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Abstract  

Acute lower respiratory infections (ALRI) are the leading cause of childhood mortality 

worldwide and account for an estimated 1.3 million deaths each year in children less 

than five years of age.  The burden of ALRI is greatest in the developing world and an 

estimated 43% of ALRI-associated deaths occur in sub-Saharan Africa.  It is widely 

accepted that interactions between respiratory viruses and bacteria as well as the host 

immune response play a critical role in the pathogenesis of ALRI.  Epidemiological 

studies on childhood ALRI in Africa conducted during the 1980s led to management 

programs coordinated by the World Health Organization which resulted in a substantial 

reduction in ALRI-associated childhood mortality.  However, the HIV epidemic that has 

since engulfed many African countries has reversed much of this progress.  Hence, the 

current epidemiology and aetiology of childhood ALRI in Africa is not well understood 

and requires further investigation.   

 

Recent advances in molecular methods such as PCR for the detection of respiratory 

viruses led to the identification of several new viruses and viral species such as a third 

HRV species, HRV-C, first reported in 2006.1, 2  Studies of HRV species in children 

with ALRI or asthma, predominantly from developed countries, report HRV-C to be the 

most prevalent HRV species and often associated with more severe illness.  Only three 

studies have investigated HRV species in children with respiratory illness in Africa with 

conflicting findings on the most prevalent species.  Similarly, the recent advent of 

sequencing technologies such as 16S rRNA gene sequencing, has led to the discovery of 

far more diverse respiratory microbial communities in the upper and lower respiratory 

tract than previously thought.  However, there is no data on the respiratory microbiome 

in children from Africa.  Finally, it is widely accepted that altered host immune 

responses such as cytokine responses play a key role in the pathogenesis of ALRI.  
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However, reports of cytokine levels in children with ALRI and HIV in Africa are non-

existent.  

 

This PhD project investigated respiratory viruses and bacteria as well as host immune 

responses in childhood ALRI in South Africa, Mozambique and Morocco.  More 

specifically, this thesis described the prevalence of respiratory viruses, respiratory 

microbiome profiles and cytokine responses in children with and without ALRI and 

addressed the hypotheses that 1) HRV, and in particular HRV-C, is the most common 

respiratory virus in childhood ALRI in Africa, 2) respiratory viruses and HIV cause a 

disordered respiratory microbiome and 3) cytokine profiles are unique between children 

with and without ALRI, with and without HIV and with and without specific respiratory 

viral infections.   

 

 Regarding respiratory viral infections, HRV was the most commonly identified virus in 

children with ALRI in South Africa (49%), Mozambique (33%) and Morocco (53%).  

HRV-A and HRV-C were identified almost equally in children with ALRI in South 

Africa (26.7% and 21.0% respectively) and Mozambique (17.0% and 12.6% 

respectively).  Among HRV-positive children with ALRI from Morocco, HRV-C was 

the most commonly identified HRV species (identified in 56.7% of HRV-positive 

children) and was significantly associated with wheezing while HRV-A (identified in 

38.2% of HRV-positive children) was significantly associated with pneumonia.  

Analysis of the respiratory microbiome using 16S rRNA sequencing methods revealed 

that among children both with and without ALRI from South Africa and Mozambique, 

Streptococcus was the most common bacterial genus identified, comprising 

approximately half of all 16S rRNA sequence reads.  We also identified significant 

differences in several operational taxonomic units between ALRI cases and non-ALRI 
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controls, HIV-infected and HIV-uninfected children and between children with and 

without respiratory viruses.  Finally, we found significant associations between several 

of 30 investigated cytokines and ALRI, HIV infection and respiratory virus 

identification in children both with and without ALRI and with and without HIV from 

South Africa.  Mean cytokine concentrations for four cytokines were higher in ALRI 

cases than in non-respiratory controls.  Mean cytokine concentrations for seven 

cytokines were significantly lower in HIV-infected cases than in HIV-uninfected cases 

while only two (IP-10 and MIG) were significantly higher in HIV-infected cases than in 

HIV-uninfected cases.  Principal component analysis identified distinct cytokine 

patterns and inflammatory signatures associated with disease and specific respiratory 

viral infections. 

 

In conclusion, the findings from this thesis illustrate the contribution of respiratory 

viruses, bacteria and the host immune response to the pathogenesis of ALRI in African 

children.  Many of the findings in this thesis are unique to this geographic location, or 

for the first time included a HIV-infected subject group.  These findings provide 

valuable epidemiological and aetiological data on childhood ALRI in Africa and 

contribute original research towards understanding the causes and mechanisms leading 

to ALRI. 
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1.1. Introduction 

Acute lower respiratory infections (ALRI) are the leading cause of childhood mortality 

worldwide and account for an estimated 1.3 million deaths each year in children under 5 

years of age (Figure 1.1).3-6  The burden of respiratory infections is much greater in 

developing countries and an estimated 43% of all deaths occur in sub-Saharan Africa 

alone.6  During the mid-1980s, several community- and hospital- based longitudinal 

studies investigating ALRI in Africa were conducted by the Board of Science and 

Technology for International Development (BOSTID) in the USA in an effort to define 

the burden of ALRI in developing countries.7, 8  Subsequent management and 

prevention programs coordinated by the World Health Organization (WHO) during the 

1980s and 1990s led to a substantial reduction in ALRI-associated childhood mortality.9  

However, the HIV epidemic that has since engulfed many African countries has 

reversed much of this progress.10  In addition to HIV, other epidemiological changes in 

Africa over the last few decades have played an important role in changing the 

epidemiology and aetiology of childhood ALRI.  Hence, the currently epidemiology and 

aetiology of childhood ALRI in Africa is not well understood and requires further 

investigation.   

 

Figure 1.1 Incidence of childhood clinical pneumonia at country level by Rudan et al3 
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ALRI are defined by the International Classification of Diseases as infections that affect  

the airways below the epiglottis and include acute manifestations of laryngitis, 

tracheitis, bronchitis, bronchiolitis, lung infections or any combination among them, or 

with upper respiratory infections, including influenza.  The WHO guidelines 

recommend tachypnoea (rapid breathing with a respiratory rate >50 breaths/min in 

infants and >40 breaths/min in children above one years of age) as the main indicator 

for the clinical diagnosis of ALRI.11  The majority of deaths attributable to ALRI are 

caused by pneumonia and hence the terms ALRI and pneumonia are often used 

interchangeably, particularly in developing countries.  The term pneumonia broadly 

refers to severe acute infections of the lungs involving the alveoli, bronchioles, bronchi 

and occasionally pleura and other tissues.  Children with pneumonia are often brought 

to medical attention with fever and difficulty breathing with or without cough.  Clinical 

pneumonia, according to the WHO definition, is the presence of an increased respiratory 

rate and either cough and/or difficulty in breathing while severe pneumonia, which 

requires a hospital admission, is the presence of a lower chest wall collapse.  

Bronchiolitis is the second major ALRI accounting for the global burden of disease and 

commonly presents during infancy.12  The majority of infants have an intense 

inflammatory response in their airways and typically present with tachypnoea and 

wheezing.  Due to poor clinical differentiation between ALRI diagnoses, very few 

studies investigating the epidemiology of childhood ALRI in Africa distinguish between 

pneumonia and bronchiolitis. 

 

The epidemiology and aetiology of childhood ALRI in Africa remains ill-defined.  

Methodological differences (including diagnostic tests and clinical definitions used) 

between studies investigating the epidemiology of childhood ALRI in Africa are 
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considered to be a major contributor to the wide range of incidence rates.  Management 

and prevention efforts against ALRI in developing countries have traditionally focused 

on bacterial pathogens.  However, the introduction of highly effective conjugate 

vaccines globally has led to decreasing trends in bacterial ALRI and subsequently, an 

increased interest in the role of viral-associated ALRI.  Although it is well established 

that ALRI are caused primarily by viruses and bacteria, the relative importance of 

individual agents and the mechanisms that lead to lower respiratory infection remain 

poorly understood.  Nasopharyngeal carriage of viruses and bacteria is also common 

among asymptomatic individuals, suggesting that interactions between viral and 

bacterial pathogens, the host and the environment all play a critical role in the 

pathogenesis of ALRI. 

 

Until recently, the diagnostic methods used to describe the aetiology of ALRI have been 

limited.  Advances in molecular methods such as polymerase chain reaction (PCR) led 

to the identification of several new viruses and viral species during the 1990s and 

2000s.  Similarly, the recent advent of sequencing technologies such as 16S rRNA gene 

sequencing have led to the understanding that only 1% of all bacteria can be cultured 

using traditional methods and to the discovery of far more diverse respiratory microbial 

communities.13  Advanced diagnostics for viruses and bacteria are largely limited to the 

developed world and studies detecting a comprehensive range of viruses and bacteria 

remain scarce or non-existent for most countries in sub-Saharan Africa.  One of the few 

available methods for ALRI diagnosis in the developing world are blood culture 

methods to detect bacterial pathogens, but such methods are time consuming and lack 

sensitivity.  Even so, the implementation of blood culture methods is not widespread 

and is limited to few hospitals and research institutions.  Hence, the diagnosis of ALRI 

is often made primarily on a clinical basis using the World Health Organization’s 
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(WHO) Integrated Management of Childhood Illness (IMCI) guidelines.14  Given the 

challenges of most microbiology laboratories in sub-Saharan Africa, studies utilizing 

improved molecular methods are urgently needed to better understand the aetiology of 

childhood ALRI.   

1.2. Respiratory Viruses  

1.2.1. Viral aetiology of ALRI in African children  

The first report on the viral aetiology of ALRI in young African children was published 

in 1977.15  Using cell culture and serological methods, a respiratory virus was identified 

in 36% of blood samples or lung aspirates from young children hospitalized with ALRI 

in Uganda, with respiratory syncytial virus (RSV) and parainfluenza virus being the 

most commonly identified viruses.  A decade later, findings from large epidemiological 

studies conducted by the BOSTID reported that viruses were isolated more frequently 

than bacteria from children with ALRI.8  The most common respiratory viruses 

identified in children up to nine years of age hospitalized with ALRI in two studies from 

The Gambia were RSV (37%), human rhinovirus (HRV) (6%), adenovirus (5%), 

parainfluenza virus (3%) and influenza virus (1%).16, 17  In 1998, Weber et al reviewed 

data from tropical and developing countries published between 1967 and 1995 and 

reported that RSV was found to be the predominant cause of childhood ALRI, being 

responsible for 27-96% of hospitalized cases of ALRI in which a virus was identified.18  

It is important to note that in the studies reviewed by Weber et al, viruses were 

identified using culture, immunofluorescence or serological methods.  In 2004, 

Robertson et al assessed the burden of RSV-associated ALRI in children in developing 

countries and reported that RSV contributed to a substantial but variable burden of 

ALRI (34 per 1000 child-years in Indonesia compared with 94 per 1000 child-years in 

Nigeria).19  Lanaspa et al recently reviewed the aetiology of viral pneumonia in 21 
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studies from developing countries, nine of which were from Africa.20  Among the 

paediatric ALRI populations, RSV was the most frequently identified virus with 

identification rates of 15-64%, followed by HRV with identification rates of 21-40%.   

 

Most of the studies included in the above reviews were limited to a few specific viruses 

and many did not include HRV.  Advanced viral diagnostics are largely limited to the 

developed world and reports on the prevalence of respiratory viruses in ALRI in Africa 

have been limited by testing for only few viruses.  Aetiological studies of ALRI in 

African children published as recently as 2013 did not screen for common respiratory 

viruses such as HRV, coronavirus and bocavirus21 or were unable to distinguish HRV 

from enterovirus.22  In more recent studies from African countries that identified a more 

comprehensive range of viruses, HRV was found to be the most common virus 

identified in children with ALRI, with prevalence rates ranging from 25% to 58% 

among children hospitalized with ALRI.23-31   

 

Advances in molecular methods have led to the retrospective discovery of several new 

respiratory viruses as well as the characterization of novel viral species.  For example, 

improved molecular methods led to the discovery of a third HRV species, HRV-C, first 

reported in 20061, 2 and subsequently, a marked increase in HRV identification rates 

worldwide.  The identification of HRV-C led to several investigations of the prevalence 

of HRV species, conducted predominantly in developed countries.  The majority of 

these studies in children hospitalized with ALRI or asthma reported that HRV-C was 

the most prevalent HRV species and was often associated with more severe illness.1, 32-

38  Only three published studies to date have investigated HRV species in children with 

respiratory illness in Africa.  Two studies of children with ALRI from Kenya and 

Burundi reported that HRV-A was the most common species identified, followed by 
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HRV-C and HRV-B.28, 39  In contrast, a study from South Africa investigating acute 

wheezing illness in young children  reported HRV-C as the most common HRV 

species.31  

 

Virus co-infections are common in childhood ALRI with incidence rates ranging from 

11-40% in African populations.23, 24, 27, 30, 40  However, there is conflicting evidence 

regarding the role of viral co-infections in severity of disease with only some studies 

reporting an association between viral co-infections and disease severity41-47 and others 

reporting no differences in disease severity between single and multiple viral 

infections.48, 49  Given the high rate of multiple viral identifications, viral interactions 

are likely to play an important role in the pathogenesis of ALRI.  The majority of 

existing literature on childhood ALRI in Africa involves viral detection of only one or a 

few respiratory viruses and more studies characterizing a larger panel of viruses are 

needed.  Further investigations including viral load may also contribute to 

understanding the relative roles of individual viruses as well as interactions between 

viruses.   

1.2.2. Identification of respiratory viruses   

Traditional identification of respiratory viruses was based on detection of viral antigen 

in upper- (e.g. nasopharyngeal aspirates) or lower- (e.g. induced sputum) respiratory 

samples by conventional culture, antigen detection and serological assays.  Such 

methods are expensive, time-consuming and labour intensive.  Furthermore, they are 

not sensitive methods for the detection of viruses that are unstable during transport or 

have fastidious growth requirements.50, 51  Immunofluorescent staining is fast but can be 

insensitive, often leading to false negative results.   Much of the existing literature on 

viral aetiology, particularly from developing countries, has been based on these 

methods.    
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Molecular methods have become more widely used for the detection of respiratory 

viruses due to their increased sensitivity, rapid turnaround time and ability to 

simultaneously detect several pathogens.  PCR has led to increased identification rates 

as well as the identification of new viruses and viral species.  Early studies using PCR 

for the detection of respiratory pathogens were only able to detect a single virus or 

bacteria.  However, single PCR assays are limited by their inability to detect 

simultaneous infections involving two or more pathogens.  Hence, testing with single 

PCR assays can be time-consuming due to the large number of respiratory virus targets 

required.  

 

Multiplex PCR assays overcome this limitation with the ability to simultaneously detect 

several viruses.  The first few published multiplex PCR assays included only two or 

three different viruses.52-54  Since then, several multiplex PCR assays have been 

developed with the aim of simultaneously detecting several viruses.  Real-time PCR 

(RT-PCR) which evaluate PCR products in real time during each PCR cycles are 

suitable for multiplexing and permit quantitation or semi-quantitation.  One of the first 

examples of a multiplex PCR was at RT-PCR assay that was developed to allow the 

detection of nine different microorganisms (enterovirus, influenza A and B viruses, 

RSV, parainfluenzaviruses type 1 and type 3, adenovirus, Mycoplasma pneumoniae, 

and Chlamydia pneumoniae).55  At least one of the microorganisms was identified in 

35% of clinical samples from children with ALRI.  However, the assay was limited by 

its inability to handle large numbers of samples containing multiple respiratory viruses.  

More recently, a multiplex RT-PCR has been developed in Perth, Western Australia for 

the detection of a comprehensive range of 35 respiratory pathogens from a single 

nucleic acid extract and reverse transcription reaction.56  The multiplex tandem real-
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time assay was tested on 121 respiratory samples from hospitalized children.  Potential 

pathogens were detected in 70% of per nasal aspirates and multiple pathogens were 

detected in 24% of those samples.  The multiplex real-time PCR assay has since been 

used in several respiratory virus studies including one study of children with ALRI in 

Papua New Guinea.57  The study reported HRV to be the most commonly identified 

virus in children with and without ALRI while adenovirus species B, influenza A and 

RSV was significantly more common in children with ALRI than in children without 

ALRI.  Furthermore, the study reported viral co-infections in 66.2% of children with 

ALRI compared with 37% reported in a previous study in the same setting using cell 

culture or viral antigens for detection.58 

1.2.3. Human rhinovirus 

Epidemiology  

Human rhinovirus, first discovered in 1956, is the most common respiratory virus in 

both adults and children and was found to be responsible for approximately two-thirds 

of cases of the common cold.59  Hence, it is frequently referred to as the ‘common cold’ 

virus.  However, there is growing evidence from experimental and observational studies 

to support the role of HRV as a lower respiratory tract pathogen.  Although early 

experiment studies with HRV-2 suggested that viral replication was optimal at 33°C and 

was reduced at 37°C and 39°,60, 61 more recent studies have shown that there were 

minimal differences in replication capacities at 33°C and 37°C for eight different HRV 

strains, including when viruses were cultured and titrated at the same temperature.62  In 

a follow-up study, Papadopoulos et al. demonstrated effective HRV replication in vitro 

after exposing primary human bronchial epithelial cells to HRV and in vivo after 

experimental upper respiratory infection of human volunteers.63  Several clinical studies 

worldwide have reported HRV as the most common virus identified in children with 
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ALRI, with identification rates of up to 63%. 57  However, since viral and bacterial co-

infections are common, establishing causality is difficult.  

 

Basic Virology 

HRVs belong to the family Picornaviridae and the genus Enterovirus.  HRVs are 

positive-sense, single-stranded-RNA (ssRNA) viruses of approximately 7,200 base 

pairs.  At the time HRV was first isolated and associated with respiratory clinical 

disease in humans in 1956, 64 HRV serotypes were identified using traditional culture, 

antigen detection and serological methods.  Identification was based on the ability of a 

given serum to neutralize virus growth of a given HRV strain in cell culture.  Absence 

of neutralization of antibodies to established serotypes constituted the criteria for a new 

serotype.65  By the 1980s, 101 HRV-A and HRV-B serotypes, known as the reference or 

prototype had been preserved and distributed by the American Type Culture Collection 

(ATCC).   

 

The retrospective discovery of the third HRV species, HRV-C, was first reported in 

2006.1, 33  Using a MassTag PCR designed to detect 22 different respiratory viral and 

bacterial pathogens in cultured isolates and respiratory specimens, a new HRV genotype 

was identified for the first time in 8 patients from New York with influenza-like illness 

specimens.1  The phylogenetic positions of the new genotypes could not be determined 

since only partial VP4/VP2 sequences were available, and so the strains from New York 

were designated HRV-NY.  In another study published around the same time, a new 

HRV genotype was also identified using a PCR for picornaviruses in infants with 

bronchiolitis from Queensland hospitals.2  The Queensland strain, designated HRV-

QPM was classified under a subgroup of HRV-A, HRV-A2 following complete 

polyprotein gene sequencing.  After VP4 sequence analyses, these novel HRV strains 
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were found to cluster away from HRV-A and HRV-B, which suggested that they 

represented a distinct novel HRV species.  Subsequent studies from the USA using 

similar molecular methods reported a large number of HRV-C types as well as a few 

novel HRV-A and HRV-B strains.66, 67  HRV-C strains were not previously identified 

because they cannot be cultured in vitro using established methods and hence could not 

be detected using traditional serological methods.  Since HRV-C cannot be detected 

using traditional serological methods,68 the term ‘genotype’ rather than ‘serotype’ is 

often used for the HRV strains typed based on sequencing.68  Due to limited sequence 

data available during the early studies, it was uncertain whether HRV-C was a new 

species or a sub-lineage within HRV-A and HRV-C strains were initially given different 

names.  However, based on the current available sequence data, HRV-C has since been 

classified as a new HRV species and over 50 new HRV-C genotypes have been 

identified (Figure 1.2).69  HRVs are classified into species A, B and C based on 

sequences analysis of either the 5’ non coding region70, VP4/VP2 region71, 72 or VP1 

region.73  Global surveillance and molecular dating of the virus have indicated that the 

virus group has been circulating in every continent for at least 250 years with an 

estimated evolutionary rate of 6.6 x 10^-4 substitutions/site.74   
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Figure 1.2 Phylogenetic tree showing relationships between human rhinovirus 
serotypes (now known as genotypes) within each HRV species by Palmenberg et al.69 
 

1.3. Respiratory Bacteria  

1.3.1. Bacterial aetiology of ALRI in African children  

Bacterial pathogens were traditionally believed to be the cause of more severe ALRI-

associated illness and death, particularly in developing countries.16, 17  There is 

conflicting evidence regarding the prevalence of bacterial infections relative to viral 

infections and the disease burden attributable to specific bacteria is still not well 

understood likely due to varying bacterial identification methods utilized.  Traditional 

methods, which are still considered the gold standard in most African settings, rely on 

blood cultures, lung aspiration or bronchoalveolar lavage (BAL) but these approaches 

lack sensitivity due to the low yield of blood cultures, difficulty in obtaining adequate 

sputum samples and reluctance in performing lung aspiration and BAL in children.  In 

studies utilizing newer methods of detection including blood cultures, lung aspirates, 
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antibody assays and antigen detection procedures during the 1990s in The Gambia, 

bacteria were identified as frequently (30%) as viruses in infants with ALRI at less than 

one year of age.16, 17  In contrast to children less than 1 year of age, identification of 

bacteria (75%) was reportedly more common than identification of viruses (40%) 

among children 1-4 years old hospitalized with ALRI.17  Although Streptococcus 

pneumoniae (61%) and Haemophilus influenzae (14%) remained the most dominant 

bacterial isolates, other bacteria identified in this study of 1-4 year olds with ALRI 

included Staphylococcus aureus and Moraxella catarrhalis (6.2% each).17  A 2001 

review of 59 studies investigating the aetiology of childhood bacterial pneumonia using 

lung aspirates reported that S. pneumoniae and H. influenzae type B accounted for 13 to 

34% and 1.4 to 42.0% of bacterial pneumonia, respectively.75  A more recent review 

published in 2009 estimated that bacteria including S. pneumoniae and H. influenzae 

type B caused more than 50% of ALRI deaths in children under 5 years of age.76  

Although some bacteria such as S. pneumoniae, S. aureus and M. catarrhalis are 

commonly identified in ALRI populations around the world, other bacteria are known to 

be far more prevalent in African populations.  For example, non-typhoidal salmonella 

(NTS) is commonly identified in Mozambique children and was reported in 26% of 

hospitalized children with ALRI.77-79   

1.3.2. Epidemiological factors of bacterial aetiology   

Epidemiological changes in Africa over the last few decades have most likely 

influenced the bacterial aetiology of ALRI.  The overuse of antibiotics in Africa has led 

to an increasing trend in antimicrobial resistance among respiratory bacteria such as S. 

pneumoniae and H. influenzae type B.  Nearly 100% of S. pneumoniae strains were 

once fully susceptible to penicillin but this has now declined to less than 50% of strains 

in many countries and to less than 25% in some.80  In addition, S. pneumoniae 

resistance to macrolides and co-trimoxazole has increased, the latter particularly in 
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HIV-infected individuals using co-trimoxazole as prophylaxis against Pneumocystis 

jiroveci, and resistance to tetracycline and chloramphenicol varies widely.80  The 

increase in antibiotic resistance has reduced the ability to treat ALRI effectively, 

particularly in developing countries where the burden of disease is high, the availability 

of different antimicrobials severely limited, and economic constraints hinder the 

widespread application of new strategies. 

 

The majority of the early BOSTID studies and those reviewed by Rudan et al were 

conducted prior to the HIV epidemic in Africa.  Evidence suggests that HIV-infection is 

now adversely affecting both the frequency and outcome of ALRI and among HIV-

infected children, pneumonia is the leading cause of morbidity and mortality.81  Studies 

of children hospitalised with ALRI in Africa report an HIV prevalence of between 11% 

and 68%.82-86  Furthermore, in a study describing the impact of the HIV epidemic on the 

burden of ALRI among children, in South Africa, Madhi et al reported that HIV-

infected children accounted for 4.5% of the total study population children but 45% of 

all ALRI-associated hospitalizations.87  The HIV epidemic has also changed the 

spectrum of pathogens causing childhood pneumonia.  Although bacterial infection 

remains a major cause of ALRI mortality among HIV-infected children, Pneumocystis 

jiroveci has been identified as the most common non-viral pathogen in HIV-infected 

children with ALRI.88-90  A study investigating the effects of HIV infection on the 

spectrum of RSV-associated ALRI in South African children found that HIV-infected 

children were more likely to be diagnosed with pneumonia than bronchiolitis, had 

greater evidence of bacterial co-infection and had 6.5 times greater case-fatality rate 

than HIV-uninfected children.91  The HIV epidemic as well as other epidemiological 

changes including the introduction of highly effective conjugate vaccines and the 
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increased use of antibiotics highlight the need for new investigations on the viral and 

bacterial aetiology of paediatric ALRI in sub-Saharan Africa.  

1.3.3. Respiratory microbiome 

The term ‘microbiome’ was first coined by Joshua Lederberg to describe the “ecological 

community of commensal, symbiotic and pathogenic microorganisms that literally share 

our body space.”92  The microbiome literally means ‘small biome’ and is the ecosystem 

comprising all microorganisms in a particular environment together with their genes and 

environmental interactions.93  The microbiota or microbial community refers to 

assembly of microorganisms including bacteria, archaea, viruses, phage, fungi and other 

microbial eukarya.  Advances in high-throughput sequencing technologies such as the 

16S ribosomal RNA (rRNA) gene sequencing technique have led to several 

investigations of the human microbiome in various biological sites.  16 rRNA gene 

sequencing provides a quantitative description of the bacteria present in a biological site 

and allows studies of whole microbial communities and the identified of their 

constituent members.  The small ribosomal subunit or 16S rRNA gene is sequenced as 

is consists of conserved and variable regions.  The conserved region is a component of 

the transcriptional machinery of all DNA-based life forms while the variable regions 

allow discrimination between different microorganisms. 16S rRNA sequencing methods 

utilize PCRs using ‘universal’ primers targeted at the conserved regions and designed to 

amplify as wide a range of different microorganisms as possible. This is followed by 

assaying the amplified fragment of the gene, originally with molecular fingerprinting 

approaches such as denaturing gradient gel electrophoresis94 or by cloning and 

sequencing of the PCR products.95  

 

The lower airways of the normal human lung were once considered to be sterile and the 

lung was not initially included in the Human Microbiome Project.  However, recent 
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studies utilizing new microbiome methods have shown that only 1% of all bacteria can 

be cultured using standard diagnostic methods13 and provided a plethora of evidence 

that has led to the current understanding that the human microbiome is far greater in 

extent than previously recognised.96  Several studies have demonstrated associations 

between the airway microbiome and respiratory disease.  Most of these have used 16S 

rRNA sequencing and have focused solely on bacteria.  Overall, these studies have 

revealed surprisingly diverse bacterial microbiomes in the respiratory tracts of both sick 

and healthy individuals.97, 98  Hilty et al cloned and sequenced the bacterial 16S gene to 

show that the human airways contain a characteristic microbiota that is disturbed in 

asthma and COPD.99  Phylogenetic analysis by Hilty et al showed the large number of 

16s rRNA gene phylotypes, or operational taxonomic units (OTU), were identified in 

the nose, oropharynx and upper left lobe in patients with COPD, asthma and in healthy 

controls (Figure 1.3).  Bogaert et al also utilized next generation 16S gene sequencing 

to characterize the nasopharyngeal microbiome of 96 healthy 18-month old children and 

to compare microbiota composition between children sampled in winter/autumn with 

children sampled in spring.100  The five most predominant phyla were Proteobacteria 

(64%), Firmicutes (21%), Bacteroidetes (11%), Actinobacteria (3%) and Fusobacteria 

(1,4%) with Moraxella, Haemophilus, Streptococcus, Flavobacteria, Dolosigranulum, 

Corynebacterium and Neisseria as predominant genera.  Importantly, respiratory viruses 

were identified in 67% of samples using q-PCR methods suggesting the role of viruses 

on the respiratory microbiome.  The study also reported that microbiota profiles varied 

strongly with season which the authors suggested could be attributed to viral co-

infections.    
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Figure 1.3 Phylogenetic analysis of bacterial 16S rRNA DNA from the nose, 
oropharynx and left upper lobe in patients with COPD (C) or asthma (A) and healthy 
controls (N) by Hilty et al.99 
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Only one study to date has investigated the respiratory microbiome in a sub-Saharan 

African population.101  Iwai et al described the airway microbiome communities of 

HIV-infected patients with acute pneumonia from Uganda and compared them with the 

airway microbiome communities of HIV-infected patients with acute pneumonia from 

San Francisco.  They reported that the Ugandan pneumonia-associated airway 

microbiome was significantly richer as well as compositionally and functionally distinct 

from the airway microbiome detected in comparable patients from San Francisco.  

Other non-respiratory microbiome studies have also reported differences in microbial 

communities between developed and developing populations.102, 103  Differences in 

respiratory microbiome communities of children from developed and developing 

countries may explain the high burden of ALRI in sub-Saharan Africa and warrants 

further attentions.  Epidemiological factors associated with the respiratory microbiome 

such as antibiotic usage and nutrition may also play a profound role in the pathogenesis 

of paediatric ALRI in sub-Saharan Africa and should be investigated.    

 

Although bacteria can be present in the upper respiratory airway without causing any 

symptoms, bacterial colonization of the respiratory airway by is often found to precede 

disease104  and the interactions between normal commensals and pathogens may be 

complex and dynamic. Humans are thought to have evolved interactions with their 

symbiotic bacteria that are fundamental for health.105  Consequently, imbalances in this 

microbial ecosystem may allow acquisition of new viral or bacterial pathogens or 

overgrowth of existing pathogens that leads to disease.106  Interactions between 

microbes may be positive or negative.  Positive associations exist when one microbe 

provides a favourable condition for another microbe.  Negative competition between 

bacteria (of the same and different species) has also been observed.  For example, alpha-

haemolytic streptococci have been shown to inhibit colonisation by S. pneumoniae, H. 
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influenzae, S. aureus, Streptococcus pyogenes and Moraxella catarrhalis.107, 108  

Similarly, S. pneumoniae has been reported to interfere with the growth of S. aureus.107  

These findings are leading to a shift from the traditional one-pathogen-one-disease 

model to a concept of complex interactions between microbes as well as the human host 

in causing disease.109    

 

Studies of the bacterial microbiota present in the lungs are challenging as lung samples 

are not easily accessible and have a low microbial biomass.  Collecting bronchoalveolar 

lavage (BAL) samples by bronchoscopy is invasive and may be contaminated if 

controls are not applied during passage through the microbe-rich upper respiratory 

tract.98  Charlson et al showed that bacterial populations present in the lung were not 

significantly different from upper respiratory tract bacteria in both composition and 

relative abundance.98 This suggests that the lung microbiome is likely to be derived 

transiently from oropharyngeal sources (by micro-aspiration or carry-over during 

sampling) rather than existing as discrete communities independently replicating within 

the lung.  Hence, upper airway samples such as oropharyngeal samples appear to 

provide a reasonable surrogate for lung bacteria which is important given the difficulty 

in obtaining lung samples. 

