCATCTGTATTATATCCAATTAAATTGCCATTCTCATTGACAACCGTATTA
ACCGCACCAATCAAGCGCGCTTCATCGCTCAGCTCATCCAAATAAGGAATCACCTGCTCCTTATAG
GGCATGGACAGATTGATGCCAAACATCTGGTAGCGACGAATATTGGCCACTGTTTCTACCAAGTCA
CTCGCTTC

>gdh_13
ATCCCAGTGGCTAAAGTTAGTTGAGTTGTTATTTAGGACATCATAAATCAATTTCTCGTATGGTTCT
GGAGAAGCACCAGTTGCAGTCGCGTCTGTACGATAATCAAGTGAGTTAGGAGCCAAGTTAAATTCT
TCTCCTACTTGCTTCCCATTTAGGCTAAGAGAGAAGCCTTCTGTTGGTTGAATATAGATGGTCAAAA
TATTTGGAGCAAGTGGTTCTCCAAAGATAGAATCCATTTGTTTAAAGACGATGTTGACATGAGTTCT
TTTTCAGTCAGTCGTTTACCTGTACGGAAAAAGAAAGGAACACCACGGAATCGATCGCTGTCTACA
AAGAAGGCACCAGATGTAAAGGTTTCAGTTGTTGATTCTGGATTCACATTTGGTTCGCTACGATAG
AGATGTATTTCATGCCATCAATCTTACCAGAGCGGTATTGTCCACGGATAAAGTGTTCT

>gki_8
AGCACAAGCGATTCCCAAGTAACGTGAGAAGTTACGGTAAACAATCAAAGCAAGGTCGTCTCCTTC
TTTTGCGAGATCAAAGACAGTCTTAGCAGTTACTTCTTCTCCGTTATCAATCAAGCGTTTCAAGGCG
CATCGCCTTCGTATTCATCGGCATAGCGACGAGTCAAGTTGACAATTCCTGTTGCTGAAGCAACTGT
CTCAAGGCAGCCTTTTTTACCACAGTACATGCAATTGGTTGGTCAAAATCAACAGTGATATGACCA
AGTTCACCTGCTGCACCAGCAACACCATGAAGCAATTTGCCTTCTGCGACAATACCACCACCAACA
CCAGTACCGAGTGTCATAAAGACAACGTCTGGTTGGTTATCTCCAGCACCCATCCAGCGCTCACCA
AGAGCTGCTACGTTGGCATCATTATCGATGAAAAATGGAATGCCCAAGGCTTTTTCAATCTTTTGTT
TGATTGGTTGAAGGGT

>recP_6
CTGTAAAGGAATCCTTTGTCTCACCATCCAAGTTGATATCATTTGAATCATAAAGAACAACCAACTT
ATCAAGTTTTTGCAAGCCTGCGTATGAAGCTGCCTCGCTTGAGACACCTTCCATCAAGTCTCCGTCT
CCACAGATAACGTAAGTATAGTGGTCAAAGATATTGTAGCCTTCACGGTTATATTTGGCTGCCAAG
AAACGTTCTGCTTGGGCAAAACCAGTAGCAGTTGAAATCCCTTGCCCTAGAGGACCTGTCGTAGCA
TCAATCCCTGCCGTATGACCAAATTCTGGGTGACCTGGTGTTTTTGAACCCCATTGACGGAAGCTCT
TAATCTCATCCATGCTGACATCTTCAAAACCAGAAAGGTGAAGAAGAGCATAAAGGAGCATTGAG
CCATGACCTGCTGAAAGAATAAAGCGGTCGCGGTTAATCCAGTTTGGTTGAG
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>spi_3
TGAAGGTACCTACGTGGCGGCTGTCGCTCGAAACCAAGCGGTCATCTCCGAGGAGAAGGTATTCTC
CTTCTGGAACAGTAAAGCTAAAGTTGGTGTTGTAGTTGACATCAACTGTGAAGGCTTGGGCTTTTTG
AGCGATACTTCTAAAGAAAGTTCCTTTATTTCCTTCAAAGCCCTTGCCTGAGTAAGTGTTTTGGAGT
TTGTCATCCTTGAAGCGTTTGATATAGTCTGCTAGATAAGGCTCGTCCGTTTCTTTGTCATTGATGTA
GAGTTTATCATTTTCGTAACGAATGGTGTCGCCAGGCATTCCAATCACGCGCTTGACGATGTCCTTA
TTGCCATCTTCCTCATGGGCCACCACGATATCAAAACGGTCAATAGGAAGGTGTTTTACAACGAAG
AGAATTTCGCCATCCGCTAGGGTCGGATCCATGGAATGTCCTTCTACGCGAACATTGCTCCAAAAA
AAGATAC

