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Abstract

Non-typeable Haemophilus influenzae (NTHi) causes severe upper (URTI) and lower
respiratory tract infections (LRTI). Characterising virulence factors of NTHi
associated with LRTI, could contribute to identifying potential vaccine epitopes. Our
objective was to characterise the prevalence of select NTHi putative virulence factor
genes in cultured strains obtained from induced sputum samples of children
hospitalised with pneumonia compared to NTHi strains colonising the nasopharynx
(NP) of otherwise healthy age group matched community controls (including children
with URTI).

NTHi samples were collected as part of the Pneumonia Etiology Research for Child
Health study conducted between 2011 and 2013 and retrospectively analysed.
Cases were defined as children aged 1-59 months hospitalised with World Health
Organisation defined severe or very severe pneumonia, and controls were children
living within the same study catchment area as the cases without signs and
symptoms of severe or very severe pneumonia. H. influenzae isolates underwent
standard microbiological tests and were classified as NTHi by PCR using the bexB
assay. Additionally, a novel high-throughput genotyping assay was developed and
optimised (BioMark-HD system) in order to detect twelve NTHi putative virulence

factors.

Overall, the study included 113 and 298 NTHi isolates from cases and controls,
respectively. NTHi cases were younger than controls (10.1 months vs. 14.2 months;
P=0.021) and out of the 12 analysed genes for NTHi proteins, two were significantly
higher in cases than controls; i.e. hmwC (58% vs. 39%; P=0.002) and hmw2A (18%
vs. 5%; P<0.001). We identified two combinations of genes that were more common
in cases than controls, namely hmwC+/infA+/hmw2A+/tehB+/lic2C+ and
hmwC+/infA+/hmw2A-/tehB+/lic2C+.

The potential of hmwC and hmw2A with or without other putative virulence proteins of
NTHi warrant further investigation as potential vaccine targets for the prevention of

severe pneumonia due to NTHi.



Acknowledgements

Pneumonia Etiology Research for Child Health (PERCH) teams and study

participants.

Respiratory and Meningeal Pathogens Research Unit (RMPRU) students and staff.

Prof Shabir Madhi, Dr Elize de Bruyn, Prof Marta Nunes, Prof Jeffrey Dorfman and Dr
Courtney Olwagen — Thank you for the academic support that you provided

throughout my studies.

Dr Vicky Baillie — Thank you for your patience, understanding and support. | know it

was as difficult for you as it was for me.

Research Funding

This work is based upon research supported by the Department of Science and
Technology/National research Foundation: South African Research Chair Initiative:

Vaccine Preventable Diseases.



Table of Contents

DT ox F= 1= L[ P SRRPPRPPRN Ii
Y 011 =T SRR ii
ACKNOWIEAGEIMENTS ... e et e e e e e e e e e e eetba e e e eeeeeeennes )Y
RESEAICH FUNTING ...ttt \Y
Table Of CONTENTS ....ccoiiiieieeee e %
S o ) T USSP vii
S 0 N 1= T o] = viii
AN 0T 0= Tod o (= X
A 011 Yo [T £ o ISP 1
O IO o o =0 o] = PR 1
1.2. Haemophilus iINflUENZAE ............coovriiiii e 7
1.3. Structure and classification of H. influenzae................ccccoo, 7
1.3.1. Typeable H.influenzae ............oo o 8
IR 77 VI I PR 9
1.4, PaAthOQENESIS ...t e e e e e e e e e 10
1.5. Virulence factors of NTHi as potential targets for vaccine development....... 11
1.6. Treatment for H. influenzae.............ccccoooiiii 13
R o 11 Y = To o T PR 15
1.7.1. NTHivaccine development...........oooooriiiiiiie 22
1.8. Nanofluidic real-time polymerase chain reaction (PCR) (Fluidigm®) ........... 26
1.9. Pneumonia Etiology Research for Child Health (PERCH)................ccceoee. 26
1.10.  Study JUSHIFICAtION ....eueii e 27
3 I O T o] 1= 11 =PSRRI 28
2. METHODS . ..ot et e e e e e e s e e e e e e e e e e e nna b e e eaaens 29
2.1, Study POPUIALION ...oeeeiiiiie e 29
2.2, StUdY SAMPIES ... 29
2.3. Real-time PCR detection for H. influenzae and other common respiratory
PATNOGENS .. 30
P B | N VN =51 - Uox 1 o o S 31
2.5. Culture identification Of NTHI...........coiiiiiiiiiiiice e 31
2.6. Classification of H. INflUENZAE ..........ccooveeiiiiiiic e 31
2.6.1. Primer optimisation, standard curves and quantification of the real-time
O o 1 7= | 32
2.7. Nanofluidic real-time PCR (FIUIdIgM®)..........ccciiiiiiiiiiiec e, 33
2.7.1. Pre-amplification Of DNA ... 37



2.7.2. Real-time qPCR using the Biomark™ HD System (Fluidigm) ................ 37

2.7.3. Primer optimisation, Standard curves and quantification in the

nanofluidic real-time PCR SYSIEM. ........uuiiiiiiiiiieeeee e 38
JZ T = 11 1102 PP 38
JZN S TR o 1 ] (02 PP 39
3. RESUILS ... et 40
3.1. Optimisation of the bexB and hpd PCR primers.........ccccccccvviiiiiiiiiiiiinnnnnnnnn. 40
3.2. Optimisation for the Fluidigm PCR .........ccooiiiiiiii e 40
3.3. Demographics and clinical characteristics of controls by H. influenzae status
43
3.4. Demographics and clinical features of the cases according to NTHi status by
IS CUIUIE L.ttt 48
3.5. Demographics and clinical characteristics of NTHi colonised cases and
CONLIOIS DY CUIUIE ... e e e e e e e e e 55
3.6. Detection of virulence genes among NTHi positive cases and controls........ 57
N I 1= o] 1 15 [0 o U 60
T (] (=] =1 Lot P 63
6. APENAICES ....ccoieeeeeeeeeeeeee Error! Bookmark not defined.
6.1. Apendix A: HREC certificate ... 76

Vi



List of Figures

Figure 1.1
Figure 1.2

Figure 1.3

Figure 1.4

Figure 1.5

Figure 1.6

Figure 1.7
Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6
Figure 3.7
Figure 3.8
Figure 3.9
Figure 3.10
Figure 3.11
Figure 3.12

Figure 3.13

The basic structure of capsulated H. influenzae 7

H. influenzae capsule locus

Attachment of NTHi to epithelial cells and invasion of

NTHi to host cells

Graphical representation of the B-lactam action on

Gram-negative bacterium

B-lactamase action on the B-lactam ring

10

11

Graphical representation of countries using Hib vaccines in 1997

and 2016

Flex Six microfluidic chip

Real-time PCR analysis of the hmwC primers

Real-time PCR analysis of the igAl primers

Real-time PCR analysis of the infA primers

Real-time PCR analysis of the lic2C primers

Real-time PCR analysis of the oapA primers

Real-time PCR analysis of the pilA primers

Real-time PCR analysis of the hmw1A primers
Real-time PCR analysis of the hmw2A primers

Real-time PCR analysis of the losB primers

Real-time PCR analysis of the msfAl primers

Real-time PCR analysis of the tehB primers

Real-time PCR analysis of the hia primers

Virulence factors detected among NTHi positiv
(n=83) and controls (n=273)

40

40

40

41

41

41

41

41

42

42

42

e cases

Vi



List of Tables

Table 1.1

Table 1.2

Table 1.3

Table 1.4

Table 2.1

Table 3.1
Table 3.2

Table 3.3

Table 3.4

Table 3.5

Table 3.6

Table 3.7

Table 3.8

Table 3.9

Table 3.10

Review of studies reporting on the aetiology of bacterial

pneumonia in African Countries since 2000
Summary of potential virulence factors for H. influenzae
A review of articles on NTHi as a replacement for Hib

Studies on H. influenzae virulence factors

Primers used for Fluidigm

Performance of the Real-Time PCR

Demographics and clinical features of the community
controls according to H. influenzae status and samples

that did not have enough volume

Demographics and clinical features of the community
controls according to H. influenzae capsule status

Demographics and clinical features of the community
controls according to NTHi NP Culture status

Demographics and clinical features of the cases
according to H. influenzae status and samples that did

not have enough volume

Demographics and clinical features of the cases

according to H. influenzae capsule status

Demographics and clinical features of the cases

according to NTHi status by IS Culture

Prevalence of cases and controls in whom NTHi was

cultured on IS and NP/OP swabs, respectively according

Demographics and clinical characteristics of cases and
controls in whom NTHi was cultured on IS and NP/OP

swabs, respectively

Different types of combinations detected among NTHi

14

29

39

44

45

46

48

50

52

54

55



cases and NTHi controls



Nomenclature

% - Percentage

°C — degrees Celsius

BLAST — Basic Local Alignment Search Tool

CHBAH — Chris Hani Baragwanath Academic Hospital
DNA — Deoxyribonucleic acid

Hi — Haemophilus influenzae

HibCV — H. influenzae type B conjugate vaccine

HIV — Human immunodeficiency virus

HREC — Human Research Ethics Committee

IFC — Integrated fluidic circuit

IS — Induced sputum

LRTI — Lower respiratory tract infection

NTHi — Nontypeable H. influenzae

NP — Nasopharyngeal

PCR - Polymerase chain reaction

PCV — Pneumococcal conjugate vaccine

PERCH — Pneumonia Etiology Research for Child Health
gPCR — Quantitative polymerase chain reaction

RMPRU — Respiratory and Meningeal Pathogens Research Unit
STGG - Skim-milk, tryptone, glucose and glycerine broth

URTI — Upper respiratory tract infection



1. Introduction
1.1. Pneumonia

Pneumonia is one of the most common, life-threatening childhood ilinesses with
approximately 120 million cases annually, the majority of which occur in developing
countries (1-3). In 2015, pneumonia was the second leading cause of death in
children under-5 years of age, accounting for 15.5 % (Uncertainty Range [UR]: 13.9-
17.6) of the 5, 942 million total deaths in this age group (4). The global estimates for
pneumonia incidence in low- to middle-income countries was 0.23 episodes per
child-year, 11.5% of which were severe pneumonia (5). In a study conducted on a
South African cohort, the pneumonia incidence is estimated at 0.32 episodes per
child-year during infancy (6). Another study found a pneumonia incidence of 0.27
episodes per child-year and severe pneumonia incidence of 0.05 per child-year and a
case fatality ratio of 1% (7) In 2016, pneumonia was attributed as the cause of
19,638 deaths in South African children (8).

Determining the aetiology of pneumonia is challenging as direct sampling of the site
of infection, i.e. lung, is difficult with potential risk to the patient (9). Furthermore,
organisms associated with causing pneumonia commonly colonise the upper airway
of healthy individuals, thus limiting the use of sampling of the nasopharynx as a proxy
for inferring causality of pneumonia (10,11). Additionally, blood culture which is often
used for identifying bacterial causes of pneumonia is not sensitive for diagnosing
bacterial pneumonia (1-27%) (12). Another challenge in the etiologic diagnosis of
pneumonia in children is the difficulty in obtaining adequate specimen for pathogen
detection (13).

The leading bacteria attributed as causes of pneumonia in children are
Streptococcus pneumoniae, Haemophilus influenzae (encapsulated and non-
encapsulated), Moraxella catarrhalis and Staphylococcus aureus. Between 2000 and
2018, there were 11 studies that investigated the aetiology of childhood pneumonia
(0-10 years) in African countries (detailed in Table 1.1) which included three from
South Africa (14-16), one each from Mali (17), Kenya (18), Malawi (19), Morocco
(20), Niger (21), Senegal (22), Tanzania (23), and The Gambia (24). Seven studies

collected nasopharyngeal (NP) swabs and used either blood culture or real-time



polymerase chain reaction (PCR) or both to infer pneumonia aetiology
(7,14,17,18,20,21,23). Furthermore, two studies undertook lung aspirates (including
analysing by culture and real-time PCR), and blood culture (15,19).

S. pneumoniae was the most prevalent bacteria (range: 26.7%-87.5%) detected in
these studies (14,15,17-22,24) followed by H. influenzae (range: 1% - 54%) (14,19—
22,24). Moraxella catarrhalis was the most prevalent bacteria (range: 21.7% - 75%)
detected in two of the 11 studies (7,23). The H. influenzae type b conjugate vaccine
(HibCV) was in routine use in 6/11 countries (7,17-19,21,24) at the time of the study,
whereas the pneumococcal conjugate vaccines (PCV) were only in routine use in
three of the eleven countries (7,17,20). Countries in which HibCV had not been
introduced in the public immunisation program reported a high prevalence of H.
influenzae (46% to 83.6%) as the cause of pneumonia (22,23). In countries where
HibCV was included in the public immunisation program, the prevalence of H.
influenzae as the attributed cause of pneumonia range from 1.5% to 6.8%
(7,14,15,17-21,24).