 

A wide range of microorganisms including the commonly known respiratory bacteria S. 

pneumoniae, H. influenzae, and M. catarrhalis can colonize the upper airway.  

Colonization of the respiratory airway by these species is common in both and sick 

healthy children without disease.  It is also possible that using 16s rRNA sequencing 

technologies, current lung microbiome data may only reflect bacterial DNA fragments 

and not viable live DNA.  However, in pathological states, bacterial populations of the 

lung are distinct from those in healthy individuals.  This can be supported using S. 
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pneumoniae as a model of a typical respiratory bacterial pathogen, where disease begins 

with colonization of the pharynx followed by translocation either to the middle ear, the 

paranasal sinuses, the alveoli of the lungs or the bloodstream.110  Hence, bacterial 

colonization of the airway may depend critically on the bacterial communities already 

present in the upper and lower airways and a wide range of microorganisms including 

the common respiratory bacteria S pneumoniae, H influenzae, and M catarrhalis can 

colonize the airway, even in healthy children. 

1.4. Viral-Bacterial Interactions   

1.4.1. Viral-bacterial interactions in respiratory disease 

Respiratory viral-bacterial interactions have been extensively reported.  Influenza 

pandemics during the 20th century as well as subsequent observational and experimental 

studies have provided evidence that viral infections predispose to secondary bacterial 

infections.  Perhaps the most well-known example is the interaction between influenza 

and S. pneumoniae.  This was first observed during the ‘Spanish flu’ pandemic of 1918 

which resulted in 40 million deaths,111 the majority of which were a result of secondary 

bacterial pneumonia.112, 113  The most frequently identified organisms in sputum, lung 

and blood samples of infected patients were H. influenzae, S. pneumoniae, 

Streptococcus pyogenes and S. aureus.114, 115  Data from the 1957 ‘Asian flu’ and 1968 

‘Hong Kong flu’ pandemics showing that increased mortality rates were associated with 

an increased incidence of bacterial pneumonia supported these early findings.116  More 

recently, during the 2009 ‘swine flu’ pandemic involving the H1N1 influenza virus, 

bacterial co-infection was frequently reported in fatal cases, with S. pneumoniae being 

the most frequent bacteria identified.117, 118  The spectrum of bacterial pathogens 

differed in the four pandemics suggesting the influence of other factors including 

antibiotics, vaccinations and environment.114 Findings from these pandemics were 



21 
 

supported by early epidemiological reports of viral-bacterial co-infection being much 

greater in hospitalized patients (17%) compared with healthy controls (4%).119  These 

findings have been further supported by a recent double-blind, randomized placebo-

controlled trial in fully immunized infants in South Africa, where the 9-valent 

pneumococcal conjugate vaccine was associated with a 31% reduction in pneumonia 

episodes associated with respiratory viruses in hospitalized children.120  The authors 

suggested that pneumococcus has a major role in the development of pneumonia 

associated with viruses and that conversely viruses contribute to the pathogenesis of 

bacterial pneumonia.     

1.4.2. Viral-bacterial interactions in ALRI in African children 

Since the BOSTID studies during the 1990s, there have been a few reports on viral-

bacterial co-infections in young children in Sub-Saharan Africa.  The early BOSTID 

studies utilized culture, serology, antibody assays and antigen detection procedures to 

identify pathogens.  Among infants less than one year of age hospitalised with 

pneumonia, viral-bacterial co-infections were identified in 15% (13/90) of cases16 and 

among children one to nine years of age hospitalized with pneumonia, co-infection was 

identified in 24% (18/74) patients.  Although bacterial infection remains a major cause 

of ALRI mortality among HIV-infected children, the fungus Pneumocystis jiroveci has 

been identified as the most common pathogen in HIV-infected children with ALRI.88-90  

In 2002, Madhi et al investigated the incidence of viruses and atypical bacteria co-

infected with Pneumocystis jiroveci in children six weeks to 3.5 years with hospitalized 

pneumonia.121  Of 231 children, 80% of whom were HIV-positive, co-infection of 

Pneumocystis jiroveci with any virus was identified in 4.7% of children and 

Pneumocystis jiroveci-mycobacterium co-infection was identified in 2.6% of children.  

Respiratory viruses were identified in nasopharyngeal aspirates (NPA) using 

immunofluorescence antibody assays (IFA), mycobacterium was identified in gastric 
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washings using PCR and conventional culture methods while Pneumocystis jiroveci was 

identified in induced sputum specimens using direct fluorescence antibody tests (DFA).   

 

In 2011, Carrol et al compared bacterial identification by PCR versus culture in lung 

aspirate specimens from children under 5 years of age hospitalized with pneumonia.122  

Blood and lung aspirate culture identified a bacterial pathogen in only 9.5% (9/95) of 

children while PCR on lung aspirates identified a virus, bacteria or pneumocystis in 

62% (59/95) of children.  Viral-bacterial co-infection occurred in 9% (9/95) of children, 

of whom 44% were HIV-infected.  The most common viral-bacterial combination was 

adenovirus and S. pneumoniae.  O’Callaghan-Gordo et al investigated the aetiology of 

viral pneumonia among hospitalised children under five years of age in rural 

Mozambique and reported viral-bacterial co-infections in 4.7% (38/807) of children.27  

In 2012, a study by Kwofie et al of children under five years of age hospitalized with 

ALRI in Ghana reported 1.6% (2/128) viral-bacterial co-infection, of which RSV and S. 

aureus was the most common combination.  The most recent study by Hammit et al, 

part of the Pneumonia Etiology Research for Child Health Study (PERCH), investigated 

the aetiology of hospitalized pneumonia in children 1-59 months of age and reported 

viral-bacterial co-infection in 15% (39/257) of children.   

 

Although many studies have observed mixed viral-bacterial co-infections, few have 

distinguished whether the presence of pathogens represents primary or secondary 

infections.  With the exception of the study by Carrol et al, 122 identification of bacteria 

was carried out using blood culture methods.  PCR or sequence based methods are more 

sensitive and may offer improved molecular methods for the identification of bacteria. 

Such methods, if shown to be feasible and reliable in blood samples collected in filter 
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paper, could significantly improve surveillance of bacterial pneumonia in the 

developing world bypassing the need for microbiology laboratories.123 

1.5. Host Response to ALRI  

1.5.1. Cytokines in innate and adaptive immunity 

Innate immunity refers to the first-line host defence against pathogens that serves to 

limit infection rapidly during the early stages of exposure.124  Epithelial surfaces with 

mechanical barriers and digestive enzymes are the first barrier against pathogens 

causing disease.  However, when pathogens penetrate the body, defensive systems that 

are capable of distinguishing infectious pathogens from self-structures are required.  

The recognition of pathogens is mediated by pattern-recognition receptors (PRRs) that 

bind conserved pathogen-associated molecular patterns (PAMPs), which are shared by 

broad classes of microorganisms.125  PRRs are expressed on a wide variety of cells of 

the innate immune system including macrophages, polymorphonuclear leukocytes and 

mast cells. 

 

In contrast to the innate immune system, the adaptive immune system becomes more 

powerful following repeated encounters with the same antigen.  Adaptive immune 

responses are mediated by a specialized group of leukocytes, the lymphocytes which 

include T and B lymphocytes (T and B cells).  B cells combat extracellular pathogens 

and their products by releasing antibody, a molecule which specifically recognizes and 

binds to a particular target molecule called the antigen.  The antigen may be molecular 

on the surface of a pathogen or a toxin which it produces.  T cells are responsible for the 

cell-mediated arm of the adaptive immune system and are mainly concerned with 

cellular immune responses to intracellular pathogens such as viruses.  T cells recognize 

antigen via cell surface receptors and have a wide range of biological functions. 
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Cytokines are important cell signalling proteins secreted by cells of the immune system 

to mediate a wide range of immune responses.  Cytokines play an important role in both 

innate and adaptive immunity.126, 127  In the innate immune system, cytokines are 

produced mostly by mononuclear phagocytes such as macrophages and dendritic cells 

(although they can also be produced by T-lymphocytes, NK cells, endothelial cells and 

mucosal epithelial cells) primarily in response to PAMPs.  Cytokines produced in 

response to PRRs on cell surfaces, such as the inflammatory cytokines interleukin (IL)-

1, IL-6, IL-8, and TNF-α, mainly act on leukocytes and the endothelial cells that form 

blood vessels in order to promote and control early inflammatory responses.  Cytokines 

produced in response to PRRs that recognize viral nucleic acids, such as type I 

interferons, primarily block viral replication within infected host cells. 

 

In the adaptive immune system, cells detect intracellular pathogens and they produce an 

immune response specific to that pathogen.
128

  T helper cells, or CD4+ T helper (Th) 

cells in particular play a key role in modulating immune responses that is characterized 

by antigen specific memory and recall.
128

  Th1- type cytokines (e.g. IL-12, IL2 and IFN-

γ) generate pro-inflammatory responses against intracellular pathogens such as viruses 

and bacteria.
129

  Th2-type cytokines generate responses against extracellular parasites 

such as helminths and include interleukins (e.g. IL-1, IL-4, IL-5, IL-9, and IL-13) that 

are associated with the promotion of IgE and eosinophilic responses in atopy as well as 

IL-10 which has more of an anti-inflammatory or regulatory response..129
   CD4+ Th 

cells not only regulate the immune system but also play a major role in inflammatory 

disease progression.  Cytokines can also be divided into pro-inflammatory cytokines 

(IL-1β, IL-12 and TNF-α) which stimulate the immune system and anti-inflammatory 

cytokines (IL-1RA, IL-4, IL-6, IL-10 and IL-13) which suppress the immune system.128   
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1.5.2. Cytokines in childhood ALRI  

Altered host immune responses such as cytokine responses play a key role in the 

development of ALRI.  Cytokine levels indicate the nature of the immune response in a 

particular individual.  However, there are few comprehensive reports on the role of 

cytokines in childhood ALRI.  Reports on cytokine responses in ALRI are largely 

limited to a few cytokines such as TNF-α, IFN-γ, IL-1β, IL-6, IL-8, and IL-10 and are 

mainly in adults.130-133  In one study of systemic cytokine responses of 15 cytokines in 

children with community-acquired pneumonia, IL-6 was associated with markers of 

disease severity.134  The study also compared cytokine concentrations with different 

aetiologies (Mycoplasma  pneumoniae or Chlamydophila pneumoniae alone, S. 

pneumoniae alone, viruses alone or mixed infections and found differences in in IFN-a, 

IL-6, IL-17, GM-CSF, and TNF-α concentrations as well as higher concentrations of 

IFN-α, IL-6, GM-CSF, and TNF-α in among children with mixed infections.   

 

Studies on cytokine responses in ALRI in Africa are almost non-existent in paediatric 

populations and scarce even for adult populations.  A study published 20 years ago by 

Puren et al measured IL-1β, IL-6, and TNF-α levels in adults with pneumonia and found 

IL-1β to be associated with the severity of infection.135  In  one study of cytokine 

profiles in children with pneumonia, Green et al found that among HIV-infected infants 

with severe hypoxic pneumonia, IL-10 and IP-10 were associated with more severe lung 

disease.136  However, only HIV-infected children were included in the study and 

determining the relative contributions of ALRI versus HIV to the cytokine changes is 

difficult.  Another study of Malawian children 2 months to 16 years of age with 

pneumonia or meningitis measured cytokine concentrations and found that in HIV-

infected children, IL-1β, IL-6 and IL-10 were all higher in non-survivors than in 

survivors, but this this difference was not significant among HIV-uninfected children.137  
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However, of the 95 children included in this study, only 13 had pneumonia none of 

whom were ‘non-survivors’.  A third study of infants with RSV in Gambia reported an 

increase in IL-13 in response to RSV antigens.  

 

A wide range of respiratory viruses and bacteria is known to cause ALRI.  However, no 

clinical symptom is pathognomonic of infection with a specific respiratory pathogen 

and most pathogens are able to elicit a range of upper and lower respiratory tract 

symptoms and cause disease ranging from mild to severe.138  Several studies have 

reported on cytokine levels associated with specific respiratory pathogens; HRV 

infection has been associated with increased levels of Th-2139, 140 and Th-17141-143 

cytokines and RSV infection has been associated with increased levels of Th-2 

cytokines.144, 145  Since specific respiratory pathogens may elicit specific cytokine 

responses, host cytokine profiles could provide a biomarker for determining the 

aetiology of ALRI.  The relative importance of individual pathogens and the 

mechanisms that lead to lower respiratory infection remains poorly understood and an 

understanding of pathogen-specific cytokine profiles may provide insight into 

pathogenesis of ALRI.  

 

HIV is an important risk factor for ALRI morbidity and mortality in children, 

particularly in sub-Saharan Africa.
146

  Children with HIV are at a higher risk of 

developing severe or very severe pneumonia and of dying from pneumonia than HIV-

uninfected children.
89

  While clinical features such as cough, fever, tachypnoea and 

chest indrawing are found in both HIV-infected and non-infected children with 

pneumonia, HIV-infected children with Pneumocystis jirovecii pneumonia (PJP) often 

have worse hypoxaemia and may be cyanosed.
146

  HIV-infected individuals have a 

weakened immune system and disrupted function of the CD4+ T helper cells, which 
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play critical roles in lung immunity and immunity to other pathogens.
147

  Marked 

impairment of cell-mediated immunity, in which CD4+ T helper cells contribute 

cytokine production and macrophage activation, leads to a high degree of susceptibility 

to intracellular pathogens including viral and bacterial infections.
147

  Hence, HIV-

infected individuals are more susceptible to infections including ALRI that are normally 

cleared by the immune system of a healthy individual.  Given the role of HIV in 

supressing the immune response, it has been hypothesized that pro-inflammatory 

cytokines should be decreased in HIV-infected individuals while anti-inflammatory 

cytokines should be increased.
148

  Differences in cytokine concentrations between HIV-

infected and HIV-uninfected individuals have been found, with one study reporting IL-

12, IL-2 and IFN-γ to be lower in HIV-infected individuals compared with HIV-

uninfected individuals and IL-6, IL-10, and TGF-β to be higher in HIV-infected 

individuals compared with HIV-uninfected individuals.
148

  Information on specific 

cytokine responses are needed to better understand the role of the immune system in the 

pathogenesis of ALRI in children with and without HIV.  

1.6. Aims and Hypotheses  

The overarching aim of the research presented in this thesis was to examine the roles of 

respiratory viruses, bacteria and host immune responses in childhood ALRI in Africa.  

These studies described the prevalence of respiratory viruses, respiratory microbiome 

profiles and cytokine responses in children with and without ALRI.  The key outcome 

of this project was to provide epidemiological and aetiological data on respiratory 

infections and contribute substantial and original research towards improving 

understanding of the underlying causes of ALRI.   
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The specific aims of this project are as follows: 

Aim 1: To describe the prevalence of respiratory viruses (including HRV species) 

in HIV-infected and HIV-uninfected young children from different African 

populations with and without ALRI. 

Hypothesis: HRV and HRV-C is the most common respiratory virus in young African 

children and is more common in children with ALRI compared with children without 

ALRI and in HIV-infected children compared with HIV-uninfected children. 

 

Aim 2: To characterize the microbial communities of the upper respiratory tract 

in young African children to: 

a) Describe the interactions between ALRI and the respiratory microbiome 

and HIV and the respiratory bacteria   

b) Describe the interactions between respiratory viruses and the respiratory 

microbiome  

Hypothesis 2(a): ALRI and HIV both cause disordered respiratory microbiome 

Hypothesis 2(b):  Respiratory viruses cause a disordered respiratory microbiome.  

 

Aim 3: To measure plasma cytokine in children with and without ALRI and with 

and without HIV to determine associations between cytokine responses and disease 

status and respiratory viral identification  

Hypothesis: Cytokine profiles are unique between children with and without ALRI, with 

and without HIV and with and without respiratory specific viral infections, with disease 

states being associated with higher levels of cytokines.  
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2.1 Abstract 

Background: Acute lower respiratory infections (ALRI) are the leading cause of 

childhood mortality worldwide.  Human rhinovirus (HRV) is the most common 

respiratory virus and has been associated with frequent and severe ALRI.  

Comprehensive data on the viral aetiology of ALRI among HIV-infected children in 

South Africa are limited and the prevalence of HRV species among HIV-infected 

children in South Africa is unknown.    

Objectives: To describe the prevalence of respiratory viruses, including HRV species, 

associated with HIV status and other clinical symptoms in children less than two years 

of age with and without ALRI in Pretoria, South Africa.   

Methods: Nasopharyngeal aspirates were collected from 105 hospitalized ALRI cases 

and 53 non-ALRI controls less than two years of age.  HIV status was determined.  

Common respiratory viruses were identified by PCR, and HRV species and genotypes 

were identified by semi-nested PCR, sequencing and phylogenetic tree analyses.  

Results: Respiratory viruses were more common among ALRI cases than controls 

(83.8% vs. 69.2%; p=0.041).  HRV was the most commonly identified virus in cases 

with pneumonia (45.6%) or bronchiolitis (52.1%), regardless of HIV status, as well as 

in controls (39.6%).  HRV-A was identified in 26.7% of cases and 15.1% of controls 

while HRV-C was identified in 21.0% of cases and 18.9% of controls.  HIV-infected 

children were more likely to be diagnosed with pneumonia than bronchiolitis (p<0.01).  

RSV was not identified in any HIV-infected cases (n=15) compared with 30.6% of 

HIV-uninfected cases (n=85, p=0.013), and was identified more frequently in 

bronchiolitis than in pneumonia cases (43.8% vs. 12.3%; p<0.01).   

Conclusions: HRV-A and HRV-C are endemic in South African children and HIV 

infection may be protective against RSV and bronchiolitis.  
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2.2 Introduction 

Acute lower respiratory infections (ALRI) account for an estimated 1.3 million deaths 

each year in children under 5 years of age, 43% of which occur in sub-Saharan Africa.5 

Respiratory viruses are the most common cause of respiratory infections in children149 

and are often  identified more frequently than bacteria.  Advances in molecular methods 

such as polymerase chain reaction (PCR) have led to increased sensitivity for viral 

detection as well as the identification of several new viruses and viral species.  

However, advanced diagnostics are largely limited to the developed world and studies 

investigating a comprehensive range of pathogens are still lacking in African countries.  

The majority of respiratory viral aetiological studies in Africa have relied on traditional 

cell culture and serological methods and data for viruses other than respiratory syncytial 

virus (RSV) are scarce.  Aetiological studies of ALRI in African children published as 

recently as 2013 did not screen for common respiratory viruses such as human 

rhinovirus (HRV), coronavirus and bocavirus21 or were unable to distinguish HRV from 

other enteroviruses.22   

 

HRV is the most common virus identified in children with respiratory infections 

worldwide and is responsible for both upper and lower respiratory tract infections 

including pneumonia and bronchiolitis.  The identification of a third HRV species, 

HRV-C, first reported in 20061, 2 has led to several investigations of  its prevalence, 

conducted predominantly in developed countries.  The majority of these studies in 

children hospitalized with ALRI found that HRV-C was the most prevalent HRV 

species and was often associated with wheezing, asthma and more severe lower 

respiratory illness.1, 32-38   Only three studies have investigated the prevalence of HRV 

species in African children28, 31, 39  with only one of these in South African children.  

Importantly, this South African study was limited to children with acute wheezing 
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illness.  While these studies confirm the importance of HRV in African children, they 

are inconclusive with respect to the role of HRV species in ALRI.  Our first hypothesis 

was that HRV, and more specifically HRV-C, is the most common and severe cause of 

ALRI in young South African children.       

 

Much of our understanding on the viral aetiology of childhood ALRI in Africa is based 

on studies conducted prior to the HIV epidemic that has engulfed many African 

countries.  Evidence suggests that HIV infection plays an important role in the 

frequency and outcome of ALRI.91  Pneumonia is the leading cause of morbidity and 

mortality in HIV-infected children.81  The HIV epidemic has changed the spectrum of 

pathogens causing childhood pneumonia.  Although bacterial infection remains a major 

cause of ALRI mortality among HIV-infected children, the fungus Pneumocystis 

jirovecii has been identified as the most common pathogen in HIV-infected children 

with ALRI.88-90  Few studies have investigated the viral aetiology of ALRI in HIV-

infected children.  A recent study from South Africa reported that a respiratory virus 

was identified in the majority of both HIV-infected and HIV-uninfected children, with 

HRV being the most frequently identified .29  No studies have investigated HRV species 

in HIV-infected children.  Our second hypothesis was that all respiratory viruses, 

including HRV-C, are more prevalent in HIV-infected children than in HIV-uninfected 

children.   

 

The aim of this study was to describe the prevalence of respiratory viruses, including 

HRV species, associated with HIV status and other clinical symptoms in children less 

than two years of age with and without ALRI from Pretoria, South Africa.  
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2.3 Materials and Methods 

2.3.1 Study population  

A prospective case-control study was conducted between July 2011 and November 

2012 in Pretoria, South Africa.  Children 0-2 years of age admitted to the Steve Biko 

Academic Hospital or Tshwane District Hospital and diagnosed with ALRI were 

enrolled as cases and there were no other exclusion criteria.  A diagnosis of pneumonia 

or bronchiolitis was determined by the treating physician using standard diagnostic 

procedures.  Pneumonia was diagnosed in children with respiratory distress and either 

chest X-ray changes (e.g. consolidation or effusion) or auscultatory findings (e.g. 

crepitations or bronchial breathing) while bronchiolitis was diagnosed in children with 

respiratory distress and at least one of the following; wheeze, chest X-ray changes (e.g. 

hyperinflation) or Hoover’s sign (inward movement of the lower rib cage during 

inspiration).  Age-matched children presenting to the same hospitals with a non-

respiratory illness or injury over the same period were enrolled as controls.  Control 

children were hospitalized for non-respiratory illnesses including epilepsy, febrile 

convulsions, gastroenteritis, elective cardiac surgery, cardiac catheterization and pre-

existing neurological problems.  Exclusion criteria for controls included current signs or 

symptoms of respiratory illness.  This study was approved by the University of Western 

Australia Human Research Ethics Committee and University of Pretoria Ethics 

Committee prior to commencement.  Written informed consent was obtained from 

parents or guardians prior to participation.   

2.3.2 Data and sample collection 

A nasopharyngeal aspirate (NPA) was collected from each child on the day of 

recruitment.  HIV status was determined using HIV ELISA tests and confirmed with a 

PCR for children less than 18 months of age.  A detailed questionnaire was used to 
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collect demographic and clinical information and was administered by the study doctor 

to parents or guardians of enrolled cases and controls.   

2.3.3 Virus detection 

NPAs were stored at-80ºC in Pretoria until transfer on dry ice to the study laboratory in 

Perth, Western Australia for processing and long term storage at -80ºC.  Common 

respiratory viruses (adenovirus, RSV, bocavirus, coronavirus, parainfluenza viruses, 

influenza viruses and metapneumovirus) were identified using a tandem multiplex real-

time PCR assay as previously described.56  HRV identification and genotyping was 

based on a molecular method to determine HRV genotypes and to differentiate closely 

related enteroviruses from HRV.67  Viral RNA was extracted from a 240µl volume of 

NPAs using the QIAGEN QIAamp Viral RNA Mini Kit (Spin protocol), reverse 

transcribed to cDNA, and used for the PCR amplification of a 260-bp variable sequence 

in the 5′ non-coding region of the HRV genome using in-house designed primers.  The 

presence of the predicted 260-bpPCR fragment (as visualised after electrophoresis on an 

agarose gel after electrophoresis) defined a HRV positive result.  The DNA sequence of 

the PCR products was determined by the Australian Genome Research Facility in Perth 

(AGRF), Western Australia.  Genotypes were assigned based on comparisons of the 5′ 

non-coding region sequences with those of 101 classical serotypes as well as 52 newly 

identified genotypes using ClustalX software (Conway Institute, University College 

Dublin, Dublin, Ireland).  Representative samples of each genotype have previously 

been sequenced at the VP4-VP2 coding region to confirm the species assignment.150, 151  

2.3.4 Statistical analyses  

Demographic and clinical symptoms associated with virus detection were examined 

using chi-squared (x2) or Fisher’s exact tests (categorical variables) and analysis of 

variance (ANOVA) models (continuous variables).  Statistical analyses were performed 
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using SPSS version 22.0 (SPSS Inc., Chicago, ILL, USA) and a p-value <0.05 was 

considered statistically significant.  

2.4 Results 

2.4.1 Population demographics  

One hundred and five ALRI cases and 53 controls were included in the current analyses.  

HIV infection was more common among ALRI cases than among controls (Table 2.1).  

There were no other differences in the population demographics between the cases and 

controls.  Of the 105 ALRI cases, 57 (51%) were diagnosed with pneumonia (64.9% 

male) and 48 (46%) were diagnosed with bronchiolitis (70.8% male).   Of the 15 HIV-

infected cases, only one was diagnosed with bronchiolitis (6.7%) and the rest with 

pneumonia (93.3%) (p=0.002).  “Black” and “Coloured” cases were more likely to be 

diagnosed with pneumonia than “Caucasian” and “Indian” cases and conversely, 

“Caucasian” and “Indian” cases were more likely to be diagnosed with bronchiolitis 

than “Black” and “Coloured” cases (p<0.01). 

2.4.2 Respiratory virus identification 

Of the 158 NPAs from 105 cases and 53 controls, at least one respiratory virus was 

identified in 88 (83.8%) cases and 37 (69.8%) controls (p=0.041).  Table 2.2 compares 

viral frequencies between cases and controls and between pneumonia and bronchiolitis 

cases.  HRV was the most common respiratory virus identified in both pneumonia 

(45.6%) and bronchiolitis cases (52.1%; Figure 2.1) as well as in controls (39.6%).   

Among the pneumonia cases, adenovirus (31.6%) was the next most commonly 

identified virus, while among the bronchiolitis cases, RSV (43.8%) was the next most 

commonly identified virus.  RSV was more common in bronchiolitis cases (43.8%) than 

in pneumonia cases (12.3%; p<0.001, Figure 2.1) and more common in bronchiolitis 

cases (43.8%) than controls (17.0%; p=0.003).  RSV was also more common among 
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HIV-uninfected cases than among HIV-infected cases (30.6% vs. 0%, p=0.013; Figure 

2.2).  Among HIV-uninfected children RSV was identified in 34.1%, 40.9% and 10.5% 

of children aged <6 months (n=44), 6-<12 months (n=22) and 12-<24 months (n=19), 

respectively. However, no RSV was identified in HIV-infected children <6 months of 

age (n=7), 6-<12 months of age (n=4) or 12-<24 months of age (n=4).  

Table 2.1 Population demographics of ALRI cases and controls.  
 ALRI 

Cases 

(n=105) 

Pneumonia 

(n=57) 

Bronchiolitis 

(n=48) 

Non-ALRI 

Controls 

(n=53) 

p-value* 

Male, n (%) 71 (67.6%) 37 (64.9%) 34 (70.8%) 30 (56.6%) 0.173 

Age at recruitment in months, 

mean (SD) 

7.14 (5.75) 7.96 (6.26) 6.17 (4.98) 8.80 (7.08) 0.115 

Ethnicity- “black”, n (%) 83 (79.0%) 49 (86.0%) 34 (70.8%) 44 (83.0%) 0.554 

HIV-infected**, n (%) 15 (14.3%) 14 (25.0%) 1 (2.3%) 2 (3.8%) 0.049 

*p-value comparing ALRI cases and non-ALRI controls  
**HIV status for nine children was unknown  
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Table 2.2 Viruses and viral species identified in nasopharyngeal aspirates of cases 
compared with controls and pneumonia cases compared with bronchiolitis cases. 
 Cases 

n=105 

Controls 

n=53 

p-value Pneumonia 

n=57 

Bronchiolitis 

n=48 

p-value 

Any virus  88 (83.8%) 37 (69.8%) 0.041 45 (78.9%) 43 (89.6%) 0.141 

Rhinovirus (HRV)* 51 (48.6%) 21 (39.6%) 0.286 26 (45.6%) 25 (52.1%) 0.509 

   HRV-A 28 (26.7%) 8 (15.1%) 0.242 15 (26.3%) 13 (27.1%) 0.653 

   HRV-B 0 (0%) 2 (3.8%) 0.117 0 (0%) 0 (0%) 0.356 

   HRV-C 22 (21.0%) 10 (18.9%) 0.850 10 (17.5%) 12 (25.0%) 0.440 

Respiratory syncytial 

virus (RSV) 

28 (26.7%) 9 (17.0%) 0.175 7 (12.3%) 21 (43.8%) <0.001 

   RSV-A 18 (17.1%) 8 (15.1%) 0.743 5 (8.8%) 13 (27.1%) 0.013 

   RSV-B 10 (9.5%) 1 (1.9%) 0.075 2 (3.5%) 8 (16.7%) 0.022 

Adenovirus 33 (31.4%) 15 (28.3%) 0.687 18 (31.6%) 15 (31.3%) 0.971 

   Adenovirus B 16 (15.2%) 4 (7.5%) 0.170 9 (15.8%) 7 (14.6%) 0.864 

   Adenovirus C 27 (25.7%) 13 (24.5%) 0.871 15 (26.3%) 12 (25.0%) 0.878 

Bocavirus 23 (21.9%) 14 (26.4%) 0.527 12 (21.1%) 11 (22.9%) 0.818 

Coronavirus 13 (12.4% 6 (11.3%) 0.847 7 (12.3%) 6 (12.5%) 0.973 

   Coronavirus- 0C43 12 (11.4%) 6 (11.3%) 0.984 6 (10.5%) 6 (12.5%) 0.751 

   Coronavirus- 229E 0 (0%) 0 (0%)  0 (0%) 0 (0%)  

   Coronavirus- HKU1 0 (0%) 1 (1.9%) 0.158 0 (0%) 0 (0%)  

   Coronavirus- NL63 1 (1.0%) 0 (0.0%) 0.476 1 (1.8%) 0 (0%) 0.356 

Metapneumovirus 7 (6.7%) 3 (5.7%) 0.806 5 (8.8%) 2 (4.2%) 0.346 

Influenza**  8 (7.6%) 2 (3.8%) 0.349 6 (10.5%) 2 (4.2%) 0.221 

   Influenza A H1N1 0 (0%) 0 (0%)  0 (0%) 0 (0%)  

   Influenza A H3HA 5 (4.8%) 1 (1.9%) 0.372 3 (5.3%) 2 (4.2%) 0.793 

   Influenza B  4 (3.8%) 1 (1.9%) 0.514 4 (7.0%) 0 (0%) 0.061 

   Influenza C  0 (0.0%) 1 (1.9%) 0.158 0 (0%) 0 (0%)  

Parainfluenza virus 1-4 10 (9.5%) 3 (5.7%) 0.404 6 (10.5%) 4 (8.3%) 0.703 

*HRV overall and HRV species numbers differ because two HRV-positive specimens 
were not genotyped 
**Some children with adenovirus, coronavirus or influenza virus had two sub-types  
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Figure 2.1 Respiratory viruses identified in nasopharyngeal aspirates of pneumonia 
(n=57) and bronchiolitis (n=48) cases. 
 