>Xpt_6
ACGAGCAAGTGATAGGACAGGGTAGCCTGCTTTTTCAAGCAAATCACGGCCATCTTGGAAGGATTT
CTCAATCACGATACCGATAGCTTGGACTGTGGCACCGGCCTGTTCGATGATTTGAATCAAGCCTTTA
GCAGCTTGGCCATTAGCAAGGAAATCGTCGATAATCAAAACCTTGTCCTCTGGTGAGAGGAATTTT
CCAGCGATAGAAACGGTGCTGGTCACCTGTTTGGTAAAGGAGTAGACTTGAGCAGTTAAGATGCCT
TCGTTCATGGTGATGTTCTTAGCTTTTTTGGCGAAAATCATGGGAACGTTTAAGGCTTCAGCTGTAA
AAACGGCTGGGGCAATACCCGATGCTTCAATGGTTACGACCTTGGTAATGCCATAGCAGCAAATTT
TTCCGCAAAAACCTTACCAATCTCTCGCATCAAGCTAAAGTCAACTTGGTGGGTTAAAAAGGAATC
TACCTTGAGGATGTTATCACC

>ddl_8
GAGCTCGTTGAGAAAAATCTCTCCCTTATCTGTATAGAAGAAATCGCAACGAGATAGACCAAGGCC
ACCAATGGCACGGAAGGCTGTTTCTGCATTTTGACGCATGACAGCCACCACATCATCACTGATTTG
GCAGGAATATCCATAGTAATCTTGTTATCAATATACTTGGCATCGTAGTCATAAAAGGCAACATCC
TTGACAACTTCTCCTGGTAGCGTGCTCTTGACATCGTAGTTACCCAAGAGGCCAACCTCAATTTCAC
GGGCATTCACTCCTTGCTCAACCAAGACACGGCTATCATATCGGAAGGCAAGTTCTAAGGCTTGAC
GGAGTTCTTCTTGGTTTTCAGACTTAGAAATACCGACACTAGACCCCATGTTTGACGGCTTAGTGAA
GACTGGATAAGCCAATTTTTCTTCCACTTCAGCGATTTTAGC

204



APPENDIX

8.5 Serotype distribution by gender and age in years
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Figure 8. 1:  Serotype distribution by gender
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Figure 8.2:  Serotype distribution by age in years
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8.5.1 Data set for strains used in this study

This section shows the summarized data set for all the isolates used in this study. The results of
the virulence genes screening, the serotype identified for each isolate and the raw data for
antibiotic susceptibility testing are shown. For the virulence genes, 1: positive and 0: negative
For the antibiotics:

CRO: ceftriaxone, LEV: levofloxacin, VA: vancomycin, ERY: erythromycin, DA:
clindamycin, OX: oxacillin, TET: tetracycline, CHL: chloramphenicol, COT: cotrimoxazole,
LZD: linezolid, PEN: penicillin
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8.5.2 Data set for strains used in this study

APPENDIX

This section shows the summarized data set for all the isolates used in this study. The results of the virulence genes screening, the serotype identified

for each isolate and the raw data for antibiotic susceptibility testing are shown.

Strain Serotype | cpsA | IytA | pcpA | pavB | psrp | pilus-1 | pilus-2 | CRO | LEV | VA | ERY | DA | OX | TET | CHL | COT | LZD | PEN
1D

S147 3 1 1 1 1 1 0 0 31 22| 20 26 | 24| 18 10 25 0 29 | 05
S312 3 1 1 1 1 0 0 0 29 25| 22 29| 24 0 32 28 0 30| 0,75
S315 3 1 1 1 1 0 0 0 35 25| 23 32| 27 0 17 28 0 30|05
S346m | 3 1 1 1 1 0 0 0 29 24 | 22 29| 25 0 16 26 0 31105
S358 3 1 1 1 1 0 0 0 30 25| 22 30| 28| 16 31 28 0 310,125
S587m | 3 1 1 1 1 1 0 0 36 23| 23 29| 25| 21 10 27 0 30