Table 1.1: Review of studies reporting on the aetiology of bacterial pneumonia in African Countries since 2000

Country Design Case definition Number of |Study population |Organism isolated Types of samples |Use of HibCV [Study duration
participants (technigues) and PCV
South Africa (15) |Prospective |Children meeting (358 1 to 59 months S. pneumoniae (n=26, |Bronchoalveolar HibCV January 2001 to
WHO criteria for (median age: 4.8 |7%) lavage fluid (culture) December 2002
severe and very months) S. aureus (n=16, 5%)
severe pneumonia Other streptococci
(n=12, 3%)
H. influenzae (n=2, 1%)
K. pneumoniae
(n=2,1%)
South Africa (14) |Prospective [HIV-infected 203 More than 8 weeks |S. pneumoniae (=48, [Nasopharyngeal HibCV December 2002
children (median age: 21.6 |22%) swabs (culture)
aged 8 weeks or months) H. influenzae (n=47,
older. 21.7%)
M. catarrhalis (n=47,
21.7%)
S. aureus (n=44,20.4%)
Enterobacteriaceae
(n=32, 14.1%)
South Africa (7) |Nested case- |Any episode of 967 (284 Less than 5 years |Cases (n=967) Nasopharyngeal HibCV May 2012 to
control pneumonia pneumonia |(Median age: 11 S. pneumoniae (n=168, |swabs (culture and |PCV13 Dec 2014
regardless of cases months) 60%) real-time PCR)

severity, excluding
congenital
pneumonia (defined
as presentation
before postnatal
discharge)

412 controls)

(Male: 53%)

H. influenzae (n=152,
54%)

Hib (n=4, 1%)

M. catarrhalis (n=214,
75%)

S. aureus (n=81, 28%)
Controls (n=412)

S. pneumoniae (n=237,
58%)

H. influenzae (n=164,
40%)

Hib (n=5, 1%)

M. catarrhalis (n=292,
71%)

S. aureus (n=142, 35%)




Mali (17) Prospective |Cases — children 216 patients |Less than 5 years |Cases (n=118) Nasopharyngeal HibCV July 2011 —
case-control |with radiologically- [(118 cases |(median age:11 S. pneumoniae (n=85, |swabs (culture and |PCV13 December 2012
confirmed and 98 months) 72%) real-time PCR)
pneumonia. controls) (Male: 55.9%) S. aureus (n=23, 19.5%)
Controls — H. influenzae (n=8,
hospitalised 6.8%)
children without Controls (n=98)
respiratory features. S. pneumoniae (n=47,
Cases and controls 48%)
matched for age S. aureus (n=19, 19.4%)
and period. H. influenzae (n=6,
6.2%)
Kenya (18) Prospective |Children meeting |568 2 to 59 months S. pneumoniae (n=15, [Nasopharyngeal HibCV May 2007 to
the WHO (median age: 11 46.9%) swabs (culture) May 2008
syndromic definition months) E. coli (n=5, 15.6%)
of severe (male: 57%) S. aureus (n=3, 9.4%)
pneumonia or very H. influenzae (n=1,
severe pneumonia. 3.1%)
Acinetobacter spp
(1,3.1%)
Malawi (19) Prospective |Children with a 95 Less than 10 years |S. pneumoniae (n=37, |Lung aspirates HibCV April 2004 to
observational |clinical diagnosis of (median age 31.2 |39%) (culture and real-time October 2006
pneumonia only, months) H. influenzae (n=6, PCR)
and only (male: 61%) 6.3%)
those with S. typhimurium (n=2,
radiologically 2.1%)
confirmed Viruses (n=24, 25.3%)
pneumonia with
focal,
segmental or lobar
pneumonia.
Morocco (20) Prospective |Children meeting {700 (195 2 to 59 months S. pneumoniae (n=10, |Nasopharyngeal HibCV November 2010
WHO criteria for pneumonia |(mean age: 21.5 5.2%) swabs (culture and |PCV to December
severe pneumonia. |cases) months) H. influenzae (n=3, real-time PCR) 2011
(male: 64.1%) 1.5%)
Viruses (n=353, 51.5%)
Niger (21) Retrospective |Cases - defined as |160 random |Less than 5 years |S. pneumoniae (n=90, |Nasopharyngeal HibCV January 2010 to
a hospitalized child [stored NP (median age: 9 56.3%) swabs (real-time December 2012
<5 years of age samples months) H. influenzae (n=20, PCR)

with onset of cough

(Male: 54.4%)

12.5%)




or difficulty C. pneumoniae (n=4,

breathing within 7 2.5%)

days prior to S. aureus (n=18, 11.3%)
admission, and at Any bacteria (n=102,
least one of the 63.7%)

following danger
signs: inability to
drink or breastfeed,
lethargy, vomiting
everything,
convulsions, nasal
flaring, chest
indrawing, stridor in
a calm child or

tachypnoea
Senegal (22) Prospective |Children presenting |114 2 to 59 months S. pneumoniae (n=64, |Nasopharyngeal None March to May
to Ndioum’s (mean age: 17.8 56%) aspirates (culture) 2000
hospital paediatric months) H. influenzae (n=53,
service that did not (male:54.4%) 46%)

have antimicrobial
therapy in the past

2 weeks.

Tanzania (25) Prospective |Acute respiratory  |177 clinical |2 months to 10 S. pneumoniae (n=155, |Nasopharyngeal None April to August
infection — any pneumonia |years 87.5%) swabs (real-time 2008
acute (21 week) cases (Male: 51.1%) H. influenzae (n=148, PCR) June to
infection manifested 83.6%) December 2008
by at least one M. catarrhalis (n=170,
respiratory sign or 96%)
symptom localized N. meningitidis (n= 82,
to the upper or 46.3%)

lower respiratory
tract and divided
into two categories:
clinical pneumonia
or upper respiratory
tract infection

(URT)).
The Gambia (24) Severe pneumonia |56 2 months to 5 years |S. pneumoniae (n=48, HibCV 2007 to 2009
- cough or difficulty |participants 91%)
in breathing, plus H. influenzae (n=12,
any of the following: 23%)




lower chest wall
indrawing, nasal
flaring, or an
oxygen saturation
of <90% on pulse
oximetry.

Klebsiella spp (n=3, 6%)
Streptococcus spp (non-
pneumoniae) (=2, 4%)
Viruses (n=10, 17%)




Pneumonia remains a major cause of morbidity and mortality in children (3).
Tuberculosis is increasingly recognised as occurring in acute pneumonia in high
burden areas, including other factors such as malnutrition, HIV infection or exposure,

tobacco smoke exposure and attending daycare (26).

1.2. Haemophilus influenzae

H. influenzae is a Gram-negative coccobacillus bacterium identified in 1892 during
the Influenza pandemic of 1889 to 1892 (27-29). Haemophilus means blood-loving,
which explains the absolute nutritional requirement for haem (known as X-factor)
during growth (30). H. influenzae also requires nicotinamide adenine dinucleotide
(known as V-factor) for growth (30).

H. influenzae is an opportunistic organism that forms part of the human
nasopharyngeal microbiome (10,27). Intercurrent respiratory viral infections could
lead to new acquisition of bacteria and an increase in density in the nasopharynx,
which could predispose to subsequent translocation into the lung and cause
pneumonia (31). Encapsulated H. influenzae, and particularly Hib, also cause
bacteraemia (32), epiglottitis (33) and meningitis in children (16). Transmission of H.
influenzae occurs through respiratory droplet spread (34), and susceptibility to
acquisition is determined by living conditions such as larger family size, household

crowding, poor household ventilation and environmental smoke exposure (35).

1.3. Structure and classification of H. influenzae

The H. influenzae cell envelope consists of the outer membrane (OM), the
periplasmic space (PS) and the inner membrane (IM) (36). The inner layer of the
outer membrane is made up of phospholipids while the outer layer is made up of lipo-
oligosaccharides (LOS). The PS is made up of long polymers of repeating
disaccharides with insertions of prostaglandins (PG). The IM is made up of a
phospholipid bilayer. The cell envelope consists of soluble proteins, transmembrane

proteins or anchored proteins (Figure 1.1) (37).
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Figure 1.1: The basic structure of capsulated H. influenzae from Varela et al,
(2012)(36).

H. influenzae is classified by the presence (encapsulated/typeable strains) or
absence (unencapsulated/nontypeable strains (NTHi)) of the polysaccharide capsule
(indicated in Figure 1.1) (27). The encapsulated strains are further classified by their
unique antigenically distinct capsular polysaccharides (a-f) (38). Slide agglutination
was the preferred method for classifying H. influenzae according to the different
serotypes (a-f) until it was noted that some of the isolates were misidentified after
using real-time PCR (39). A more reliable method for subtyping is real-time PCR
which targets the capsule locus, particularly the genes bexA and bexB (Figure 1.2)
(40).

1.3.1. Typeable H. influenzae

The polysaccharide capsule is encoded by the capsular (cap) gene which can be
divided into three functionally distinct regions, designated I, Il and Il (Figure 1.2)
(41). Regions | and Il are common to all capsular types and contain highly

conserved genes necessary for processing and transport of capsular material to the



cell surface (42). Region Il contains type-specific genes involved in capsule
biosynthesis which gives rise to the different antigenically distinct capsules (42). The
most pathogenic strain is the encapsulated type b (Hib) strain which uses the capsule
to evade the host's immune system by amplifying the capsule gene locus leading to
decreased complement-mediated killing (43). The Hib capsule is made up of the
polyribosyl-ribitol-phosphate (PRP) which makes Hib the most pathogenic serotype
(44). Some strains of H. influenzae, including Hib, contain multiple copies of the cap
locus which increases the virulence, and it has been shown that as the number of

copies increase, the susceptibility to complement-mediated lysis decreases (45-47).
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Figure 1.2: H. influenzae capsule locus from Gonzalez-Diaz et al. (2019)(48).

Serotype C

Serotype D

Genes in dark grey belong to region 1. Genes in light grey belong to region lll. The white genes

indicate genes found in region Il

1.3.2. NTHi

The NTHi strains have a greater genetic diversity but are generally less invasive than
the typeable strains, because of the absence of the capsule, NTHi are intracellular
organisms to avoid complement-mediated lysis (49). Gilsdorf et al., (2004), proposed
several mechanisms that might be responsible for the lack of the capsular
polysaccharide by the NTHi strains, these include phase variation (slipped-strand
mispairing, mediated by short DNA repeats); unstable mRNA (which results in
transcription but not translation); point mutations (non-synonymous rather than

synonymous (silent) mutations encountered) and insertions and deletions (addition or



removal of new DNA). All of these mechanisms allow NTHi to survive under various

selective pressures, and to adapt to changing microenvironments (50).

1.4. Pathogenesis

H. influenzae has a number of surface exposed proteins that can be used to attach to
epithelial cells (51) including the high molecular weight 1 and 2 (hmw1/2), type IV
pilus (pilA), H. influenzae adhesin (hia) and the opacity associated protein A (oapA)
(Figure 1.3) (52-55). These outer membrane proteins attach to host cell receptors
(Figure 1.3) (53). Once inside the cell, H. influenzae uses proteins such as protein-D
and macrophage survival factor (msf) to survive within host cells (56-58). In the host
cells, H. influenzae escapes the phagosomes and live in the cytoplasm of the host

cells or release factors that inhibit phagocytosis (59-61).
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Figure 1.3: Attachment of NTHi to epithelial cells and invasion of NTHi to host cells
from Duell et al, (2016)(53).

NTHi has the ability to bind to a variety of host proteins. NTHi attaches to the epithelial cell surfaces

and the underlying extracellular matrix layer. The binding of NTHi to the cell surfaces allows NTHi to

10



strongly attach to the host cells to mediate colonisation or entry, or to provide defensive mechanisms

such as evading the host immune response (53).

1.5. Virulence factors of NTHi as potential targets for vaccine development

NTHi lacks the main virulence factor of typeable strains, namely the capsule, but may

have different combinations of virulence-related genes that allow the bacteria to

evade the host's immune defences and cause disease (62). Analyses of strains

recovered from children with pneumonia and from adults with chronic obstructive

pulmonary disease (COPD) indicated that certain NTHi strains possess different

repertoire or prevalence of virulence genes compared to colonising strains (61).

Identification of the virulence genes associated with NTHi strains that cause disease

could assist in identifying potential vaccine epitopes (63). Some of the genes which

have been associated with NTHi virulence are summarised in Table 1.2 below:

Table 1.2: Summary of potential virulence factors for H. influenzae

Target gene

Functions

High Molecular
Weight 1/2
(hmw1/2)

Adhesin auto-
transporter protein
(Hia)

HMW1 and HMW2 mediate the attachment of the bacterium to the
human nasopharynx for colonisation which is an essential first
step during infection (64). HMW1 and HMW?2 are found in 75% of
H. influenzae strains whereas the remaining mostly contain Hia
which has a similar function to HMW1/2 (54). Factors that
determine whether HMW1/2 or Hia will be present have not been
identified yet but there is an assumption that HMW-deficient
strains might have evolved from encapsulated isolates (65). There
is no proof to suggest that strains that possess HMW1/2 are more

virulent than Hia containing strains (65).

Lipo-
oligosaccharide
(LOS)

LOS forms a part of the cell wall (66). LOS is phase variable
which is the reversible, high-frequency switching of gene
expression thus allowing for the generation of a diverse population
of phenotypically distinct bacteria (67). LOS contributes to
antigenic diversity (allows the bacteria to alter its surface protein

in order to avoid the host immune response), molecular mimicry
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(sequence similarities between bacterial and self-proteins allows
the bacteria to evade host immune response), host-cell adherence
(NTHi bind to receptors on host cells in order to gain entry into
those cells) and resistance to complement-mediated killing (some
configurations of LOS lead to resistance of complement-mediated
killing) (53,67-72).

Protein D (hpd)

Protein D is an immunoglobulin D-binding membrane protein
exposed on the bacterial surface. Plays a role in pathogenesis

due to absence antigenic drift and surface localisation (73).

Immunoglobulin Al

protease (igAl)

An enzyme that cleaves the human IgA1l at its hinge region into its
Fc and V regions so that the immunoglobulin is unable to carry out
clearance of the bacteria. Four different cleavage patterns have
been discovered thus far. It is unknown whether any pattern is
more pathogenic than the other (59); however, levels of IgA1
protease are higher in invasive strains compared to colonizing
strains (60). IgA1 also mediates invasion and trafficking in human
respiratory epithelial cells, facilitating the persistence of H.

influenzae (74).

Type IV pilus (pilA)

pilA is a major subunit for type IV pilus (Tfp) (filamentous
polymers composed of helically arranged pilin subunits, that are
assembled and expressed on the surface of numerous gram-
negative pathogens) which has the ability to facilitate the uptake
of DNA across the bacterial cell membrane and also mediate the
adherence to mammalian epithelial cells (69,75). PilA has also
been associated with the possibility of providing structural stability
for biofilm formation which is believed to play a role in chronic
infections (75). The whole pilus gene cluster consists of pilA-D
and ComA-F (52).

Macrophage

survival factor

Plays a role in the intracellular survival of H. influenzae, although
the mechanism is not understood, research has shown that
strains lacking SLR have shorter survival time compared to strains
possessing SLR (57). Any SIrVA is present in 79% of isolates

associated with disease (Kress-Bennett, et al., 2016).
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Tellurite resistance

protein

Plays a role in the utilization of low levels of exogenous haem to
support aerobic growth (76).

Opacity associated

protein A (oapA)

Plays a role in phase variation and adhesion to epithelial cells
during initial colonization and cell invasion (77). oapA is also
responsible for the transparent-colony phenotype and mediates

attachment to epithelial cells (55).