 

Figure 2.2 Respiratory viruses identified in nasopharyngeal aspirates of HIV-infected 
(n=15) and HIV-uninfected cases (n=85).  Cases with unknown HIV status excluded. 

45.6 

31.6 

12.3 

21.1 

12.3 
10.5 10.5 

8.8 

52.1 

31.3 

43.8 

22.9 

12.5 

8.3 

4.2 4.2 

0.0

10.0

20.0

30.0

40.0

50.0

60.0

Pe
rc

en
t (

%
) w

ith
in

 p
ne

um
on

ia
 a

nd
 b

ro
nc

hi
ol

iti
s 

ca
se

s 

Pneumonia (n=57)

Bronchiolitis (n=48)

p<0.01 

53.3 

20.0 

0.0 

13.3 

20.0 20.0 

0.0 

6.7 

49.4 

34.1 
30.6 

24.7 

10.6 
8.2 9.4 

7.1 

0.0

10.0

20.0

30.0

40.0

50.0

60.0

Pe
rc

en
t (

%
) w

ith
in

 H
IV

-in
fe

ct
ed

 a
nd

 u
ni

nf
ec

te
d 

ch
ild

re
n 

HIV-Infected (n=15)

HIV-Uninfected (n=85)

p=0.013 



40 
 

2.4.3 Human rhinovirus species and genotypes 

Seventy of 72 (97%) HRV-positive NPAs from cases and controls were successfully 

genotyped, of which 36 (51.4%) were HRV-A, 2 (2.86%) were HRV-B and 32 (45.7%) 

were HRV-C (Figure 2.3).  Of the 36 HRV-A-positive specimens, 35 were assigned to 

one of 21 known genotypes while one specimen was equally related to two genotypes.  

Of the two HRV-B positive specimens, one was assigned a genotype while the other 

was unassigned.  All 32 HRV-C-positive specimens were assigned to one of 15 

genotypes.  No single genotype was identified more than five times in this population, 

with only one HRV-A genotype and one HRV-C genotype being identified five times.  

There was no difference in the prevalence of HRV species between ALRI cases and 

controls, pneumonia and bronchiolitis cases (Table 2.2) or HIV-infected and HIV-

uninfected children. 

 

Figure 2.3 Human rhinovirus species identified in ALRI cases (n=105) and controls 
(n=53).  
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14 (13.3%), 7 (6.7%) and 1 (1.0%) cases respectively.  Of the 53 controls with more 

than one respiratory virus identified, 13 (25.0%) had a single virus infection, while co-

infection of 2, 3, 4 or 5 viruses was identified in 15 (26.9%), 7 (13.5%), 1 (1.9%) and 1 

(1.9%) controls respectively.  HRV-adenovirus was the most common viral co-infection 

in both cases (16.2%) and controls (9.4%).    

2.4.5 Clinical symptoms 

There were significantly more HIV-infected children among the pneumonia than 

bronchiolitis cases and wheeze was reported more frequently among bronchiolitis than 

pneumonia cases (Table 2.3).  RSV was positively associated with wheeze (p<0.01) and 

negatively associated with HIV infection (p=0.013) and runny nose (p<0.047; 

Supplementary Table 2.1).  No other clinical associations were observed for any other 

virus (Supplementary Table 1) including HRV species (Supplementary Table 2.2) or for 

number of co-infections (Supplementary Table 2.3).    

Table 2.3 Associations between ALRI diagnosis and clinical symptoms among cases. 
 Pneumonia 

n=57 

Bronchiolitis 

n=48 

p-value 

HIV-infected  14 (24.6%) 1 (2.3%) 0.002 

Cough  52 (91.2%) 46 (95.8%) 0.346 

Wheeze  14 (24.6%) 27 (56.3%) 0.001 

Shortness of breath  44 (77.2%) 38 (79.2%) 0.808 

Fever  31 (54.4%) 29 (60.4%) 0.534 

Weak and tired  36 (63.2%) 21 (43.8%) 0.047 

Runny nose 22 (38.6%) 25 (52.1%) 0.166 

Nasal Congestion 35 (61.4%) 31 (64.6%) 0.737 

Sneeze  18 (31.6%) 18 (37.5%) 0.524 
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2.4.6 Other factors 

Age 

Comparing viral identification between four age groups (0-<6 months (n=54), 6-<12 

months (n=28), 12-<18 months (n=16) and 18-<24 months (n=7)) for ALRI cases, 

identification of at least one respiratory virus increased with age (p=0.001, Figure 2.4).  

Adenovirus and bocavirus were more common among children in the 6-<12 and 12-<18 

month age groups than among children in the 0-<6 and 18-<24 month age groups 

(p<0.01 and p=0.014 respectively).  Influenza and metapneumovirus increased with age 

(p=0.021 and p=0.040 respectively).  Although not statistically significant, HRV was 

highest at 18-<24 months and RSV was highest at 6-<12 months.    

 

 

Figure 2.4 Identification of respiratory viruses by age group in ALRI cases. 
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RSV, coronavirus, influenza and metapneumovirus.  RSV was identified more often in 

autumn (43.2%) and winter (48.6%) than in spring (8.1%) and summer (0%, p <0.001), 

coronavirus was identified more often in winter (57.9%) and spring (36.8%) than 

autumn (5.3%) and summer (0%, p=0.035), influenza was identified most in spring 

(80%, p=0.012) and metapneumovirus was identified more often in autumn (50.0%) and 

winter (40.0%) than spring (10.0%) and summer (0%, p=0.050).  HRV was equally 

prevalent throughout the seasons.   In cases alone, the observed seasonality patterns 

were significant for RSV (p<0.01) and influenza (p<0.01). No seasonality patterns were 

observed for controls alone.    

2.5 Discussion 

Identification of at least one respiratory virus was more common among ALRI cases 

compared with controls (84% vs. 70%).  We identified a higher prevalence of 

respiratory viruses as well as viral co-infections (51% in cases and 44% in controls) 

than previously reported in young children with or without ALRI in South Africa.23, 25, 29  

However, comparable rates have been reported in paediatric ALRI populations outside 

South Africa.57  The high viral identification rate among controls challenges the 

pathogenic role of some respiratory viruses. However, given viral identification was 

more common among cases that controls, supports current literature on the importance 

of respiratory viruses in the pathogenesis of ALRI.  RSV was more common in 

bronchiolitis compared with pneumonia cases or with controls, reaffirming the role of 

RSV in bronchiolitis.  Since no other viral pathogen was more common in cases than in 

controls, their role in respiratory disease in African children is inconclusive.   

 

HRV was the most common respiratory virus identified in young South African 

children with ALRI as well as in controls.  HRV-A and HRV-C were of similar 
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prevalence.  Our findings challenge our hypothesis that HRV-C is the most common 

cause of ALRI in young South African children.  In the only other study of HRV 

species in South African children, HRV-C was the most prevalent.31  Importantly 

however, Smuts et al investigated young children with acute wheezing illness rather 

than ALRI and did not include a control group.  Other studies of children hospitalized 

with asthma or wheezing, predominantly from developed countries, have also found 

HRV-C to be the most frequently identified species.35-37, 152  Only two studies 

investigated the prevalence of HRV species in children with ALRI in Africa with one 

reporting HRV-A as the most common species28 and the other finding no difference in 

the prevalence between HRV-A and HRV-C.39  A large number of HRV genotypes 

were identified suggesting that no single genotype predominates at any given time.  

Further investigations including different ALRI clinical groups may help ascertain the 

role of HRV species in ALRI.   

 

This is the first study to describe the prevalence of HRV species among HIV-infected 

and HIV-uninfected young South African children with ALRI.  Contrary to our 

hypothesis, respiratory viruses, including HRV-C, were not more common in HIV-

infected children than in HIV-uninfected children.  Surprisingly, RSV was more 

common in HIV-uninfected children than in HIV-infected children.  Consistent with our 

findings, a recent study from South Africa also found that RSV and metapneumovirus 

were identified less frequently in HIV-infected children than in HIV-uninfected 

children.26  However, Moyes et al found that HIV-infected children in South Africa had 

a higher risk of hospitalization with RSV-associated ALRI than HIV-uninfected 

children.153  In another South African study,  HIV-infected children had a higher 

prevalence of KI polyomaviruses and  coronavirus-OC43 and a lower prevalence of 

human bocavirus and WU polyomaviruses than in HIV-uninfected children29.  There are 
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limited viral data on HIV-infected children with ALRI and, like ours, most of these 

studies were limited to relatively small sample sizes and were unable to draw 

conclusions about the role of HIV.25, 154  Further studies including a larger HIV-infected 

cohort are needed.   

 

Of the 15 HIV-infected ALRI cases, only one had a doctor diagnosis of bronchiolitis.  

An under-representation of HIV-infected children among bronchiolitis cases has been 

reported previously in South Africa.91, 155  It was suggested that altered host responses 

result in differing clinical presentations between HIV-infected and uninfected 

children.155  The role of HIV-infection on respiratory outcome and ALRI diagnosis 

requires further investigation. 

 

Multiple viral identifications were common in both cases and controls with up to five 

viruses simultaneously identified in some children.  There were no associations between 

the number of simultaneously identified viruses and clinical symptoms among ALRI 

cases.  There is conflicting evidence regarding the association between multiple viral 

identifications and disease severity with some studies reporting an association between 

viral co-infections and disease severity 41-47 and others reporting no differences in 

disease severity between single and multiple viral infections. 48, 49  Using molecular 

methods, we are unable to differentiate sub-clinical infection from pathogen-specific 

infections.  However, given the high rate of multiple viral identifications, it is likely that 

viral interactions play an important role in the pathogenesis of ALRI.  Further 

investigations including viral load may contribute to understanding the role of 

individual viruses as well as interactions between viruses.   
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Identification of at least one respiratory virus was more common in children 6-18 

months of age compared with younger children (0-6 months of age) or older children 

(18-24 months of age).  One explanation is increased protection by maternal antibodies 

during the first 6 months of life which decreases in the following year as infants begin 

to produce more of their own antibodies which reach protective levels after 1-2 years of 

age.  Our findings confirm that age is an important risk factor for viral respiratory 

infection. 

 

A limitation of the study is the small sample size, particularly among the HIV-infected 

group.  Secondly, the use of hospital controls rather than community controls may 

explain the high viral identification rate among controls.  Further studies in larger 

cohorts including HIV-infected children are needed to better understand the role of 

respiratory viruses in ALRI and HIV.  Nonetheless, this study has contributed to our 

understanding of the epidemiology and aetiology of respiratory viruses in HIV-infected 

and HIV-uninfected children hospitalized with ALRI in South Africa. 
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Supplementary Table 2.1 Associations between viral identification and clinical symptoms among cases.  

 

 

HRV 

(n=51) 

 

Adenovirus 

(n=33) 

 

RSV 

(n=28) 

 

Bocavirus 

(n=23) 

 

Coronavirus 

(n=13) 

 

Parainfluenza 

virus 

(n=10) 

Influenza 

virus 

(n=8) 

Metapneumovirus 

(n=7) 

 

HIV-infected  8 (16.0%) 3 (9.4%) 0 (0.0%)* 2 (8.7%) 3 (25.0%) 3 (30.0%) 0 (0.0%) 1 (14.3%) 

Cough  50 (98.0%) 30 (90.0%) 27 (96.4%) 22 (95.7%) 12 (92.3%) 10 (100.0%) 8 (100.0%) 7 (100.0%) 

Wheeze  22 (43.1%) 14 (42.4%) 18 (64.3%)** 10 (43.5%) 2 (15.4%) 3 (30.0%) 1 (12.5%) 1 (14.3%) 

Shortness of breath  41 (80.4%) 27 (81.8%) 21 (75.0%) 16 (69.6%) 10 (76.9%) 7 (70.0%) 7 (87.5%) 5 (71.4%) 

Fever  29 (56.9%) 22 (66.7%) 15 (53.6%) 17 (73.9%) 8 (61.5%) 5 (50.0%) 5 (62.5%) 5 (85.7%) 

Weak and tired  25 (49.0%) 19 (57.6%) 12 (42.9%) 13 (56.5%) 8 (61.5%) 5 (50.0%) 6 (75.0%) 5 (71.4%) 

Runny nose 24 (47.1%) 17 (51.5%) 17 (60.7%)*** 10 (43.5%) 5 (38.5%) 3 (30.0%) 5 (62.5%) 5 (71.4%) 

Congestion 34 (66.7%) 20 (60.6%) 14 (50.0%) 16 (69.6%) 9 (69.2%) 5 (50.0%) 5 (62.5%) 6 (85.7%) 

Sneeze  18 (35.3%) 8 (24.2%) 13 (46.4%) 7 (30.4%) 2 (15.4%) 2 (20.0%) 3 (37.5%) 3 (42.9%) 

p-value comparing clinical symptoms between virus-positive and virus-negative for each virus  
* RSV HIV p = 0.013 (negative association) 
** RSV wheeze p<0.01 
*** RSV runny nose p = 0.047 

 

 



48 
 

Supplementary Table 2.2 Associations between HRV species identification and 
clinical symptoms (cases). 
 HRV-A 

n=28 

HRV-C 

n=22 

HRV-negative 

n=54    

p-value    

HIV-infected  6 (21.4%) 2 (9.09%) 7 (13.0%) 0.490 

Cough  27 (96.4%) 22 (100.0%) 48 (88.9%) 0.159 

Wheeze  10 (35.7%) 12 (54.5%) 19 (35.2%) 0.263 

Shortness of breath  21 (75.0%) 19 (86.4%) 41 (75.9%) 0.556 

Fever  12 (42.9%) 16 (72.7%) 31 (57.4%) 0.105 

Weak and tired  12 (42.9%) 12 (54.5%) 32 (59.3%) 0.368 

Runny nose 10 (35.7%) 13 (59.1%) 23 (42.6%) 0.240 

Congestion 17 (60.7%) 17 (77.3%) 32 (59.3%) 0.315 

Sneeze  11 (39.3%) 6 (27.3%) 18 (33.3%) 0.670 

*No significant differences for HRV-A or HRV-C vs. all other viruses 

 

Supplementary Table 2.3 Associations between number of viruses identified and 
clinical symptoms (cases). 
 No virus 

n=17 

1 virus 

n=34 

2 viruses 

n=32 

≥3 viruses 

n=22 

p-value 

HIV-infected  3 (17.6%) 5 (14.7%) 6 (19.2%) 1 (5.4%) 0.466 

Cough  14(82.4%) 33 (97.1%) 29 (90.6%) 22 (100%) 0.112 

Wheeze  4 (23.5%) 13 (38.2%) 16 (50.0%) 8 (36.4%) 0.333 

Shortness of 

breath  

15 (88.2%) 27 (79.4%) 20 (64.5%) 19 (86.4%) 0.184 

Fever  10 (58.8%) 16 (47.1%) 19 (59.4%) 15 (68.2%) 0.459 

Weak and tired  12 (70.6%) 17 (50.0%) 14 (43.8%) 14 (63.6%) 0.233 

Runny nose 6 (35.3%) 13 (38.2%) 17 (53.1%) 11 (50.0%) 0.503 

Congestion 10 (58.8%) 23 (67.6%) 20 (64.5%) 13 (59.1%) 0.899 

Sneeze  8 (47.1%) 11 (32.4%) 10 (31.3%) 7 (31.8%) 0.687 
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Chapter 3 

_____________________________________________________ 

 

Human Rhinovirus is the Most Commonly Identified 

Respiratory Virus in Children Hospitalized with Pneumonia 

from Mozambique  
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3.1 Abstract 

Background: Acute lower respiratory infections (ALRI) including pneumonia are the 

leading cause of childhood mortality worldwide.  Human rhinovirus (HRV) is known to 

cause mild upper respiratory infections, but has more recently also been associated with 

severe respiratory disease such as clinical pneumonia.  The prevalence of HRV species 

among hospitalized with pneumonia in Mozambique is unknown. 

Objective: To describe the prevalence of HRV species in children hospitalized with 

pneumonia from Manhiça Mozambique and the associations between HRV species and 

demographic, clinical, and laboratory features.   

Methods: As part of a larger study investigating the underlying aetiology of fever and 

clinical pneumonia in children presenting (WHO definition) at Manhiça District 

Hospital, Mozambique, 277 children 0-10 years of age were recruited and intensively 

evaluated.  Blood samples were collected for HIV and malaria testing and blood culture, 

full blood counts and a chest X-ray were performed.,  Nasopharyngeal aspirates were 

collected from children for identification of common respiratory viruses using two 

independent multiplex RT-PCR assays with primers specific for each virus and viral 

type.  HRV species and genotypes were identified by semi-nested PCR assays, 

sequencing and phylogenetic tree analyses.  

Results: At least one respiratory virus was identified in 206 (74.4%) children 

hospitalized with clinical pneumonia.  HRV was the most commonly identified virus in 

both HIV-infected (17/38, 44.7%) and HIV-uninfected (74/237, 31.2%; p=0.100) 

children.  HRV-A was the most common HRV species identified (47/275, 17.0%), 

followed by HRV-C (35/275, 12.6%) and HRV-B (8/275, 2.9%). Clinical presentation 

of the different HRV species was similar and overlapping, with no particular species 

being associated with specific clinical features.   
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Conclusions: HRV-A and HRV-C were the most common respiratory viruses identified 

in children hospitalised with clinical pneumonia in Manhiça.  Locally-tailored 

descriptions of their epidemiology and clinical characteristics can help design better 

preventive and management strategies.   

3.2 Introduction 

Acute lower respiratory infections (ALRI) such as pneumonia account for an estimated 

1.3 million deaths each year in children under 5 years of age, 43% of which occur in 

sub-Saharan Africa.5  Management and prevention efforts against pneumonia in 

developing countries have traditionally focused on bacterial pathogens.  The 

introduction of highly effective conjugate vaccines globally has led to decreasing trends 

in bacterial pneumonia and a subsequent increased interest in the role of viral-associated 

ALRI.  Recent advances in molecular diagnostics such as PCR have also led to the 

discovery of new viruses and viral species, highlighting the prominence of viruses in 

respiratory disease.  Respiratory viruses are widely acknowledged to be the most 

common cause of both upper and lower respiratory tract infections in the developed 

world.149  However, advanced diagnostics are largely limited in the developing world 

and studies including a comprehensive range of viral pathogens are scarce in African 

countries.  The majority of respiratory viral aetiological studies in Africa have relied on 

traditional cell culture and serology methods with PCR data only becoming available in 

more recent years.  Data beyond respiratory syncytial virus (RSV) are still scarce and 

aetiological studies of ALRI in African children published as recently as 2013 did not 

screen for common respiratory viruses such as HRV, coronavirus and bocavirus21, or 

were unable to distinguish HRV from enterovirus.22  Furthermore, a limitation of most 

viral aetiological studies is the use of upper airway samples such nasopharyngeal 
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aspirates (NPAs) to identify respiratory viruses, which may not be entirely 

representative of the lower airway.   

 

HRV is the most common cause of childhood respiratory infections worldwide and  

responsible for almost two-thirds of cases of the common cold59 as well lower 

respiratory tract infections, including pneumonia and bronchiolitis.  The identification 

of HRV-C as the third HRV species, , first reported in 2006, led to several 

investigations on the prevalence of HRV species, conducted predominantly in 

developed countries.  The majority of these studies on children hospitalized with ALRI 

or asthma found that HRV-C was the most prevalent HRV species and was often 

associated with more severe illness.1, 32-38  While there have been previous reports on the 

overall prevalence of HRV in children with acute respiratory infections or pneumonia in 

Mozambique, none have specifically investigated HRV species.24, 27 In the two 

Mozambican studies of respiratory viral prevalence, HRV was the most commonly 

identified virus, identified in 26% and 24% of children with acute respiratory infections 

and pneumonia, respectively.  Only three other studies have investigated the prevalence 

of HRV species in African children.28, 31, 39  While these studies confirmed the 

importance of HRV in African children, they were inconclusive with respect to the role 

of HRV species in ALRI in African children.  Given world-wide reports that HRV-C 

was the most common HRV species in individuals with ALRI, we hypothesized that 

HRV-C is the most common HRV species in Mozambican children hospitalized with 

clinical pneumonia.    

 

Much of our understanding on the viral aetiology of childhood pneumonia in Africa is 

based on studies conducted prior to the HIV epidemic that has engulfed many African 

countries.    Evidence suggests that HIV-infection is now driving both the frequency and 



53 
 

outcome of ALRI and pneumonia is the leading cause of morbidity and mortality in 

HIV-infected children.81  The HIV epidemic has changed the spectrum of pathogens 

causing childhood pneumonia.  Although viral and bacterial infections remain a major 

cause of ALRI mortality among HIV-infected children, the fungus Pneumocystis 

jiroveci has been identified as the most common pathogen in HIV-infected children 

with ALRI.88-90 A recent study from South Africa reported that a respiratory virus was 

identified in the majority of both HIV-infected and HIV-uninfected children, with HRV 

being the most frequently identified virus.29  No studies have investigated HRV species 

among HIV-infected children.  We hypothesized that respiratory viruses, including 

HRV-C, is more prevalent in HIV-infected children than in HIV-uninfected children.   

 

Given the limitations of routine microbiology facilities in the majority of developing 

settings, most clinicians rely on examination of clinical features to determine the 

probable aetiology of ALRI in children.  Very few studies have compared clinical 

features, which are often indistinguishable for different respiratory viruses,156, 157 

between respiratory viruses identified in children with ALRI in Africa.  A few studies 

from Africa and the Middle East found that HRV-C was associated with wheezing.28, 37  

Hence, we hypothesized that HRV, and in particular HRV-C, is associated with 

wheezing in Mozambican children with clinical pneumonia.   

 

The clinical relevance of viral co-infections is not well established and there is 

conflicting evidence regarding the association between multiple viral identifications and 

disease severity.  Some studies have reported an association between viral co-infections 

and disease severity41-47 while others have reported no differences in disease severity 

between single and multiple viral infections.48, 49  We hypothesized that viral co-
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infections is associated with increased respiratory symptoms in Mozambican children 

with clinical pneumonia.   

 

The aim of this study was to describe the prevalence of respiratory viruses, in particular 

HRV and HRV species, and the association of HRV species with HIV-status, clinical 

features and seasonality in children with clinical pneumonia from Manhiça, 

Mozambique.   

3.3 Materials and Methods 

3.3.1 Study setting and design 

This study was conducted by the Manhiça Health Research Centre (Centro de 

Investigação em Saúde da Manhiça, CISM) at the Manhiça District Hospital (MDH); a 

public hospital in Southern Mozambique.  The Manhiça district in Southern 

Mozambique has an estimated population of 143,000 inhabitants.  The area has a 

subtropical climate with two distinct seasons; a warm and rainy season between 

November and April and cool and dry season during the rest of the year.  The HIV 

prevalence among newborns has been estimated between 2.9 and 8.27 CISM, a 

demographic surveillance system (DSS) including 500km2 surrounding the area, has 

been running since 1996, and covers a population of around 92,000 inhabitants.  Each 

individual living within the DSS area is issued a unique permanent identification 

number and information on vital events are collected during routing household visits.158  

Further characteristics of the DSS and study area are described elsewhere.158  

 

The hospital population were recruited as part of a larger project aiming to identify 

protein biomarkers for the development of a rapid diagnostic test to distinguish between 

bacterial pneumonia, viral pneumonia and malaria in children in rural Africa.  Between 
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September 2010 and April 2013, 277 children 0-10 years of age presenting to the 

Manhiça District Hospital with fever (>37.5ºC axillary temperature) or a history of 

fever in the preceding 24 hours and clinical pneumonia, according to the WHO 

definition (increased respiratory rate and either cough and/or difficulty in breathing), 

were recruited into the study. Increased respiratory rate was defined according to IMCI 

guidelines: ≥ 60 breaths per minute in children ≤ 2 months, ≥ 50 in 2-12 months, ≥ 40 in 

1-5 years, and ≥ 30 in 5-10 years).  Exclusion criteria included use of antibiotics or 

antimalarial drugs during the preceding two weeks, history of cough for more than two 

weeks duration, active tuberculosis or history of direct contact to a documented 

tuberculosis case, and children with an oxyhaemoglobin saturation of less than 85% on 

examination on admission, as a proxy of possible Pneumocystis jirovecii infection.    

 

Clinical and questionnaire data and samples were obtained from the enrolled cases on 

the day of recruitment.  A NPA was collected from each child by a trained study health 

assistant.  HIV testing was offered and all patients underwent chest X-ray and extensive 

clinical and laboratorial screening, including malaria testing, blood culture and full 

blood counts.    

 

Written informed consent was obtained from parents or guardians prior to participation 

and both the hospital and community studies were approved by the University of 

Western Australia Human Research Ethics Committee, the Ethics Committee of the 

Hospital Clinic (Barcelona, Spain) and the Republic of Mozambique (Comité Nacional 

de Bioética para a Saúde) Ethics Committee prior to commencement.   

3.3.2 Virus detection 

NPAs were stored at -80ºC in Manhiça, Mozambique until sent to the study laboratory 

in Perth, Western Australia, on dry ice, for processing.  Identification of common 
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respiratory viruses (adenovirus, RSV, bocavirus, coronavirus, parainfluenza viruses, 

influenza viruses and metapneumovirus) was carried out using two independent 

multiplex RT-PCR assays with primers specific for each virus and viral type by 

collaborators in Spain.  HRV identification and genotyping was based on a published 

molecular method to determine HRV genotypes and to differentiate closely related 

enteroviruses from HRV.67  Viral RNA was first extracted from a 240µl volume of 

NPAs using the QIAGEN QIAamp Viral RNA Mini Kit (Spin protocol) and reverse 

transcribed to cDNA.  This was used for the PCR amplification of a 260-bp variable 

sequence in the 5′ non-coding region of the HRV genome using in-house designed 

primers.  PCR products were then sequenced commercially by the Australian Genome 

Research Facility.  Genotypes were assigned based on comparisons of the 5’ non-coding 

region sequences with those of 101 classical serotypes as well as 52 newly identified 

genotypes using ClustalX software (Conway Institute, University College Dublin, 

Dublin, Ireland).  Representative samples of each genotype have previously been 

sequenced at the VP4-VP2 coding region to confirm the species assignment.150, 151  

3.3.3 HIV specific procedures 

Recruited study children were referred for HIV counselling and testing, which required, 

for study purposes, an additional parental consent. HIV-1 serodiagnosis was performed 

using a sequential testing algorithm with two rapid HIV-1 antibody tests (Determine® 

and Unigold®). HIV-infection was confirmed when necessary by an HIV-1 DNA 

Amplicor test (version 1.5, Roche Molecular Systems, Inc., Branchburg, NJ). Children 

identified as HIV positive were followed-up according to national guidelines.   

3.3.4 Statistical analyses  

Demographic and clinical features (categorical variables) associated with viral 

identification were examined using Chi-squared (x2) or Fisher’s exact tests.  
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Continuous variables were analysed using variance (ANOVA) models and presented as 

means with SD.  Variables that were not normally distributed were logarithm-

transformed and presented as geometric means.  Statistical analyses were performed 

using SPSS version 22.0 (SPSS Inc., Chicago, ILL, USA) and a p-value <0.05 was 

considered statistically significant. 

3.4 Results 

3.4.1 Population demographics  

Two hundred and seventy-seven cases (51.6% male) enrolled between September 2010 

and April 2013 were included in this analysis.  The mean age of the study population 

was 20.7 months.  A total of 38 (13.7%) children were HIV-infected.  HIV- infected 

children were older (mean age 27.8 months, 95% CI: 19.4-36.2) than HIV-uninfected 

children (mean age 19.5 months, 95% CI: 17.0-22.0; p=0.021).  There was no difference 

in gender between HIV-infected and HIV-uninfected children.   

3.4.2 Respiratory viral identification  

NPAs from 277 children were available for identification of respiratory viruses.  At 

least one respiratory virus was identified in 206 (74.4%) children.  HRV was the most 

common respiratory virus, identified in 92 (33.2%) children, followed by adenovirus 

(19.1%) and RSV (15.5%; Figure 3.1).  RSV-positive children (mean age 8.9 months, 

SD 3.0) were younger than RSV-negative children (mean age 13.4 months, SD 2.9 

p=0.022).  Adenovirus-positive children (mean age 18.6 months, SD 2.6) were older 

than adenovirus-negative children (mean age 11.5 months, SD 3.0).  There were no 

other age or gender differences between children with and without any particular virus.  

Adjusting for age effects, there were no significant differences in the frequency of any 

viral pathogen between HIV-infected and HIV-uninfected children (Figure 3.1).   
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Figure 3.1 Respiratory viruses identified in nasopharyngeal aspirates of HIV-infected 
and HIV-uninfected children (n=275).  Two cases with unknown HIV status excluded.  
 

3.4.3 HRV species and genotypes  

Ninety HRV-positive NPAs was successfully genotyped, of which 47(52.2%) were 

HRV-A, 8(8.9%) were HRV-B and 35(38.9%) were HRV-C.  Of the 47 HRV-A 

specimens, 45 were assigned to one of 24 known genotypes while 2 specimens could  

not be assigned as the sequences were equally related to 2 genotypes.  Of the 8 HRV-B 

specimens, 7 were assigned to one of 4 genotypes while one was not assigned.  All 35 

HRV-Cs were assigned to one of 16 genotypes.  No single genotype was identified 

more than 5 times in this population, with only 1 HRV-A genotype (R56) and 1 HRV-C 

genotype (W11) being identified 5 times.  There was no difference in the distribution of 

HRV species between HIV-infected and HIV-uninfected children (p= 0.873).  
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There were no differences between demographic characteristics, past morbidities and 

co-morbidities or current hospitalization (Table 3.1), clinical features (Table 3.2) or 

laboratory and microbiology findings (Table 3.3) between HRV-A and HRV-C.  HRV-

B was excluded from analyses due to low numbers.   