H123 13 1 1 1 1 1 1 0 39 25| 23 33| 25| 27 35 30 0 34

H189 13 1 1 1 1 1 0 0 36 23| 21 28| 23| 24 15 25 0 30

S38 13 1 1 1 1 1 0 0 33 27 | 22 32| 27| 19 22 32 0 33

S41 13 1 1 1 1 0 0 0 33 26 | 22 28| 24| 18 14 28 0 31

S42 13 1 1 1 1 1 0 0 33 27 | 23 30| 26| 21 18 29 0 32

S61 13 1 1 1 1 1 0 0 35 26| 25 30| 26| 26 31 27 0 31

S242 13 1 1 1 1 1 0 0 35 25| 24 31| 26| 26 15 16 25 32

S245 13 1 1 1 1 1 0 0 37 25 24 31 26 27 15 16 24 35

S252 13 1 1 1 1 1 0 0 34 25| 23 30| 26| 27 14 16 24 31

S253 13 1 1 1 1 1 0 0 35 24 | 23 30| 25| 26 31 28 0 30

S603 13 1 1 1 1 1 0 0 34 22| 22 29| 22| 23 12 26 0 29

S23 14 1 1 1 1 0 0 0 30 21| 20 29| 24| 12 13 24 10 29 | 0,125
S64 14 1 1 1 1 0 0 0 35 25| 24 33| 27| 13 17 29 0 34 | 0,094
S294 14 1 1 1 1 1 0 0 30 25| 23 30| 25 0 20 19 32 | 0,125
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8.6 Ethical approval document

TEL: 317243 TASSHS3 0 ; C/0 Directorate of Research, Innovation and Consultancy
E-MAIL: irb@ncc.edu.gt

OUR REF: UCCARBIA2016/199

YOUR KEF:

OME NO: 0990-0279

LORG #: JORGO0090%6 9 JANUARY. 2018
Ms. Richael Odarkor Mills

Department of Biomedical Science

University of Cape Coast

Dear Ms. Mills.
ETHICAL CLEARANCE —1D: (UCCIRB/EXT/2017/21)

The University of Cape Coast Institutional Review Board (UCCIRB) has granted Provisional
Approval for the implementation of your research protocol titled ‘Post-vaccination
Pacumococeal Carriage in Children Less than Five Years of Age in Cape Coast, Ghana'.
This approval requires that you submit periodic review of the protocol to the Board and a final full
review to the UCCIRB on completion of the research. The UCCIRB may ohserve or cuause to be
wiserved procedures and records of the research during and after implementation.

Please note that any modification of the project must be submitted to the UCCIRB for review and
approval before its implementation.,

You are also required to report all serious adverse events related to this study to the UCCIRB
within seven days verbally and fourteen days in writing.

Always quote the protocol identification number in all future corrcspondence with us in relation
to this protocol.

Yours faithfully,

Dr. Siimue! Asiedu Cwusu
UCCIRB Administrator

R RN RN AR r st ntara s st nr s s nnnan

ADMINISTRATOR
INSTITUTIONAL REVIEW BOARD
UN'\&RST O E COAST

Pate,, i1, il
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8.7 Permission letter from Ghana Education Service-Cape Coast

In case of reply the
Number and date of this
Letter should be quoted

GHANA EDUATION SERVICE

METROPOLITAN EDUCATION DIRECTORATE
' P.O. BOX 164
CAPE COAST

REPUBLIC OF GHANA
Tel 0243852197
Email: capecoasimeo@dyahoo.com
My Ref No GES/MD2201/SFI/VOL 1767 13" January, 201§
Your Ref No.,

THE HEAD OF BASIC SCHOOLS
CAPE COAST METROPOLIS

RE-PERMISSION TO CONDUCT RESEARCH AT BASIC SCHOOLS IN
CAPE COAST METROPOLIS

This is inform you that the Metropolitan Education Directorate has granted permission
to Ms Richael Odakor Mills, a lecturer in the Department of Biological Sciences,
School of Allied Health Science in the University of Cape Coast and a PhD student of
the University of Greifswald, Germany, to conduct a study in basic schools in the
metropolis. She intends to administer questionnaires and collect nasopharyngeal swabs
from consenting children under the age of five years of age.