1.6. Treatment for H. influenzae

First line therapy involves the use of oral antibiotics such as beta (B)-lactams (27),

which are a class of broad-spectrum antibiotics containing a 3-lactam ring (Figure

1.5) (78). These antibiotics act by inhibiting the synthesis of the bacterial cell wall

(79). B-lactams bind to the penicillin-binding proteins making up the bacterial cell wall

thus inhibiting the formation of the cross-linking polymers thereby inactivating the

inhibitor of autolytic enzymes that are responsible for bacterial lysis (Figure 1.4)

(80,81).
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Figure 1.4: Graphical representation of the B-lactam action from Drusano et al,
(2004)(80).

Top: In the absence of drug, transpeptidase enzymes (also known as Penicillin Binding Proteins; PBP)
in the cell wall catalyse cross-links between adjacent glycan chains, which involves the removal of a
terminal D-alanine residue from one of the peptidoglycan precursors (highlighted by the broken oval).
Glycosyltransferases (GT), which exist as either separate subunits, or tightly associated with
transpeptidases (e.g. as is the case for PBP-2) create covalent bonds between adjacent sugar
molecules NAM & NAG. The net result of covalent bonds between both the peptide and sugar chains
creates a rigid cell wall that protects the bacterial cell from osmotic forces that would otherwise result
in cell rupture. Bottom: Beta-lactam antibiotics, bear a structural resemblance to the natural D-Ala-D-
Ala substrate for the transpeptidase, and exert their inhibitory effects on cell wall synthesis by tightly
binding to the active site of the transpeptidase (PBP) (80).

There is however, the emergence of drug-resistant typeable H. influenzae, and NTHi
strains that produce a 3-lactamase enzyme that breaks down the B-lactam ring of the

antibiotic. Currently, between 10-25% of NTHi strains are B-lactamase-positive (42).
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Figure 1.5: B-lactamase action on the B-lactam ring from Urumova et al, (2015)(82).

Antibiotics are commonly prescribed for respiratory tract infections, but the
prevalence of resistance and their mechanisms keep increasing and becoming more
complex (83). Thus alternative therapies need to be evaluated including extended-
spectrum cephalosporins, tetracyclines, amoxicillin-clavulanic acid, trimethoprim-
sulfamethoxazole, quinolones and macrolide antibiotics (27). Furthermore, the

development of vaccines may play a role in the prevention of NTHi illness (63).

1.7. Hib Vaccine

The Hib vaccine was first licensed for use in 1985 in the United States of America for
children under-5 years of age (84—-86). This vaccine used PRP as an epitope and is
only effective against Hib (87). This initial polysaccharide-only Hib vaccine was
discontinued in 1988 due to eliciting only weak B-cell response and no memory
responses; resulting in vaccine effectiveness of 35% to 42% after the third dose
(87,88). The next generation of Hib vaccine was a conjugate of PRP to protein carriers,
which elicited Thl-cell dominant immune responses (89), that also induced memory
responses (90). In 2016, 190 countries had already introduced the Hib vaccine to their
national immunisation programmes (Figure 1.6). In 2017, the coverage of the Hib

conjugate vaccine (HibCV) in South Africa was 82% (91).
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Figure 1.6: Graphical representation of countries using Hib vaccines in 1997 and
2016 by Loharikar et al, (2016) (91).

In 1997, 29 countries had already introduced the Hib vaccine into their national immunisation
programmes and only two were in the process of introducing it. In 2016 a total of 190 countries have
introduced the Hib vaccine into their national immunisation programmes.

In 1999, South Africa became the first African country to include the HibCV into its
routine childhood immunisation programme (92). A study done in Soweto from 1996
to 2000 reported a reduction of invasive Hib disease from 25 to 1 per 100,000
children following the introduction of the HibCV (92). Furthermore, since the
introduction of the HibCV in South Africa, Hib cases have decreased by 65% from 55
(1999-2000) to 19 cases (2003-2004) in children less than 1 year of age (86).

Langereis et al (2015) (93), tried to sum up the possible explanations for the
replacement of Hib by NTHi which include (1) vaccine-mediated strain replacement,
(2) improved bacterial detection and serotyping (culture takes long before an
organism can be isolated but techniques such as PCR are rapid and more sensitive),

(3) increased virulence of NTHi strains (possibly NTHi might have acquired new
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virulence genes) and (4) demographic changes (H. influenzae disease was mainly a
paediatric disease caused by Hib but now is caused by other strains such as Hia, Hif
and NTHi and affects the elderly).

Sixteen studies from low-middle income countries that introduced the HibCV
investigated the strains of H. influenzae identified post-vaccine introduction; Table
1.3. There were three studies from Italy (94-96), two from Japan (97,98), and
Australia (99,100) and one from Turkey (101), The Gambia (102), Kenya (103),
Central Asia (104), Korea (105), China (106), Brazil (107), Spain (108) and Israel
(109). Twelve studies collected NP swabs and employed either blood culture or real-
time PCR or both (94-96,101-109). While four studies collected blood and
cerebrospinal fluid (CSF) and employed slide agglutination serotyping (SAST) and
real-time PCR (97-100). Studies that enrolled only healthy children (6/16) found that
NTHi NP colonisation was prevalent in 70% to 100% of participants compared to
<1% prevalence of Hib colonisation (94,94,102,103,107,109). In children with
respiratory tract infections (10/16), NTHi colonisation was prevalent in 50% to 100%
of individuals, whereas Hib colonisation prevalence range from 0% to 11% (95,97—
101,104-106,108).

17



Table 1.3: A review of articles on NTHi as a replacement for Hib

Country Design Case definition Number of Study Prevalence of Hi Types of Study
participants | participants | species identified samples period
(technique)
Italy (96) Prospective Healthy children 717 Less than 6 H. influenzae (n=101, | OP swabs June 2012
years 14.1%) (real-time to July 2013
(median age: | NTHi (n=98, 97%) PCR)
11.6 months) | e (n=2, 1.98%)
. 0,
(male:55.3%) Hif (n=1, 0.99%)
Italy (94) Prospective Healthy children 301 Less than 6 H. influenzae (n=130, | NP swabs January to
years 43.18%) (culture and | April 2012
(median age: | NTHi (100%) Irgeg;t)lme
31.61
months)
(male: did not
specify)
Italy (95) Prospective Children with invasive 523 cases 0-94 years NTHi (n=230, 84.2%) | NP swabs January
surveillance infections (median age: S 0 (real-time 2012 to
64 years) Hib (n=24, 8.79%) PCR and December
oo 0
(male: Hif (n=12, 4.40%) milst) 2016
51.6%) Hie (n=5, 1.83%)
Hia (n=2, 0.7%)
Japan (98) Prospective Paediatric patients with 566 cases Less than 5 2008 to 2012 Blood and January
invasive infections years NTHi (n=29, 11.1%) CSF (SAST | 2008 to
2008 to 2012 and real- 2012 then
Hib (n=234, 88.9%) time PCR) 2013 to
(median age: December
not specified) 2013 10 2017 2017
(male: NTHi (n=262, 96.8%)
51.6%) Hib (n=1, 3.2%)
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2013 to 2017

(media age:
specified)
(male:
64.9%)
Japan (97) Retrospective Paediatric patients with 53 (septic 0-6 years H. influenzae (n=3) Blood and Jan 2000 to
invasive infections pneumonia: (median age: | NTHi (n=3, 100%) CSF (SAST | May 2003
3) not specified) and real-
P time PCR
(male:
43.5%)
Australia (99) Retrospective Paediatric patients with 148 cases 72 % Less NTHi (n=77, 52%) Blood and January
review invasive infections than 5 years _ CSF 2002 to
Encapsulated (n=77,
. ) (culture) December
(median age: | 48%)
., 2011
not specified)
(male: 56%)
Australia (100) Retrospective Paediatric patients with 737 cases 0-10 years H. influenzae Blood and 2001-2013
invasive infections Pneumonia (media age: Hib (n=33, 9.17%) ;:nSdFr((eSaﬁST
(n=360) not specified) | \on-p (n=40, 11.1%) | time PCR)
(males: NTHi (n=198, 55%)
46.8%) Untyped (n=89,
24.7%)
Turkey (101) Prospective Clinically diagnosed as 1753 0-10 years Controls (n=1382) NP swabs Oct 1999 to
having URT]I or sinusitis (median age: | H. influenzae (n=315, (culture) Aug 2001
not specified) | 22.7%)
(male: not Hib (n=98, 7.1%)
specified)

Cases (n=371)
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H. influenzae (n=84,
22.6%)

Hib (n=18, 21.4%)

The Gambia Prospective Only healthy infants were 498 swabs Birth to 12 NTHi (n=348, 70%) NP swab Not
(102) enrolled. months Hib (n=3, 0.7%) gf:?:\l_)time specified
(mean age: 0
not specified) Encapsulated (n=7%,
35)
(male: not
specified)
Kenya (103) Prospective Nasopharyngeal carriage 450 0-59 months | 90 H. influenzae NP swabs 2004
survey prevalence among healthy . ) . 0 (culture and
subjects ;ngteg;)aerlizgg) NTHi (n=78, 86.7%) real-time
Hib (n=6, 0.07%) PCR)
(males: o 0
nN=225, 50%) Hia (n=3, 0.03%)
Hie (n=2, 0.02%)
Hic (n=1, 0.01%)
Central Asia Prospective Il and well children visiting 630 2-59 months | H. influenzae (n=357, | NP swabs Jan 1997
. - 0
(104) outpatient clinics (median age: 57%) (culture)
not specified) | Hib (n=34, 11%)
(male: n=331,
52.5%)
Korea (105) Prospective Participants with respiratory 100 Participant Sputum H. influenzae | NP swabs 2000 to
surveillance tract infections age not (n=58, 58%) (culture and | 2004
specified Hia (n=2, 3.45%) IrDeglF_et)lme
(male: not . 0
specified) Hif (n=2, 3.45%)

NTHi (n=54, 93.1%)

Nasopharynx H.
influenzae (n=6, 6%)

NTHi (n=6, 100%)
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China (106) Prospective Children with acute 1664 cases Less than 5 H. influenzae (n=348, | NP swabs February to
respiratory infections of ARI years 21%) (culture) May 2000,
. . 2002, 2010
(median age: and 2012
not specified)
(males: not
specified)
Brazil (107) Prospective Children attending day-care 1192 2-59 months | H. influenzae (n=383, | NP swabs Aug to Dec
centres . _ | 32.1%) (culture) 2005
(median age:
39 months) Encapsulated
= 0,
Male (n=645, (n=33.7, 8.8%)
54.1%) Hif (n=18, 4.6%)
Hia (n=8, 2.0%)
Hib (n=3, 0.7%)
NTHi (n=278, 72.6%)
Hib- (n=17, 1.4%)

Spain (108) Cross-sectional | Clinical suspicion of chronic 197 6 months to 6 | H. influenzae (92) NP swabs September
LRTI - persistent or recurrent years . o (culture and | 2013 to
respiratory signs/symptoms (median NTHi n=90, 95.7%) real-time September

. 0
age:39.84 Hif (n=2, 4.3%) PCR) 2015
months)
(Male:51.8%)

Israel (109) Prospective Only healthy children were 769 (183 210 30 NTHi (n=165, 90%) NP swabs Not
pre- enrolled. NTHi months (culture) specified
implementation positive) . .
itk
controlled trial. p

(Male:
53.5%)

Abbreviations: NTHi — Nontypeable H. influenzae; OP — Oropharyngeal; NP — Nasopharyngeal; SAST — Slide Agglutination Serotyping; CSF — Cerebrospinal

Fluid; URTI — Upper Respiratory Tract Infection.
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The studies show that Hib vaccination can reduce infective exacerbations and
antibiotic use in children and those vaccines may have a role in preventing chronic

disease progression and reducing antibiotic reliance.

Finding a vaccine against NTHi will not just be beneficial towards the fight against
pneumonia and other respiratory infections but will cover other types of infections.
NTHi has been associated with early pregnancy loss and it has been termed as
emerging neonatal and maternal pathogen (110).

1.7.1. NTHi vaccine development

The development of vaccines against NTHi poses a challenge in the identification of
suitable epitopes. The antigen should be conserved across the genus, induce
protective immune mechanisms against infection which do not cause tissue damage
at the site of infection, and immune-modulatory and evasion capabilities of the
bacteria must be overcome by the immune response induced (42). The focus on
NTHi vaccines has mainly been based on outer membrane proteins and other genes

that play a role in virulence (63).

One of the potential vaccines against NTHi is protein-D (which is used as a
conjugating protein to the 10-valent pneumococcal conjugate vaccine; PHID-CV)
(73). Protein-D is a 42-kDa immunoglobulin D (IgD) binding lipoprotein found on the
outer membrane of H. influenzae (56). Protein-D contains the phosphodiesterase
activity which catalyses the hydrolysis of glycerophosphodiesters to glycerol 3-
phosphate and alcohol (111,112). PHID-CV is made up of ten purified polysaccharide
capsules of S. pneumoniae conjugated to H. influenzae protein D (113), thus
conferring protection to 10 S. pneumoniae serotypes (4, 6B, 9V, 14, 18C, 19F, 23F,
1, 5 and 7F) and NTHi (114).

The PHID-CV vaccine induced high levels of protein-D specific antibodies, but only
showed a small reduction in NTHi bacterial load in the airways of the mice (73),
possibly because the protein-D used in PHID-CV might not be genetically similar to

the protein-D found in the whole organism (56,115). Regardless of this, there are
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countries that use the PHID-CV vaccines including New Zealand, however, PHID-CV
is being used against S. pneumoniae and not NTHi (116). Similarly, in an Australian
study, they found that PHID-CV did not select for protein-D PCR negative isolates
(117).

Since the failure of the PHID-CV to confer protection against NTHi infection, there
have been studies focusing on virulence genes for vaccine formulations against NTHi
(63).