Table 3.1 Demographic characteristics, past morbidity and co-morbidity and current 
hospitalization of human rhinovirus-A and human rhinovirus-C positive children.  
 HRV-A 

(n=47) 

HRV-C 

(n=35) 

p-value 

Demographic    

Age in months: mean (SD) 18.5 (20.4) 22.8 (24.5) 0.391 

Group Age <12 months: n (%) 23 (48.9%) 15 (42.9%) 0.585 

Gender, male: n (%) 19 (40.4%) 19 (54.3%) 0.213 

Past morbidity and co-morbidity     

HIV infection: n (%) 8 (17.0%)* 7 (20.0%) 0.765 

Previous admission for pneumonia: n (%) 5 (10.6%) 0 (0.0%) 0.090 

Current hospitalization and final diagnosis     

Length of admission (days): mean (SD) 4.47 (3.09) 3.88 (1.95) 0.324 

Final diagnosis- malaria: n (%) 6 (12.8%) 3 (8.6%) 0.548 

Final diagnosis- viral pneumonia: n (%) 7 (14.9%) 3 (25.0%) 0.387 

Final diagnosis- bacterial pneumonia: n (%) 2 (4.3%) 3 (8.6%) 0.419 

*HIV status unknown from 1 case 
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Table 3.2 Clinical features of hospitalized human rhinovirus-A and human rhinovirus-C 
positive children.   
Clinical Features HRV-A 

(n=47) 

HRV-C 

(n=35) 

p-value 

Respiratory signs and symptoms    

Fever on admission: n (%)  46 (97.9%) 35 (100.0%) 0.385 

Hyperpyrexia (temperature > 39ºC): n (%) 9 (19.6%) 7 (20.0%) 0.961 

Axillary temperature (ºC): mean (SD) 37.7 (1.0) 37.9 (1.0) 0.467 

Oxygen saturation: mean (SD) 95.7 (1.0) 96.4 (1.0) 0.214 

Hypoxemia (Sat02 < 90%): n (%) 1 (2.2%) 0 (0.0%) 0.380 

Cyanosis: n (%) 2 (4.3%) 1 (2.9%) 0.645 

Lower chest wall indrawing: n (%) 32 (68.1%) 24 (68.6%) 0.683 

Nasal flaring: n (%) 28 (59.6%) 21 (60.0%) 0.684 

Rhinorrhoea: n (%) 14 (29.8%) 8 (22.9%) 0.514 

Grunting: n (%) 9 (19.1%) 4 (11.4%) 0.420 

Rhonchi: n (%) 16 (34.0%) 13 (37.1%) 0.670 

Wheezing: n (%) 13 (27.7%) 7 (20.0%) 0.476 

Prolonged expiration: n (%) 2 (4.3%) 4 (11.4%) 0.331 

Crackles: n (%) 28 (59.6%) 243 (68.6%) 0.530 

Digital Clubbing: n (%) 0 (0.0%) 1 (2.9%) 0.352 

Hepatomegaly: n (%) 0 (0.0%) 2 (5.7%) 0.178 

Splenomegaly: n (%) 2 (4.3%) 3 (8.6%) 0.505 

Pallor: n (%) 6 (12.8%) 1 (2.9%) 0.279 

Nutritional Status    

Height (cm): mean (SD) 73.5 (15.6) 76.1 (15.7) 0.417 

Weight (kg): mean (SD) 8.00 (1.5) 8.58 (1.5) 0.426 

 Malnutrition: n (%) 4 (8.5%) 4 (11.4%) 0.631 

Severe malnutrition (WAZ<-3DS): n (%) 9 (19.1%) 8 (22.9%) 0.682 

Weight for age Z score (WAZ): mean (SD) -1.62 (1.87) -1.78 (1.44) 0.604 
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Table 3.3 Laboratory and microbiology findings of human rhinovirus-A and human 
rhinovirus-C positive children.   
 HRV-A 

(n=47) 

HRV-C 

(n=35) 

p-value 

White blood cell count (103/µl): mean (SD) 14.16 (1.67) 17.00 (1.75) 0.137 

Abnormal WBC (<5 or >20): n (%)  15 (33.3%) 10 (29.4%) 0.920 

Red blood cell count (106/µl): mean 106/µl (SD) 3.81 (0.93) 3.72 (0.89) 0.717 

Haemoglobin (g/l): mean (SD) 8.86 (2.44) 8.97 (2.19) 0.738 

Haematocrit (g/l): mean (SD)  26.0 (1.3) 25.6(1.3) 0.794 

Moderate or severe anaemia  

(Haematocrit <25g/l): n (%) 

16 (36.4%) 13 (38.2%) 0.865 

Plasmodium density (parasites/µl): mean (SD) 3.71 x 104  

(5.4) 

15.7 x 104 

(3.4) 

0.103 

Lymphocyte count (103/µl): mean (SD) 5.12 (1.7) 4.74 (1.6) 0.543 

Monocyte count (103/µl): mean (SD) 1.27 (2.9) 1.40 (2.8) 0.705 

Eosinophil count (103/µl): mean (SD) 0.10 (2.9) 0.17 (3.5) 0.077 

Basophil count (103/µl): mean (SD) 0.05 (2.3) 0.06 (2.2) 0.716 

Bacteraemia     

All cause: n (%) 2 (4.3%) 3 (8.6%) 0.492 

 

3.4.4 HRV co-infections with other respiratory viruses  

Of the 92 HRV- positive children, 35 had co-infections with one other respiratory virus, 

11  had co-infections with two other respiratory viruses and 3 had co-infections with 

three other respiratory viruses.  The most common HRV co-infections were with 

adenovirus (21.7%) and RSV (15.2%).  There were no differences in clinical features 

between children with a single virus identification compared with children who had 

multiple viruses identified.  HRV-C infected children were more likely to have co-

infection with metapneumovirus than HRV-A or HRV-B infected children (20.0% in 
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HRV-C vs. 4.3% in HRV-A and 0% in HRV-B; (p=0.039).  There were no other 

differences in HRV species and viral co-infections (data not shown).       

3.4.5 Seasonality  

One hundred and eighty four (66.4%) children were recruited during the warm and wet 

season (November to April) and 93 (33.6%) during the cool and dry season (May to 

October).  The monthly distribution of HRV species in comparison to RSV is shown in 

Figure 3.2.  Overall, HRV showed seasonal variation (p=0.023) and was less frequent 

from June to August (with the exception of May).  RSV showed strong seasonality 

(p<0.001), being most prevalent between January and May with 70% of all RSV 

identification occurring during February and March.  When we classified the months 

into two seasons; children were more likely to be RSV-positive during the warm and 

wet than cool and dry season (20.7% vs. 5.4%; p<0.01) and more likely to be HRV-C 

positive (18.5% vs. 9.8%, p=0.042) and enterovirus-positive (9.7% vs. 1.1%, p<0.01) 

during the cool than the warm season.  There were no other significant seasonal or 

monthly patterns for any other respiratory virus.  
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Figure 3.2 Human rhinovirus species and respiratory syncytial virus identified in ALRI 
cases each month.  
 

3.5 Discussion 

Consistent with previous reports from Mozambique, HRV was the most common 

respiratory virus identified in Mozambican children from Manhiça with clinical 

pneumonia.24, 27  HRV-A was the most commonly identified HRV species followed by 

HRV-C and HRV-B.  Only three studies have investigated HRV species in children 

with respiratory illness in Africa.  Consistent with our findings, two studies of children 

with ALRI from Kenya and Burundi reported that HRV-A was the most common 

species identified, followed by HRV-C and HRV-B.28, 39  In contrast, a study from 

South Africa investigated acute wheezing illness in young children31 and reported HRV-

C as the most common HRV species.  Other studies of children hospitalized with 

asthma or wheezing, predominantly from developed countries, have also found HRV-C 

to be the most frequently identified species.35-37, 152  Several HRV genotypes from each 

species were identified suggesting that a large number of genotypes are circulating in 
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the community and that no single HRV genotype predominates at any given time.  

Hence, our findings support the majority of African studies that report HRV-A to be 

more common than HRV-C in children with ALRI.      

 

A respiratory virus was identified in almost three quarters of children hospitalized with 

clinical pneumonia, which is higher than previous results from Mozambique24, 27 but 

comparable with results from other similar settings.40, 159  We also identified higher 

prevalence of viral co-infections (24.2%) than the previous reports from Mozambique 

which may be due to screening with a larger panel of respiratory viruses as well as more 

sensitive molecular techniques.24, 27  However, comparable rates have been reported in 

paediatric populations outside Mozambique.57  Given the high rate of viral 

identifications in children hospitalized with ALRI, our findings support current 

literature on the importance of respiratory viruses in the pathogenesis of ALRI.  

However, like the majority of viral aetiology investigations, our study was limited by 

the use of NPAs to identify respiratory viruses, which may not be entirely representative 

of respiratory viruses in the lower airway.   Further investigations using lower airway 

samples as well as the inclusion of a contemporaneous control group may facilitate 

better understanding of the role of viruses in clinical pneumonia.  

 

This is the first study to describe the prevalence of HRV species among HIV-infected 

and HIV-uninfected children in Mozambique with clinical pneumonia.  Thirty eight 

(13.7%) cases were HIV-infected, of which 26 (68.4%) had at least one respiratory 

virus.  Contrary to our hypothesis, respiratory virus (including HRV species) 

identification was not more common among HIV-infected than HIV-uninfected 

children.  However, previous studies from Africa have reported increased viral 

identification rates among HIV-infected children.27, 87  Madhi et al reported that  that 
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viral identification among HIV-infected children varied according to respiratory virus 

and was lowest for RSV.87  There are limited viral data on HIV-infected children with 

ALRI and, like ours, most of these studies were limited to relatively small sample sizes 

and were unable to draw conclusions about the role of HIV.  Further investigations 

including a larger HIV-infected cohort are needed.   

 

Overall, we did not find HRV to be associated with any particular clinical feature.  In 

contrast, other studies have reported HRV identification in children with ALRI was 

associated with unique clinical characteristics such as wheeze160 and atopic 

dermatitis.161  We also did not observe any differences in associated clinical features 

between the three HRV species.  However, this could be due to the small numbers 

within each HRV species, particularly in the HRV-B group, as well as our study 

population representing a severe subset of all respiratory infections.  In concordance 

with our findings, Luchsinger et al did not observe any differences between HRV 

species according to clinical features or severity of illness in infants in Chile with 

ALRI.162  We also investigated associations between respiratory viruses and clinical 

features.  Of all other respiratory viruses, RSV was positively associated with the most 

number of clinical features including wheeze, oxygen saturation, lower chest wall 

indrawing, nasal flare and deep breathing.  Though not significant, we observed that 

children identified only with RSV were slightly younger than those with HRV (15.4 

months vs. 22.6 months; p=0.120), which may partly explain differences in clinical 

severity observed.  Similarly, other studies have also reported that RSV was associated 

with more severe disease than HRV.162, 163  However, these studies investigated children 

with bronchiolitis rather than pneumonia and may also be confounded by age.      
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Two-thirds of children were recruited during the warm and wet months.  This is 

consistent with previous studies from Mozambique that reported an increase in the 

number of outpatient visits associated with malaria164 and lower respiratory infection165  

during the rainy months of the year.   Furthermore, O’Callaghan et al showed that viral 

respiratory infections contributed to the high burden of hospital visits during this these 

months.24  HRV was prevalent throughout the year, with no significant differences 

between the seasons.  Although we observed slightly lower HRV prevalence during the 

cool and dry season, particularly from June to August, this was not significant and 

possibly due to population size.  Our findings are supported by previous investigations 

of HRV species in Africa which found no seasonality patterns for HRV or HRV species 

identification.21, 39  In contrast to HRV, RSV did show seasonality patterns and was 

most prevalent during the warm and wet season.  This finding has been supported by 

previous studies from Mozambique19 and Ghana21  that reported RSV epidemics during 

the rainy season.   In contrast, other studies from Burkina Faso,30 Senegal166 and South 

Africa19 found RSV infections peaked  in the dry season. 

 

The main strengths of this study are the long recruitment period (over more than two 

and a half years) and the inclusion of both HIV-infected and HIV-uninfected children.  

This study also has a few limitations.  Firstly, we identified respiratory viruses in NPAs.  

Although nasopharyngeal carriage of viruses has been associated with lower respiratory 

tract infections, it also occurs among healthy, asymptomatic individuals.  Since the 

mechanisms that lead to lower respiratory infection remain poorly understood, viral 

identification in the upper airway may not be entirely representative of that of the lower 

airway.  Furthermore, since we are unable to differentiate identification from clinical 

infection using molecular methods of detection, a virus-positive NPA suggests but does 

not prove causation.  Secondly, our study population is comprised of a group of 
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moderate-severe ALRI cases admitted to a hospital and fulfilling a strict pre-defined set 

of clinical criteria for pneumonia as defined by IMCI guidelines.  Hence, our findings 

are not necessarily representative of the overall ALRI population and do not include 

children with isolated symptoms such as wheeze.  Thirdly, our study did not include a 

completely contemporaneous, age-matched control group to compare the prevalence of 

respiratory viruses between sick and healthy children.  A useful control group may 

include children from the community without respiratory illness or with an upper 

respiratory illness not severe enough to present to hospital.  Nonetheless, this study 

provides important data on the prevalence of HRV species in children with clinical 

pneumonia in Mozambique 
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Supplementary Table 3.1 Clinical features of hospitalized children with virus identified.  
 HRV 

 
(n=92) 

Adenovirus 
 

(n=53) 

RSV 
 

(n=43) 

Parainfluenz
a virus 
(n=25) 

Metapneumovirus 
 

(n=23) 

Bocavirus 
 

(n=23) 

Influenza 
virus 

(n=18) 

Enterovirus 
 

(n=23) 

Coronavirus 
 

(n=4) 
Respiratory signs and symptoms          
   Axillary temperature (ºC): mean (SD) 37.9 (1.2) 38.6 (1.1) 37.8 (1.2) 38.4 (1.1) 38.1 (1.3) 38.0 (1.2) 37.8 (0.85) 37.6 (1.5) 38.0 (1.5) 

   Fever on admission  91 (98.9%) 53 (100.0%) 43 (100%) 25 (100.0%) 5 (21.7%) 23 (100.0%) 18 (100.0%) 23 (100.0%) 4 (100%) 

   Hyperpyrexia (temp > 39ºC) 20 (22.0%) 23 (43.4%)* 8 (18.6%) 8 (32.0%) 6 (6.3%) 5 (21.7%) 2 (11.1%) 5 (21.7%) 1 (25.0%) 

   Respiratory rate: median (IQR) 58.0 
(50.0-65.0) 

52.0 
(48.0-61.0) 

58.0 
(52.0-64.0) 

60.0 
(51.0-74.5) 

60.0 
(52.0-70.0) 

52.0 
(44.0-62.0) 

60.0 
(52.0-64.5) 

56.0 
(52.0-68.0) 

60.0 
(46.0-60.0) 

   Oxygen saturation: mean (SD) 96.1 (2.5) 96.7 (2.0) 95.6 (2.9) 96.2 (2.2) 96.6 (2.3) 95.9 (2.9) 95.9 (2.9) 97 3 (1.3) 95.0 (2.7) 

   Hypoxemia (Sat02 < 90%) 1 (1.1%) 1 (1.9%) 2 (25.0%) 1 (4.0%) 0 (0.0%) 2 (8.7%) 1 (5.6%) 0 (0.0%) 0 (0.0%) 

   Cyanosis 4 (4.3%) 1 (1.9%) 3 (7.0%) 0 (0.0%) 2 (8.7%) 1 (4.3%) 0 (0.0%) 1 (4.3%) 0 (0.0%) 

   Lower chest wall indrawing 60 (65.2%) 26 (49.1%)* 37 (86.0%)* 15 (60.0%) 16 (69.6%) 15 (65.2%) 14 (77.8%) 15 (65.2%) 2 (50.0%) 

   Nasal flaring 51 (55.4%) 24 (45.3%) 29 (67.4%)* 12 (48.0%) 13 (56.5%) 13 (56.5%) 11 (61.1%) 13 (56.5%) 2 (50.0%) 
   Rhinorrhoea 23 (25.0%) 12 (22.6%) 11 (25.6%) 9 (36.0%) 9 (39.1%) 7 (30.4%) 4 (22.2%) 7 (30.4%) 1 (25.0%) 

   Grunting 14 (15.2%) 5 (9.4%) 3 (7.0%) 7 (28.0%) 3 (13.0%) 6 (26.1%) 3 (16.7%) 6 (26.1%) 1 (25.0%) 

   Abnormal respiratory rate 1 (1.1%) 0 (0.0%) 1 (2.3%) 0 (0.0%) 0 (0.0)%) 1 (4.3%) 0 (0.0%) 1 (4.3%) 0 (0.0%) 

   Inspiratory stridor 6 (6.5%) 1 (1.9%) 2 (4.7%) 3 (12.0%)* 0 (0.0%) 2 (8.7%) 0 (0.0%) 2 (8.7%) 0 (0.0%) 

   Rhonchi 31 (33.7%) 19 (35.8%) 18 (41.9%) 7 (28.0%) 9 (39.1%) 11 (47.8%) 7 (38.9%) 11 (47.8%) 2 (50.0%) 

   Wheezing 22 (23.9%) 6 (11.3%) 15 (34.9%)* 3 (12.0%) 2 (26.1%) 4 (17.4%) 4 (22.2%) 4 (17.4%) 0 (0.0%) 
   Prolonged inspiration 9 (9.8%) 2 (3.8%) 5 (11.6%) 3 (12.0%) 2 (8.7%) 1 (4.3%) 1 (5.6%) 1 (4.3%) 0 (0.0%) 

   Crackles 55 (59.8%) 30 (56.6%) 26 (60.5%) 14 (56.0%) 19 (82.6%)* 14 (60.9%) 12 (66.7%) 14 (60.9%) 3 (75.0%) 

   Capillary refill time: mean (SD) 1.9 (0.75) 1.9 (0.64) 1.9 (0.7) 2.1 (0.7) 1.8 (0.5) 1.9 (0.6) 1.9 (0.7) 1.8 (0.4) 2.3 (0.6) 

   Hepatomegaly  2 (25.0%) 3 (37.5%) 1 (12.5%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 

   Splenomegaly 6 (35.3%) 3 (17.6%) 1 (5.9%) 1 (5.9%) 1 (5.9%) 2 (11.8%) 0 (0.0%) 1 (5.9%) 0 (0.0%) 

Nutritional Status          
   Height (cm): mean (SD) 75.6 (16.0) 81.3 (14.9) 70.6 (16.0) 71.8 (14.0) 75.0 (13.2) 75.7 (12.9) 73.9 (16.3) 78.7 (10.2) 68.35 (8.8) 

   Weight (kg): mean (SD) 9.2 (4.0) 10.4 (3.9) 8.2 (3.1) 8.7 (3.5) 9.5 (3.8) 8.9 (3.4) 9.0 (2.8) 10.6 (3.2) 7.45 (1.8) 

   Malnutrition 10 (10.9%) 7 (13.2%) 5 (10.8%) 0 (0.0%) 4 (17.4%) 3 (13.0%) 2 (11.1%) 3 (13.0%) 1 (25.0%) 

   Mid upper arm circumference (cm):    
   mean (SD)  

13.6 (1.9) 14.1 (1.9) 13.4 (1.6) 13.8 (1.7) 13.7 (1.5) 13.7 (1.7) 13.7 (0.93) 14.8 (1.5)* 14.0 (0) 

Adeno*hyperpyrexia p=0.009; Adeno* lower chest wall indrawing p= 0.027 (negative association); RSV*oxygen saturation p=-0.037; RSV* lower chest wall indrawing p=0.004; 
RSV*nasal flare p=0.023; RSV* deep breathing (Kussmaul) p=0.007; RSV*wheezing p=0.009; Parainfluenza*stridor p=0.032; Metapneumovirus*crackles p=0.041; 
Coronavirus*height p=0.001 (smaller height in coronavirus positive); Enterovirus*mid upper arm circumference p=0.047 
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Chapter 4 

_____________________________________________________ 

 

Human Rhinovirus is the Most Commonly Identified 

Respiratory Virus in Children from the Community in 

Mozambique  
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4.1 Abstract 

Background: Respiratory viruses are the most common cause of upper and lower 

respiratory tract infections worldwide but are also commonly identified in 

asymptomatic individuals.  The prevalence of respiratory viruses (and in particular 

human rhinovirus (HRV) species) among children without acute lower respiratory 

infections in the community in Africa is unknown. 

Objective: To describe the prevalence of respiratory viruses (including HRV species) in 

children from the community in Manhiça Mozambique. 

Methods: In a prospective community study, 206 children 0-5 years of age were 

recruited from the community in Manhiça Mozambique.  Nasopharyngeal aspirates 

were collected from children for identification of common respiratory viruses using two 

independent multiplex RT-PCR assays with primers specific for each virus and viral 

type.  HRV species and genotypes were identified by semi-nested PCR assays, 

sequencing and phylogenetic tree analyses.  

Results: At least one respiratory virus was detected in 34 (16.5%) children.  Almost all 

of these detections were identified as HRV (30/34, 88.2%), which represented 14.6% of 

children (30/206).  Respiratory symptoms including cough, runny nose, wheezing and 

sneezing were significantly more common among HRV-positive children than HRV-

negative children.  HRV-A was the most common HRV species identified (22/30, 

73.3%), followed by HRV-C (5/30, 16.7%) and HRV-B (3/30, 10.0%). 

Conclusions: Overall, prevalence of respiratory viruses in this rural community in 

Mozambique was low.  HRV was the most common virus identified in these children 

and was associated with the presence of respiratory symptoms.  HRV-A was the most 

common HRV species and other respiratory viruses were rare.    
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4.2 Introduction 

Respiratory viruses are widely acknowledged to be the most common cause of both 

upper and acute lower respiratory tract infections (ALRI) worldwide.149  Childhood 

respiratory infections are a major cause of morbidity and mortality in Africa and an 

estimated 43% of ALRI-associated deaths worldwide occur in sub-Saharan Africa 

alone.3-6  Advances in molecular detection methods over the last few decades have led 

to increased identification of respiratory viruses as well as the retrospective discovery of 

several new respiratory viruses and viral species.  Although not as comprehensively 

studied as in the developed world, several studies from Africa have utilized advanced 

molecular methods to investigate the prevalence of respiratory viruses in children 

hospitalized with ALRI.  The results of these studies support data from developed 

countries showing that viruses are frequently identified in African children hospitalized 

with respiratory illness with virus isolation rates ranging from 48-78%.23, 24, 26, 27, 29, 30 

 

Several studies from developed countries have shown that nasopharyngeal identification 

of respiratory viruses is also common among asymptomatic individuals.  In a 

comprehensive review of the medical literature of the past four decades, Jartti et al 

reported that common respiratory viruses including human rhinovirus (HRV), 

adenovirus and respiratory syncytial virus (RSV) were identified in 15%, 5.3% and 

2.6% of asymptomatic subjects respectively using PCR-based methods.  These findings 

raise questions about the relationship between viral detection and clinical significance.  

Very few African studies have investigated respiratory viruses in asymptomatic or 

community children or have even included a control group in hospital-based viral 

aetiology studies, particularly in rural settings.  In one study from South Africa, a non-

respiratory control group was recruited from a vaccination clinic and HRV, RSV and 

adenovirus was investigated and identified in 18.8%, 4.2% and 2.1% of children 
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respectively.  Data on viral identification in asymptomatic and community children are 

likely to provide important information on the transmission of respiratory viruses in the 

community.  Only one existing study has examined respiratory viruses in a community 

cohort in Africa and this study only characterized RSV.167  No studies have reported on 

a comprehensive range of respiratory viruses in children from the community in Africa 

using PCR-based methods. 

 

HRV is the most commonly identified respiratory virus and is responsible for almost 

two-thirds of cases of the common cold59 as well acute lower respiratory tract infections 

(ALRI).  Studies from African countries have reported HRV prevalence rates ranging 

from 25% to 58% among children hospitalized with ALRI.23-31  Since the identification 

of a third HRV species, HRV-C, in 2006, several studies of children hospitalized with 

ALRI or asthma from developed countries have reported that HRV-C was the most 

prevalent HRV species and was often associated with more severe illness.1, 32-38  Only 

three published studies have investigated the prevalence of HRV species in African 

children, all of which were in children hospitalized with respiratory illness.28, 31, 39  

While these studies confirmed the importance of HRV in African children, they were 

inconclusive with respect to the role of specific HRV species in ALRI in African 

children.  No study to date has investigated HRV species in children from the 

community in any African setting.  

 

The aim of this study was to describe the prevalence of respiratory viruses, in particular 

HRV and HRV species in children from a rural community in Manhiça, Mozambique.  

We hypothesized that HRV is the most common respiratory virus identified in children 

from the community but will be less common than in children hospitalized with ALRI 

in Mozambique (as reported in Chapter 3 of this thesis).    
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4.3 Materials and Methods 

4.3.1 Study setting and population 

This study was conducted by the Manhiça Health Research Centre (Centro de 

Investigação em Saúde da Manhiça, CISM) at the Manhiça District Hospital (MDH); a 

public hospital in Southern Mozambique.  Details of the study area are further described 

in Chapter 3 of this thesis as well as in a previous publication.158  Written informed 

consent was obtained from parents or guardians prior to participation and both the 

hospital and community studies were approved by the University of Western Australia 

Human Research Ethics Committee, the Ethics Committee of the Hospital Clinic 

(Barcelona, Spain) and the Republic of Mozambique (Comité Nacional de Bioética para 

a Saúde) Ethics Committee prior to commencement.   

 

Between September 2012 and November 2012, children 0-5 years of age were randomly 

selected from the community in Manhiça, Mozambique using the demographic 

surveillance system (DSS) and brought to CISM for enrolment.  Children with a 

respiratory illness severe enough to require hospitalization or medical treatment were 

excluded from the study.  A nasopharyngeal aspirate (NPA) was collected from each 

child by a trained study health assistant on the day of recruitment.  A detailed 

questionnaire was used to collect demographic and clinical information and was 

administered by the study doctor to parents or guardians of enrolled children.  Known 

HIV status was collected via the questionnaire but HIV testing was not offered.  

Children with mild respiratory symptoms (e.g. cough, runny nose etc.) were not 

excluded and information about current symptoms was collected via the questionnaire.  
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4.3.2 Virus detection 

NPAs were stored at -80ºC in Manhiça, Mozambique until sent to the study laboratory 

in Perth, Western Australia, on dry ice, for processing.  Common respiratory viruses 

(adenovirus, RSV, bocavirus, coronavirus, parainfluenza viruses, influenza viruses and 

metapneumovirus) were identified by PathWest Laboratory Medicine in Perth, Western 

Australia using a tandem multiplex real-time PCR assay as previously described.56  

HRV identification was based on a published molecular method to determine HRV 

genotypes and to differentiate closely related enteroviruses from HRV.67  Viral RNA 

was first extracted from a 240µl volume of NPA using the QIAGEN QIAamp Viral 

RNA Mini Kit (Spin protocol) and reverse transcribed to cDNA.  This was used for the 

PCR amplification of a 260-bp variable sequence in the 5′ non-coding region of the 

HRV genome using in-house designed primers.  PCR products were then sequenced 

commercially by the Australian Genome Research Facility.  Genotypes were assigned 

based on comparisons of the 5’ non-coding region sequences with those of 101 classical 

serotypes as well as 52 newly identified genotypes using ClustalX software (Conway 

Institute, University College Dublin, Dublin, Ireland).  Representative samples of each 

genotype have previously been sequenced at the VP4-VP2 coding region to confirm the 

species assignment.150, 151  

4.3.3 Statistical analyses  

Categorical variables associated with viral identification were examined using Chi-

squared (X2) or Fisher’s exact tests.  Continuous variables were analysed using variance 

(ANOVA) models and presented as means with standard deviation (SD).  Statistical 

analyses were performed using SPSS version 22.0 (SPSS Inc., Chicago, ILL, USA) and 

a p-value <0.05 was considered statistically significant. 
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4.4 Results 

4.4.1 Population demographics  

Two hundred and six children (52.4% male) enrolled between September 2012 and 

November 2012 were included in this analysis.  The mean age of the study population 

was 19.6 months.  Three (1.5%) children were known to be HIV-infected, 121 (58.7%) 

were known to be HIV-uninfected and the remaining 82 (39.8%) had unknown or 

undetermined HIV status.   

4.4.2 Respiratory viral identification and HRV species  

NPAs from all 206 community children were available for identification of respiratory 

viruses.  At least one respiratory virus was detected in 34 (16.5%) children.  HRV was 

the most common respiratory virus, identified in 30 (14.6%) children.  Detection of any 

other respiratory virus was very rare.  Adenovirus was identified in three (1.5%) 

children, coronavirus was identified in two (1.0%) children and parainfluenza was 

identified in one (1.0%) child.  Of the three children with adenovirus, one had co-

infection with HRV and one had co-infection with coronavirus.  HRV species for the 30 

HRV-positive NPAs, 22 (73.3%) were HRV-A, three (10.0%) were HRV-B and five 

(16.7%) were HRV-C.  In terms of prevalence of HRV species in the African 

community, this equates to 10.6% HRV-A, 1.4% HRV-B and 2.4% HRV-C. 

 

Given the low viral detection rates, further analyses on demographic characteristics 

(Table 4.1), current respiratory symptoms and past medical history (Table 4.2), 

laboratory and microbiology findings (Table 4.3) and environmental factors (Table 4.4) 

were only analysed between HRV-positive versus HRV-negative children.  Respiratory 

symptoms including cough, runny nose, wheezing and sneezing were significantly more 

common among HRV-positive children than HRV-negative children (Table 4.2).  
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Table 4.1 Demographic characteristics of human rhinovirus-positive and human 
rhinovirus-negative children.  
 HRV-positive 

(n=30) 

HRV-negative 

(n=176) 

p-value 

Demographic    

Age in months: mean (SD) 10.2 (8.79) 21.2 (15.04) <0.001 

Group Age <12 months: n (%) 23 (76.7%) 7 (23.3%) <0.001 

Gender, male: n (%) 17 (56.7%) 91 (51.7%) 0.615 

HIV-infected 1 (3.3%) 2 (1.1%) 0.257* 

*p-value from Fisher’s exact test 

Table 4.2 Current respiratory symptoms and past medical history reported in human 
rhinovirus-positive and human rhinovirus-negative children. 
 HRV-positive 

(n=30) 

HRV-negative 

(n=176) 

p-value 

Current respiratory symptoms    

Respiratory rate: mean (SD) 38.3 (7.8) 35.7 (8.7) 0.126 

Chest indrawing: n (%) 0 (0.0%) 0 (0.0%)  

Nasal flaring: n (%) 0 (0.0%) 0 (0.0%)  

Axillary temperature (ºC): mean (SD) 36.5 (0.56) 36.6 (0.50) 0.285 

Fever (or history of fever in last 24 hours): n (%) 1 (3.3%) 18 (10.2%) 0.397 

Cough: n (%) 18 (60.0%) 56 (31.8%) 0.003 

Runny nose: n (%) 24 (80.0%) 69 (39.2%) <0.001 

Nasal congestion: n (%) 5 (16.7%) 22 (12.5%) 0.760 

Sneezing: n (%) 13 (43.3%) 40 (22.7%) 0.017 

Wheezing: n (%) 3 (10.0%) 2 (1.1%) 0.043* 

Crackle: n (%) 3 (10.0%) 5 (2.8%) 0.148 

Hoarseness: n (%) 2 (6.7%) 16 (9.1%) 0.760 

Past medical history    

Duration of pregnancy (weeks): mean(SD) 38.3 (1.76) 38.4 (1.81) 0.843 

Child ever breastfed: n(%) 30 (100.0%) 167 (94.9%) 0.448 

Child still being breastfed: n(%):  25 (83.3%) 102 (58.0%) 0.008 

Child ever had eczema: n(%) 3 (10.0%) 30 (17.0%) 0.339 
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Child have allergies: n(%) 1 (3.3%) 3 (1.7%) 0.650 

*p-value from Fisher’s exact test 

Table 4.3 Laboratory and microbiology findings of human rhinovirus-positive and 
human rhinovirus-negative children.  
 HRV-positive 

(n=30) 

HRV-negative 

(n=176) 

p-value 

White blood cell count (103/µl): mean (SD) 13.2 (3.90) 11.9 (3.61) 0.094 

Red blood cell count (106/µl): mean (SD) 3.13 (4.15) 3.40 (3.60) 0.719 

Haemoglobin (g/l): mean (SD) 9.95 (1.15) 10.3 (1.50) 0.237 

Haematocrit (g/l): mean (SD)  26.2 (12.3) 28.1 (11.2) 0.387 

Plasmodium density (parasites/µl): mean (SD) 0 (0.0) 1433.36 (16421.4) 0.645 

Neutrophil count (10103/µl): mean (SD) 1.71 (2.81) 1.68 (4.14) 0.971 

Lymphocyte count (103/µl): mean (SD) 6.73 (6.02) 5.75 (5.30) 0.360 

Monocyte count (103/µl): mean (SD) 0.18 (3.12) 0.17 (3.12) 0.933 

Eosinophil count (103/µl): mean (SD) -0.51 (2.90) 0.27 (2.73) 0.664 

Basophil count (103/µl): mean (SD) -0.82 (2.77) -0.82 (2.70) 0.990 

 

Table 4.4 Environmental factors in human rhinovirus-positive and human rhinovirus-
negative children. 
 HRV-positive 

(n=30) 

HRV-negative 

(n=176) 

p-

value 

No. of children (<13years old??) in family: mean (SD) 2.73 (1.70) 3.07 (1.70) 0.313 

No. of people living in same house as child: mean (SD) 7.10 (2.47) 7.79 (3.83) 0.344 

No. of bedrooms in house: mean (SD) 2.00 (0.70) 2.22 (1.04) 0.264 

No. of people sleeping in same room as child: mean (SD) 3.30 (0.99) 3.30 (1.06) 0.989 

Gestational smoking (yes): n (%) 0 (0.0%) 0 (0.0%)  

Current exposure to smoking (yes): n (%) 4 (13.3%) 16 (9.1%) 0.503 

History of exposure to smoking (yes): n (%) 1 (3.3%) 13 (7.4%) 0.017 
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4.5 Discussion 

This is the first study to investigate the prevalence of a comprehensive range of 

respiratory viruses including HRV species in children from the community in Africa.  