You should however ensure that the study does not interfere with normal teaching and
learning activities.

Please, accord her the necessary assistance required to ensure successful study.

Thank you.
o

STEPHEN RICHARD AMOAH
METRO DIRECTOR OF EDUCATION
CAPE COAST,

cC

Ms Richael Odakor Mills

Department of Biological Sciences, School of Allied Health Science
University of Cape Coast

Cape Coast
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8.8 Consent forms

UNIVERSITY OF CAPE COAST

INSTITUTIONAL REVIEW BOARD

INFOEMED CONSENT FORM

Titke: [Post-vaccination Pnenmococcal Carriagein Children Less than Five Years of Age in, Cape
Coast, Ghana ]

Principal Investizator: [Richael Odarkor Milk]

Address: [Department of Biomedical Science, College of Allied Health Sciences, Unmversity of Cape
Coast]

General Information about Research

5. pneumoniae canses mfections such as otitis medn. menmngitis, sepsis and poewmonia. Some
chikren suffer hearme kss and other diabiihes after confracting an mfection with this bacternun
The Ghana Health service mfroduced the Ppenmococcal Conmgate vaceme (PCV 13) mio the child
mmniFation program in the April 2012, It & mmportant to study the presence of this bactermm after
the mtroduction of the vaccme. Youwr child's participation m this study would contribute to data
which would provide wseful mfermation to the Ghana Health service on the impact of the vaccine on
5. pneumoniae carriage among children i Ghana.

Procedures

To find answers to some of these questions. we fvite you to take part m this research project. If you
give your consent, you will be recuired to: fill out a struchwed questionnage which will be provided
and collected by Bxchael Mills, Docas Sappor and Samme Alowetey. You have been selected to take
part m this swrvey becanse you have a child kss than five years of age. Some of the questions mehde
vouwr chikd’s age and where he lves and whether he attends a day care center or not. You will also be
asked questions about yowr use of antibiotics for yowr child. If you do not want to answer any of the
questions m the guestionnaire, you may say so and that question will be skapped. Ounly the persen
admmistermg the questionmase and you would be present durmg the mterview and all the mformation
vou provide will be treated as confidential This mterview will last forl5mamites. A nasopharyngeal
swab will be talang from yowr chidd when yow agree to participate. The swabs will be culhwed m the
laboratory to isolate bacteria present.

Possible Risks and Discomforts
The process of collecting the nasopharyngeal swab is harmless. However, your child may experence
some mmor discomfort durmg the process.

Possible Benefits

There are no diect benefits mvolked m your child's particpation m this study. However, your child’s
participation would help us estimate the prevakence of Streptococcus pneumonia and its associated
circulatmg serotypes frve vears after the miroduction of the vaccme. This fmding would provide

-1-
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valable mformation to the Ghana Heakh Service about the mpact of the vaccme on Strepfococcus
Preumonia camage.

Confidentiality

All samples would be ziven wnique identifiers to hide the identity of vour child The solated bacteria
woukd be kept frozen for further laboratory mvestimations. The mfcrmation you give woukd be treated
as confidential Yow prvacy will be strongly protected m all written and published data from this

study.

Voluntary Participation and Right to Leave the Research

Your child's particspation @ the stody is vohmtary and you could opt out of the study at youwr own free
will without any penaly.

Contacts for Additional Information

For fiwther questions, you may contact me

Richael Milk

Department of Biomedical Scences, Unmverstty of Cape Coast, Ghana
Tel +233 277704151, rchael nullsiguce. edu.gh

Your rights as a Participant

Thiz research has been revewed and approved by the Instiutional Review Board of Unmersity of
Cape Coast (UCCIER). If you have amy questions about your rights as a research parficipant you can
contact the Admmsstrator at the [RB Office between the howrs of 800 am and 430 pm. through the
phones lnes 0332133172 and 0244207814 or email address: wbiducc.edn.och
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VOLUNTEER AGREEMENT

The above docoment describng the benefits, risks and procedures for the research tile (Post-
vaccination Pnenmecoccal Carviage in Clildren Less than Five Years of Age in, Cape Const,
Ghana) has been read and explhmed to me. I have been given an opportuntdy to have any questions
about the research answered to my satisfaction. I agree to participate as a volmteer.