Nine selected studies investigating different virulence factors for NTHi are
summarised in Table 1.4. These included studies that investigated the following
virulence factors; hmwlA, hmw2A, hmwC, igA1l, tehB, pilA, msfAl and the LOS
associated genes (losB, infA and lic2C) and identified the roles of these virulence
factors in the pathogenesis of NTHi illness (57,60,66,118) and as possible vaccine
targets (54,76,119,120). All the studies indicate that NTHi and H. influenzae have an
array of virulence factors at their disposal. These virulence factors differ in
prevalence and sequences hence making them difficult to target with one vaccine.
They are all in agreement that vaccine candidates for NTHi still need to be explored
since no vaccine is capable yet of preventing NTHi disease (54,57,60,66,76,118—
121).
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Table 1.4: Studies on H. influenzae virulence factors

Reference Aim Types of isolates Virulence target Findings
(number — year)
Mistry et al, | To characterise the cleavage NTHi 6988 Immunoglobulin A1 | igAl protease is produced by many strains of
(2011)(60) characteristics of the IgA1 protease of (igAl) protease H. influenzae which results in different cleavage
an isolate of NTHi obtained from the specificities of the human immunoglobulin Al.
respiratory tract of a bronchiectasis
patient with chronic colonisation.
Pettigrew et | To identify virulence genes that might | Only ill children Lipooligosaccharide | lic2B was present in more than half of NTHi
al, play a role in otitis media. (NTHi, 90 Hi (LOS) associated isolates and 88% of Hib.
(2002)(118) 40 Hib — 1998 to genes — lic2A and lic2B is important for otitis media pathogenesis.
2001) lic2B.
Morey et al, | To provide context for the relative NTHi 375 with 12 LOS associated The interactions between NTHi and the host
(2013)(66) importance of NTHi LOS moieties to | different mutants. genes —licl, lic2A, | have complex and multifactorial relations.
a range of virulence traits. 23 different siaB, siaT, hap, LOS plays an important role in NTHi
plasmids with IpsA, igtF, opsX pathogenesis.
different gene and igtF
inserts.
Ecevit et al, | To investigate the prevalence of the Only ill children hifBC, hmw1A, There is vast genetic variability between NTHi
(2004)(54) hifBC, hmw1A, hmw2A, hmwC and (170 Hib and 97 hmw2A, hmwC and | strains compared to Hib strains.
hia genes in a collection of Hib and NTHi — 1982 to hia The genetic variability allows H. influenzae to
NTHi invasive and respiratory 1995) survive inside the host.
mucosal isolates. (26 NTHi — 1979 to hifBC plays an important role in
To assess the potential importance of | 1982) nasopharyngeal colonisation while the HMW
these adhesins in mediating (16 NTHi — 1996 to adhesins play a role in otitis media.
adherence to various body tissues. 1997)
(5 NTHi —2002)
(18 NTHi — 1998)
Winter et al, | To assess the ability of antisera 89 NTHi strains hmw1/hmw2 and Antisera raised against hmw1/hmwz2 killed 48 of
(2014)(120) | raised against purified HMW1/HMW2 | (65 expressing hia 65 hmwl/hmw2 expressing strains, while

proteins or recombinant Hia proteins
to mediate opsonophagocytic killing

HMW1/HMW?2
24 expressing Hia —
1975 to 2011)

antisera raised against hia killed 15 of 24 hia
expressing strains.
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of a large panel of unrelated NTHi
strains.

A vaccine formulated with hmw1/hmw2 and hia
proteins might be effective against disease
caused by most NTHi strains.

Shahini et To determine the prevalence of 32 NTHi isolates hmwA hmwA was found in 62.5% (n=20/32) NTHi
al, hmwA which encodes hmwl/hmw?2 isolates.
(2016)(119) Sequences of hmwA differed according to the
site of isolation.
Whitby et al, | To determine the prevalence of tehB | 3 NTHIi tehB tehB plays a role in both resistance to oxidative
(2010)(76) across the species H. influenzae and | 1 Hib damage and haem uptake/utilisation.
the impact of tehB on tellurite 1 Hid tehB protects H. influenzae from tellurite
resistance as well as other exposure.
biologically relevant phenotypes,
including iron and haem utilisation
and resistance to oxidative stress.
Mokrzan et | To explore the potential of pilA as a 5 NTHi pilA Immunisation with recombinant, soluble form of
al, candidate vaccine antigen against 1 M. Catarrhalis pilA (rsPilA) with reduced dosage of
(2018)(121) | polymicrobial OM due to NTHi and M. appropriate antibiotic can prevent or resolve
Catarrhalis. complex infections.
Kress- To present initial characterisation of 210 H. influenzae msfAl-4 Deletion of all four genes resulted in a highly
Bennett et Msf, a novel distributed NTHi significant decrease in phagocytosis and
al, virulence factor with a role in survival in macrophages, which was fully
(2016)(57) macrophage survival and disease. complemented by a single copy the msfAl

gene.
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1.8. Nanofluidic real-time polymerase chain reaction (PCR) (Fluidigm®)

This PCR system allows for the reaction of assays using nano-volumes of samples
and reagents thus reducing the cost of the experiment and increasing the number of
assays that can be tested in limited clinical sample volumes. The Fluidigm uses what
is known as a microfluidic chip which has separate inlets for samples and assays.
The samples and assays are mixed within the inter-connecting tubes and valves
which means less pipetting. The microfluidic chips come in different formats. One
such chip is known as the Flex Six format (Figure 1.7) and it contains 12 inlets for
assays and 12 inlets for samples (122). The Flex Six can be used in different setups
allowing for a maximum of 144 reactions (12 assays X 12 inlets) on six different
occasions and a maximum of 864 reactions ((12 assays X 12 samples) X 6) in a

single run (123).
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Figure 1.7: Flex six microfluidic chip from www.fluidigm.com (123)

1.9. Pneumonia Etiology Research for Child Health (PERCH)

The PERCH project aimed at providing a comprehensive evaluation of the etiologic
agents causing WHO-defined severe and very severe pneumonia among children (1-
59 months of age) in developing countries (108). In addition to the cases, age-
frequency matched community controls were enrolled. The controls could have signs

and symptoms of a respiratory tract infection (RTI) provided they did not have severe
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pneumonia. NP swabs were collected from all cases and controls. Additionally, IS

was collected from cases.

The PERCH site in South Africa was based at Chris Hani-Baragwanath Academic
Hospital, in Soweto, which is a low-income community with a diversity of ethnic
backgrounds (109). Enrolment started in August 2011 and was completed by August
2013; during this time 805 and 822 HIV-uninfected cases and controls were enrolled

in the project.

1.10. Study Justification

Since NTHi is now more likely to be causative agents of Haemophilus disease, it
would be beneficial to characterise the bacterial virulence factors of South African
strains associated with the disease. Knowledge regarding the virulence potential of
prevalent South African NTHi strains will also support current research towards
finding the best NTHi vaccine targets.

Real-time PCR target gene comparison between putative pathogens and non-
pathogenic colonising strains within a species could assist in identifying candidate
genes important in bacterial pathogenesis and which could be potential vaccine

epitopes.

The aim of this study was to undertake molecular characterisation of H. influenzae
isolates identified in the induced sputum (IS) of HIV-uninfected children hospitalised
with severe or very severe pneumonia, and from NP swabs in age group matched
community controls enrolled into the PERCH study in South Africa between 2011 and
2013.

27



1.11. Objectives

To characterise the prevalence of select NTHi putative virulence factor genes in
cultured strains obtained from IS samples of children hospitalised with severe or very
severe pneumonia compared to H. influenzae strains colonising the NP of age group
matched community controls (that could have URTI) and to determine the

association of certain NTHi virulence genes with pneumonia in children
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2. METHODS
2.1. Study population

This study retrospectively analysed samples collected from participants in the
PERCH study (protocol M101129). Soweto is home to approximately 1.5 million
people living in a low-middle income urban setting (124). HibCV and Pneumococcal
Conjugate Vaccines (PCV) were introduced into the national vaccine schedule in
1999 and 2009, respectively and vaccine coverage in 2016 for three doses of each

vaccine was estimated at 74% and 65%, respectively (125-127).

Cases were defined as children aged 1-59 months hospitalised with World Health
Organisation (WHO) defined severe or very severe pneumonia. Severe pneumonia
was defined as having a cough or difficulty breathing and lower chest wall indrawing,
and very severe pneumonia as having a cough or difficulty breathing and at least one
of the following: central cyanosis, difficulty breastfeeding/drinking, vomiting
everything, convulsions, lethargy, unconsciousness or head nodding (124). Cases
were excluded if the children presented with wheeze which resolved following
bronchodilator therapy, children living outside of the designated study zone or if the
child was enrolled as a PERCH case in the last 30 days or was admitted to hospital
within the last 2 weeks. Controls were defined as children living within the same
study catchment area as the cases without signs and symptoms of severe or very
severe pneumonia. Cases and controls were age-frequency matched and to avoid
bias participants with non-severe pneumonia or lower respiratory tract infections were
allowed as controls provided none of the conditions for pneumonia or severe
pneumonia diagnosis was met upon enrolment. The inclusion and exclusion criteria

are detailed elsewhere (128).

2.2. Study Samples

On enrolment into the study, flocked NP swabs (Flexible minitip, Copan®) and rayon
OP swabs (Flexible minitip, Copan®) were collected from all cases and controls and
placed in 3mL of Universal transport media (Copan®). In addition, NP swabs were
collected and placed in STGG (Respiratory and Meningeal Pathogens Research
Unit, RMPRU, South Africa). In cases only, IS samples were collected and standard

culture diagnostic techniques were performed for all common respiratory pathogens
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including H. influenzae. All samples, as well as pathogens cultured from the IS
samples stored in STGG, were archived at -70°C until subsequent testing. The
characterisation of NTHi factors was analysed for all available NTHi isolates obtained

from IS culture in the cases.

2.3. Real-time PCR detection for H. influenzae and other common respiratory

pathogens

Extracted nucleic acid was amplified using the Fast Track Diagnostics Respiratory 33
kit (FTD-33) according to manufacturer’s instructions (Fast-track Diagnostics, Sliema,
Malta). FTD-33 uses real-time PCR with assays detecting 33 respiratory pathogens
(viruses, bacteria and fungi) including H. influenzae and Hib together with:
parainfluenza viruses 1, 2, 3 and 4 (PIV); coronaviruses NL63, 229E, OC43, and
HKU1 (HCoV); human metapneumovirus A/B (HMPV); human rhinovirus (HRV);
respiratory syncytial virus A/B (RSV); adenovirus (AdV); enterovirus, parechovirus;
bocavirus (HBoV); cytomegalovirus; Pneumocystis jirovecii; Mycoplasma
pneumoniae; Chlamydophila pneumoniae; Streptococcus pneumoniae;
Staphylococcus aureus; Moraxella catarrhalis; Bordetella pertussis; Klebsiella
pneumoniae; Legionella species; and Salmonella species (129,130). PCR was
performed on the Applied Biosystems 7500 instrument (Foster City, California, United
States). Cycling conditions were 50°C for 15 minutes, 95°C for 10 minutes and 40
cycles of 95°C for 8 seconds followed by 60°C for 34 seconds.

Fast Track Diagnostics provided plasmid standards as controls. Every 3 months, the
plasmids were serially diluted 10-fold to generate standard curves that were required
for the calculation of pathogen densities (copies/ml) from the sample cycle threshold
(Ct) values (129). The linear range of detection of the assay provided by the

standards was from 4.0 to 8.0 logio copies/ml.

NP/OP isolates from the controls and NP/OP and IS from the cases that were H.
influenzae positive were archived. As a result, the upcoming methods presented

below were necessary for re-growth and confirmation of NTHi isolates.
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2.4. DNA extraction

Total nucleic acid extraction was performed using the NucliSENS® easyMAG®

extraction as per manufacturer’s instructions (BioMerieux, Marcy I'Etoile, France).
Nucleic acids were extracted from 400uL of the study samples, namely IS, NP/OP
swabs in VTM and H. influenzae cultures, and eluted into a final volume of 100pL.

Extraction products were archived at -70°C until further testing.

2.5. Culture identification of NTHi

The NP swabs samples collected from the control participants that tested positive for
H. influenzae using the FTD-33 assay were cultured for isolation of H. influenzae
using methods described by Ren et al, (2012) (131). IS samples from cases were
previously cultured and stored, as a result they were re-cultured using methods
described by Ren et al, (2012) (131). Briefly, samples were cultured for 24 hours at
37°C in 5% COz2 on chocolate agar with bacitracin (Media Mage, South Africa) which
is selective for Haemophilus species. X and V factor dependence were assessed by
growing the suspected H. influenzae isolates for 24 hours at 37°C in 5% CO2 on XV
sucrose media (Diagnostic Media Products, South Africa) together with XV factor
disks from Sigma-Aldrich (St. Louis, Missouri, United States). Cultures were
confirmed to be H. influenzae if growth was observed around the X+V factor disk
only. H. influenzae confirmed colonies were stored in skim milk, tryptone, glucose
and glycerine (STGG) at -70°C until extraction. H. influenzae isolates were re-
cultured if no growth was observed.

2.6. Classification of H. influenzae

It was important to verify that the isolates that were stored were indeed H. influenzae,
therefore, it was important to classify those isolates as H. influenzae using the hpd
and bexB PCR assays. Positive control strains for typeable and NTHi subtyping were
ATCC 9422 (H. influenzae type f), ATCC 19418 (NTHi) and ATCC 51456 (Hib). The
colony forming units per millilitre (CFU/mL) were determined by picking 5 — 10
colonies grown on chocolate agar and inoculating into brain heart infusion broth (BHI)
supplemented with NAD and haemin at 37°C in 5%CO2. Cultures were grown until an
optical density measurement of 1 was reached at a wavelength of 600nm. Bacterial
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isolates were serially diluted 10-fold with three 20uL drops of each being placed on
chocolate agar plates and incubated for 24 hours in 5%CO2. The number of colonies
was counted and the following equation was used to calculate the CFU/ml:

drop #1+drop #2+drop #3
3

X 50 X dilution factor = CFU/mI

All primers and dye-labelled minor groove binding (MGB) probes were designed
using the ABI primer express software 3.0.1. from Applied Biosystems (Foster City,
California, United States) based on previously published H. influenzae sequences
obtained from GenBank (40,132). Quantitative PCR was performed using the Applied
Biosystems 7500 (ABI-7500) platform. Cycling conditions were incubation at 50°C for
2 minutes, hold at 95°C for 20 seconds then 40 cycles of denaturation at 95°C for 3

seconds and annealing/extension at 60°C for 30 seconds.