HRV was the most commonly identified virus and was identified in 14% of children, 

regardless of respiratory symptoms.  This is consistent with Jartti et al’s review of 

studies from developed countries in the last four decades that reported a 15% HRV 

prevalence among asymptomatic subjects168.  Also consistent with the existing evidence 

that HRV is associated with upper respiratory tract infections, we found that current 

respiratory symptoms including runny nose, cough, sneezing and wheezing were more 

common in HRV-positive children than HRV-negative children in the community.  

However, the finding that some virus-negative children also had respiratory symptoms 

challenges the role of respiratory viruses in upper respiratory infections.  As 

hypothesized, HRV identification was less common in children from the community in 

Mozambique compared with children hospitalized with ALRI (33.2%) in Mozambique 

(as reported in Chapter 3 of this thesis), which suggests a role for HRV in acute 

respiratory disease.   

 

Regarding specific HRV species, HRV-A was the most prevalent species and was 

identified in almost three-quarters (73.3%) of HRV-positive children (10.6% of all 

community children).  In concordance with this, previous studies of HRV species in 

control or community populations outside of Mozambique in Papua New Guinea and 

rural Western Australia have also found HRV-A to be the most common HRV 

species.57, 169  HRV-C was identified in 17% of HRV-positive community children (or 

2.4% of all community children) in contrast to 39% of HRV-positive hospitalized 

children in Mozambique (Chapter 3).  This finding suggests that HRV-C is associated 
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with more severe respiratory illness than HRV-A in African children and supports 

previous studies from developed countries reporting these associations.1, 32-38   

In this community population, viruses other than HRV were extremely rare and were 

identified in only 4 (1.94%) children, of which 2 had dual infections.  The review by 

Jarrti et al reported a slightly higher prevalence of viruses; 5.3% for adenovirus and 

2.6% for RSV among asymptomatic individuals.  However, given our community 

population were recruited over a period of three months from September to November, 

the relatively lower prevalence of respiratory viruses such as RSV may be a result of 

seasonality factors.  In concordance with this, our Mozambique hospital population 

(Chapter 3) which recruited over a period of two and a half year showed that respiratory 

virus detection (particularly for RSV) was lower during these few months (September to 

November) in children with ALRI.  The Manhiça area has a subtropical climate with 

two distinct seasons; a warm and rainy season between November and April and cool 

and dry season during the rest of the year.  Although our study period included a cross-

over of both seasons, the recruitment of children over only three months was a 

limitation of this study that hindered our ability to investigate the seasonality of 

respiratory identifications in children in the community and provide a completely 

contemporaneous control group for our Mozambique hospital population.  Further 

studies over a longer period are needed to better understand the epidemiology and 

aetiology of respiratory viruses in the African community.  Nonetheless, the prevalence 

of HRV, particularly HRV-A, in children from the community and its associations with 

respiratory symptoms highlights the importance of identifying respiratory viruses in the 

community to gain a better understanding of the virus epidemiology.  This study 

provides empirical data that may be useful for future preventative strategies aimed at 

reduced virus transmission and infection in children.    
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Chapter 5 
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Human Rhinovirus C is Associated with Wheezing in 

Children Admitted with Clinically Severe Pneumonia in 

Rabat, Morocco 
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5.1 Abstract 

Introduction: Human rhinovirus (HRV) is the primary cause of upper respiratory 

infections and, more recently, has also been associated with severe acute lower 

respiratory infections (ALRI).  The prevalence of HRV species among children in 

Morocco is unknown. 

Objective: We aimed to describe the prevalence of HRV species and associations 

between HRV species and clinical features in children with clinical pneumonia from 

Rabat, Morocco.  

Methods: As part of a study investigating the epidemiology and aetiology of childhood 

ALRI in Morocco, 700 children, 2-59 months of age, admitted to the Hôpital d’Enfants 

de Rabat in Rabat with clinically severe pneumonia (according to the World Health 

Organization clinical criteria) were recruited over a period of 14 months.  Viral 

identification in the nasopharynx was almost universal, with at least one respiratory 

virus previously identified in up to 92% of children, of which HRV was the most 

common (53%).  HRV species and genotypes were identified in a randomly selected 

subset of 183 children with a positive HRV result by semi-nested PCR assays, 

sequencing and phylogenetic tree analyses.   

Results: One hundred and eight-three HRV-positive children (66.1% male) with a mean 

age of 2.03 (SD 1.38) years were included in the current HRV analysis.  HRV-positive 

specimens from 157 children were successfully genotyped, of which 60 (38.2%) were 

HRV-A, 8 (5.1%) were HRV-B and 89 (56.7%) were HRV-C.  Radiologically-

confirmed pneumonia was more common among HRV-A positive (40.0%) than HRV-C 

positive children (20.2%; p=0.009).  Wheezing and cyanosis were significantly more 

common among HRV-C positive than HRV-A positive children (80.9% vs. 56.7%; 

p=0.001 and 10.1% vs. 0%; p=0.011, respectively).  HRV-A and HRV-C showed 

distinct seasonal patterns.    
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Conclusions: HRV is likely to contribute to ALRI in hospitalized children in Morocco.  

HRV-A is more likely than HRV-C to be associated with radiologically-confirmed 

pneumonia while HRV-C is more often associated with a wheeze-type illness.  

5.2 Introduction 

Acute lower respiratory infections (ALRI) are the leading cause of childhood mortality 

in low-and middle-income countries, accounting for an estimated 1.3 million deaths 

each year. 4, 170  Respiratory viruses are the leading cause of ALRI and are an important 

cause of ALRI-associated mortality.171, 172  Human rhinovirus (HRV) is the most 

common cause of childhood respiratory infections worldwide and is responsible for 

almost two-thirds of cases of the common cold59 as well as lower respiratory tract 

infections including pneumonia and bronchiolitis.  Advances in molecular diagnosis 

have led to a better understanding of the HRV species and the identification of a third, 

previously unidentified species, HRV-C, in 2006.1, 2 This has led to improved 

investigations of HRV species but such studies have largely been limited to developed 

countries.  The majority of these studies investigating HRV species in children 

hospitalized with ALRI found that HRV-C is the most prevalent HRV species and is 

often associated with more severe illness.1, 32-38    

 

Only one study has reported on the overall prevalence of HRV in children with ALRI in 

Morocco40 and none have investigated HRV species.  Only a few studies have 

investigated the prevalence of HRV species in children in Africa28, 31, 39 and the Middle 

East.37  While these studies confirmed the importance of HRV in African children, they 

were inconclusive with respect to the role of HRV species in ALRI.   
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Thus, we aimed to describe the prevalence of HRV species in HRV-positive children 

hospitalized clinical pneumonia in Rabat, Morocco. We hypothesized that HRV-C is the 

most common HRV species and that it was associated with more severe disease than 

HRV-A among young Moroccan children with clinically severe pneumonia (CSP).       

5.3 Materials and Methods 

5.3.1 Study setting and design 

This study, conducted from the Hôpital d’Enfants de Rabat in Rabat, Morocco is part of 

a larger project investigating the epidemiology and aetiology of CSP in children. 40  

From November 2010 to December 2011, children 2-75 months of age admitted to HER 

with clinically severe pneumonia (CSP), according to the WHO definition173, 174 (history 

of cough or reported breathing difficulty and increased respiratory rate according to age 

and chest indrawing), were approached for recruitment. Seven hundred children who 

fulfilled the inclusion criteria and provided parent/guardian consent were included in the 

study.  Recruited children underwent standardized procedures including anteroposterior 

chest X-ray, pulse oximetry (Bionics palm care) and nasopharyngeal aspirates (NPAs) 

for identification of respiratory viruses.  A minimum of 2 ml of venous blood was  

collected for blood culture,, full blood cell count and biochemical determinations,  The 

epidemiology and aetiology of respiratory infections in this population has been 

published previously.40  Clinical discharge diagnoses (pneumonia, bronchiolitis, 

bronchitis/asthma, laryngitis or other diagnosis) were coded using the International 

Classification of Diseases, 10th Revision, after a thorough evaluation of all the 

supporting clinical and laboratory data.  Respiratory viruses were identified in 

nasopharyngeal aspirates (NPAs) using TrueScience® RespiFinder Pathogen 

Identification Panel (Applied Biosystems).  As previously reported, a respiratory virus 

was identified in 628/684 children (92%), of which HRV was the most commonly 
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identified virus (360/685, 53%), followed by respiratory syncytial virus (RSV) 18% and 

adenovirus 17% .40  A subset of 183 children with a positive HRV result was randomly 

selected for HRV genotyping.   

 

This study was approved by the University of Western Australia Human Research 

Ethics Committee, the Ethics Committee of the Hospital Clinic (Barcelona, Spain) and 

by the Comite´ d’E´ thique de la Recherche´ Biome´dicale (De´part Nº 1252-

16De´c2009) of the Faculty of Medicine in Rabat. 

5.3.2 Virus detection 

NPAs were stored at -80ºC in Rabat until sent to the research laboratory in Perth, 

Western Australia, on dry ice.  HRV identification and genotyping was based on a 

published molecular method to determine HRV genotypes and to differentiate closely 

related enteroviruses from HRV.67  Viral RNA was first extracted from a 240µl volume 

of NPAs using the QIAGEN QIAamp Viral RNA Mini Kit (Spin protocol). This was 

used for the PCR amplification of a 260-bp variable sequence in the 5’ non-coding 

region of the HRV genome using specifically designed primers.  PCR products were 

then sequenced commercially by the Australian Genome Research Facility.  Genotypes 

were assigned based on comparisons of the 5’ non-coding region sequences with those 

of 101 classical serotypes as well as 52 newly identified genotypes using ClustalX 

software (Conway Institute, University College Dublin, Dublin, Ireland).   

Representative samples of each genotype were sequenced at the VP4-VP2 coding 

region to confirm the species assignment.150, 151  
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5.3.3 Statistical analyses 

Demographic, clinical and laboratory features (categorical variables) associated with 

HRV species (HRV-A and HRV-C) were examined using Chi-squared (χ2) or Fisher’s 

exact tests.  Continuous variables were analysed using variance (ANOVA) models and 

presented as means with SD or medians with IQR.  Variables that were not normally 

distributed were logarithm-transformed and presented as geometric means.  HRV-B was 

excluded from demographic, clinical and laboratory analyses due to small numbers.  

Statistical analyses were performed using SPSS version 22.0 (SPSS Inc., Chicago, ILL, 

USA) and a p-value <0.05 was considered statistically significant. 

5.4 Results 

5.4.1 Population demographics  

HRV-positive NPAs from 183 children (66.1% males) were available for HRV 

genotyping.  The mean age of the study population was 2.03 years (SD 1.38).  One 

hundred and fifty-seven of 183 HRV-positive NPAs were successfully genotyped and 

classified into one of the three HRV species.   Of the 157 genotyped specimens, 45 

(28.7%) had a final clinical (radiologically- confirmed) diagnosis of pneumonia, 15 

(9.6%) were diagnosed with bronchiolitis, 88 (56.1%) were diagnosed with 

bronchitis/asthma and three (1.9%) were diagnosed with laryngitis.      

5.4.2 HRV species and genotypes 

Of the 157 HRV-positive samples that were successfully genotyped, 60 (38.2%) were 

HRV-A, eight (5.1%) were HRV-B and 89 (56.7%) were HRV-C.  Of the 60 HRV-A 

positive specimens, 58 were assigned to one of 26 known genotypes while two 

specimens were equally related to two genotypes.  The eight HRV-B positive specimens 

were assigned to one of five known genotypes and the 89 HRV-C positive specimens 

were assigned to one of 27 known genotypes.  The most commonly identified HRV-C 
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genotypes, W24 and W15 were identified 13 (14.6%) and 11 (12.4%) times 

respectively.  The most commonly identified HRV-A genotypes, R12 and R2 were 

identified six (10.0%) each.  The age-specific prevalence of each of HRV-A, HRV-B, 

HRV-C and RSV is shown in Figure 5.1.  Demographic characteristics, past morbidity 

and co-morbidity and current hospitalization in children with HRV-A and HRV-C are 

described in Table 5.1.  

 

 

Figure 5.1 Age-specific prevalence of human rhinovirus species and respiratory 
syncytial virus in children hospitalized with clinical pneumonia from Rabat. 
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Table 5.1 Demographic characteristics and patient history of children with human 
rhinovirus-A and human rhinovirus-C hospitalized with clinical pneumonia from Rabat.   
 HRV-A 

(n=60) 

HRV-C 

(n=89) 

p-value 

Demographic    

Age in months: mean (SD) 22.9 (18.6) 23.8 (15.0) 0.737 

Age group <12 months: n (%) 22 (36.7%) 24 (27.0%) 0.209 

Gender, male: n (%) 37 (61.7%) 59 (66.3%) 0.563 

Patient History    

Prematurity: n (%) 3 (5.0%) 5 (5.6%) 0.870 

Breastfeeding ≥6months: n (%)  36 (60%) 57 (64.8%) 0.555 

Previous admission for ALRI: n (%) 26 (43.3%) 35 (39.3%) 0.626 

Diagnosed chronic condition: n (%) 7 (11.7%) 4 (4.5%) 0.101 

Known asthmatic patient: n (%) 14 (23.3%) 25 (28.1%) 0.517 

Smokers at home: n (%) 31 (51.7%) 42 (47.2%) 0.592 

*HRV-B excluded from analyses due to small numbers (n=8) 

5.4.3 Clinical diagnoses, features and laboratory findings  

Comparing clinical features (Table 5.2) between HRV-A and HRV-C positive cases, 

wheezing and cyanosis was more common among HRV-C positive than HRV-A 

positive children (80.9% vs. 56.7%; p=0.001 and 10.1% vs. 0%; p=0.011 respectively.  

Comparing discharge diagnoses between HRV-A and HRV-C positive cases (Table 

5.3), pneumonia was more common among HRV-A positive (40.0%) than HRV-C 

positive children (20.2%; p=0.009).  Although not statistically significant, bronchiolitis 

and bronchitis were more common among HRV-C positive than HRV-A positive 

children (13.5% vs. 5.0%; p=0.091 and 62.9% vs. 48.3%; p=0.078 respectively).  There 

were no other significant differences in clinical features or laboratory findings (Table 

5.4) between children with different HRV species.   
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Table 5.2 Clinical features of children with human rhinovirus-A and human rhinovirus-
C hospitalized with clinical pneumonia from Rabat.   
 HRV-A 

(n=60) 

HRV-C 

(n=89) 

p-value 

History of current disease    

Symptoms > 1 week: n (%) 7 (11.7%) 5 (5.6%) 0.183 

History of fever: n (%) 38 (63.3%) 49 (55.1%) 0.315 

History of vomiting: n (%) 28 (46.7%) 44 (49.4%) 0.740 

History of diarrhoea: n (%) 16 (26.7%) 12 (13.5%) 0.043 

Respiratory signs and symptoms    

Axillary temperature (ºC): mean (SD) 37.8 (1.0) 37.5 (1.0) 0.007 

Fever on admission  35 (58.3%) 40 (44.9%) 0.109 

Hyperpyrexia (temp > 39ºC) 9 (15.0%) 4 (4.5%) 0.026 

Oxygen saturation: mean (SD) 96.1 (3.37) 95.0 (4.36) 0.113 

Hypoxemia (Sa02 < 90%) 2 (3.5%) 5 (5.9%) 0.522 

Cyanosis 0 (0.0%) 9 (10.1%) 0.011 

Wheeze 34 (56.7%) 72 (80.9%) 0.001 

Crackles  9 (15.0%) 10 (11.2%) 0.499 

Cough 58 (96.7%) 88 (98.9%) 0.346 

Rhonchi 32 (53.3%) 40 (44.9%) 0.315 

Nutritional Status    

Weight for age Z score (WAZ): mean (SD) -0.71 (1.45) -0.28 (1.35) 0.157 

Malnutrition 26 (44.1%) 27 (31.0%) 0.108 
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Table 5.3 Discharge diagnoses, radiology endpoints and outcomes in children with 
human rhinovirus-A and human rhinovirus-C hospitalized with clinical pneumonia from 
Rabat.   
 HRV-A 

(n=60) 

HRV-C 

(n=89) 

p-value 

Discharge diagnoses    

Pneumonia: n (%) 24 (40.0%) 18 (20.2%) 0.009 

Bronchiolitis: n (%) 3 (5.0%) 12 (13.5%) 0.091 

Bronchitis: n (%) 29 (48.3%) 56 (62.9%) 0.078 

Laryngitis: n (%) 3 (5.0%) 0 (0.0%) 0.063 

Radiology endpoints    

Normal chest X-ray: n(%) 37 (72.5%) 51 (72.9%) 0.970 

Other infiltrates: n (%) 4 (7.8%) 8 (11.4%) 0.515 

Condensation/pleural effusion: n(%) 10 (19.6%) 11 (15.7%) 0.577 

Outcome    

Required oxygen during admission: n(%) 43 (71.7%) 76 (85.4%) 0.040 

Required bronchodilators during admission: n(%) 36 (60.0%) 69 (77.5%) 0.021 

Required corticosteroids during admission: n(%) 35 (58.3%) 65 (73.0%) 0.061 

Received antibiotics during admission: n(%) 24 (40.0%) 26 (29.2%) 0.171 

Length of admission (days): mean (SD) 6.35 (7.73) 5.20 (3.64) 0.226 

RISC score: mean (SD) 1.45 (1.35) 0.98 (1.12) 0.021 

Transferred to ICU: n(%) 0 (0.0%) 8 (9.0%) 0.017 
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Table 5.4 Laboratory findings in children with human rhinovirus-A and human 
rhinovirus-C hospitalized with clinical pneumonia from Rabat.   
 HRV-A 

(n=60) 

HRV-C 

(n=89) 

p-value 

All cause bacteremia: n (%) 4 (6.7%) 3 (3.4%) 0.359 

Pneumococcus carriage in the nasopharynx: n (%) 21 (35.0%) 22 (24.7%) 0.174 

Abnormal white blood cell (WBC) count*: n (%) 13 (25.5%) 21 (30.9%) 0.519 

High C-reactive protein (>5mg/dL): n (%) 19 (31.7%) 16 (18.0%) 0.089 

High procalcitonine (PCT): (>5ng/mL): n(%) 16 (26.7%) 14 (15.7%) 0.081 

*Abnormal WBC count includes WBC <5x103/µl (leukopenia) or >20x103/µl 
(leucocytosis) 

5.4.4 HRV species and viral co-infections 

We investigated co-infections between HRV species and other respiratory viruses as 

previously described (Table 5).40  Of the 183 HRV-positive cases analysed, 59 (32.2%) 

were co-infected with one other virus, 17 (9.3%) were co-infected with two other 

viruses, one (0.5%) was co-infected with three and 1 (0.5%) with four other viruses. 

Viral co-infections by HRV species are described in Table 5.5.  Children with HRV-A 

were more likely to have co-infection with metapneumovirus than children with HRV-

C, although numbers were very small (Table 5.5).  We did not observe any 

epidemiological, clinical or laboratory differences between children with HRV only and 

those with co-infections (data not shown).  

5.4.5 Seasonal distribution of HRV species 

HRV circulated throughout the year and overall was highest in autumn and lowest in 

winter (42.7% vs. 13.4%).  Different seasonal patterns were observed for HRV-A and 

HRV-C (p<0.001 for both, Figure 5.2).  HRV-A was higher in spring (43.3%) and 

autumn (31.7%) than in summer (15.0%) and winter (10.0%; p<0.001) while HRV-C 

was highest in autumn (49.4%) and lowest in spring (11.2%). 
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Table 5.5 Viral co-infections in children with human rhinovirus-A and human 
rhinovirus-C hospitalized with clinical pneumonia from Rabat.   

 HRV-A 

n=60 

HRV-C 

n=89 

p-value 

Adenovirus  9 (15.0%) 13 (14.6%) 0.947 

RSV 4 (6.7%) 9 (10.1%) 0.465 

Parainfluenza virus 3 (5.0%) 12 (13.5%) 0.091 

Influenza virus 0 (0.0%) 1 (1.1%) 0.410 

Metapneumovirus 3 (5.0%) 0 (0.0%) 0.033 

Coronavirus 5 (8.3%) 7 (7.9%) 0.918 

 

 

 

Figure 5.2 Season-specific prevalence of human rhinovirus-A, human rhinovirus-B and 
human rhinovirus-C in children hospitalized with clinical pneumonia from Rabat.  
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5.5 Discussion 

This is the first study to characterize HRV species in Moroccan children admitted to 

hospital with CSP.  As hypothesized, we found HRV-C to be the most commonly 

identified HRV species, accounting for over half of all genotyped HRVs.  In contrast to 

our findings, in an investigation of HRV species in the Middle East, HRV-A was found 

to be the most common species.37 However, the study by Miller et al from Jordan 

recruited children hospitalized with respiratory symptoms and/or fever and may 

represent a wider spectrum of respiratory disease compared with our population of 

severe pneumonia cases.  The three other HRV studies from Africa have shown varying 

HRV-A vs HRV-C results with one reporting equal prevalence,39 one reporting  HRV-A 

as the most common,28 and HRV-C predominating in the third study.31  However, it is 

important to note that the populations in the three studies differed in age and clinical 

presentation.  Our finding that HRV-C accounted for the majority of all HRVs has been 

supported by several studies around the world, many of which also found HRV-C to be 

associated with more severe respiratory illness, especially wheeze or asthma.1, 32-38  

Hence, our study confirmed that HRV-C is common and important in young Moroccan 

children hospitalized with CPS.  

 

This study was part of a series of comprehensive epidemiological, clinical and 

laboratory analyses describing Moroccan children admitted to hospital with CSP.  

Hence, we were able to investigate associations between HRV species and 

epidemiological, clinical and laboratory findings in Moroccan children for the first time.  

We found that radiologically-confirmed pneumonia was more common among HRV-A 

positive than HRV-C positive children while wheeze was less common among HRV-A 

positive than HRV-C positive children.  Our findings have been supported by studies 

from around the world2, 35, 36 including a study from the Middle East.37  Although Miller 
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et al found HRV-A to be the most common identified species overall in children with 

respiratory symptoms and/or fever, HRV-C was associated with wheeze.  In contrast, in 

two studies from China175 and Italy176 of childhood pneumonia, HRV-A was more 

common than HRV-C, identified in about half  the children compared with HRV-C that 

was only identified in 38% and 31% of children respectively.  Hence, we suggest that 

HRV-C plays a more important role in asthma and wheeze type illness while HRV-A 

plays a more important role in pneumonia.   

 

We investigated associations between HRV species and clinical features.  HRV-A 

positive children had a higher axillary temperature than HRV-C positive children.  In 

addition to wheeze, cyanosis was less common among HRV-A positive than HRV-C 

positive children. Miller et al reported that children in Jordan with HRV-C were more 

likely to require supplemental oxygen and less likely to report otalgia (ear pain) and 

suggested that HRV-C was more virulent than HRV-A.  The association between HRV-

C and supplemental oxygen resported by Miller et al concurs with our finding that 

HRV-C was associated with cyanosis.  With the exception of the wheeze, cyanosis and 

axillary temperature, clinical features between children with different HRV species 

were similar, suggesting that many clinical features overlap between the species.  

Similarly, other studies have also reported no differences in clinical features or severity 

of illness between HRV species.162  

 

We found seasonal differences between HRV-A and HRV-C, with HRV-A peaking in 

spring and HRV-C peaking in autumn.  Other studies from around the world have 

supported our findings of HRV-C to be most prevalent in autumn32, 36, 177, 178 and HRV-

A to be most prevalent in spring.36  Viral interference or cross-serological protection (as 
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seen with other viruses such as human parainfluenza virus32, 179)  have been suggested as 

contributing to the alternating activity between HRV-A and HRV-C.  

 

This study has a few limitations.  Firstly, we did not include contemporaneous healthy 

controls in our analysis to compare the prevalence of HRV species between sick and 

healthy children.  Previous studies from developing countries have reported HRV 

identification rates of up to 40% in non-respiratory controls.57  Secondly, using NPAs, 

viruses identified in the upper airway may not be entirely representative of the lower 

airway.  However, the use of NPAs for studying lower respiratory disease is widely 

accepted given the difficulties of obtaining lower respiratory tract samples.  

Furthermore, utilizing molecular methods to detect HRV in NPAs, we were unable to 

differentiate pathogenic from sub-clinical infection.  Even in the absence of other 

viruses, identification of HRV suggests but does not prove HRV was the causative 

agent. Further investigations of viruses present in lower respiratory samples as well as 

identification of more bacteria in the respiratory tract could contribute to better 

understanding of the pathogenesis of HRV.  Finally, our study population is comprised 

of a group of WHO-defined CSP cases admitted to a hospital and, hence, our findings 

may not be representative of respiratory illness overall.  Nonetheless, this study has 

provided data on the distribution of HRV species in Morocco for the first time, with 

important findings on the associations between HRV-A and pneumonia and HRV-C and 

wheeze.  
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6.1 Abstract 

Background: The advent of 16S rRNA gene sequencing has advanced the field of 

human microbiome research and demonstrated relationships between the airway 

microbiome and respiratory disease.  Very little is known about the respiratory 

microbiome in either African or HIV-infected paediatric populations.  

Objectives: To characterize the oropharyngeal microbial communities between young 

South African children from different clinical groups of interest: ALRI cases vs. non-

respiratory controls, HIV-infected children vs. HIV-uninfected children, pneumonia 

cases vs. bronchiolitis cases; as well as between ALRI cases with and without 

commonly identified respiratory viruses. 

Methods: DNA was extracted from oropharyngeal throat swabs collected from 96 

hospitalized ALRI cases and 49 non-ALRI controls less than two years of age.  The V3-

V5 variable region of the 16S rRNA gene was amplified and sequenced using the 

Illumina MiSeq Platform.    

Results: Streptococcus was the most abundant genus identified in children with and 

without ALRI and with and without HIV.  There were no differences in overall diversity 

of microbial communities between ALRI cases and non-ALRI controls (Shannon index: 

t(63.5)= 0.12, p=0.31 and Simpson index: t(66.1)= -1.12, p=0.31) or between HIV-

infected and HIV-uninfected  ALRI-cases (Shannon index: t(15.6)= -0.43, p=0.6 and 

Simpson index: t(16.4)= -0.48, p=0.64).  However, several operational taxonomic units 

were differentially abundant between ALRI cases and controls, HIV-infected and HIV-

uninfected cases, pneumonia and bronchiolitis cases and cases with and without 

respiratory viruses. 

Conclusions: Different bacteria (even within the same genus) have a different 

pathogenic role and some may even be protective or involved in synergistic 
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relationships protecting against respiratory disease.  There is decreased abundance of 

certain OTUs among HIV-infected children compared with HIV-uninfected children 

6.2 Introduction 

It is well established that acute lower respiratory infections (ALRI) are caused primarily 

by viruses and bacteria.  The advent of culture-independent microbiological techniques, 

such as 16S rRNA gene sequencing, have demonstrated that the lungs of healthy 

individuals are not sterile as once believed and that the respiratory microbiome is far 

more complex than previously recognized.96  Recent application of these techniques has 

moved beyond descriptions of microbial communities of various body sites including 

the respiratory tract to demonstrating relationships between the microbiome 

composition and disease profiles.  The human microbiome is now widely acknowledged 

as playing an important role in the aetiology and pathogenesis of a spectrum of diseases 

including those of the respiratory system. 180 

 

A number of studies have demonstrated associations between the respiratory 

microbiome and respiratory disease with conflicting conclusions.98-100, 181-183  

Differences in study populations, types of respiratory sample collected, sample 

collection techniques and sequencing methodologies contribute to the variability of 

existing results.  In one of the earliest respiratory microbiome studies using 16S rRNA 

sequencing, Hilty et al. found that the most highly abundant sequences belonged to the 

genera Prevotella, Streptococcus and  Staphylococcus, and furthermore, that the airway 

microbiota was disturbed in asthma and COPD patients.99  More recently, a longitudinal 

study examining the nasopharyngeal microbiome of 234 Australian infants during the 

first year of life184 reported that Moraxella, Streptococcus and Corynebacterium were 

the most abundant genera.  Moraxella and Sreptococcus were significantly more 
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frequent in samples collected from infants during respiratory illness compared with 

samples collected when they were healthy.184  Bogaert et al. also utilized next 

generation 16S gene sequencing to characterize the nasopharyngeal microbiome of 

healthy infants and found that Moraxella, Haemophilus and Streptococcus were the 

most predominant genera.100     Importantly, respiratory viruses were identified in 67% 

of samples in the Boegart et al. study using q-PCR methods suggesting the involvement 

of viruses in the ‘healthy’ respiratory microbiome.  The study also found that the 

microbiota profiles varied strongly with season which the authors suggested could 

potentially be attributable to viral co-infections.   