Date Name and signatwe or mark of vohmteer

If volunte ers cannot read the form themsebes, a wimess mmst sign here:

I was present while the benefits. risks and procedures were read to the vohmteer. All questions were
answered and the vohmteer has agreed to take part m the research

Date Name and signatwre of witness

I certify that the natwe and purpose, the potential benefits, and possible msls assocated wih
participatmg m this research have been explamed to the above mdonidual

Date Name Signature of Person Who Obtamed Consent
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8.9 Eigenstandigkeitserklarung

Hiermit erklare ich, dass diese Arbeit bisher von mir weder an der Mathematisch-
Naturwissenschaftlichen Fakultat der Universitdt Greifswald noch einer anderen

wissenschaftlichen Einrichtung zum Zwecke der Promotion eingereicht wurde.

Ferner erklére ich, dass ich diese Arbeit selbstédndig verfasst und keine anderen als die darin
angegebenen Hilfsmittel und Hilfen benutzt und keine Textabschnitte eines Dritten ohne

Kennzeichnung ibernommen habe.

Greifswald, ...,
Richael Odarkor Mills
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8.10 Curriculum Vitae

Personal information

Name: Richael Odarkor Mills

Date of birth: 4" November, 1981

Place of birth: Accra, Ghana

Languages: English: advance, French: basic, German: basic

Higher education

2016-2020: Doctoral candidate
Department of Molecular Genetics and Infection Biology, Interfaculty
Institute for Genetics and Functional Genomics, University of Greifswald
Thesis: Post-vaccination molecular epidemiology of pneumococcal carriage
among children less than five years of age in Cape Coast, Ghana

2009-2011: Mphil in Applied Epidemiology and Disease Control
School of Public Health,University of Ghana
Thesis: epidemiology of pneumococcal carriage in children under five years
of age in Accra, Ghana.

2001-2005: BSC Medical Laboratory Science
School of Allied Health Sciences, University of Ghana

Fellowship and training

2016-2018: Research Training Group (RTG) 1870 on “Bacterial Respiratory
Infections’” University of Greifswald, funded by the German Research
Foundation (DFG)

2019-2020: Mentoring programme for female doctoral students
University of Greifswald, funded by the European Union

Professsional experience

2014-2016: Assistant lecturer
Department of Biomedical Sciences, University of Cape Coast

2013-2013: Ghana breast study
Ghana Health service and National cancer institute

2005-2014 Medical laboratory scientist
Department of Microbiology, Central laboratory services, Korle-Bu
Teaching Hospital

GretfSwWald, ..o

Richael Odarkor Mills
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8.11 Publications and conference contributions

8.11.1 Peer-reviewed papers and other related articles

Richael O. Mills, Mohammed R. Abdullah, Samuel Akwetey, Dorcas Sappor, Isaac Cole,
Michael Baffour-Asare, Johan A. B. Mufioz, Gustavo Gamez, Mark P.G. van der Linden, Sven
Hammerschmidt. Post vaccination Streptococcus pneumoniae carriage and virulence gene
distribution among children less than five years of age, Cape Coast, Ghana. Microorganisms
2020, 8, 1987; doi:10.3390/microorganisms8121987

E. Quansah, P.A Barnie, D.O. Acheampong, D. Obiri-Yeboah, R.O. Mills, E.Asmah, O.
Cudjoe and l.Dadzie. Antimicrobial Resistance Pattern and Detection of ESBL, AmpC Beta-
Lactamase and Carbapenemase Production in Klebsiella Isolates from Health Facilities in
Ghana. Trop. Med. Infect. Dis. 2019, 4, 117;

E.S Donkor, D. Jamrozy R. O. Mills, T. Dankwah, P. K .Amoo, .B Egyir, E. V. Badoe, J.
Twasam, S. D. Bentley. A genomic infection control study for Staphylococcus aureus in two
Ghanaian hospitals. Infection and Drug Resistance 2018:11 17571765