The culture positive cases (cultured from the IS samples) and controls isolates
(cultured from the NP swabs) were confirmed to be H. influenzae using single round
PCR assays targeting a 137bp region in the lipoprotein D gene (hpd), which is
present in 99% of H. influenzae strains (132) and capable of differentiating H.
influenzae from other closely related Haemophilus species. The primer sequences
were hpd#3 forward (5-GGTTAAATATGCCGATGGTGTTG-3’), hdp#3 reverse (5'-
CGGTGTAAGGATGCACTTCCA-3’) and hdp#3 probe (5’-(FAM)-
CCAGGTTGGTATATGTTAG-(MGB)-3’). All isolates testing positive on the hpd#3
PCR underwent further testing using primers specific for the bexB gene, required for
capsular export, which is capable of differentiating NTHi from capsular isolates (40).
The primer sequences were bexB forward (5- TCACCGAAATGTTCGAGTGCTA-3’),
bexB reverse (5’- AATAGAAGCACCAGCAACCTCAA-3) and bexB probe (5- (FAM)-
TACCATTTTTACTCGCGTGTTG-(MGB)-3).

2.6.1. Primer optimisation, standard curves and quantification of the real-time PCR

assays

Primer optimisation for bexB and hpd primers was performed as follows: a primer

matrix was set up using 25puL reaction volumes containing 12.5uL Tagman® fast
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advanced master mix (Applied Biosystems, ABI, Foster City, USA) and 0.025mM
MGB dye labelled probe (Applied Biosystems, ABI, Foster City, USA) in order to
obtain the optimal primer concentration. Reactions were amplified using the ABI 7500
Real-Time PCR system (Applied Biosystems, ABI, Foster City, USA) as per
manufacturer’s instructions with fast cycling times which were incubation at 50°C for
2 minutes, followed by activation at 95°C for 20 seconds then 40 cycles which consist
of denaturing at 95°C for 3 seconds and annealing/extension at 60°C for 30 seconds.

Standard curves were determined by serially diluting the reference strains genomic
DNA using a linear dynamic range between 102 and 108 copies/ml based on the
CFU/mL concentrations. The standard curves were also used to further identify the
lower limit of detection (LOD) which is the minimum number of copies that can be
detected by the primer pairs. Early exponential phase cultures of the reference strain
DNA were used to set up the standard curves and the Cq values relative to the
standard curves were used to calculate the CFU/swab.

Using the gradient determined from the standard curve, the amplification efficiency
(e) of each primer pair was calculated by e=-1+10(Y™), The intra-assay (repeatability)
variation was determined by amplifying four aliquots of the same control DNA at 10°
copies/ml in the same run and then calculating the standard deviation (SD). The
inter-assay variation (reproducibility) was determined by amplifying the same control
DNA during different runs by calculating the SD. Accuracy was determined by
calculating the difference between the observed copy number and the expected copy

number of the samples.

2.7. Nanofluidic real-time PCR (Fluidigm®)

Targets to be detected using Fluidigm® are specified in Table 2.1 and were either
designed from this study or taken from published sequences. Targets were selected
based on published gene distribution and NTHi disease association. Published
primers sequences were used to find the corresponding gene sequences on NCBI

(https://blast.ncbi.nlm.nih.gov). Primers for hmw1A, hmw2A, losB, infA and lic2C

33


https://blast.ncbi.nlm.nih.gov/

were redesigned through the Fluidigm® D3 assay design portal

(https://d3.fluidigm.com/account/login) where a gene sequence is inserted and

primers are designed from the most conserved region of that gene. Primers for pilA,
msfAl, tehB, oapA and hmwC were taken from published sequences. The blast
algorithm was used through the NCBI website to confirm that each set of primers
bind to the gene it was designed for only. Resulting genes from NCBI Blast were
compared to the primer sequences to verify the similarities.
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Table 2.1: Primers used for Fluidigm

Target name Gene Forward (5’-3’) Reverse (5’-3’) Functions Reference
High Molecular Weight Hmw1A | CAAAGGACGCACTTACTGGAA ATCGCTTCCTCTGGAGTCAA Mediate the (54)
1A attachment of the
bacterium to the
High Molecular weight 2A | Hmw2A | GCGGCGATGACGCTTTTAA TTTCGTCTGTCTGAGGCTGAAA human nasopharynx (54)
for colonisation which
High Molecular Weight C | HmwC | TTATGGGCAGGGAATCAACAAC | CACTGCCCACATAATCATCTTCTA | is an essential first (54)
TTT CGA step during infection
Haemophilus influenzae Hia CGGAATGCGAACGAAGTGAA AATTTCACGCCTACCGTTGAC (54)
adhesin
Immunoglobulin Al igAl ACGCCGTGAAGACTACTATATG | CTCGTTGTTGATATGGTTCAT Cleaves the human (133)
protease IgAl at its hinge
region into its Fc and V
regions so that the
immunoglobulin is
unable to carry out
clearance of the
bacteria.
Tellurite-resistance tehB CAGCAAAAATTATCTCGCCTTGT | TATTAGGCTATGATGTGACCTCTT | Plays arole in the (134)
determinants GG utilization of low levels
of exogenous haem to
support aerobic
growth.
Type V pili pilA CTATATACACATAATTCCACATC | CCACCATCGCAATTCCTTCTT Facilitates the uptake | (75)

AGCCTTA

of DNA across the
bacterial cell
membrane and also
mediate the
adherence to
mammalian epithelial
cells.
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Sel-1-Like Repeat msfAl TTTCAATCCACCGCTTGG GGCTTCAGAACCTTGTTGGA Plays a role in the (57)
intracellular survival.
Lipooligosaccharide- losB AGCTGGTGCTATTAAGCTATCC | TATGCGGATAATCGGCTGAC Genes are phase (135)
associated variable which is the
reversible, high-
Lipooligosaccharide- infA GCATTGAGATGCAAGGCACAA CACGTGACCGTTTTCTAACTCC frequency switching of | (135)
associated gene expression thus
allowing for the
Lipooligosaccharide- Lic2C | AATTTCAATACGGTGGAGGTAT | GGATTGAGAATACGGTGTAGCTG | generation of a diverse | (72)
associated GGAACG TTCAGATGC population of
phenotypically distinct
bacteria.
Opacity-associated oapA GCACGAGAAATTGCGGG GAGACAGATTGCGTTGC Plays a role in phase (55)

protein A

variation and adhesion
to epithelial cells
during initial
colonization and cell
invasion.
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2.7.1. Pre-amplification of DNA

The initial step of Fluidigm involves specific target amplification (STA) of the nucleic
acids and was performed on the T100 Thermal Cycler (Bio-Rad Laboratories, CA,
USA) according to the manufacturer’s instructions. A pool of primers was prepared by
mixing each of the 12 assays (forward and reverse primer mixed in the same tube) at
100uM and DNA suspension buffer to a final volume of 200uL. PCR reactions
containing 0.5uL of the pooled assays, 2.25uL of nuclease-free water, 1uL of
PreAmp master mix (Fluidigm, CA, USA) and 1.25uL of the extracted DNA were
carried out with the T100 Thermal Cycler (Bio-Rad Laboratories, CA, USA) and
cycling conditions included an initial activation at 95°C for 2 minutes followed by 10
cycles (denaturation at 95°C for 15 seconds and annealing/extension at 60°C for 4
minutes). Following pre-amplification, the samples were treated with exonuclease |
(Ingaba Biotechnical Industries, South Africa) to remove unincorporated primers
using the T100 Thermal Cycler (Bio-Rad Laboratories, CA, USA) with cycling
conditions digest at 37°C for 30 minutes and inactivation at 80°C for 15 minutes.

2.7.2. Real-time gPCR using the Biomark™ HD System (Fluidigm)

A Flex six microfluidic chip (Fluidigm, CA, USA) was used. The chip is made up of
interconnecting tubes and valves, the NanoFlex™ Integrated Fluidic Circuit (IFC)
applies pressure which opens the valves and pushes the samples and the assays
into their reaction chambers which are located in the middle of the plate. It has 6
independent partitions with 12 inlets for samples and 12 inlets assays. This setup
allows for 12 samples to be run with 12 assays at any given time. Before using the
Flex Six microfluidic chip, the chip is primed by injecting 150uL of control line fluid
(Fluidigm, CA, USA), the chip is placed into the NanoFlex™ integrated fluidic circuit
(IFC) controller and the prime script is then run. Samples and assays are added to
their respective inlets. The chip is then placed back in the NanoFlex™ IFC controller
for loading and mixing. After loading, the valves are closed and the chip is ready for

thermal cycling.

The assays were labelled with SYBR® Green (Eugene, Oregon, USA), which is a

fluorescent dye that binds double-stranded DNA (136). The dye absorbs blue light
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and emits green light. The amount of DNA amplified can determine by measuring the

fluorescence at the end of each cycle.

Thermal cycling was performed using the Biomark™ instrument at 95°C for 10
minutes followed by 40 cycles at 95°C for 15 seconds and 60 °C for 1 minute. Real-
time PCR Analysis Software in the BioMark-HD instrument (Fluidigm Corporation,
CA, USA) was used to analyse the data.

2.7.3. Primer optimisation, Standard curves and quantification in the nanofluidic real-
time PCR system.

The positive controls used for the 12 virulence genes were synthetic gBlocks® gene
fragments from Integrated DNA Technologies (Coralville, USA). gBlocks® gene
fragments are sequence-verified, double-stranded DNA fragments specifically
designed for target sequences. The gBlocks® were used to optimise the real-time
PCR assays. The gBlocks® were delivered as pellets normalised to 500ng.
Resuspension was performed by adding 50uL TE making the concentration 10ng/uL

which can be stored at -20°C for up to 24 months.

2.8. Statistics

Statistical analysis was performed using STATA Version 13.1 (College Station, TX,
USA) and a two-sided P-value <0.05 was considered statistically significant. For the
demographics data analysis, Student’s t-test was used on normally distributed
continuous variables while the chi-square test was used for categorical variables.
Logistic regression was used to obtain odds ratios (ORs) which were used to model
the prevalence of H. influenzae with the cases and controls. Univariate analysis was
performed on a number of population characteristics and clinical features. All the
variables that had a univariate P-value of <0.2 were used to generate the multivariate
model. The variables included in each of the multivariate models are listed in the
footnotes below each of the tables in the results section. For controls, the multivariate
analysis was adjusted for age (months), attending daycare, preterm birth and

respiratory tract infection. For cases, the multivariate analysis was adjusted for age
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(months), sex distribution, very severe pneumonia, tachypnoea, fever and head
nodding. For the case/control multivariate analysis, the model was adjusted for age
(months). Frequency and proportion of each of the genes in both cases and controls
were calculated. Analysis was limited to genes that showed a higher prevalence in

the cases than the controls.

2.9. Ethics

The PERCH study in South Africa was approved by the Wits Human Research Ethics
Committee (HREC) (certificate no: M10M101129). On the 24t January 2017
approval to conduct the analysis of the H. influenzae virulence factors in the PERCH
project was obtained from the PERCH executive committee and ethical approval was
granted by the HREC board (certificate no: M170282 - available in Appendix A).
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3. Results

A total of 802 HIV-uninfected children with clinically diagnosed severe/very-severe
pneumonia and 822 HIV-uninfected community-controls were enrolled between
August 2011 and August 2013. Four-percent (n=25/822) of controls had signs and
symptoms of RTI.

3.1. Optimisation of the bexB and hpd PCR primers

Primers for hpd and for the capsule locus bexB were able to amplify their respective
targets. Both had a limit of detection of 100copies/PCR and the average coefficient of
variation (r?) was 0.993; Table 3.1.

Table 3.1: Performance of the Real-Time PCR

Target Slope Y-intercept Efficiency Coefficient Limit of Intra-assay Inter-assay
(%) of detection variation variation
correlation  (copies/PCR) (Repeatability) (Reproducibility)
(r’) (%) (%)
hpd -3.444 46.378 95.131 0.995 100 0.73 3.79
bexB  -3.759 55.606 84.511 0.991 100 0.77 1.12

3.2.  Optimisation for the Fluidigm PCR

As described in the methods section, ATCC 9422 (H. influenzae type f), ATCC 19418
(NTHi) and ATCC 51456 (Hib) were used as H. influenzae positive control isolates.
Below are images from the Fluidigm real-time analysis software showing the
amplification of the positive control isolates. Following the pre-amplification step
which includes 10 cycles, isolates were confirmed as positive if threshold cycle was

21 and above.

All the primer pairs were able amplify their respective targets, except for hia. Thus,
there was a need to troubleshoot the hia assay. Initially, we checked for operational

error by restarting the assay and following the protocol while making sure that all the
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steps in the protocol are adhered to. Then we checked the master mix and used

fresh stock. Then we checked the primers buy verifying the design and confirming

the required concentration. Then we checked and verified that the correct template

was used and fresh stock was as well. The PCR instrument and programs were also

checked for optimal operations and correct setting. After multiple failures optimisation

runs for hia primers, they were removed and the results were excluded.
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Figure 3.1: Real-time PCR analysis of the hmwC primers.
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Real-time PCR analysis of the lic2C primers.
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Figure 3.5: Real-time PCR analysis of the oapA primers.
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Figure 3.9: Real-time PCR analysis of the losB primers.
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3.3. Demographics and clinical characteristics of controls by H. influenzae status

Forty-seven percent (n=387/817) of the controls were positive for H. influenzae
colonisation on the FTD assay, of which 39 had inadequate archived sample volume
for further culture. Of the 348 FTD positive samples on which culture was attempted,
H. influenzae was grown in 86.8% (n=302/348). The proportion of FTD positive and
culture negative was 13.2% (n=46/348). The culture negative samples all had very
low copy numbers (Ct >35) on the FTD assay. There were no differences in the
demographic and clinical characteristics of the participants that were culture-positive
(n=302) compared to controls that were either culture-negative or in whom samples
were unavailable for culture (n=85), except for a higher prevalence of there being a
smoker in the household (37.1% vs. 22.6%; aOR: 2.0; 95% CI: 1.1-3.5); Table 3.2.

43



Of the H. influenzae culture-positive among the controls, 8.4% (n=25/298) were
encapsulated (serotype characterisation not done further) and 91.6% (n=273/298)
were NTHi. There were no differences in the demographic and clinical characteristics
of controls in which the H. influenzae was of capsulated serotype compared to NTHi;
Table 3.3.