 

Despite growing interest in the field, relatively little is known about the respiratory 

microbiomes of African adults or children in healthy or disease states.  Only one study 

to date has investigated the respiratory microbiome in a sub-Saharan African 

population.101  Iwai et al. described the oral and upper airway microbiome communities 

of 60 HIV-infected adults with acute pneumonia from Uganda and reported 

Pseudomonas aeruginosa as the most frequently detected pathogen.  The study also 

compared the composition of these microbiome communities to a comparable cohort of 

HIV-infected pneumonia patients from San Francisco and found that the Ugandan 

airway microbiomes were significantly richer as well as compositionally and 

functionally distinct from the airway microbiomes from San Francisco.  Other non-

respiratory microbiome studies have likewise reported differences in the composition of 

microbial communities between developed and developing populations.102, 103  

Differences in respiratory microbiome communities of children from developed and 

developing countries may explain the high burden of ALRI in sub-Saharan African 

children and this therefore warrants further attention.   
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There is controversy over whether the microbiome of the upper respiratory tract is 

representative of that of the lungs and lower respiratory tract and optimal techniques to 

analyze the lung microbiome are not as yet established.   Given the difficult in obtaining 

lung samples, upper airway samples such as oropharyngeal throat swabs are commonly 

used to study respiratory disease and there evidence that bacterial populations of the 

lower respiratory tract reflect that of the upper respiratory tract, likely due to transient 

entry.98, 185  The aim of this study was to characterize the bacterial burden and 

oropharyngeal microbial communities between young South African children from 

different clinical groups of interest: ALRI cases vs. non-respiratory controls, HIV-

infected children vs. HIV-uninfected children, pneumonia cases vs. bronchiolitis cases; 

as well as between ALRI cases with and without commonly identified respiratory 

viruses, human rhinovirus (HRV), adenovirus and respiratory syncytial virus (RSV).  It 

is hypothesized that there will be differences in the microbiome communities between 

sick and healthy children and that ALRI and HIV will be associated with a higher 

abundance of known pathogenic bacteria.  

6.3 Materials and Methods 

6.3.1 Study population  

A prospective case-control study was conducted between July 2011 and November 

2012 in Pretoria, South Africa.  Children 0-2 years of age admitted to the Steve Biko 

Academic Hospital or Tshwane District Hospital and diagnosed with ALRI (pneumonia 

or bronchiolitis) were enrolled as cases.  A clinical diagnosis of pneumonia or 

bronchiolitis was determined by the treating physician using standard diagnostic 

procedures.  Pneumonia was diagnosed in children with respiratory distress and either 

by chest X-ray changes (e.g. consolidation or effusion), fever or auscultatory findings 

(e.g. such as crepitations or bronchial breathing). Bronchiolitis was diagnosed in 
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children with respiratory distress and at least one of the following: wheeze, chest X-ray 

changes (e.g. signs of hyperinflation) or Hoover’s sign (inward movement of the lower 

rib cage during inspiration).  Age-matched children presenting to the same hospitals 

with a non-respiratory illness or injury over the same time period were enrolled as 

controls.  Control children were hospitalized for non-respiratory illnesses including 

epilepsy, febrile convulsions, gastroenteritis, elective cardiac surgery, cardiac 

catheterization and pre-existing neurological problems.  Exclusion criteria for controls 

included no current signs or symptoms of respiratory illness.  Recruitment was 

conducted throughout the year regardless of season.  The study protocol was approved 

by the University of Western Australia and University of Pretoria ethics committees and 

parent/guardian written informed consent was obtained prior to participation.   

6.3.2 Data and sample collection 

Data and samples were obtained from the enrolled cases and controls on the day of 

recruitment.  An oropharyngeal throat swab was collected from each child by the study 

doctor.  Nasopharyngeal aspirates (NPAs) were collected and respiratory viruses (HRV, 

adenovirus, RSV, bocavirus, coronavirus, parainfluenza viruses, influenza viruses and 

metapneumovirus) were identified as described in Chapter 2.  HIV status was 

determined using HIV ELISA tests and confirmed with a PCR for children less than 18 

months of age.  A detailed questionnaire was administered by the study doctor to at 

least one parent or guardian of enrolled children.  Information on clinical symptoms 

(e.g. cough, wheeze, shortness of breath, fever, weak and tired, runny nose, congestion 

and sneezing), health history (e.g. antibiotic therapy and allergies) and past and present 

medications was collected.  Demographic details including gender, age and ethnicity 

and environmental and socio-economic information were also collected via the 

questionnaire.   
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6.3.3 DNA extraction and bacterial quantification 

Oropharyngeal throat swabs were stored at -80ºC in Pretoria prior to dispatch on dry ice 

to the study laboratory in Perth, Western Australia, for processing and long term storage 

at -80ºC.  DNA was extracted from the throat swabs using the MPBio FastDNA Spin 

Kit for Soil (MP Biomedicals, Santa Ana, CA) and stored at -80oC prior to downstream 

analyses in collaboration with Imperial College London.   

6.3.4 16S rRNA bacterial quantification 

The V3-V5 variable region of the 16S rRNA gene was amplified by real-time PCR 

using the ViiA7 Real-Time PCR System (Applied Biosystems, Carlsbad, CA).  

Triplicate 15 µl quantitative PCRs (qPCRs) containing 5 µl of a 5-fold dilution of 

template DNA, 0.3 µM of forward primer 520F (AYTGGGYDTAAAGNG), 0.3 µM of 

reverse primer 802R (TACNVGGGTATCTAATCC), 7.5 µl of SYBR Fast 2X 

Universal qPCR Kit Master Mix (Kapa Biosystems, Woburn, MA) and 1.9 µl of PCR 

water were set up.  The following cycling conditions were used: 1 cycle of 90ºC for 3 

minutes and 40 cycles of 95ºC for 20 seconds, 50ºC for 30 seconds and 72ºC for 30 

seconds.  After the PCR, a dissociation (melting) curve was constructed according to 

default melt conditions.  Each run contained non-template controls and dilutions of a 

Vibrio natriegens full length 16S gene cloned into the TOPO TA cloning vector.  The 

standard curve samples were used to extrapolate the total 16S rRNA gene copy number 

from cycle threshold values for the DNA specimens with standards ranging from 1 x 

108 to 1 x 104.  A non-template control (negative control) was also included.  Data were 

analysed using the ViiA7 Software Base v1.1 (Applied Biosystems, Carlsbad, CA).   

6.3.5 16S rRNA sequencing 

Dual-index next generation sequencing of the 16S rRNA V3-V5 variable region was 

performed on the Illumina MiSeq Platform based on the  published method186 with 
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minor modifications.  Quadruplicate 25 µl  PCRs containing 1 µl of template DNA, 5 µl 

of each 0.3 µM indexed primer (701-712 and 501-508; Illumina, San Diego, CA), 12.5 

µl of Q5 High-Fidelity 2X Master Mix (New England Biolabs, Ipswich, MA) and 1.5 µl 

of PCR water were set up.  Each run contained a mock community control and a 

negative control.  The following cycling conditions were used: 1 cycle of 95ºC for 2 

minutes, 1 cycle of 95ºC for 20 seconds, 1 cycle of 50ºC for 20 seconds, 1 cycle of 72ºC 

for 5 minutes and 34 cycles of 95ºC for 20 seconds.  Positive (mock community) and 

negative control amplicons then underwent a contamination screen using agarose gel 

electrophoresis to confirm correct amplicon size in positive controls and no 

amplification in negative controls.  Five µl of the 4 mock communities and 5 µl of the 4 

negative controls were loaded on a 1.2% agarose gel with 5 µl gel red alongside a 5 µl 

100bp ladder and run at 120 V for 35 minutes.  Replicates from the quadruplicate PCR 

reactions were pooled into a 96-well plate and random row (12 samples) of amplicons 

was visualized on an agarose gel (prepared as above) to determine dropout rate and 

primer dimer formation.   

Table 6.1 Composition of mock community (all organisms present in equal 
proportions). 
Burkholderia cepacia Pseudomonas fluorescens Mycobacterium psychrotollerans 

Chlamydophila pneumoniae Salmonella enterica Mycobacterium. bovis 

Enterococcus faecalis Staphylococcus aureus Actinomyces odontolyticus 

Escherichia coli Streptococcus agalactiae Bifidobacterium denticum 

Fusobacterium nucelatum 

subspecies nucleatum 

Streptococcus constillatus Corynebacterium 

pseudodiptheticum 

Haemophilus influenzae Streptococcus infantis Granuclicatella adiacens 

Leptotrichia buccalis Streptococcus parasanguinis Haemophillus parainfluenzae 

Moraxella catarrhalis Streptococcus pneumoniae Nessiria flavescens 

Mycoplasma pneumoniae Streptococcus 

pseudopneumoniae 

Rothia mucilaginosa 
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Neisseria meningitids Streptococcus pyogenes Streptococcus mitis 

Nocardia farciniea Streptococcus sanguinis Veonella dispar 

Pasteurella multocida Treponema denticola Vibrio 

 

Once this quality control step had been performed, amplicons of the same sample were 

pooled and then purified using the Agencourt AMPure XP system (Beckman Coulter, 

Brea, CA) according to manufacturer’s instructions.  The purified amplicon pools were 

then quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Waltham, 

MA) following  manufacturer’s instructions.  The fluorescence values were used to 

calculate the quantity of PCR amplicon in each well and the volume of each amplicon 

required to obtain an equi-molar pool.  The pooled amplicons were then purified using 

the Agencourt AMPure XP system (Beckman Coulter, Brea, CA) to produce a 

concentrated pooled library that was agarose gel purified and extracted using the 

QIAquick Gel Extraction Kit (Qiagen, Venlo, Netherlands) according to manufacturer’s 

instructions.  The sample library was quantified by qPCR using the KAPA Library 

Quantification Kits for Next-Generation Sequencing (Kapa Biosystems, Wilmington, 

MA) and then loaded onto a high sensitivity DNA chip to check library quality and that 

adaptor dimers had been removed before being sequenced using the Illumina MiSeq 

Platform. 

6.3.6 16S rRNA sequence analysis 

The dual-indexed barcoded sequences were processed using QIIME-1.9.0.187  The 

forward and reverse barcodes of the raw sequences were first combined to form a 16bp 

long identifier and trimmed of adaptors and primers on the 3’ end to maintain sequence 

order.  The trimmed forward and reverse reads were then paired using the fast-q joining 

method where the minimum overlap length was 200 bp (and up to 10% of the overlap 

could be misaligned).  If mismatches occurred within this threshold, the base with the 
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highest quality score was retained.  The average quality score threshold was 30.  

Chimeras were identified and removed from the alignment using ChimeraSlayer.188  

Operational taxonomic units (OTU) were picked using the uclust approach189.  

Sequences were clustered into OTUs at 97% identity, aligned to the trimmed 16S rRNA 

sequences190 and assigned a taxonomic identity with the Ribosomal Database Project 

classifier using the SILVA reference data.191 

 

OTUs take the place of ‘species’ as a result of having to cluster sequences at an 

arbitrary threshold due to the variability contained within the 16S rRNA gene and the 

region of interest, and because some clusters may be spurious due to artefacts.  Highly 

variable regions and regions where there were gaps in more than 80% of sequences 

were removed.  An OTU table, phylogenetic tree and set of non-chimeric representative 

sequences generated from QIIME were then inputted to R for downstream analyses.192  

Known contaminants from the DNA extraction kits were removed from the dataset.  

Data was rarefied to a depth of 10,000 sequence reads per sample to avoid artificially 

inflating diversity through unequal sequencing depth when comparing intra sample 

diversity as well as relative abundance between samples.   

6.3.7  Statistical analyses 

Statistical analyses were performed using SPSS version 22.0 (SPSS Inc., Chicago, ILL, 

USA) and R Studio version 0.98.1091 (RStudio, Inc, MA, USA).  Demographic and 

clinical features between cases and controls were examined using chi-squared (X2) or 

Fisher’s exact tests (categorical variables) and analysis of variance (ANOVA) models 

(continuous variables).  Differences in bacterial burden (copy numbers/µL) between 

subject groups were analyzed using non-parametric (Mann–Whitney U) tests and 

presented as medians with interquartile ranges (IQR).  Multivariate analysis of variance 
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(MANOVA) models (Adonis in the vegan package in R) were used to examine the 

Bray-Curtis dissimilarity matrix between clinical groups of interest.  

6.4 Results 

6.4.1 Population demographics  

A total of 96 ALRI cases (67.7% males, median age 5.6 months [IQR 2.4-10.8 months]) 

and 49 non-respiratory controls (61.2% males, median age 8.2 months [IQR 2.4-15.6 

months]) were enrolled between July 2011 and November 2012.  There were no other 

significant differences in the population demographics (age, gender or ethnicity) 

between the ALRI cases and non-respiratory controls as described in Chapter 2 of this 

thesis.  Of the 96 ALRI cases, 51 were diagnosed with pneumonia (66.7% male) and 45 

were diagnosed with bronchiolitis (68.9% male).  Overall, 16 children were HIV-

infected, of which only 2 were non-respiratory controls (p=0.062).  Of the 14 HIV-

infected ALRI cases, only one was diagnosed with bronchiolitis whereas the rest were 

diagnosed with pneumonia (p=0.02).   

 

6.4.2 Bacterial burden  

DNA samples from 94 cases and 46 controls were available for quantification of the 

16S rRNA bacterial load.  Differences in bacterial load between different subject groups 

were investigated.  There were no differences in the median bacterial load between 

cases (2.36 x 106 copy numbers/µl) and controls (3.08 x 106 copy numbers/µl; p=0.261), 

between pneumonia (1.93 x106 copy numbers/µl) and bronchiolitis cases (3.11 x 106 

copy numbers/µl; p=0.189), or between HIV-infected (2.49 x x 106 copy numbers/µl) 

and HIV-uninfected children (2.67 x x 106 copy numbers/µl; p=0.638).  Nor were there 

any differences in bacterial burden between children with or without each of the seven 

viruses as identified in Chapter 2. 
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6.4.3 Microbial communities in HIV-uninfected ALRI cases and non-respiratory 

controls 

The microbiota between HIV-uninfected ALRI cases and non-respiratory controls was 

compared. We obtained a total of 5,075,660 16S rRNA sequences from 77 HIV-

uninfected ALRI cases (mean 6.60 x 104 sequences) and 2,381,209 16S rRNA 

sequences from 43 non-respiratory controls (mean 5.54 x 104 sequences).  The top 15 

most abundant genera among the ALRI cases and non-respiratory controls are shown in 

Figure 6.1.  Among the ALRI cases, the most abundant genus was Streptococcus and a 

total of 611 unique Streptococcus OTUs accounted for 57.5% of all 16S rRNA 

sequences.  The second and third most abundant genera were Veillonella and Prevotella 

and they accounted for 10.4% and 8.88% of sequences respectively among ALRI cases.  

Streptococcus, Prevotella and Veillonella were also the most abundant genera among 

the non-respiratory controls accounting for 56.9%, 7.80% and 7.45% of sequences 

respectively.  Other common respiratory bacteria including, Haemophilus, 

Staphylococcus and Moraxella, accounted for 5.02%, 0.50% and 0.25% of sequences 

among the ALRI cases and 4.5%, 0.81% and 0.51% of sequences among the non-

respiratory controls respectively.    
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Figure 6.1 Percentage of 16S rRNA sequences of the 15 most abundant genera among 
the HIV-uninfected ALRI cases (n=77) and HIV-uninfected non-respiratory controls 
(n=43).  
 

Figure 6.2 shows the phylogenetic tree and heat map of the top 100 operational 

taxonomic units (OTUs) for HIV-uninfected ALRI cases and non-respiratory controls 

organized phylogenetically by tree with abundance indicated by the colour (blue 

shading with darkest blue when only 1 read present for the OTU).  Taxonomy 

assignments at the genera level are shown in the inner column and are color-coded. 
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Figure 6.2 Phylogenetic tree and heat map of top 100 operational taxonomic units for 
HIV-uninfected ALRI cases and non-respiratory controls. 
 
 



112 
 

The 16S rRNA gene sequences were rarified to 10,000 sequences.  In Figure 6.2 the 

relative abundance of the top 27 genera (abundance values on the y axis) for each 

individual sample (mapped horizontally on the x axis) for ALRI cases (Figure 6.3a) and 

control (Figure 6.3b) are shown. Samples from 7 cases and 9 controls were removed as 

they contained less than 10,000 sequences.  In Figure 6.3 (a and b), each bar represents 

sequences from an individual child, and as can be seen Streptococcus (dark blue) was 

the most abundant genus identified in nearly every single HIV-uninfected ALRI cases 

and non-respiratory control.  

 

Figure 6.3a Abundance bar graph of 16S rRNA sequences for samples from HIV-
uninfected ALRI cases (n=70).  
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Figure 6.3b Abundance bar graph of 16S rRNA sequences for samples from HIV-
uninfected ALRI controls (n=34).  
 

The most common OTU identified in both ALRI cases and controls, 

‘uncultured_bacterium_14402’ belonged to the genus Streptococcus and comprised 

51.8% of 16S rRNA sequences among the ALRI cases and 52.0% of sequences among 

the non-respiratory controls.  This was followed by ‘Veillonella_13117’ which 

belonged to the genus Veillonella and comprised 8.34% of sequences among ALRI 

cases and 5.96% of sequences among controls.   
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Diversity measures (Shannon index and Simpson index) were applied between the HIV-

uninfected ALRI cases and non-respiratory controls to look at overall microbial 

community diversity between the groups.  The Shannon index is a within-sample (alpha 

diversity) index that quantifies the uncertainty of predicting the next individual taken 

from a sample while the Simpson index indicates the probability that two individuals 

taken at random from a population are the same.  There was no significant difference in 

the diversity of the microbial populations between the ALRI cases and controls as 

shown by the Shannon index (t(63.5)= 0.12, p=0.31; Figure 6.4a) or Simpson index 

(t(66.1)= -1.12, p=0.31;Figure 6.4b).  

 

Figure 6.4a Shannon diversity index between HIV-uninfected ALRI cases and HIV-
uninfected non-respiratory controls. 
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Figure 6.4b Simpson diversity index between HIV-uninfected ALRI cases and HIV-
uninfected non-respiratory controls. 
 

To determine whether specific OTUs were differentially abundant between HIV-

uninfected ALRI cases and non-respiratory controls, differential OTU abundance 

analysis based on negative binomial distribution and corrected t-test models was 

applied.  These were plotted as a Volcano plot, a type of scatter-plot with log10 fold false 

discovery rate (FDR) corrected p-values along the y-axis and log2 fold change values 

along the x-axis.  Of 10 OTUs that were differentially abundant between ALRI cases 

and controls, 6 OTUs were more abundant in the cases and 4 OTUs were more 

abundant in the controls (Figure 6.5).  Each circle in the Volcano plot represents a 

unique OTU and is coloured according to genera.  An OTU with a log2 fold change 

value above 0 (to the right of the plot) is more abundant among cases compared with 

controls while an OTU with a log2 fold change value below 0 is more abundant among 

controls compared with cases.  Of greatest interest one Pseudomonas OTU was 
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significantly more abundant among the cases than controls as shown by the light blue 

circle at the very top right of the figure. 

 
 
Figure 6.5 Volcano plot of operational taxonomic units differentially abundant between 
ALRI cases and non-respiratory controls. 
 

6.4.4 Microbial communities in HIV-infected and HIV-uninfected ALRI cases 

We also compared the microbiota between HIV-infected ALRI cases (n=14) and HIV-

uninfected ALRI cases (n=77).   We obtained a total of 743,010 16S rRNA sequences 

from 14 HIV-infected ALRI cases (mean 5.31 x 104 sequences) and 5,075,660 16S 

rRNA sequences from 77 HIV-uninfected ALRI cases (mean  6.60 x 104 sequences).  
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Among the HIV-infected ALRI cases, the most abundant genus was Streptococcus and 

a total of 611 unique Streptococcus OTUs accounted for 58.4% of all 16S rRNA 

sequences.  The second and third most abundance genera among HIV-infected ALRI 

cases were Prevotella and Veillonella which accounted for 7.94% and 7.37% of 

sequences respectively.  The top 15 most abundant genera among the HIV-infected 

cases (compared with HIV-uninfected cases) are shown in Figure 6.6.  The most 

common OTUs among the HIV-infected cases were ‘uncultured_bacterium_14402’ and 

‘Streptococcus_753’ both belonging to the genus Streptococcus and comprised 45.9% 

and 8.98% of sequences respectively.  This was followed by ‘Veillonella_13117’ 

belonging to the genus Veillonella and comprised 6.03% of sequences among HIV-

infected ALRI cases.  The most common genera and OTUs among the HIV-uninfected 

ALRI cases have been detailed earlier (Section 6.4.3).  
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Figure 6.6 Proportion of 16S rRNA sequences of the 15 most abundant genera among 
the HIV-infected ALRI cases (n=14) compared with the (n=77) HIV-uninfected ALRI 
cases.  
 

Figure 6.7 shows the phylogenetic tree and heat map of top 100 operational taxonomic 

units (OTUs) for HIV-infected ALRI cases HIV-uninfected ALRI cases organized 

phylogenetically by tree with abundance indicated by the colour (blue shading with 

darkest blue when only 1 read present for the OTU).  Taxonomy assignments at the 

genera level are shown in the inner column and are color-coded. 
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Figure 6.7 Phylogenetic tree and heat map of top 100 operational taxonomic units for 
HIV-infected and HIV-uninfected ALRI cases.  
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The rarified (to 10,000 sequences) 16S rRNA gene sequences and relative abundance of 

the top 27 genera identified for each individual HIV-infected ALRI case is shown in 

Figure 6.8a and for each HIV-uninfected ALRI case is shown in Figure 6.8b.  A sample 

from one HIV-infected case and 7 HIV-uninfected ALRI cases were removed as they 

contained less than 10,000 sequences.  Each bar represents sequences from an 

individual child, showing that Streptococcus (dark blue) was the most abundant genera 

identified in all but one HIV-infected child.   

 

Figure 6.8a Abundance bar graph of 16S rRNA sequences for samples from HIV-
infected ALRI cases (n=13).  
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Figure 6.8b Abundance bar graph of 16S rRNA sequences for samples from HIV-
uninfected ALRI cases (n=70).  
 
 

Diversity measures (Shannon index and Simpson index) were also applied between the 

HIV-infected ALRI cases and HIV-uninfected ALRI cases.  There was no significant 

difference in the diversity of the microbial populations between the HIV-infected and 

HIV-uninfected ALRI cases as measured by either the Shannon index (t(15.6)= -0.43, 

p=0.67; Figure 6.9a) or Simpson index (t(16.4)= -0.48, p=0.64;Figure 6.9b).  
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Figure 6.9a Shannon diversity index between HIV-infected and HIV-uninfected ALRI 
cases.  
 

 

Figure 6.9b Simpson diversity index between HIV-infected and HIV-uninfected ALRI 
cases.  
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Volcano plots using differential OTU abundance analysis based on negative binomial 

distribution and corrected t-test models was generated to determine whether specific 

OTUs were differentially abundant between HIV-infected and HIV-uninfected ALRI 

cases and non-respiratory controls.  Of 32 OTUs that were differentially abundant 

between ALRI cases and controls, 9 OTUs (all belonging to the genus Streptococcus) 

were more abundant in the HIV-uninfected cases and 23 OTUs were more abundant in 

the HIV-infected cases (Figure 6.10).   

 

 
Figure 6.10. Volcano plot of operational taxonomic units differentially abundant 
between HIV-infected ALRI cases and HIV-uninfected ALRI cases. 
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6.4.5 Microbial diversity between pneumonia and bronchiolitis ALRI cases 

Within the HIV-uninfected ALRI cases, diversity measures (Shannon and Simpson 

indexes) were applied to investigate overall microbial community diversity between 

pneumonia cases (n=37) and bronchiolitis cases (40).  There was no significant 

difference in the overall diversity of the microbial populations between pneumonia and 

bronchiolitis as measured by either the Shannon index (t(71.0)=1.31, p=0.019; Figure 

6.11a) or Simpson index (t(69.7)= 0.92, p=0.33;Figure 6.11b).  

 

 

Figure 6.11a Shannon diversity index between HIV-uninfected pneumonia and 
bronchiolitis cases.  
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Figure 6.11b Simpson diversity index between HIV-uninfected pneumonia and 
bronchiolitis cases.  
 

A volcano plot was also generated to determine whether specific OTUs were 

differentially abundant between pneumonia and bronchiolitis ALRI cases and non-

respiratory controls.  Of 16 OTUs that were differentially abundant between ALRI cases 

and controls, 6 OTUs were more abundant in the pneumonia cases and 10 OTUs were 

more abundant in the bronchiolitis cases (Figure 6.12).  Most significantly, an OTU 

belonging to Granulicatella was significantly more abundant in pneumonia cases than 

in bronchiolitis cases and an OTU belonging to Haemophilus was significantly more 

abundant in bronchiolitis cases than pneumonia cases.   
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Figure 6.12 Volcano plot of operational taxonomic units differentially abundant 
between HIV-uninfected pneumonia cases and HIV-uninfected bronchiolitis cases. 
 

6.4.5 Microbial diversity between virus-positive and virus-negative ALRI cases 

Within the HIV-uninfected ALRI cases (n=77), human rhinovirus (HRV), adenovirus 

and respiratory syncytial virus (RSV) were the most commonly identified respiratory 

viruses and were identified in 36 (47.4%), 27 (35.5%) and 21 (27.6%) children 

respectively (details of virus identification and virus results are detailed in Chapter 2).  

Diversity measures (Shannon and Simpson indexes) and volcano plots were applied to 

investigate overall microbial community diversity and differential OTU abundance 

between virus-positive and virus-negative cases irrespective of disease status.   No 

significant difference in the overall diversity of the microbial populations was found 
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between the HRV-positive and HRV-negative cases measured by the Shannon index 

(t(66.9)=-1.23, p=0.21) or Simpson index (t(68.0)= -1.08, p=0.29),  RSV-positive and 

RSV-negative cases (Shannon index: t(31.3)=-0.99, p=0.32 and Simpson index: 

(t(32.2)= -0.76, p=0.45), or adenovirus-positive and adenovirus-negative cases 

(Shannon index: (t(59.0)=-1.05, p=0.30 or Simpson index (t(59.2)= -0.95, p=0.35).   

 

Volcano plots were also generated to determine whether specific OTUs were 

differentially abundant between virus-positive and virus-negative HIV-uninfected ALRI 

cases.  For HRV, there were equal number of OTUs more abundant among the HRV-

positive ALRI cases than the HRV-negative ALRI cases and of greatest significance, an 

OTU belonging to the genus Haemophilus was significantly more abundant among the 

HRV-positive ALRI cases than among the HRV-negative ALRI cases (Figure 6.13).  

For adenovirus, of 10 differentially abundant OTUs, six were more abundant among the 

adenovirus-positive ALRI cases than among the adenovirus-negative ALRI cases, four 

of which belonged to the genus Granulicatella (Figure 6.14).  For RSV, only one of five 

differentially abundant OTUs, belonging to the genus Veillonella was more abundant 

among the RSV-positive ALRI cases than among the RSV-negative ALRI cases while 

the remaining four were more abundant among RSV-negative ALRI cases than among 

the RSV-positive cases (Figure 6.15).   
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Figure 6.13 Volcano plot of operational taxonomic units differentially abundant 
between human rhinovirus-positive (HIV-uninfected) ALRI cases and human 
rhinovirus-negative (HIV-uninfected) ALRI cases.  
 



129 
 

 

 

Figure 6.14 Volcano plot of operational taxonomic units differentially abundant 
between adenovirus-positive (HIV-uninfected) ALRI cases and adenovirus-negative 
(HIV-uninfected) ALRI cases. 
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Figure 6.15 Volcano plot of operational taxonomic units differentially abundant 
between respiratory syncytial virus-positive (HIV-uninfected) ALRI cases and 
respiratory syncytial virus- negative (HIV-uninfected) ALRI cases.  
 

6.5 Discussion 

This is the first study to describe the microbial communities of the oropharynx in young 

South African children with ALRI in comparison with age-matched non-respiratory 

controls.  Streptococcus was the most dominant genus identified in the oropharynx of 

HIV-uninfected children both with and without ALRI, constituting more than half of all 

16S rRNA sequence reads.  In contrast to this finding, previous studies characterizing 

the upper respiratory microbiome of children in Australia and the Netherlands have not 

reported Streptococcus to be the most abundant genus.  In a longitudinal study 
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examining the nasopharyngeal microbiome of 234 Australian infants during the first 

year of life by Teo et al., Moraxella was the most abundant genus representing 31.2% 

of sequence reads across both healthy and respiratory samples followed by 

Streptococcus representing 15.5% of sequence reads across all samples.184  Similarly, in 

two separate studies from the Netherlands, Biesbroek et al. and Bogaert el al. also 

reported Moraxella to be the most abundant genus in the nasopharyngeal microbiomes 

of both children who had received PVC-7 vaccinations as well as unvaccinated 

controls.100, 193  Streptococcus, and in particular Streptococcus pneumoniae, is however, 

the most common genus of bacteria isolated from young children with ALRI using 

blood culture methods.17, 75, 76  Streptococcus is also known to colonize the upper 

respiratory tract asymptomatically and usually transiently for up to several months.194  

Hence, the finding of this current study supports the current literature on the importance 

of Streptococcus colonization in both sick and healthy children.   

 

Among the HIV-uninfected ALRI cases, the second and third most abundant genera 

identified were Veillonella and Prevotella representing approximately 10% and 9% of 

all sequences respectively.  Among the HIV-uninfected non-respiratory controls, the 

second and third most abundant genera identified were Prevotella and then Veillonella 

representing approximately 8% and 7% of all sequences respectively.  Veillonella are 

anaerobic bacteria that commonly inhabit the mouth and upper respiratory tract195  but 

they are not commonly identified in blood cultures from children with reported isolation 

rates of 4%.196  Although the studies by Teo et al., Biesbroek et al. and Bogaert el al did 

not find Veillonella to be among the most common genera identified in the 

nasopharyngeal microbiomes of children, other microbiome studies of BAL fluid in 

adults with idiopathic pulmonary fibrosis197 and the oropharyngeal microbiomes of 

children with cystic fibrosis198 have also found Veillonella to be among the three most 
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abundant genera identified.  The differences in microbiome composition observed in our 

study compared with those previously of the nasopharyngeal microbiomes in children, 

may be a result of several factors including sampling site (oropharynx versus 

nasopharynx), population (African population versus Western populations) and the 

environment.  

 

The most common OTU, ‘uncultured_bacterium_14402’, belonged to the genus 

Streptococcus and represented approximately 52% of all 16S rRNA sequences in both 

HIV-uninfected ALRI cases and controls.  It is not possible to accurately determine 

species from the 16S rRNA sequence reads.  S. pneumoniae is frequently identified in 

children with ALRI and it is likely that many sequences belonging to this OTU 

corresponds with S. pneumoniae.   Several Streptococcus species however, have 

sequence homology of more than 96% and some even more than 99%199 and given that 

OTUs in this study were clustered at 97% identity, it is likely that more than one 

Streptococcus species belongs to the OTU ‘uncultured_bacterium_14402’.  OTUs are 

not clustered at a higher sequence homology because this results in the generation of 

many spurious OTUs. The Streptococcus ‘uncultured_bacterium_14402’ OTU was 

equally abundant between HIV-uninfected ALRI cases and controls suggesting that 

bacterial colonization of the oropharynx is also common in healthy children in South 

African children.   