E. Adjei, K. Malm, K. Mensah, S. Sackey, D. Ameme, E. Kenu, M. Abdulai, R. O. Mills, E.
Afari. Evaluation of cholera surveillance system in Osu Klottey District, Accra, Ghana (2011-
2013). The Pan African Medical Journal. 2017;28: 224

R. O. Mills, K. Twum-Danso, S. Owusu-Agyei, E. S-Donkor
Epidemiology of pneumococcal carriage in children under five years of age in Accra, Ghana,
Infectious Diseases, 2015; 47: 326-331

N. Sparding, N.T.K.D. Dayie, R.O.Mills, M.J. Newman, A. Dalsgaard, N. Frimodt-Mgller,
HSlotved, Clonal distribution of pneumococci serotype 19F isolates from Ghana, Infection,
Genetics and Evolution, 2015; 31: 68-72.

Richael O. Mills, Mohammed R. Abdullah, Samuel Akwetey, Dorcas Sappor, Johan A. B.
Mufioz, Gustavo Gamez, Sven Hammerschmidt. Molecular characterization of non-PCV13
pneumococcal serotypes among vaccinated Children in Ghana (manuscript in preparation)

221


https://www.semanticscholar.org/author/Eric-Yirenkyi-Adjei/4087930
https://www.semanticscholar.org/author/Keziah-Laurencia-Malm/5285051
https://www.semanticscholar.org/author/Kofi-Nyarko-Mensah/40867303
https://www.semanticscholar.org/author/Samuel-Oko-Sackey/4277757
https://www.semanticscholar.org/author/Donne-Kofi-Ameme/4282696
https://www.semanticscholar.org/author/Ernest-Kenu/5105719
https://www.semanticscholar.org/author/Marijanatu-Abdulai/6783588
https://www.semanticscholar.org/author/Richael-Odarkor-Mills/40124283
https://www.semanticscholar.org/author/Edwin-Andrew-Afari/6809202
https://www.semanticscholar.org/author/Edwin-Andrew-Afari/6809202

APPENDIX

8.11.2 Presentations at conferences

Richael O. Mills., Abdullah M.R., Akwetey S., Sappor D., Hammerschmidt S.

Molecular Characteristics of Pneumococcal Isolates from Children Vaccinated with PCV-13 in
Cape Coast, Ghana. 6" Joint Conference of the DGHM &VAAM-72" Annual Meeting of the
DGHM & VAAM, March 8-11 2020, Leipzig, Germany (Oral presentation)

Richael O. Mills., Abdullah M.R., Akwetey S., Sappor D., Hammerschmidt S.

Increase of Serotype 23B in Pneumococcal carriage among Children Vaccinated with PCV-13
in Cape Coast, Ghana. 14" European Meeting on the Molecular Biology of the Pneumococcus.
June 11-14, 2019, Greifswald, Germany (Poster)

Richael O. Mills., Abdullah M.R., Akwetey S., Sappor D., Hammerschmidt S.

‘Post Vaccination Pneumococcal Serotype and Virulence Factor Prevalence of among
Children less than Five years of Age in Cape Coast, Ghana’. 4th German Pneumococcal and
Streptococcal Symposium October — 22-24, 2018 in Berlin. Freie Universitat Berlin, Germany.
(Poster)

Richael. O. Mills, Abdullah M.R., Akwetey S., Sappor D., Hammerschmidt S.

‘Post Vaccination Molecular Epidemiology of Streptococcus pneumoniae among Children
less than five years of age, Ghana’. RTG Retreat, 2018. May 2-4, 2018, at the Ellernhof, Am
Hamberg 20, 21368 Dahlenburg, Germany (Oral presentation)

Richael. O. Mills, Kingsley Twum-Danso, Seth Owusu-Agyei, Eric Sampane-Donkor
Serotype Distribution and Antibiotic Susceptibility Patterns of Streptococcus pneumoniae
among Children less than Five Years of Age in Accra, Ghana. 1% International Conference on
Respiratory Pathogens (ICoRP), that will be held on November 1st to November 3rd at the
Radisson BLu Hotel in Rostock, Germany (Poster)

Richael. O. Mills

Serotype Distribution and Antibiotic Susceptibility Patterns of Streptococcus pneumoniae
among Children less than Five Years of Age in Accra, Ghana.

RTG Retreat, 2017., May 10-12, 2017, in Zeegse, NL (Oral presentation)
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