On comparison of the NTHi positive and H. influenzae negative community controls
(FTD negative), children colonised with NTHi were older (mean age: 13.9 vs. 10.7
months; P<0.001), and 2.8-fold (aOR 95% CI: 1.4-5.6), and more likely to have signs
and symptoms of RTI (9.2% vs. 3.3%). There were no other differences in
characteristics including sex, breastfeeding history, daycare centre attendance,
preterm birth and low birth weight between the NTHi positive and negative controls
(FTD negative); Table 3.4.
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Table 3.2: Demographics and clinical features of the community controls according to H. influenzae status and samples that did not

have enough volume

H. influenzae identified on FTD

Characteristics n(%o) N=387 H. influenzae H. influenzae Unadjusted OR (95% CI)  Adjusted P- aOR (95% CI)

culture positive  culture negative  P-value value

(N=302) or un-available

sample (N=85)

Age (months), mean (IQR) 387 13.9 (5-19) 14.8 (5-22) 0.720 Not done 0.409 Not done
Male 387 143 (47.4) 43 (50.6) 0.598 0.9 (0.5-1.4) 0.487 0.8 (0.5-1.4)
Never breast fed 387 186 (61.6) 52 (61.2) 0.945 1.0 (0.6-1.7) 0.890 1.0 (0.6-1.7)
Under weight? 383 0 1(1.2) 0.055 Not calculable Not calculable
HEUP 387 84 (27.8) 27 (31.8) 0.477 0.8 (0.5-1.4) 0.462 0.8 (0.5-1.4)
Daycare attendance 386 66 (21.9) 12 (14.3) 0.099 1.7 (0.9-3.3) 0.160 1.6 (0.8-2.9)
Smoker in household 386 112 (37.1) 19 (22.6) 0.013 2.0 (1.2-3.6) 0.022 2.0 (1.1-3.5)
Premature birth® 386 95 (31.5) 19 (22.6) 0.814 1.0 (0.9-1.2) 0.903 1.0 (0.8-1.2)
Birth weight, mean (IQ) 3.0(2.8-3.3) 3.0(2.6-3.4) <0.001 Not done 0.253 Not done
Clinical features
Respiratory tract infection' 387 26 (8.6) 5 (5.9) 0.413 1.5(0.6-4.1) 0.640 1.3 (0.5-3.5)
Tachypnoea® 380 32 (10.8) 10 (11.9) 0.778 0.9 (0.4-1.9) 0.746 0.9 (0.4-2.0)
Cough 387 9(3.0) 1(1.2) 0.254 0.7 (0.4-1.3) 0.328 0.8 (0.4-1.3)
Fever® 386 1(0.3) 0 0.597 Not calculable Not calculable  Not calculable
Diarrhoea 386 2 (0.7) 0 0.474 Not calculable Not calculable Not calculable
Rhinorrhoea 386 9(3.0) 2(2.4) 0.601 0.9 (0.6-1.2) 0.554 0.9 (0.7-1.2)

Abbreviations - SD: Standard deviation; HIV: Human immunodeficiency virus; HEU: HIV-expose but HIV uninfected; 1Q: Inter-quartile range.

P-values from Chi-squared models for NTHi-positive compared to all H. influenzae-negative controls, logistic regression models adjusted for confounding

variates (<0.2 in univariate analysis) including attending daycare and smoker in household. Odds ratios could not be calculated for continuous variables or

variables with 0 values, thus cells not calculable.
a - Underweight defined as weight for age <-2SD of the median age-sex specific WHO reference; ? - HEU defined as undetectable viral load, HIV seronegative

in the child with a positive maternal history. Positive maternal status based on self-report was accepted, except for seronegative children < 7 months of age
where documented positive maternal status was required; © - premature birth defined as <37 weeks gestational age; ¢ - Tachypnoea defined as respiratory

rate >60 breaths/minute if aged <2 months, respiratory rate >50 breaths/minute if aged 2-12 months, respiration rate >40 breaths/minute if aged >12 months;
e- Fever defined as temperature >38°C; f — Respiratory tract infection defined as cough, runny nose, ear discharge, wheeze, difficulty breathing, fever or sore

throat.
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Table 3.3: Demographics and clinical features of the community controls according to H. influenzae capsule status

Characteristics n(%) N=298 Encapsulated NTHi(N=273) Unadjusted P- OR (95% CI)  Adjusted P- aOR (95% CI)
H. influenzae value? value
(N=25)
Age (months), mean 298 8.4 (2-11) 14.2 (5-19) 0.033 Not done 0.027 Not done
(IQR)
Male 298 15 (60.0) 126 (46.2) 0.189 1.8 (0.8-4.0) 0.182 1.8 (0.8-4.3)
Never breast fed 298 15 (60.0) 169 (61.9) 0.851 0.9 (0.4-2.1) 0.752 0.9 (0.4-2.2)
Under weight? 297 0 (0) 0 (0) Not calculable Not calculable Not calculable  Not calculable
HEUP 298 5 (20.0) 78 (28.6) 0.364 0.6 (0.2-1.7) 0.421 0.6 (0.2-1.9)
Daycare attendance 298 4 (16.0) 60 (22.0) 0.410 0.7 (0.2-1.8) 0.591 0.8 (0.4-1.7)
Smoker in household 298 10 (40.0) 100 (36.6) 0.974 1.0 (0.5-1.9) 0.706 1.1 (0.6-2.3)
Premature birth® 298 7 (28.0) 86 (31.5) 0.186 1.2 (0.9-1.4) 0.122 1.2 (1.0-1.5)
Birth weight, mean (1Q) 296 3.0 (2.8-3.3) 2.9 (2.7-3.3) 0.289 Not done 0.181 Not done
Clinical features
Respiratory tract infection” 298 1(4.0) 25 (9.2) 0.396 0.4 (0.1-3.2) 0.611 0.6 (0.1-4.7)
Tachypnoea® 292 2 (8.3) 28 (10.5) 0.744 0.8 (0.2-3.5) 0.220 0.4 (0.1-1.8)
Cough 298 0 (0) 9 (3.3) 0.357 Not calculable Not calculable  Not calculable
Fever® 298 0 (0) 1(0.4) 0.762 Not calculable Not calculable  Not calculable
Diarrhoea 298 0 (0) 2 (0.7) 0.870 Not calculable Not calculable  Not calculable
Rhinorrhoea 298 1(4.0) 8 (2.9) 0.849 0.9 (0.3-2.6) 0.781 0.9 (0.4-2.0)

HIV uninfected; 1Q: Inter-quartile range.

P-values from Chi-squared models for NTHi-positive compared to all H. influenzae-negative controls, logistic regression models adjusted for confounding
variates (<0.2 in univariate analysis) including age, sex and premature birth. Odds ratios could not be calculated for continuous variables or variables with 0
values, thus cells not calculable.

a - Underweight defined as weight for age <-2SD of the median age-sex specific WHO reference; b - HEU defined as undetectable viral load, HIV seronegative
in the child with a positive maternal history. Positive maternal status based on self-report was accepted, except for seronegative children < 7 months of age
where documented positive maternal status was required; © - premature birth defined as <37 weeks gestational age; ¢ - Tachypnoea defined as respiratory
rate >60 breaths/minute if aged <2 months, respiratory rate >50 breaths/minute if aged 2-12 months, respiration rate >40 breaths/minute if aged >12 months;
e- Fever defined as temperature >38°C; f — Respiratory tract infection defined as cough, runny nose, ear discharge, wheeze, difficulty breathing, fever or sore
throat.
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Table 3.4: Demographics and clinical features of the community controls according to NTHi NP Culture status

Characteristics, n(%) N NTHi positive (N=273)  H. influenzae Unadjusted OR (95% CI) Adjusted P- aOR (95% CI)

negative P-value value

(N=430)
Age (months), mean (IQR) 703 13.9 (5-18) 10.7 (3-13) 0.000 Not done 0.001 Not done
Male 703 126 (46.2) 212 (49.3) 0.416 0.9 (0.7-1.2) 0.510 0.9 (0.7-1.2)
Never breast fed 703 169 (61.9) 281 (65.4) 0.354 0.9 (0.6-1.2) 0.523 0.9 (0.6-1.2)
Under weight? 699 0 9(2.1) 0.016 Not calculable  Not calculable  Not calculable
HEUP 703 78 (28.6) 113 (26.3) 0.506 1.1 (0.8-1.5) 0.380 1.2 (0.8-1.7)
Daycare attendance 699 60 (22.0) 43 (10.1) 0.122 1.1(1.0-1.3) 0.295 1.1 (0.9-1.3)
Smoker in household 699 100 (36.6) 123 (28.9) 0.386 1.1 (0.9-1.3) 0.695 1.0 (0.8-1.3)
Premature birth® 699 86 (31.5) 136 (31.9) 0.118 0.9 (0.8-1.0) 0.143 0.9 (0.8-1.0)
Birth weight, mean (IQR) 703 3.0 (2.8-3.3) 3.0 (2.6-3.3) 0.077 Not done 0.086 Not done
Clinical features
Respiratory infection' 703 25(9.2) 14 (3.3) 0.001 3.0 (1.5-5.9) 0.004 2.8 (1.4-5.6)
Tachypnoea® 690 28 (10.5) 33(7.8) 0.237 1.4 (0.8-2.3) 0.078 1.7 (0.9-2.9)
Cough 702 9(3.3) 5(1.2) 0.918 1.0 (0.7-1.6) 0.589 0.8 (0.3-1.8)
Fever® 703 1(0.4) 4 (0.9) 0.403 0.4 (0.0-3.5) 0.142 1.0 (0.0-1.8)
Diarrhoea 700 2(0.7) 0 0.615 Not calculable  Not calculable  Not calculable
Rhinorrhoea 700 8 (2.9) 3(0.7) 0.401 1.1 (0.8-1.6) 0.344 1.9 (0.5-6.7)

Abbreviations - SD: Standard deviation; HIV: Human immunodeficiency virus; HEU: HIV-expose but HIV uninfected; IQR: Inter-quartile range; OR: Odds ratio;
aOR: Adjusted odds ratio.

H. influenzae negative refers to all the children that are negative for all H. influenzae isolates.

P-values from Chi-squared models for NTHi-positive compared to all H. influenzae-negative controls, logistic regression models adjusted for confounding
variates (<0.2 in univariate analysis) including age (months), attending daycare, preterm birth, respiratory tract infection.

Odds ratios could not be calculated for continuous variables or variables with 0 values, thus cells not calculable.

a - Underweight defined as weight for age <-2SD of the median age-sex specific WHO reference; b - HEU defined as undetectable viral load, HIV seronegative
in the child with a positive maternal history. Positive maternal status based on self-report was accepted, except for seronegative children < 7 months of age
where documented positive maternal status was required; ¢ - premature birth defined as <37 weeks gestational age; 9 - Tachypnoea defined as respiratory rate
>60 breaths/minute if aged <2 months, respiratory rate >50 breaths/minute if aged 2-12 months, respiration rate >40 breaths/minute if aged >12 months; -
Fever defined as temperature >38°C; f — Respiratory tract infection defined as cough, runny nose, ear discharge, wheeze, difficulty breathing, fever or sore
throat.
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3.4. Demographics and clinical features of the cases according to NTHi status by
IS Culture

Twenty-two percent (n=164/722) of IS samples from cases were positive for H.
influenzae after standard microbiological culture, of which in 36 the retained sample
had inadequate volume for subtyping and virulence factor detection. Of the remaining
149 samples tested, 10.1% failed to sub-culture (n=15) and culture was successful in
113 (75.8%). There were no differences in the demographic and clinical
characteristics of the participants that were culture-positive (n=113) versus the
participants that were culture-negative or in whom samples were unavailable for
culture (n=51); Table 3.5.

Of the H. influenzae culture-positive cases, 26.5% (n=30/113) were characterised as
encapsulated H. influenzae (further serotype characterisation not done) and 73.5%
(n=83/113) were NTHi. There were no differences in the demographic and clinical
characteristics of cases in whom encapsulated H. influenzae compared to NTHi was
cultured; Table 3.6.

Cases with NTHi cultured from IS were older than those in whom NTHi was negative
on IS culture (mean age: 10.8 vs 8.4 months; P=0.026); but did not differ in any other
demographic characteristic; Table 3.6. Further, there were no differences in
prevalence of clinical signs and symptoms between NTHi cultured on IS and non-
cultured NTHi on IS cases; Table 3.6. Cases with NTHi cultured on IS, however,
were more likely to have fever (73.5%) than those without NTHi on IS (62.2%;
aOR1.6, 95% CI: 1.0-2.6); Table 3.7.
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Table 3.5: Demographics and clinical features of the cases according to H. influenzae status and samples that did not have enough