 

In this present study 9 OTUs were identified that were differentially abundant between 

ALRI cases and controls, 6 of which were more abundant among the ALRI cases than 

controls while the remaining 3 were less abundant among the ALRI cases than controls.  

Of most significance, the OTUs ‘Pseudomonas_13680’ and Prevotella_10095’ were 

more abundant among the HIV-uninfected ALRI cases than controls while ‘uncultured_ 



133 
 

bacterium_13602’ (belonging to the genus Pseudomonas) was less abundant among the 

ALRI cases than controls.  Of the 9 OTUs with differential abundance, a greater 

proportion were significantly more abundant in ALRI cases than in controls, suggesting 

that different bacterial species (even within the same genus) have a different pathogenic 

role and that some may even be protective or involved in synergistic relationships 

protecting against respiratory disease.  

 

Importantly this study is the first to describe the microbial communities of the 

oropharynx in HIV-infected children with ALRI in comparison with HIV-uninfected 

children with ALRI in South Africa.  Streptococcus was found to be the most dominant 

genus in both HIV-infected and HIV-uninfected children followed by Prevotella and 

then Veillonella among the HIV-infected ALRI cases; and Veillonella and then 

Prevotella among the HIV-uninfected cases.  As with Veillonella, Prevotella was not 

among the most common genera identified in the nasopharyngeal microbiomes of 

children in previous studies100, 184, 193 but was among the top three most abundant genera 

identified within BAL samples from adults with idiopathic pulmonary fibrosis197 and 

the oropharyngeal microbiomes of children with cystic fibrosis.198  There is very little 

data on the respiratory microbiome in HIV-infected adults or children in Africa.  One 

study of HIV-infected adults with pneumonia in Uganda found that Pseudomonas was  

the most abundant genus identified in BAL samples.101  In a study of gut bacteria of 

children in Burkina Faso, Prevotella made up 53% of the gut bacteria, but the genus 

was absent in age-matched European children.200  This suggests that population 

differences (e.g. ethnicity or environmental factors) may have an important role to play 

in shaping the oropharyngeal microbiome in children.    
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The most common OTU among the HIV-infected cases was also 

‘uncultured_bacterium_14402’ (belonging to the genus Streptococcus) representing 

approximately half of all the OTUs.  This was followed by ‘Streptococcus_753’ ( 9.0%) 

among the HIV-infected cases and Veillonella_13117’ (8.34%) among the HIV-

uninfected cases.  Differential analyses of OTU abundance revealed 32 unique OTUs 

that were significantly different between HIV-infected and HIV-uninfected ALRI cases.  

There was no difference however in overall absolute bacterial load between the HIV-

infected and HIV-uninfected ALRI cases in this study.   Interestingly, and in contrast to 

the findings seen between ALRI cases and non-respiratory controls, only nine OTUs, all 

belonging to the genus Streptococcus, were more abundant in the HIV-infected cases 

compared with the HIV-uninfected cases while the remaining 23 OTUs were more 

abundant among the HIV-uninfected cases compared with the HIV-infected cases.  This 

suggests that although the overall microbial diversity indexes were not significantly 

different, there is decreased abundance of certain OTUs among HIV-infected children 

compared with HIV-uninfected children and as hypothesized, HIV-infection perturbs 

the respiratory microbiome.  

 

Within the HIV-uninfected ALRI cases, comparisons of the microbial diversity and 

OTU abundance between pneumonia and bronchiolitis cases were also conducted.  Of 

16 OTUs that were significantly different in abundance between pneumonia and 

bronchiolitis, 6 were more abundant in pneumonia cases than in bronchiolitis cases.   Of 

greatest significant the OTU ‘Veillonella_12380’ was significantly more abundant 

among pneumonia cases than bronchiolitis cases and ‘Leptotrichia_2057’ was 

significantly more abundant among bronchiolitis cases than pneumonia cases.  The 

finding that there were a greater proportion of OTUs were less abundant among the 
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pneumonia cases compared with the bronchiolitis cases suggests that pneumonia may be 

associated with fewer, more dominant bacteria compared with bronchiolitis.  

 

Within the HIV-uninfected ALRI cases, comparisons of the microbial diversity and 

OTU abundance between virus positive and virus negative cases for the three more 

prevalent respiratory viruses, HRV, RSV and adenovirus were also done.  Several 

OTUs were differentially abundant for each virus, with relatively equal proportions of 

OTUs more or less abundant in virus-positive than virus-negative cases for all three 

respiratory viruses.   This suggests that there are various virus-bacteria interactions 

involved, some of which may be synergistic.    

 

This study has a few limitations.  Firstly, it was not possible to confirm species from the 

16S rRNA results and the genus level was the lowest taxonomic rank that OTUs could 

be identified to.   Another limitation of the current study is the use of a hospital control 

group.  Control children were hospitalized for non-respiratory illnesses and hence may 

not be representative of ‘healthy children’.  Nonetheless, comparison of ALRI cases 

with non-respiratory controls and HIV-infected and HIV-uninfected cases has allowed 

the elucidation of respiratory-specific microbial communities and resulted in a better 

understanding of the role of HIV and respiratory viruses in the pathogenesis of ALRI. 
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Bacterial Burden and Microbial Communities in the Upper 

Respiratory Tract of Hospitalized and Community Children 

from Mozambique 
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7.1 Abstract 

Background: Despite growing interest in the field of human microbiome research since 

the advent of 16S rRNA gene sequencing, there is little information on the respiratory 

microbiome in ALRI or HIV in children from either the hospital or community in 

Africa.   

Objectives: To compare the oropharyngeal microbial communities of children with and 

without ALRI from the hospital and community in Manhiça, Mozambique.  Further 

objectives include comparing the microbial communities between HIV-infected and 

HIV-uninfected children with ALRI as well as between children with and without 

commonly identified respiratory viruses. 

Methods: DNA was extracted from oropharyngeal throat swabs collected from 98 

hospitalized ALRI cases and 96 non-ALRI community controls less than ten years of 

age.  The V3-V5 variable region of the 16S rRNA gene was amplified and sequenced 

using the Illumina MiSeq Platform.    

Results: Streptococcus was the most abundant genus identified in children with and 

without ALRI and with and without HIV.  There were no differences in overall diversity 

of microbial populations between the hospital cases and community controls (Shannon 

index (t(192.6)= 0.29, p=0.78 and Simpson index (t(190.3)= -0.25, p=0.80) or between 

HIV-infected and HIV-uninfected  ALRI-cases (Shannon index (t(16.2)=-1.21, p=0.24 

and Simpson index (t(20.3)= -2.00, p=0.06).  However, several operational taxonomic 

units were differentially abundant between ALRI cases and controls, HIV-infected and 

HIV-uninfected cases, pneumonia and bronchiolitis cases and cases with and without 

respiratory viruses. For respiratory viruses, the vast majority of OTUs that were 

differentially abundant between the virus-positive ALRI cases and virus-negative ALRI 

cases were more abundant among the virus-negative cases than among the virus-

positive cases.  
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Conclusions: Different bacteria (even within the same genus) have a different 

pathogenic role and some may even be protective or involved in synergistic 

relationships protecting against respiratory disease.  There is decreased abundance of 

certain OTUs among HIV-infected children compared with HIV-uninfected children as 

well as among respiratory virus-positive children compared with respiratory-virus 

negative children. 

7.2 Introduction 

Emerging evidence in the rapidly evolving field of human microbiome research has 

demonstrated that the human microbiome plays an important role in the aetiology and 

pathogenesis of a spectrum of diseases including acute lower respiratory infections 

(ALRI).180  The advent of culture-independent microbiological techniques including 

16S rRNA gene sequencing, have demonstrated that the lungs of healthy individuals are 

not sterile as once believed and that the respiratory microbiome is far more complex 

than previously recognized.96  Recent application of these techniques has moved beyond 

descriptions of microbial communities of the upper and lower respiratory tract to 

demonstrating relationships between the respiratory microbiome composition and 

disease profiles.   

 

Several studies have examined associations between the respiratory microbiome and 

respiratory disease but differences in study populations, types of respiratory sample 

collected, sample collection techniques and sequencing methodologies contribute to the 

variability of existing results98-100, 181-183  .  In one of the earliest respiratory microbiome 

studies using 16S rRNA sequencing, Hilty et al. found that the most highly abundant 

sequences belonged to the genera Prevotella, Streptococcus and  Staphylococcus, and 

furthermore, that the airway microbiota was disturbed in asthma and COPD patients.99  
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A longitudinal study examining the nasopharyngeal microbiome of 234 Australian 

infants during the first year of life184 reported that Moraxella, Streptococcus and 

Corynebacterium were the most abundant genera in samples from children when they 

were both sick and healthy.  Moraxella and Streptococcus were significantly more 

frequent in samples collected from infants during respiratory illness compared with 

samples collected when they were healthy.184  In two separate studies by Bogaert et al. 

and Biesbroek et al. from the Netherlands, 16S gene sequencing was used to 

characterize the nasopharyngeal microbiome of infants and Moraxella, Haemophilus 

and Streptococcus were reported to be among the most predominant genera.100      

 

The majority of respiratory microbiome investigations have been conducted in 

developed countries and very little is known about the respiratory microbiomes of 

adults or children in healthy or disease states in African populations.  Only one study to 

date has investigated the respiratory microbiome in a sub-Saharan African 

population.101  Iwai et al. described the oral and upper airway microbiome communities 

of 60 HIV-infected adults with acute pneumonia from Uganda and reported 

Pseudomonas aeruginosa as the most frequently detected pathogen.  The study also 

compared the composition of these microbiome communities to a comparable cohort of 

HIV-infected pneumonia patients from San Francisco and found that the Ugandan 

airway microbiomes were significantly richer as well as compositionally and 

functionally distinct from the airway microbiomes from San Francisco.  Other non-

respiratory microbiome studies have likewise reported differences in the composition of 

microbial communities between developed and developing populations.102, 103  

Differences in respiratory microbiome communities of children from developed and 

developing countries may explain the high burden of ALRI in sub-Saharan Africa and 

this therefore warrants further attention.   
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There is controversy over whether the microbiome of the upper respiratory tract bacteria 

is representative of that of the lungs and optimal techniques to analyze the lung 

microbiome are not as yet established.   Given the difficulty in obtaining lung samples, 

upper airway samples such as oropharyngeal throat swabs are commonly used to study 

respiratory disease and evidence that bacterial populations of the lower respiratory tract 

reflect that of the upper respiratory tract, likely due to transient entry.98, 185  The aim of 

this study was to characterize the bacterial burden and oropharyngeal microbial 

communities in the upper respiratory tract of both children hospitalised with ALRI and 

children from the community in Manhiça Mozambique.  This study aimed to compare 

the microbial communities of children with and without ALRI, HIV-infected and HIV-

uninfected children with ALRI as well as between children with and without commonly 

identified respiratory viruses, human rhinovirus (HRV), adenovirus and respiratory 

syncytial virus (RSV).  It is hypothesized that there will be differences in the microbial 

communities between sick and healthy children and that ALRI and HIV will be 

associated with a higher abundance of known pathogenic bacteria.  

7.3 Materials and Methods 

7.3.1 Study populations and data/sample collection 

Hospital Population 

The hospital population were recruited as part of a larger project aiming to identify 

protein biomarkers for the development of a rapid diagnostic test to distinguish between 

bacterial pneumonia, viral pneumonia and malaria in children in rural Africa.  Between 

September 2012 and April 2013, children 0-10 years of age presenting to the Manhiça 

District Hospital with fever (>37.5ºC axillary temperature) or a history of fever in the 

preceding 24 hours and clinical pneumonia, according to the WHO definition (increased 
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respiratory rate and either cough and/or difficulty in breathing), were recruited into the 

study.  Exclusion criteria included use of antibiotics or antimalarial drugs during the 

preceding two weeks, history of cough for more than two weeks duration, active 

tuberculosis or history of direct contact to a documented tuberculosis case, and children 

with an oxyhaemoglobin saturation of less than 85% on examination on admission, as a 

proxy of possible Pneumocystis jirovecii infection.    

 

Clinical and questionnaire data and samples were obtained from the enrolled cases on 

the day of recruitment.  An oropharyngeal swab was collected from each child by a 

trained study health assistant.  HIV testing was offered and all patients underwent chest 

X-ray and extensive clinical and laboratorial screening, including malaria testing, blood 

culture and full blood counts.  Nasopharyngeal aspirates (NPAs) were collected and 

respiratory viruses (HRV, adenovirus, RSV, bocavirus, coronavirus, parainfluenza 

viruses, influenza viruses and metapneumovirus) were identified as described in 

Chapter 3.    

 

Community Population 

Between September 2012 and November 2012, children 0-5 years of age were randomly 

recruited from the community in Manhiça Mozambique using the DSS.  Children with a 

respiratory illness requiring hospitalization or medical treatment were excluded from the 

study.  An oropharyngeal swab was collected from each child by a trained study health 

assistant on the day of recruitment.  Nasopharyngeal aspirates (NPAs) were collected 

and respiratory viruses (HRV, adenovirus, RSV, bocavirus, coronavirus, parainfluenza 

viruses, influenza viruses and metapneumovirus) were identified as described in 

Chapter 4.  A detailed questionnaire was used to collect demographic and clinical 

information and was administered by the study doctor to parents or guardians of 
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enrolled children.  Children with mild respiratory symptoms (e.g. cough, runny nose 

etc.) were not excluded but information about current symptoms were collected via the 

questionnaire.  

 

Written informed consent was obtained from parents or guardians prior to participation 

and both the hospital and community studies were approved by the University of 

Western Australia Human Research Ethics Committee, the Ethics Committee of the 

Hospital Clinic (Barcelona, Spain) and the Republic of Mozambique (Comité Nacional 

de Bioética para a Saúde) Ethics Committee prior to commencement.   

7.3.2 16S rRNA bacterial quantification 

The V3-V5 variable region of the 16S rRNA gene was amplified by real-time PCR 

using the ViiA7 Real-Time PCR System (Applied Biosystems, Carlsbad, CA).  

Triplicate 15 µl quantitative PCRs (qPCRs) containing 5 µl of a 5-fold dilution of 

template DNA, 0.3 µM of forward primer 520F (AYTGGGYDTAAAGNG), 0.3 µM of 

reverse primer 802R (TACNVGGGTATCTAATCC), 7.5 µl of SYBR Fast 2X 

Universal qPCR Kit Master Mix (Kapa Biosystems, Woburn, MA) and 1.9 µl of PCR 

water were set up.  The following cycling conditions were used: 1 cycle of 90ºC for 3 

minutes and 40 cycles of 95ºC for 20 seconds, 50ºC for 30 seconds and 72ºC for 30 

seconds.  After the PCR, a dissociation (melting) curve was constructed according to 

default melt conditions.  Each run contained non-template controls and dilutions of a 

Vibrio natriegens full length 16S gene cloned into the TOPO TA cloning vector.  The 

standard curve samples were used to extrapolate the total 16S rRNA gene copy number 

from cycle threshold values for the DNA specimens with standards ranging from 1 x 

108 to 1 x 104.  A non-template control (negative control) was also included.  Data were 

analysed using the ViiA7 Software Base v1.1 (Applied Biosystems, Carlsbad, CA).   
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7.3.3 16S rRNA sequencing  

Dual-index next generation sequencing of the 16S rRNA V3-V5 variable region was 

performed on the Illumina MiSeq Platform based on the  published method186 with 

minor modifications.  Quadruplicate 25 µl  PCRs containing 1 µl of template DNA, 5 µl 

of each 0.3 µM indexed primer (701-712 and 501-508; Illumina, San Diego, CA), 12.5 

µl of Q5 High-Fidelity 2X Master Mix (New England Biolabs, Ipswich, MA) and 1.5 µl 

of PCR water were set up.  Each run contained a mock community control (organisms 

as listed in Chapter 6, Table 6.1) and a negative control.  The following cycling 

conditions were used: 1 cycle of 95ºC for 2 minutes, 1 cycle of 95ºC for 20 seconds, 1 

cycle of 50ºC for 20 seconds, 1 cycle of 72ºC for 5 minutes and 34 cycles of 95ºC for 20 

seconds.  Positive (mock community) and negative control amplicons then underwent a 

contamination screen using agarose gel electrophoresis to confirm correct amplicon size 

in positive controls and no amplification in negative controls.  Five µl of the 4 mock 

communities and 5 µl of the 4 negative controls were loaded on a 1.2% agarose gel with 

5 µl gel red alongside a 5 µl 100bp ladder and run at 120 V for 35 minutes.  Replicates 

from the quadruplicate PCR reactions were pooled into a 96-well plate and random row 

(12 samples) of amplicons was visualized on an agarose gel (prepared as above) to 

determine dropout rate and primer dimer formation.   

 

Once this quality control step had been performed, amplicons of the same sample were 

pooled and then purified using the Agencourt AMPure XP system (Beckman Coulter, 

Brea, CA) according to manufacturer’s instructions.  The purified amplicon pools were 

then quantified using the Quant-iT PicoGreen dsDNA Assay Kit (Invitrogen, Waltham, 

MA) following  manufacturer’s instructions.  The fluorescence values were used to 

calculate the quantity of PCR amplicon in each well and the volume of each amplicon to 

add to obtain an equi-molar pool.  The pooled amplicons were then purified using the 
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Agencourt AMPure XP system (Beckman Coulter, Brea, CA) to produce a concentrated 

pooled library that was agarose gel purified and extracted using the QIAquick Gel 

Extraction Kit (Qiagen, Venlo, Netherlands) according to manufacturer’s instructions.  

The sample library was quantified by qPCR using the KAPA Library Quantification 

Kits for Next-Generation Sequencing (Kapa Biosystems, Wilmington, MA) and then 

loaded onto a high sensitivity DNA chip to check library quality and that adaptor dimers 

had been removed before being sequenced using the Illumina MiSeq Platform. 

7.3.4 16S rRNA sequence analysis 

The dual-indexed barcoded sequences were processed using QIIME-1.9.0.187  The 

forward and reverse barcodes of the raw sequences were first combined to form a 16bp 

long identifier and trimmed of adaptors and primers on the 3’ end to maintain sequence 

order.  The trimmed forward and reverse reads were then paired using the fast-q joining 

method where the minimum overlap length was 200 bp (and up to 10% of the overlap 

could be misaligned).  If mismatches occurred within this threshold, the base with the 

highest quality score was retained.  The average quality score threshold was 30.  

Chimeras were identified and removed from the alignment using ChimeraSlayer.188  

Operational taxonomic units (OTU) were picked using the uclust approach189.  

Sequences were clustered into OTUs at 97% identity, aligned to the trimmed 16S rRNA 

sequences190 and assigned a taxonomic identity with the Ribosomal Database Project 

classifier using the SILVA reference data.191 

 

OTUs take the place of ‘species’ as a result of having to cluster sequences at an 

arbitrary threshold due to the variability contained within the 16S rRNA gene and the 

region of interest, and because some clusters may be spurious due to artefacts.  Highly 

variable regions and regions where there were gaps in more than 80% of sequences 

were removed.  An OTU table, phylogenetic tree and set of non-chimeric representative 
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sequences generated from QIIME were then inputted to R for downstream analyses.192  

Known contaminants from the DNA extraction kits were removed from the dataset.  

Data was rarefied to a depth of 10,000 sequence reads per sample to avoid artificially 

inflating diversity through unequal sequencing depth when comparing intra sample 

diversity as well as relative abundance between samples.   

7.3.5 Statistical analyses 

Statistical analyses were performed using SPSS version 22.0 (SPSS Inc., Chicago, ILL, 

USA) and R Studio version 0.98.1091 (RStudio, Inc, MA, USA).  Demographic and 

clinical features between cases and controls were examined using chi-squared (X2) or 

Fisher’s exact tests (categorical variables) and analysis of variance (ANOVA) models 

(continuous variables).  Differences in bacterial burden (copy numbers/µL) between 

subject groups were analyzed using non-parametric (Mann–Whitney) tests and 

presented as medians with interquartile ranges (IQR).  Multivariate analysis of variance 

(MANOVA) models (Adonis in the vegan package in R) were used to examine the 

Bray-Curtis dissimilarity matrix between clinical groups of interest.  

7.4 Results 

7.4.1 Population demographics  

For the hospital population, 98 ALRI cases (56.1% male, median age 14.3 months [IQR 

5.80-27.1 months]) enrolled between September 2012 and April 2013 were included in 

this analysis.  Thirteen (13.3%) children were HIV-infected, 82 (83.7%) and 3 (3.0%) 

were unknown.  For the community population, 96 children (53.1% male, median age 

15.5 months [IQR 7.75-22.7 months]) enrolled between September 2012 and November 

2012 were included in this analysis.  Two (2.1%) children were known to be HIV-

infected, 58 (60.4%) were known to be HIV-uninfected and 36 (37.5%) had unknown 
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HIV-status.  Further details on the population demographics on both populations are 

provided in Chapters 3 and 4.    

7.4.2 Bacterial burden  

DNA samples from 93 hospital cases and 94 community controls were available for the 

quantification of 16S rRNA bacterial load.  There were no differences in the median 

bacterial load between hospital cases (9.22x 106 copy numbers/µl) and community 

controls (9.81 x 106 copy numbers/µl; p=0.732).   

7.4.3 Microbial communities in hospital ALRI cases and community controls 

We examined the microbiota of the 98 hospital ALRI cases and 96 community controls.  

Since HIV status for many children, particularly from the community, was ‘unknown’, 

ALRI cases and community controls we included in this analyses regardless of HIV 

status.  We obtained a total of 7,354,890 16S rRNA sequences from 98 hospital ALRI 

cases (mean 7.50 x 104 sequences) and 4,957,435 16S rRNA sequences from 96 

community controls (mean 5.16 x 104 sequences).  The top 15 most abundant genera 

among the hospital cases and community controls respiratory controls are shown in 

Figure 7.1.  Among the hospital cases, the most abundant genus was Streptococcus and 

a total of 611 unique Streptococcus OTUs accounted for 36.3% of all 16S rRNA 

sequences.  The second and third most abundant genus were Haemophilus and Neisseria 

which accounted for 15.2% and 9.6% of sequences respectively among ALRI cases.  

Streptococcus, Veillonella and Haemophilus were the top three most abundant genus 

among the non-respiratory controls accounting for 39.0%, 10.7% and 10.2% of 

sequences. 
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Figure 7.1 Percentage of 16S rRNA sequences of the 15 most abundant genera among 
the hospital ALRI cases (n=98) and community controls (n=96). 
 

Figure 7.2 shows the phylogenetic tree and heat map of the top 100 OTUs for hospital 

ALRI cases and community controls organized phylogenetically by tree with abundance 

indicated by the colour (blue shading with darkest blue when only 1 read present for the 

OTU (i.e. least abundant)).  Taxonomy assignments at the genera level are shown in the 

inner column and are colour-coded.  Each tip of the phylogenetic tree represents a 

unique OTU.   
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Figure 7.2 Phylogenetic tree and heat map of top 100 operational taxonomic units for 
hospital ALRI cases and community controls. 
 

The 16S rRNA gene sequences were rarified to 10000 sequences and the relative 

abundance of the top 27 genera (abundance values in the y axis) for each individual 
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sample (mapped horizontally on the x axis) for hospital cases (Figure 7.3a) and 

community controls (Figure 7.3b) was plotted. Samples from 3 hospital cases and 6 

community controls were removed as they contained less than 10000 sequences.  Each 

bar represents sequences from an individual child, showing that Streptococcus (brown) 

was the most abundant genera identified in nearly every single cases and control.  

 

Figure 7.3a Abundance bar graph of 16S rRNA sequences for samples from hospital 
ALRI cases (n=98).  
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Figure 7.3b Abundance bar graph of 16S rRNA sequences for samples from 
community controls (n=96). 
 

The most common OTUs among the hospital ALRI cases were 

‘uncultured_bacterium_14402’ (belonging to the genus Streptococcus), 

‘Haemophilus_5991’ and ‘uncultured_bacterium_8739’ (belonging to the genus 

Gemella), each comprising 33.1%, 11.2% and 5.8% of sequences respectively.  The 

three most common OTUs among the community controls were 

‘uncultured_bacterium_14402’ (belonging to the genus Streptococcus, 

‘Veillonella_13117’ and uncultured_bacterium_8739’ (belonging to the genus Gemella) 

comprising 36.1%, 7.6% and 7.4% of sequences respectively.   
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Diversity measures (Shannon index and Simpson index) were applied between the 

hospital ALRI cases and community controls to look at overall microbial community 

diversity between the groups.  The Shannon index is a within-sample (alpha diversity) 

index that quantifies the uncertainty of predicting the next individual taken from a 

sample while the Simpson index indicates the probability that two individuals taken at 

from a population are the same.  There was no difference in the diversity of the 

microbial populations between the hospital cases and community controls as shown by 

the Shannon index (t(192.6)= 0.29, p=0.78; Figure 7.4a) or Simpson index (t(190.3)= -

0.25, p=0.80;Figure 7.4b).  

 

Figure 7.4a Shannon diversity index between hospital ALRI cases and community 
controls. 
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Figure 7.4b Simpson diversity index between hospital ALRI cases and community 
controls. 
 

To determine whether specific OTUs were differentially abundant between hospital 

cases and community controls, differential OTU abundance analysis based on negative 

binomial distribution and corrected t-test models was applied.  These were plotted as a 

Volcano plot, a type of scatter-plot with log10 fold false discovery rate (FDR) corrected 

p-values along the y-axis and log2 fold change values along the x-axis (Figure 7.5).   
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Figure 7.5 Volcano plot of operational taxonomic units differentially abundant between 
hospital cases and community controls. 
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A total of 360 OTUs, belonging to 43 different genera, were differentially abundant 

between hospital cases and community controls, (Figure 7.5).  Each circle in the 

Volcano plot represents a unique OTU and is coloured according to genera.  An OTU 

with a log2 fold change value above 0 (to the right of the plot is more abundant among 

cases compared with controls while an OTU with a log2 fold change value below 0 is 

more abundant among controls compared with cases.  In particular, several 

Haemophilus OTUs (dark purple) were significantly more abundant in the cases than in 

the controls.  

7.4.4 Microbial communities in HIV-infected vs. HIV-uninfected ALRI cases  

Within the hospital ALRI population, we also compared the microbiota between HIV-

infected ALRI cases (n=13) and HIV-uninfected ALRI cases (n=82).  A total of 

1,138,242 16S rRNA sequences were obtained from 14 HIV-infected ALRI cases (mean 

8.76 x 104 sequences) and 6,077,975 16S rRNA sequences were obtained from 82 HIV-

uninfected ALRI cases (mean 7.41 x 104 sequences).  Among the HIV-infected ALRI 

cases, the most abundant genus was Streptococcus and a total of 611 unique 

Streptococcus OTUs accounted for 29.5% of all 16S rRNA sequences.  The second and 

third most abundance genera among HIV-infected ALRI cases were Haemophilus and 

Neisseria which accounted for 15.2% and 9.03% of sequences respectively.  Similarly, 

the three most common genera among the HIV-uninfected ALRI cases were also 

Streptococcus, Haemophilus and Neisseria accounting for 37.5%, 15.3% and 9.9% of 

all sequences respectively.   

 

The most common OTUs among the HIV-infected cases were 

‘uncultured_bacterium_14402’ (belonging to the genus Streptococcus), 

‘Haemophilus_5991’ and ‘uncultured_bacterium_7455’ (belonging to the genus 

Moraxella), each comprising 26.5%, 11.3% and 7.0% of sequences respectively.  The 
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two most common OTUs among the HIV-uninfected ALRI cases were also  

‘uncultured_bacterium_14402’ (belonging to the genus Streptococcus and 

‘Haemophilus_5991’ comprising 34.3% and 11.1% of sequences respectively.  This was 

followed by ‘uncultured_bacterium_8739’ (belonging to the genus Gemella) which 

comprised 5.9% of sequences.   

 

Diversity measures (Shannon and Simpson indexes) were applied to investigate overall 

microbial diversity between the HIV-infected and HIV-uninfected ALRI cases.  There 

was no significant difference in the in the diversity of the microbial populations 

between the HIV-infected and HIV-uninfected ALRI cases as shown by the Shannon 

index (t(16.2)=-1.21, p=0.24; Figure 7.6a) but a trend towards significance was 

observed for the Simpson index (t(20.3)= -2.00, p=0.06;Figure 7.6b).  

 

Figure 7.6a Shannon diversity index between HIV-infected and HIV-uninfected ALRI 
cases. 
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Figure 7.6b Simpson diversity index between HIV-infected and HIV-uninfected ALRI 
cases. 
 

Differential OTU abundance analysis based on negative binomial distribution and 

corrected t-test models (in the form of a Volcano plot) was applied to determine OTUs 

that were differentially abundant between HIV-infected and HIV-uninfected ALRI 

cases (Figure 7.7).   Of eight differentially abundant OTUs, only one OTU, belonging to 

the genus Selenomonas was more abundant among the HIV-infected ALRI cases 

compared with the HIV-uninfected ALRI cases while the remaining seven belonging to 

six different genera were more abundant among the HIV-uninfected ALRI cases 

compared with the HIV-infected ALRI cases. 
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Figure 7.7 Volcano plot of operational taxonomic units differentially abundant between 
HIV-infected and HIV-uninfected ALRI cases. 
 

7.4.5 Microbial diversity between virus-positive and virus-negative ALRI cases  

Within the HIV-uninfected ALRI cases (n=82), human rhinovirus (HRV), adenovirus 

and respiratory syncytial virus (RSV) were the most commonly identified respiratory 

viruses and were identified in 92 (33.2%), 54 (19.1%) and 43 (15.5%) children 

respectively (details of virus identification and virus results are detailed in Chapter 3).  

Diversity measures (Shannon and Simpson indexes) and volcano plots were applied to 

investigate overall microbial community diversity and differential OTU abundance 

between virus-positive and virus-negative cases irrespective of disease status.    
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No difference in the overall diversity of the microbial populations was found between 

the HRV-positive and HRV-negative cases measured by the Shannon index (t(19.4)=-

0.98, p=0.34) or Simpson index (t(17.9)= -0.65, p=0.52) or   adenovirus-positive and 

adenovirus-negative cases (Shannon index: (t(19.6)=-0.98, p=0.34 or Simpson index 

(t(21.2)= -1.05, p=0.30). However, the overall diversity of microbial populations were 

significantly different between the RSV-positive and RSV-negative cases (Shannon 

index: t(14.7)=-2.47, p=0.03 and Simpson index: (t(13.2)=2.18, p=0.05). 

 

Volcano plots were also generated to determine which OTUs were differentially 

abundant between virus-positive and virus-negative HIV-uninfected ALRI cases for 

HRV, adenovirus and RSV (Figures 7.8, 7.9 and 7.10).  For HRV, 29 OTUs belonging 

to 17 known genera were differentially abundant, all of which were more abundant 

among the HRV-negative ALRI cases than the HRV-positive ALRI cases (Figure 7.8).  