volume
Characteristics n(%) N=413 H. influenzae H. influenzae Unadjusted OR (95% CI)  Adjusted P- aOR (95% CI)
culture positive  culture negative  P-value? value
(N=365) or un-available
sample (N=36)
Age (months), mean (IQR) 9.6 (3-13) 9.4 (3-12) 0.782 Not done 0.411 Not done
Male 413 190 (50.4) 17 (47.2) 0.716 1.1 (0.6-2.3) 0.550 1.3(0.6-2.7)
Never breast fed 413 252 (66.8) 24 (66.7) 0.983 1.0 (0.5-2.1) 0.742 1.1 (0.5-2.6)
Under weight? 412 50 (13.3) 5(13.9) 0.921 1.0 (0.4-2.6) 0.506 0.6 (0.2-2.4)
HEUP 413 138 (36.6) 10 (27.8) 0.291 1.5(0.7-3.2) 0.848 1.1 (0.5-2.5)
Daycare attendance 413 68 (18.0) 6 (16.7) 0.566 0.9 (0.7-1.2) 0.481 1.3(0.6-3.0)
Smoker in household 413 150 (39.8) 11 (30.6) 0.245 0.8 (0.5-1.2) 0.250 0.8 (0.5-1.2)
Premature birth® 413 69 (18.3) 7 (19.4) 0.038 0.9 (0.8-1.0) 0.374 0.9 (0.8-1.1)
Birth weight, mean(IQ) 2.9 (2.5-3.3) 2.7 (2.3-3.3) <0.001 Not done 0.316 Not done
Clinical features
Very severe pneumonia 413 125 (33.2) 10 (27.8) 0.511 1.3 (0.6-2.8) 0.285 1.6 (0.7-4.0)
Tachypnoea?® 407 300 80.7) 29 (82.9 0.751 0.9 (0.3-2.2) 0.905 1.1 (0.4-2.8)
Tachycardia 412 192 (51.1) 19 (52.8) 0.844 0.9 (0.5-1.9) 0.802 0.9 (0.4-1.9)
Cough 413 327 (86.7) 33(91.7) 0.780 0.9 (0.5-1.6) 0.536 0.7 (0.2-2.4)
Fever" 413 260 (69.0) 27 (75.0) 0.452 0.7 (0.3-1.6) 0.674 0.8 (0.3-2.0)
Diarrhoea 413 63 (16.7) 5(13.9) 0.663 1.2 (0.5-3.3) 0.611 1.3(0.5-3.7)
Rhinorrhoea 413 114 (30.2) 12 (33.3) 0.057 0.7 (0.4-1.0) 0.860 1.1 (0.5-2.4)
Wheezing 404 122 (33.2) 12 (33.3) 0.982 1.0 (0.5-2.1) 0.961 1.0 (0.4-2.3)
Chest X-ray abnormal® 413 368 (96.0) 35(97.2) 0.839 1.0 (0.7-1.6) 0.840 1.0 (0.7-1.6)
Supplementary O2 therapy 413 340 (90.2) 33 (91.7) 0.774 0.8 (0.2-2.9) 0.452 0.6 (0.2-2.2)
Hypoxia® 409 290 (77.8) 26 (72.2) 0.450 1.3 (0.6-2.9) 0.357 1.5 (0.6-3.4)
Lethargic 413 21 (5.6) 1(2.8) 0.485 2.1 (0.3-15.8) 0.598 1.7 (0.2-14.0)
Convulsions 410 7 (1.9) 0 0.415 Not calculable Not calculable  Not calculable
Head nodding 413 108 (28.7) 10 (27.8) 0.912 1.0 (0.5-2.2) 0.503 1.4 (0.6-3.3)
Central cyanosis 413 5(1.3) 0 0.487 Not calculable Not calculable  Not calculable
Vomiting everything 413 6 (1.6) 0 0.446 Not calculable Not calculable  Not calculable
Lower chest wall indrawing 413 359 (95.2) 35 (97.2) 0.590 0.6 (0.1-4.4) 0.647 0.6 (0.1-5.1)
Stridor 413 20 (5.3) 1(2.8) 0.517 2.0 (0.3-15.1) 0.580 1.8 (0.2-15.4)
Grunting 413 28 (7.4) 2 (5.6) 0.625 1.4 (0.4-5.4) 0.430 0.5(0.1-2.6)
Nasal flaring 413 318 (84.4) 27 (75.0) 0.153 1.8 (0.8-4.0) 0.268 1.7 (0.6-4.5)
Hospital stay >5 Days 413 222 (58.9) 16 (44.4) 0.094 1.8 (0.9-3.6) 0.189 1.7 (0.8-3.5)




Case fatality ratio 356 10 (3.1) 0 0.322
Abbreviations - SD: Standard deviation; HIV: Human immunodeficiency virus; HEU: HIV-expose but HIV uninfected; IQ: Inter-quartile range.
P-values from Chi-squared models for NTHi-positive compared to all H. influenzae-negative cases, logistic regression models adjusted for confounding
variates (<0.2 in univariate analysis) including preterm birth, rhinorrhoea and staying in hospital for more than 5 days. Odds ratios could not be calculated for
continuous variables or variables with 0 values, thus cells not calculable.

a - Underweight defined as weight for age <-2SD of the median age-sex specific WHO reference; b - HEU defined as undetectable viral load, HIV seronegative
in the child with a positive maternal history. Positive maternal status based on self-report was accepted, except for seronegative children < 7 months of age
where documented positive maternal status was required; ¢ - Premature birth defined as <37 weeks gestational age; ¢ - Defined as primary end point
pneumonia or any infiltrates observed on the chest X-rays; ¢ - A child was considered to be hypoxic if 1) a room air pulse-oximetry reading indicated oxygen
saturation <90% at the two sites at elevation (Zambia and South Africa) or <92% at all other sites, or 2) a room air oxygen saturation reading was not available
and the child was on oxygen; f - Tachycardia defined as heart rate >160 beats per minute (bpm) if aged <11 months, heart rate >150 bpm if aged 12-35
months, heart rate >140 bpm if aged 36-59 months; 9 - Tachypnoea defined as respiratory rate >60 breaths/minute if aged <2 months, respiratory rate >50
breaths/minute if aged 2-12 months, respiration rate >40 breaths/minute if aged >12 months; " - Fever defined as temperature >38°C
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Table 3.6: Demographics and clinical features of the cases according to H. influenzae capsule status

Characteristics n(%) N=113 Encapsulated H. NTHi (N=83) Unadjusted OR (95% CI) Adjusted P- aOR (95% ClI)

influenzae P-value value

(N=30)
Age (months), mean (IQR) 113 10.1 (3-13) 12.7 (4-19) 0.121 Not done 0.271 Not done
Male 113 16 (53.3) 38 (45.8) 0.479 1.4 (0.6-3.1) 0.238 1.8 (0.7-4.7)
Never breast fed 113 20 (66.7) 58 (69.9) 0.744 0.9 (0.4-2.1) 0.444 0.7 (0.2-1.9)
Under weight? 112 3(10.0) 13 (15.9) 0.437 0.6 (0.2-2.2) 0.945 1.1 (0.2-4.5)
HEUP 113 10 (33.3) 29 (34.9) 0.874 0.9 (0.4-2.3) 0.588 1.4 (0.5-4.0)
Daycare attendance 113 9 (30.0) 15 (18.1) 0.113 2.1 (0.8-5.1) 0.128 2.3 (0.8-6.5)
Smoker in household 113 8 (26.7) 33(39.8) 0.205 0.6 (0.2-1.4) 0.065 0.3(0.1-1.1)
Premature birth® 113 4 (13.3) 17 (20.5) 0.961 1.0 (0.8-1.2) 0.544 0.9 (0.7-1.2)
Birth weight, mean(IQ) 105 2.8 (2.5-3.2) 2.9 (2.7-3.4) 0.488 Not done 0.342 Not done
Clinical features
Very severe pneumonia 113 8 (26.7) 18 (21.7) 0.579 1.3 (0.5-3.4) 0.924 1.1 (0.3-4.0)
Tachypnoea® 113 24 (80.0) 71 (85.5) 0.477 0.7 (0.2-2.0) 0.425 0.6 (0.2-2.2)
Tachycardia 113 17 (56.7) 39 (47.0) 0.365 1.5 (0.6-3.4) 0.328 1.6 (0.6-4.3)
Cough 113 25 (83.3) 76 (91.6) 0.150 0.4 (0.1-1.4) 0.102 0.3(0.1-1.3)
Fever" 113 23 (76.7) 60 (72.3) 0.642 1.3 (0.5-3.3) 0.689 1.3 (0.4-3.9)
Diarrhoea 113 6 (20.0) 10 (12.1) 0.284 1.8 (0.6-5.6) 0.189 2.5(0.6-10.1)
Rhinorrhoea 113 11 (36.7) 19 (22.9) 0.147 2.0 (0.8-4.8) 0.168 2.0 (0.7-5.7)
Wheezing 112 13 (44.8) 24 (28.9) 0.120 2.0 (0.8-4.8) 0.057 2.8 (1.0-7.8)
Chest X-ray abnormal® 113 0 (0) 1(1.2) 0.573 Not calculable Not calculable  Not calculable
Supplementary O2 therapy 113 26 (86.7) 74 (89.2) 0.714 0.8 (0.2-2.8) 0.413 0.5 (0.1-2.3)
Hypoxia® 112 21 (70.0) 58 (70.7) 0.940 1.0 (0.4-2.4) 0.506 0.7 (0.2-2.1)
Lethargic 113 2(6.7) 2(2.4) 0.299 2.9 (0.4-21.5) 0.854 0.8 (0.1-9.1)
Convulsions 113 1(3.3) 1(1.2) 0.467 2.8 (0.2-46.7) 0.478 0.2 (0.0-12.3)
Head nodding 113 5(16.7) 15 (18.1) 0.863 0.9 (0.3-2.8) 0.938 0.9 (0.2-3.7)
Central cyanosis 113 0 (0) 1(1.2) 0.546 Not calculable Not calculable  Not calculable
Vomiting everything 113 1(3.3) 1(1.2) 0.467 2.8 (0.2-46.7) 0.846 0.7 (0.0-16.1)
Lower chest wall indrawing 113 27 (90.0) 81 (97.6) 0.109 0.2 (0.0-1.4) 0.058 0.1(0.0-1.2)
Stridor 113 0 (0) 5 (6.0) 0.169 Not calculable Not calculable  Not calculable
Grunting 113 0 (0) 2(2.4) 0.573 Not calculable Not calculable  Not calculable
Nasal flaring 113 24 (80.0) 74 (89.2) 0.212 0.5(0.2-1.5) 0.213 0.4 (0.1-1.6)
Hospital stay >5 Days 113 14 (46.7) 44 (53.0) 0.551 0.8 (0.3-1.8) 0.765 0.9 (0.3-2.3)
Case fatality ratio 99 0 (0) 0 (0) Not calculable Not calculable  Not calculable

Abbreviations - SD: Standard deviation; HIV: Human immunodeficiency virus; HEU: HIV-expose but HIV uninfected; IQ: Inter-quartile range.
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P-values from Chi-squared models for NTHi-positive compared to all H. influenzae-negative cases, logistic regression models adjusted for confounding
variates (<0.2 in univariate analysis) including age, attending daycare, cough, wheezing, rhinorrhoea, lower chest wall indrawing and stridor. Odds ratios could
not be calculated for continuous variables or variables with 0 values, thus cells not calculable.

a - Underweight defined as weight for age <-2SD of the median age-sex specific WHO reference; b - HEU defined as undetectable viral load, HIV seronegative
in the child with a positive maternal history. Positive maternal status based on self-report was accepted, except for seronegative children < 7 months of age
where documented positive maternal status was required; ¢ - Premature birth defined as <37 weeks gestational age; ¢ - Defined as primary end point
pneumonia or any infiltrates observed on the chest X-rays; ¢ - A child was considered to be hypoxic if 1) a room air pulse-oximetry reading indicated oxygen
saturation <90% at the two sites at elevation (Zambia and South Africa) or <92% at all other sites, or 2) a room air oxygen saturation reading was not available
and the child was on oxygen; f - Tachycardia defined as heart rate >160 beats per minute (bpm) if aged <11 months, heart rate >150 bpm if aged 12-35
months, heart rate >140 bpm if aged 36-59 months; 9 - Tachypnoea defined as respiratory rate >60 breaths/minute if aged <2 months, respiratory rate >50
breaths/minute if aged 2-12 months, respiration rate >40 breaths/minute if aged >12 months; " - Fever defined as temperature >38°C
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Table 3.7: Demographics and clinical features of the cases according to NTHi status by IS Culture

Characteristics n(%) N=673 NTHi positive  H. influenzae Unadjusted OR (95% CI) Adjusted P- aOR (95% CI)

(N=83) Negative P-value value

(N=560)

Age (months), mean (IQR) 673 10.8 (4-14) 8.4 (2-11) 0.001 Not done 0.013 Not done
Male 673 54 (47.8) 311 (55.5) 0.132 0.7 (0.5-1.1) 0.151 0.7 (0.5-1.1)
Never breast fed 673 78 (69.0) 367 (65.5) 0.474 1.2 (0.8-1.8) 0.530 1.2 (0.7-1.8)
Under weight? 669 16 (14.3) 70 (12.6) 0.620 1.2 (0.6-2.1) 0.499 1.2 (0.7-2.3)
HEUP 673 39 (34.5) 208 (37.1) 0.597 0.9 (0.6-1.4) 0.905 1.0 (0.6-1.5)
Daycare attendance 673 24 (21.2) 77 (13.8) 0.633 1.0 (0.9-1.3) 0.965 0.1 (0.8-1.3)
Smoker in household 673 41 (26.3) 201 (35.9) 0.601 0.9 (0.6-1.2) 0.299 0.8 (0.6-1.2)
Premature birth® 673 21 (18.6) 100 (17.9) 0.872 1.0 (0.9-1.1) 0.814 1.0 (0.9-1.1)
Birth weight, mean(IQR) 639 2.8 (2.5-3.2) 2.9 (2.6-3.3) 0.321 Not done 0.420 Not done
Clinical features
Very severe pneumonia 673 26 (23.0) 173 (30.9) 0.094 0.7 (0.4-1.1) 0.283 1.7 (0.6-4.7)
Tachypnoea? 662 95 (84.1) 424 (77.2) 0.110 1.6 (0.9-2.7) 0.201 1.5 (0.8-2.6)
Tachycardia 673 56 (49.6) 265 (47.3) 0.664 1.1 (0.7-1.6) 0.617 1.1 (0.7-1.7)
Cough 673 101 (89.4) 490 (87.5) 0.270 1.2 (0.9-1.6) 0.297 1.2 (0.9-1.6)
Fever" 673 83 (73.5) 337 (62.2) 0.008 1.8 (1.2-2.9) 0.035 1.6 (1.0-2.6)
Diarrhoea 673 16 (14.2) 85 (15.2) 0.782 0.9 (0.5-1.6) 0.834 0.9 (0.5-1.7)
Rhinorrhoea 673 30 (26.6) 146 (26.1) 0.916 1.0 (0.6-1.6) 0.687 0.9 (0.6-1.5)
Wheezing 661 37 (33.0) 190 (34.6) 0.749 0.9 (0.6-1.4) 0.580 0.9 (0.6-1.4)
Chest X-ray abnormal® 673 110 (97.4) 534 (95.4) 0.453 0.9 (0.7-1.2) 0.225 0.8 (0.6-1.1)
Supplementary Oz therapy 673 100 (88.5) 673 490 (87.5) 0.922 1.0 (0.6-1.6) 0.871 1.0 (0.6-1.8)
Hypoxia® 669 79 (70.5) 416 (74.7) 0.361 0.8 (0.5-1.3) 0.490 0.8 (0.5-1.4)
Lethargic 673 4 (3.5) 17 (3.0) 0.779 1.2 (0.4-3.6) 0.829 1.2 (0.3-4.4)
Convulsions 671 2(1.8) 7(1.3) 0.664 1.4 (0.3-6.9) 0.799 1.3(0.2-8.5)
Head nodding 673 20 (17.7) 155 (27.7) 0.027 0.6 (0.3-0.9) 0.049 0.3(0.1-1.0)
Central cyanosis 673 1(0.9) 7 (1.3) 0.744 0.7 (0.1-5.8) 0.503 0.4 (0.0-4.8)
Vomiting everything 673 2(1.8) 10 (1.8) 0.991 1.0 (0.2-4.6) 0.622 0.6 (0.1-3.9)
Lower chest wall 0.947 108 (95.6) 536 (95.7) 0.947 1.0 (0.4-2.6) 0.483 0.7 (0.2-2.0)
indrawing
Stridor 673 5(4.4) 28 (5.0) 0.510 0.8 (0.4-1.6) 0.500 0.7 (0.3-1.7)
Grunting 673 2(1.8) 38 (6.8) 0.988 1.0 (0.7-1.4) 0.939 1.0 (0.7-1.4)
Nasal flaring 673 98 (86.7) 473 (84.5) 0.541 1.2 (0.7-2.2) 0.412 1.3(0.7-2.4)
Hospital stay >5 Days 673 58 (51.3) 291 (52.0) 0.902 1.0 (0.7-1.5) 0.678 1.1 (0.7-1.7)
Case fatality ratio 575 0 12 (2.5) 0.110 Not calculable Not calculable Not calculable




Abbreviations - SD: Standard deviation; HIV: Human immunodeficiency virus; HEU: HIV-expose but HIV uninfected; IQR: Inter-quartile range; OR: Odds ratio;
aOR: Adjusted odds ratio.

H. influenzae negative refers to all the children that are negative for all H. influenzae isolates.

P-values from Chi-squared models for NTHi-positive compared to all H. influenzae-negative cases, logistic regression models adjusted for confounding
variates (<0.2 in univariate analysis) including age (months), sex distribution, very severe pneumonia, tachypnoea, fever and head nodding. Odds ratios could
not be calculated for continuous variables or variables with 0 values, thus cells not calculable.

a - Underweight defined as weight for age <-2SD of the median age-sex specific WHO reference; b - HEU defined as undetectable viral load, HIV seronegative
in the child with a positive maternal history. Positive maternal status based on self-report was accepted, except for seronegative children < 7 months of age
where documented positive maternal status was required; ¢ - Premature birth defined as <37 weeks gestational age; ¢ - Defined as primary end point
pneumonia or any infiltrates observed on the chest X-rays; ¢ - A child was considered to be hypoxic if 1) a room air pulse-oximetry reading indicated oxygen
saturation <90% at the two sites at elevation (Zambia and South Africa) or <92% at all other sites, or 2) a room air oxygen saturation reading was not available
and the child was on oxygen; f - Tachycardia defined as heart rate >160 beats per minute (bpm) if aged <11 months, heart rate >150 bpm if aged 12-35
months, heart rate >140 bpm if aged 36-59 months; 9 - Tachypnoea defined as respiratory rate >60 breaths/minute if aged <2 months, respiratory rate >50
breaths/minute if aged 2-12 months, respiration rate >40 breaths/minute if aged >12 months; " - Fever defined as temperature >38°C
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As the aim of our study was to investigate the virulence factors of NTHi, further
analyses was limited to cases and controls identified with NTHi on induced sputum

and nasopharyngeal swabs, respectively.

3.5. Demographics and clinical characteristics of NTHi colonised cases and

controls by culture

Among those cases and controls in whom H. influenzae was cultured on IS (n=113)
and NP swabs (n=298), respectively, the isolate was less likely to be NTHi in cases
than controls (73.5% vs 91.6%; P<0.001), including in infants 6 to 11 months (74.2%
vs. 96.3%; P<0.001), and the 12 to 59 months age (65.9% vs 93.6%; adjusted
P<0.001); Table 3.8.

Table 3.8: Prevalence of cases and controls in whom NTHi was cultured on IS and
NP/OP swabs, respectively according to age

Age groups Cases Controls P-value*
All 83/113 (73.5) 273/298 (91.6) <0.001
1-5 months 33/41 (80.5) 78/92 (84.8) 0.538
6-11 months 23/31 (74.2) 79/82(96.3) <0.001
12-59 months 27/41 (65.9) 116/124 (93.6) <0.001

Abbreviations: NTHi — Nontypeable Haemophilus influenzae
“*» - P-vales calculated using chi-square tests

Among cases and controls with NTHi, cases were older than controls (mean age:
14.2 vs. 10.1 months; P=0.021), were more likely to be underweight (15.9% vs 0%;
P<0.001) and were born at lower birth weight (mean: 2.8 vs 3.0 kg; P<0.001); Table
3.9.
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Table 3.9: Demographics and clinical characteristics of cases and controls in whom NTHi was cultured on IS and NP/OP swabs,

respectively
Characteristics n(%) N=356 Cases (n=83) Controls Unadjusted OR (95% ClI) Adjusted P- aOR (95% CI)
(n=273) P-value value

Age (months), mean (IQR) 356 10.1 (3-13) 14.2 (5-19) 0.021 Not done 0.027 Not done
Male 356 38 (45.8) 126 (46.2) 0.953 1.0 (0.6-1.6) 0.857 1.0 (0.6-1.7)
Never breast fed 356 58 (69.9) 169 (61.9) 0.186 1.4 (0.8-2.4) 0.225 1.4 (0.8-2.4)
Underweight? 354 13 (15.9) 0 <0.001 Not calculable Not calculable Not calculable
HEUP 356 29 (34.9) 78 (28.6) 0.268 1.3 (0.8-2.3) 0.098 1.6 (0.9-3.0)
Daycare attendance 356 15 (18.1) 60 (22.0) 0.234 0.7 (0.4-1.2) 0.499 0.9 (0.6-1.3)
Smoker in household 356 33 (39.8) 100 (36.6) 0.980 1.0 (0.7-1.5) 0.886 1.0 (0.7-1.5)
Premature birth® 356 17 (20.5) 86 (31.5) 0.368 1.1 (0.9-1.2) 0.364 1.1 (0.9-1.3)
Birth weight, mean (IQ) 349 2.8 (2.5-3.2) 3.0(2.8-3.3) <0.001 Not done 0.000 Not done

Abbreviations - SD: Standard deviation; HIV: Human immunodeficiency virus; HEU: HIV-expose but HIV uninfected; IQ: Inter-quartile range.

P-values from Chi-squared models for H. influenzae-positive cases compared to all H. influenzae-positive controls, logistic regression models adjusted for

confounding variates (<0.2 in univariate analysis) including age (months). Odds ratios could not be calculated for continuous variables or variables with 0

values, thus cells not calculable.

a - Underweight defined as weight for age <-2SD of the median age-sex specific WHO reference; ® - HEU defined as undetectable viral load, HIV seronegative

in the child with a positive maternal history. Positive maternal status based on self-report was accepted, except for seronegative children < 7 months of age
where documented positive maternal status was required; ¢ - Premature birth defined as <37 weeks gestational age.
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3.6. Detection of virulence genes among NTHi positive cases and controls

The most commonly detected H. influenzae virulence factor amongst NTHi cases
was lic2C (98%) followed by infA (96%) and tehB (93%). Amongst controls the most
common putative virulence factors were hpd (95%), lic2C (93%) and infA (92%). On
comparison of the prevalence of the 12 virulence genes in NTHi cases and controls,
hmwC (57.8% vs 38.8%; P<0.001) and hmw2A (18.1% vs 4.8%; P<0.001) were

more prevalent in isolates from cases than controls, Figure 3.13.
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Figure 3.13: Virulence factors detected among NTHi positive cases (n=83) and
controls (n=273)

Among the 12 genes detected, five (hmwC, infA, hmw?2A, tehB, and lic2C) had a P-
value < 0.2 and were included in analyses aimed at computing different genetic

combinations that were more prevalent in isolates from cases than controls.

Out of 120 possible combinations of virulence factors, only 10 were possible; Table
3.9. Two combination of virulence factors were detected more commonly in NTHi

from cases than controls, which were: i-hmwC+/infA+/hmw2A+/tehB+/lic2C+ (12.4%
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vs. 3.7%; OR: 3.7; 95% CI: 1.6-8.4) and ii-hmwC+/infA+/hmw2A-/tehB+/lic2C+
(45.1% vs. 34.2%; OR: 1.6; 95% CI: 1.0-2.5); Table 3.10.
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Table 3.10: Different types of combinations detected among NTHi cases and NTHi controls

hmwC infA hmw2A tehB Ilic2C N Cases Controls P-value 95% ClI
- + + + + 5 3(2.7) 2 (0.7) 0.101 4.0 (0.7-24.5)
+ + + + + 25 14 (12.4) 11 (3.7) 0.001 3.7 (1.6-8.4)
+ + - + + 153 51 (45.1) 102 (34.2) 0.041 1.6 (1.0-2.5)
- + - - + 22 4(35) 18 (6.0) 0.315 0.6 (0.2-1.7)
- + - + + 178 37 (32.7) 141 (47.3) 0.008 0.5(0.3-0.9)
- - - - - 22  3(2.7) 19 (6.4) 0.147 0.4 (0.1-1.4)
- - - - + 3 0 (0) 3(1.0) 0.147 Not calculable
- - - + + 1 1(0.9) 0 (0) 0.104 Not calculable
- - + - + 1 0 (0) 1(0.3) 0.538 Not calculable
- + - - - 1 0 (0) 1(0.3) 0.538 Not calculable

QOdds ratio could not be calculated for continuous variables or variables with 0 values, thus cells not calculable.
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4. Discussion

To test whether NTHI detected in children with pneumonia express different virulence
factors, we used a novel nanofluidic real-time PCR system to compare the proportion
and combination of virulence genes in children from South Africa with pneumonia
and community controls. This successfully established and reliable nanofluidic PCR
assay was able to simultaneously detect 12 virulence factors of NTHi in 60 different
samples (58 samples together with a positive and negative controls) in a single PCR

run.

We found significantly higher proportions of hmwC and hmw2A genes in children with
clinical pneumonia compared with those in the community controls. These genes
play a role in adherence to epithelial cells (54,65,137). This finding supports the
suggestion made by Ecevit et al. (2004) which states that adherence to epithelial
cells is the first step to pathogenesis which is facilitated by hmw1/hmw2 genes (54).
However, the prevalence of these proteins was low in isolates from cases (57.8% for
hmwC and 18.1% for hmw2A), hence limiting their potential as individual epitopes for
the construct of NTHi vaccine. Our findings are consistent with that of Ecevit et al.
(54), who identified the prevalence of genes for these proteins in 46% for hmwC and
31% for hmw?2A in isolates cultured from IS samples while in the isolates cultured
from NP samples they found 37% for hmwC and 15% for hmw2A. Other studies have
however found the prevalence of hmwC, hmw2A and hmw1A to be significantly
higher (70%-80%) in NTHi isolates cultured from NP swabs (64,65,137).
Furthermore, in an exploratory analysis, we found that two combinations of virulence
factors; namely hmwC+/infA+/hmw2A+/tehB+/lic2C+ and hmwC+/infA+/hmw2A-
/tehB+/lic2C+ were present in significantly higher proportions in the cases compared
to the controls; albeit, only in low numbers; 12.4% vs. 3.7% to 45.1% vs. 34.2
respectively. This too would be a limitation in them being considered as a cocktail of
proteins as a potential vaccine candidate. Nevertheless, hmwC and hmw2A together
with other identified virulence proteins (e.g. tehB, infA and lic2C), warrant further
consideration for the construct of NTHi vaccines that will likely consist of a cocktail of

proteins.
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The tehB gene which is involved in growth of NTHi when haem levels are low, was
highly prevalent in both cases and controls; furthermore, it was present in both
virulence combinations found to be associated with the cases. Thus potentially
indicating that it is an important virulence factor and a possible vaccine target. NTHi
has the ability to generate LOS which has many benefits including the ability to resist
complement-mediated bactericidal killing (67,72,138). LOS is phase variable
because its formation depends on many different genes, thus in this study we chose
InfA, lic2C and losB as these form the core of the LOS structure. losB did not show
any significant prevalence between cases and controls, however infA and lic2C
showed higher prevalence in the cases than the controls which is consistent with
findings from other studies (138,139). Both infA and lic2C are located adjacent to
each other on the bacterial genome and were detected in both virulent combinations
signifying their importance in disease. Thus the infA and lic2C virulence factors are

potentially good vaccine targets.

Furthermore, the genes pilA, oapA and hpd were found in similar prevalence
amongst the cases and controls and in similar proportions as reported previously
(55,75,132). Whereas, msfAl and igAl were found in lower proportions than
expected when compared to other studies (57,133). The msf gene can be divided
into four different regions, namely msfAl, msfA2, msfA3 and msfA4. In this study,
only msfAl was detected (45.8% of the cases and 38.1% of the controls); whereas,
other studies looked at all four sub-sets of the msfA gene which could account for the
differences between our study and other published data. Similarly, igA1l was found at
the lowest prevalence in this study which was unexpected as previous studies have
reported its prevalence to be > 90% (133,140). These studies, investigated igAl in
invasive H. influenzae isolates whereas, we were investigating isolates causing non-

bacteraemic pneumonia.

Children colonised with NTHi were older in both cases and controls compared to
non-colonised children. Furthermore, cases were significantly younger than the
controls. This observation supports other studies that state that pneumonia affects
neonates (6), which is supported by the high number of participants between the

ages of 1 and 5 months for the cases. Other studies have suggested that age has an
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effect on the development of lungs and therefore a younger child is susceptible to

various lung infections (131,132).

Study limitations include that ten percent of the H. influenzae positive cases and 14
percent of the H. influenzae positive controls failed to culture viable H. influenzae
isolates which is most likely due to the loss of viability associated with prolonged
storage intervals (143-145) and repeated freezing and thawing of samples. Thus we
were unable to determine the virulence characteristics of the full data set. Further,
this study made use of gene expression assays which are only able to determine
whether or not a gene is present in the bacterial genome; further studies are required
to determine whether in fact these genes are expressed. Understanding the
expression of the virulence genes may provide insights into the pathogenesis of NTHi

and the best possible vaccine candidate to interrupt the pathogenesis.

In conclusion, we developed a nanofluidic assay that can simultaneously detect 12
virulence factors; however, future studies need to expand on this assay to look at
more virulence genes. NTHi has a large genome and a vast array of virulence genes,
therefore improving knowledge on the known virulence genes and finding new ones
is important. Emphasis should be placed on vaccines that eradicate NTHi from the
airways completely. Furthermore, NTHi has been known to be affected by
environmental pressures. Therefore, changes in genomes due to mutations on
various NTHi isolates should be monitored as acquisition of new genes might result
in new virulence factors. The potential of hmwC and hmw2A with or without other
putative virulence proteins of NTHi warrant further investigation as potential vaccine

targets for the prevention of severe pneumonia due to NTHi.
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