For adenovirus, of eight differentially abundant OTUs, only one OTU, belonging to the 

genus Streptococcus was more abundant among the adenovirus-positive ALRI cases 

than among the adenovirus-negative ALRI cases (Figure 7.9).  For RSV, of 48 

differentially abundant OTUs, only two were more abundant among the RSV-positive 

ALRI cases than among the RSV-negative ALRI cases while the remaining 46 were 

more abundant among RSV-negative ALRI cases than among the RSV-positive cases 

(Figure 7.10).   
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Figure 7.8 Volcano plot of operational taxonomic units differentially abundant between 
human rhinovirus-positive (HIV-uninfected) ALRI cases and human rhinovirus-
negative (HIV-uninfected) ALRI cases.  
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Figure 7.9 Volcano plot of operational taxonomic units differentially abundant between 
adenovirus-positive (HIV-uninfected) ALRI cases and adenovirus-negative (HIV-
uninfected) ALRI cases.  
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Figure 7.10 Volcano plot of operational taxonomic units differentially abundant 
between respiratory syncytial virus-positive (HIV-uninfected) ALRI cases and 
respiratory syncytial virus-negative (HIV-uninfected) ALRI cases.  
 

7.5 Discussion 

This is the first study to describe the microbial communities of the oropharynx in young 

children hospitalized with ALRI or from the community in Mozambique.  

Streptococcus was the most dominant genus identified in the oropharynx of children 

both with and without ALRI, constituting approximately 36% of 16S rRNA sequence 

reads from hospital cases and 39% of 16S rRNA sequence reads from community 

controls.  This finding was in concordance with findings from the Pretoria population 
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investigated in Chapter 5 of this thesis, where Streptococcus was also the most 

dominant genus identified in the oropharynx of children both with and without ALRI, 

regardless of HIV status, constituting more than half of all 16S rRNA sequence reads.  

In contrast, previous studies characterizing the upper respiratory microbiome of children 

have not reported Streptococcus to be the most abundant genus.  Moraxella was 

identified as the most abundant genus in the nasopharyngeal microbiome of both sick 

and healthy children in studies from Australia184 and the Netherlands.100, 193  However, 

given Streptococcus and more specifically, Streptococcus pneumoniae, is the most 

commonly isolated bacteria from young children with ALRI using blood culture 

methods,17, 75, 76 our findings support the current literature on the importance of 

Streptococcus colonization in both sick and healthy African children.  

 

Among the hospital ALRI cases, Haemophilus and Neisseria were the second and third 

most abundant genera accounting for 15% and 10.0% of sequences respectively while 

among the community controls, Veillonella and Haemophilus were the second and third 

most abundant genera accounting for 11% and 10% of sequences respectively.  

Similarly, previous studies characterizing the upper respiratory microbiome of children 

have also found Haemophilus and Neisseria to be among the top most abundant 

genera.100, 184, 193  In contrast, the studies by Teo et al., Biesbroek et al. and Bogaert el al 

did not find Veillonella to be among the most common genera identified in the 

nasopharyngeal microbiomes of children.  Veillonella are anaerobic bacteria that 

commonly inhabit the mouth and upper respiratory tract195  but they are not commonly 

identified in blood cultures from children with reported isolation rates of 4%.196  

However, some microbiome studies of BAL fluid in adults with idiopathic pulmonary 

fibrosis197 and the oropharyngeal microbiomes of children with cystic fibrosis198 have 

reported Veillonella to be among the three most abundant genera identified.  The 
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differences in microbiome composition observed in our study compared with those 

previously of the nasopharyngeal microbiomes in children, may be a result of several 

factors including sampling site (oropharynx versus nasopharynx), population (African 

population versus Western populations) and the environment.  

 

The most common OTU, ‘uncultured_bacterium_14402’, belonged to the genus 

Streptococcus and represented approximately 33% of 16S rRNA sequences from 

hospital cases and 36% of 16S rRNA sequences from community controls.  It was not 

possible for us to confirm species from the 16S rRNA sequence reads.  S. pneumoniae is 

frequently identified in children with ALRI and it is likely that many sequences 

belonging to this OTU corresponds with S. pneumoniae.   Several Streptococcus species 

however, have sequence homology of more than 96% and some even more than 99%199 

and given that OTUs in this study were clustered at 97% identity, it is likely that more 

than one Streptococcus species belongs to the OTU ‘uncultured_bacterium_14402’.  

OTUs are not clustered at a higher sequence homology because this results in the 

generation of many spurious OTUs. The Streptococcus ‘uncultured_bacterium_14402’ 

OTU was equally abundant between hospital cases and community controls suggesting 

that bacterial colonization of the oropharynx is also common in healthy Mozambican 

children. 

 

A large number of OTUs (360), belonging to 43 genera, were differentially abundant 

between hospital cases and community controls.  Several genera had several OTUs that 

were differentially abundant, some of which were more abundant in the ALRI cases 

compared with the community controls and others which were less abundant in the 

ALRI cases compared with the community controls.  This suggests that different 

bacterial species (even within the same genus) have a different pathogenic role and that 
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some may even be protective or involved in synergistic relationships protecting against 

respiratory disease.  Several Haemophilus OTUs were significantly more abundant in 

the ALRI cases than in the community controls suggesting that Haemophilus may be 

particularly important in childhood ALRI in Mozambique. 

 

This study also described the microbial communities of the oropharynx in HIV-infected 

children with ALRI in comparison with HIV-uninfected children with ALRI.  Similar to 

the findings for ALRI cases and community controls, Streptococcus was the most 

dominant genus identified in both HIV-infected and HIV-uninfected children.  The 

second and third most abundance genera among both the HIV-infected ALRI cases and 

HIV-uninfected ALRI cases were Haemophilus and Neisseria which accounted for 15% 

and 9% of sequences among the HIV-infected cases respectively and 15% and 10% of 

sequences from the HIV-uninfected cases respectively.  Our finding that the most 

dominant genera in both HIV-infected and HIV-uninfected children suggests that these 

bacteria are predominant in the airways of children with ALRI regardless of HIV status.  

The diversity measures (Shannon index and Simpson index) for overall microbial 

community diversity between the HIV-infected and HIV-uninfected children were not 

significantly different (though there was a trend towards significant for the Simpson 

index).     

 

The most common OTU among the HIV-infected cases was also 

‘uncultured_bacterium_14402’ (belonging to the genus Streptococcus) representing 

27% of all the OTUs.  This was followed by ‘Haemophilus_5991’ and 

‘uncultured_bacterium_7455’ (belonging to the genus Moraxella), each comprising 

11% and 7% of sequences respectively.  
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The two most common OTUs among the HIV-uninfected ALRI cases were also  

‘uncultured_bacterium_14402’ and ‘Haemophilus_5991’ comprising 34% and 11% of 

sequences  respectively while the third most common OTU was 

‘uncultured_bacterium_8739’ (belonging to the genus Gemella) which comprised 6% of 

sequences.   

 

Differential analyses of OTU abundance revealed 8 OTUs that were significantly 

different between HIV-infected and HIV-uninfected ALRI cases, of which only one, 

belonging to the genus Selenomonas, was more abundant in the HIV-infected cases 

compared with the HIV-uninfected cases while the remaining seven OTUs were more 

abundant among the HIV-uninfected cases compared with the HIV-infected cases.  The 

decreased abundance of certain OTUs  suggests that there may be decreased microbial 

diversity of certain genera among HIV-infected children compared with HIV-uninfected 

children and as hypothesized, suggests that HIV-infection perturbs the respiratory 

microbiome.  

 

Within the HIV-uninfected ALRI cases, comparisons of the microbial diversity OTU 

abundance between virus positive and virus negative cases for the three most prevalent 

respiratory viruses, HRV, RSV and adenovirus were also conducted.  Several OTUs 

were differentially abundant for each virus.  Interestingly, and in contrast to findings 

from Chapter 5 of this thesis, the majority of OTUs that were differentially abundant 

were more abundant in the virus-positive ALRI cases than in the virus-negative ALRI 

cases for all three viruses.   

 

For HRV, 29 OTUs were more abundant among the HRV-negative ALRI cases than the 

HRV-positive ALRI cases.  For RSV, of 48 differentially abundant OTUs, 46 were 
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more abundant among RSV-negative ALRI cases than among the RSV-positive cases.  

For adenovirus, of eight differentially abundant OTUs, seven were more abundant 

among the adenovirus-positive ALRI cases than among the adenovirus-negative ALRI 

cases.  This suggests that there are virus-bacteria interactions involved and that perhaps 

in the presence of a respiratory virus, there is decreased microbial diversity. 

 

This study has a few limitations.  Firstly, it was not possible to confirm species from the 

16S rRNA results and the genus level was the lowest taxonomic rank that OTUs could 

be identified to.   Another limitation of the current study is the short recruitment period 

for both the hospital (eight months from September 2012 to April 2013) and community 

(three months from September 2012 to November 2012) which prevented the analysis 

of seasonality.  Due to the low prevalence of respiratory viruses identified in the 

community population, we did not compare microbiome profiles between children with 

and without respiratory viruses in this population.  Nonetheless, comparison of ALRI 

cases with community controls and HIV-infected and HIV-uninfected cases has allowed 

the elucidation of respiratory-specific microbial communities and resulted in a better 

understanding of the role of the respiratory microbiome, HIV and respiratory viruses in 

the pathogenesis of ALRI. 
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8.1 Abstract 

Background: Altered host immune responses are considered to play a key role in the 

pathogenesis of ALRI.  However, the existing literature on cytokine responses in ALRI 

is largely focussed on a few, well-characterised cytokines and is mainly in adults from 

developed countries.  There are few comprehensive reports on the role of cytokines in 

childhood ALRI, particularly in African or HIV-infected populations.  

Objectives: To measure systemic cytokine levels in blood plasma from young South 

African children with and without ALRI and with and without HIV to determine 

associations between cytokine responses and disease status and respiratory viral 

identification.   

Methods: Blood plasma samples were collected from 106 hospitalized ALRI cases and 

54 non-ALRI controls less than two years of age.  HIV status was determined.  Blood 

plasma concentrations of 19 cytokines, 7 chemokines and 4 growth factors (EGF, FGF-

basic, HGF and VEGF) were measured using The Human Cytokine 30-Plex Panel.  

Common respiratory viruses were identified by PCR. 

Results: Mean cytokine concentrations for G-CSF, IFN-γ, IL-5 and MCP-1 were 

significantly higher in ALRI cases than in non-respiratory controls and within the ALRI 

cases, several cytokines were higher in children with a virus compared with children 

without a virus.  Mean cytokine concentrations for IFN-α, IFN-γ, IL-4, IL-5, IL-13, 

TNF-α and MIP-1α were significantly lower in HIV-infected cases than in HIV-

uninfected cases while IP-10 and MIG were significantly higher in HIV-infected cases 

than in HIV-uninfected cases.   

Conclusions: Certain cytokines are likely to play an important role in the host immune 

response to ALRI.  HIV-infected children have impaired inflammatory responses to 

respiratory infections compared with HIV-uninfected children.   
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8.2 Introduction 

Acute lower respiratory infections (ALRI), caused primarily by viruses and bacteria, are 

the leading cause of childhood mortality worldwide.5  Altered host immune system 

cytokine responses are considered to play a key role in the pathogenesis of ALRI.  

Cytokine type and levels indicate the nature of an immune response for a particular 

individual.  Upon detection of a pathogen,  immune cells  initiate an immune response 

specific to  that pathogen.
128

  Cytokines are often divided into pro-inflammatory 

cytokines (interleukin (IL)-1, IL-8, IL-12, IL-18 and tumour necrosis factor (TNF)-α) 

that stimulate the immune system and anti-inflammatory cytokines (IL-1RA, IL-10 and  

IL-11) that suppress the immune system.128  Some cytokines such as IL-6 can have 

either a pro-inflammatory or an anti-inflammatory action.201  T helper (Th) cells or 

CD4+ T helper cells in particular play a key role in modulating immune responses.  

Th1- type cytokines (e.g. IL-12, and interferon (IFN)-γ) generate pro-inflammatory 

responses against intracellular pathogens such as viruses and bacteria.
129

  Th2-type 

cytokines generate responses against extracellular parasites such as helminths and 

include interleukins (e.g. IL-1, IL-4, IL-5, and IL-13) that are associated with the 

promotion of IgE and eosinophilic responses in atopy as well as IL-10 which has more 

of an anti-inflammatory response.129
  CD4+ cells not only regulate the immune system 

but also play a major role in inflammatory disease progression.  Information on 

cytokine levels in children with and without ALRI has the potential to help elucidate the 

role of the immune system in the pathogenesis of childhood ALRI. 

    

The existing literature on the pattern of cytokine responses in ALRI are largely focussed 

on only a select few, well-characterised cytokines including TNF- α, IFN-γ, IL-1β, IL-6, 

IL-8, and IL-10, and are mainly in adults.130-133, 202  There are few comprehensive 

reports on the role of cytokines in childhood ALRI.  In one study of systemic responses 
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of 15 cytokines in children with community-acquired pneumonia in the USA, IL-6 was 

associated with markers of disease severity.134  The study also compared cytokine 

concentrations with different aetiologies (Mycoplasma pneumoniae or Chlamydophila 

pneumoniae alone, Streptococcus pneumoniae alone, viruses alone or mixed infections 

and found differences in IFN-α, IL-6, IL-17, GM-CSF, and TNF-α concentrations as 

well as higher concentrations of IFN-α, IL-6, GM-CSF, and TNF-α among children 

with mixed infections compared with children with viruses or bacterial alone.  Studies 

on cytokine responses in ALRI in Africa are lacking in paediatric populations and 

scarce in adult populations.  A study published 20 years ago by Puren et al measured 

IL-1β, IL-6, and TNF-α levels in adults with pneumonia and found IL-1β to be 

associated with the severity of infection.135  Recently, a study of infants with respiratory 

syncytial virus (RSV) in The Gambia reported an increase in IL-13 in response to RSV 

antigens.144  Our first aim was to measure systemic cytokine levels in children with and 

without ALRI to elucidate ALRI-specific inflammatory responses. 

 

The rise in HIV infections over the last few decades is likely to affect cytokine profiles 

in ALRI.  HIV-infection plays an important role in the frequency and outcome of 

ALRI
91

  with pneumonia being the leading cause of morbidity and mortality in HIV-

infected children.
81

  HIV-infected individuals have a weakened immune system and 

disrupted function of the CD4+ T helper cells associated with decreased levels of the 

pro-inflammatory Th1 cytokines IL-12, and consequently IL-2 and IFN-γ
203

, that 

generate responses against viruses and bacteria. Hence, HIV-infected individuals are 

more susceptible to infections including ALRI that are normally cleared by the immune 

system of a healthy individual.  As HIV infection suppresses the immune response, both 

pro-inflammatory and anti-inflammatory cytokines are likely to be altered in HIV-

infected individuals with ALRI.  Few investigations of cytokines in HIV-infected 
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individuals with respiratory illness have been conducted in African countries.  In 

African children, Green et al found that in HIV-infected infants with severe hypoxic 

pneumonia, IL-10 and IFN-inducible  protein (IP)-10 levels were higher in infants with 

more severe lung disease.136  However, as only HIV-infected children were included in 

the study, the relative contribution of ALRI versus HIV to the cytokine changes was 

unknown.  Another study of Malawian children 2 months to 16 years of age with 

pneumonia or meningitis found that in HIV-infected children, IL-1β, IL-6 and IL-10 

were all significantly higher in non-survivors than in survivors but this difference was 

not significant among HIV-uninfected children.137  However, of the 95 children 

included in this study, only 13 had pneumonia and all were ‘survivors’.  Our second aim 

was to compare systemic cytokine levels in HIV-infected and HIV-uninfected children 

with ALRI to elucidate HIV-specific inflammatory responses during ALRI.   

 

A wide range of respiratory viruses and bacteria are known to cause ALRI.  However, 

no clinical symptom is pathognomonic of infection with a specific respiratory pathogen, 

and most pathogens are able to elicit a range of upper and lower respiratory tract 

symptoms and cause disease ranging from mild to severe.138  Several studies have 

reported on cytokine levels associated with specific respiratory pathogens; human 

rhinovirus (HRV) infection has been associated with increased levels of Th2139, 140 and 

Th17141-143 cytokines and RSV infection has been associated with increased levels of 

Th2 cytokines.144, 145  Since specific respiratory pathogens may elicit specific cytokine 

responses, host cytokine profiles could provide a biomarker for determining the 

aetiology of ALRI.  The relative importance of individual pathogens and the 

mechanisms that lead to lower respiratory infection, remain poorly understood and an 

understanding of pathogen-specific cytokine profiles may provide insight into the 



175 
 

pathogenesis of ALRI.  Our third aim was to compare systemic cytokine levels in 

children with different respiratory viruses.   

 

The overall aim of this study was to measure systemic cytokine (and chemokine and 

growth factors) in blood plasma from young South African children with and without 

ALRI and with and without HIV to determine associations between cytokine responses 

and disease status and respiratory viral identification.  We hypothesised that there would 

be cytokine responses unique to ALRI, HIV-infection and specific viral infections. 

8.3 Materials and Methods 

8.3.1 Study population  

A prospective case-control study was conducted between July 2011 and November 

2012 in Pretoria, South Africa.  Children 0-2 years of age admitted to the Steve Biko 

Academic Hospital or Tshwane District Hospital and diagnosed with ALRI (pneumonia 

or bronchiolitis) were enrolled as cases.  A clinical diagnosis of pneumonia or 

bronchiolitis was determined by the treating physician; pneumonia was diagnosed in 

children with respiratory distress and either chest X-ray changes (e.g. consolidation or 

effusion), fever or auscultatory findings (e.g. crepitations or bronchial breathing) while 

bronchiolitis was diagnosed in children with respiratory distress and at least one of the 

following; wheeze, chest X-ray changes (e.g. signs of hyperinflation) or Hoover’s sign 

(inward movement of the lower rib cage during inspiration).  Age-matched children 

presenting to the same hospitals over the same time period with a non-respiratory illness 

or injury were enrolled as controls.  Exclusion criteria for controls included current 

signs or symptoms of respiratory illness.  Recruitment was conducted throughout the 

year regardless of season.  This study was approved by the University of Western 

Australia Human Research Ethics Committee and University of Pretoria Ethics 
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Committee prior to commencement.  Written informed consent was obtained from 

parents or guardians prior to participation.  

8.3.2 Data and sample collection 

Information and samples were obtained from the enrolled cases and controls on the day 

of recruitment.  Whole blood was collected by venepuncture into EDTA tubes which 

were centrifuged within one hour of blood draw to separate plasma from red blood cells.  

Nasopharyngeal aspirates (NPAs) were collected and respiratory viruses (HRV, 

adenovirus, RSV, bocavirus, coronavirus, parainfluenza viruses, influenza viruses and 

metapneumovirus) were identified as described in Chapter 2.  Plasma, red blood cells 

and NPAs were stored at ---80ºC until sent to Perth, Australia on dry ice for further 

analyses.  HIV status was determined using HIV ELISA tests and confirmed with a 

PCR for children less than 18 months of age.  A detailed questionnaire was 

administered by the study doctor to at least one parent or guardian of the enrolled 

children.  Information on clinical symptoms (e.g. cough, wheeze, shortness of breath, 

fever, weak and tired, runny nose, congestion and sneezing), health history (e.g. 

antibiotic therapy and allergies) and past and present medications was collected.  

Demographic details including gender, age and ethnicity and environmental and socio-

economic information were also collected via the questionnaire.   

8.3.3 Plasma cytokine measurements 

Plasma concentrations of 19 cytokines (G-CSF, GM-CSF, IFN-α, IFN-γ, IL-1β, IL-

1RA, IL-2, IL-2R, IL-4, IL-5, IL-6, IL-7, IL-8, IL-10, IL-12, IL-13, IL-15, IL-17 and 

TNF-α), 7 chemokines (Eotaxin, IP-10, MCP-1, MIG, MIP-1α, MIP-1β and RANTES) 

and 4 growth factors (EGF, FGF-basic, HGF and VEGF) were measured using The 

Human Cytokine 30-Plex Panel (Luminex, Austin, TX).  The Human Cytokine 30-Plex 

Panel is based on xMAP technology which uses a suspension array system with colour-
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coded beads that allow for the simultaneous detection of up to 100 cytokines in a single 

well of a microplate.204  The assay was run according to The Human Cytokine 30-Plex 

Panel protocol of Novex by Life Technologies.  Samples were analyzed using the Bio-

Plex suspension array system (Bio-Rad Laboratories, Hercules, CA).  Analysis of 

experimental data was done using five-parametric curve fitting.  All samples and 

standards were assayed in duplicate and samples with a CV greater than 50% were 

excluded from analyses.  The mean %CV for each cytokine ranged from 6.29% to 

12.40%.  Samples that were below the standard range or that were extrapolated below 

the standard range were reported as the midpoint between the expected concentration 

(pg/mL) of the lowest standard and zero.  A few samples were out of range (above) and 

were reported as the concentration (pg/mL) of the highest standard.  

8.3.4 Statistical analyses  

Log-transformed cytokine concentrations were used for parametric analyses and the 

data are presented as geometric means with SD.  Associations between plasma cytokine 

concentrations and ALRI, HIV or HRV were fist analysed using independent samples 

T-test and if significant (p <0.05), were then included in multiple linear regression 

analysis controlling for age.  All analyses between ALRI cases and non-respiratory 

controls were carried out only within the HIV-uninfected group.  All analyses 

comparing HIV-infected and HIV-uninfected children were carried out only within the 

ALRI cases .  Principal component analysis (PCA) was carried out on the panel of 30 

cytokines.  PCA is a multivariate statistical technique that reduces the dimension of a 

large dataset by identifying new summary variables also called principal components 

(PC).  PCs identified were retained for further analysis if their eigenvalues were above 

one.  Varimax with Kaiser Normalization rotation method was applied.  Statistical 

analyses were performed using SPSS version 22.0 (SPSS Inc., Chicago, ILL, USA) and 

a p-value <0.05 was considered statistically significant.  
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8.4 Results  

8.4.1 Population demographics  

One hundred and six ALRI cases (67.0% males, median age 5.6 months, IQR 2.4-10.6 

months) and 54 controls (57.4% males, median age 7.9 months, IQR 2.4-13.9 months) 

were enrolled between July 2011 and November 2012.  There were no significant 

differences in the population demographics (age, gender or ethnicity) between the ALRI 

cases and non-respiratory controls.  Of the 106 ALRI cases, 58 were diagnosed with 

pneumonia (63.8% male) and 48 were diagnosed with bronchiolitis (70.8% male) 

(p=0.443).  Seventeen children were HIV-infected, of which only 2 were non-

respiratory controls (p=0.049).  Of the 15 HIV-infected ALRI cases, only one was 

diagnosed with bronchiolitis whereas the rest were diagnosed with pneumonia 

(p=0.020).   

8.4.2 Plasma cytokine concentrations in ALRI cases and controls 

Cytokine concentrations were measured in plasma samples from 86 HIV-uninfected 

ALRI cases and 48 HIV-uninfected non-respiratory controls.  Mean cytokine 

concentrations for G-CSF, IFN-γ, IL-5 and MCP-1 were significantly higher in ALRI 

cases than in non-respiratory controls (Table 1, Figure 1).  Figure 1 shows the 

logarithmic (log) mean difference between cases and controls.  Between the ALRI 

diagnosis groups (pneumonia and bronchiolitis), mean hepatocyte growth factor (HGF) 

concentration was significantly higher in pneumonia cases (925.8 pg/ml, 95% CI: 

685.7-1249.8) than in bronchiolitis cases (605.1 pg/ml, 95% CI: 494.6-640.4, p=0.020) 

and mean IL-13 concentration was significantly lower in pneumonia cases (70.4 pg/ml, 

95% CI: 47.7-105.5) than in bronchiolitis cases (117.0 pg/ml, 95% CI: 88.9-154.0, 

p=0.040).   
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Figure 8.1 Logarithmic mean difference (and 95% CI) in plasma cytokine 
concentrations between (HIV-uninfected) ALRI cases and controls.  Cytokines with 
mean difference values above 0 were higher in ALRI cases than controls. 
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Table 8.1 Cytokine, chemokine and growth factor concentrations (pg/ml) in HIV-
uninfected ALRI cases versus controls 
 Mean plasma cytokine, chemokine and growth factor 

concentrations (95% CI; pg/ml) 
 

 Cases 
n= 86* 

Controls 
n= 48* 

p-value 

Cytokines    
G-CSF   522.5 (461.3-591.8) 382.3 (311.6-469.1) 0.004 
GM-CSF 0.45 (0.28-0.73) 0.51 (0.26-0.99) 0.761 
IFN-α 159.2 (143.6-176.5) 139.8 (123.3-158.5) 0.123 
IFN-γ 68.8 (58.3-81.1) 46.4 (32.7-65.8) 0.023 
IL-1β 7.00 (4.89-10.01) 9.88 (6.13-15.92) 0.250 
IL-1RA 1087.6 (843.0-1403.1) 924.3 (704.2-1213.3) 0.419 
IL-2 7.71 (5.89-10.09) 7.12 (5.03-10.07) 0.717 
IL-2R 2184.1 (1972.2-2418.8) 2196.4 (1676.8-2877.0) 0.963 
IL-4 34.9 (27.7-43.8) 29.6 (21.1-41.6) 0.412 
IL-5 11.9 (8.8-16.1) 6.98 (4.37-11.16) 0.032 
IL-6 23.9 (17.0-33.7) 14.1 (9.42-21.1) 0.057 
IL-7 36.5 (24.3-54.6) 33.4 (24.1-46.3) 0.741 
IL-8 31.4 (21.1-46.8) 20.7 (11.8-36.3) 0.223 
IL-10 36.1 (26.1-49.9) 27.6 (16.8-45.3) 0.348 
IL-12 494.2 (444.2-549.8) 449.2 (396.8-508.6) 0.264 
IL-13 90.5 (70.7-115.8) 66.4 (45.4-97.3) 0.159 
IL-15 60.0 (39.9-90.1) 68.9 (41.3-114.9) 0.677 
IL-17 6.75 (5.68-8.01) 6.53 (5.29-8.07) 0.818 
TNF-α 45.1 (38.1-53.3) 32.9 (21.9-49.4) 0.097 

Chemokines    
Eotaxin 95.1 (83.7-108.0) 92.4 (75.3-113.6) 0.806 
IP-10 169.0 (126.9-225.0) 152.5 (118.9-195.6) 0.633 
MCP-1 636.7 (520.8-778.3) 422.5 (341.5-522.9) 0.008 
MIG 233.2 (174.7-311.3) 281.4 (219.2-361.4) 0.383 
MIP-1α 113.2 (100.0-128.2) 104.8 (82.9-132.7) 0.524 
MIP-1β 189.1 (165.0-216.7) 153.3 (122.3-192.1) 0.093 
RANTES 6552.6 (5842.2-7349.3) 7161.2 (6158.2-8327.6) 0.353 

Growth Factors     
EGF 19.9 (15.1-26.3) 22.9 (15.1-34.7) 0.572 
FGF-basic 10.6 (7.88-14.1) 10.6 (7.2-15.7) 0.988 
HGF 750.4 (624.4-901.8) 842.6 (643.6-1103.0) 0.467 
VEGF 13.2 (9.55-18.2) 10.7 (6.99-16.47) 0.446 

* n for ALRI cases and controls may vary for each cytokine depending on number of samples 
excluded because they were above %CV.   
 



181 
 

8.4.3 Cytokine concentrations in HIV-infected and HIV-uninfected ALRI cases 

Cytokine concentrations were measured in plasma samples from 15 HIV-infected ALRI 

cases and 86 HIV-uninfected ALRI cases.  Mean cytokine concentrations for IFN-α, 

IFN-γ, IL-4, IL-5, IL-13, TNF-α and MIP-1α were significantly lower in HIV-infected 

cases than in HIV-uninfected cases while IP-10 and MIG were significantly higher in 

HIV-infected cases than in HIV-uninfected cases (Table 2, Figure 2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



182 
 

Table 8.2 Cytokine, chemokine and growth factor concentrations (pg/ml) in HIV-
infected versus HIV-uninfected ALRI cases  
 Mean plasma cytokine, chemokine and growth factor 

concentrations (95% CI; pg/ml) 
 

 HIV-infected ALRI cases 
n= 15* 

HIV-uninfected ALRI 
cases 

n= 85* 

p-value 

Cytokines    
G-CSF   375.0 (193.3-727.5) 522.5 (461.3-591.8) 0.094 
GM-CSF 0.88 (0.17-4.42) 0.45 (0.28-0.73) 0.309 
IFN-α 111.6 (79.9-166.0) 159.2 (143.6-176.5) 0.015 
IFN-γ 35.2 (18.9-65.57) 68.8 (58.3-81.1) 0.008 
IL-1β 9.24 (3.69-23.2) 7.00 (4.89-10.01) 0.550 
IL-1RA 1337.7 (724.3-2470.8) 1087.6 (843.0-1403.1) 0.529 
IL-2 5.46 (1.80-10.6) 7.71 (5.89-10.1) 0.324 
IL-2R 2413.2 (1698.8-3427.9) 2184.1 (1972.2-2418.8) 0.477 
IL-4 12.6 (8.52-18.6) 34.9 (27.7-43.8) 0.001 
IL-5 3.75 (1.71-7.77) 11.9 (8.84-16.1) 0.004 
IL-6 43.1 (17.8-104.6) 23.9 (167.0-33.7) 0.188 
IL-7 21.7 (10.5-44.8) 33.4 (24.1-46.3) 0.303 
IL-8 37.3 (10.3-1354.0) 31.4 (21.1-46.8) 0.751 
IL-10 46.0 (21.4-98.8) 36.1 (26.1-49.9) 0.564 
IL-12 468.2 (383.3-571.8) 494.2 (444.2-549.9) 0.687 
IL-13 23.3 (13.2-41.0) 90.5 (70.7-115.8) <0.001 
IL-15 119.8 (48.7-294.7) 60.0 (39.9-90.1) 0.187 
IL-17 5.59 (4.44-7.05) 6.75 (5.68-8.01) 0.377 
TNF-α 19.6 (10.4-37.0) 45.1 (38.1-53.3) 0.001 

Chemokines    
Eotaxin 97.4 (75.3-126.0) 95.1 (83.7-108.0) 0.882 
IP-10 396.2 (268.2-585.1) 169.0 (126.9-225.0) 0.019 
MCP-1 867.8 (497.5-1513.7) 636.7 (520.8-778.3) 0.243 
MIG 549.4 (354.6-851.3) 233.2 (174,7-311.3) 0.016 
MIP-1α 87.1 (66.2-114.7) 113.24 (100.0-128.2) 0.100 
MIP-1β 106.9 (76.6-149.1) 189.1 (165.0-216.7) 0.002 
RANTES 8598.7 (6826.1-10831.5) 6552.6 (5842.2-7349.3) 0.064 

Growth Factors     
EGF 13.5 (6.50-28.0) 19.9 (15.1-26.3) 0.282 
FGF-basic 6.66 (2.77-16.0) 10.6 (7.88-14.1) 0.240 
HGF 519.7 (313.0-862.8) 750.4 (624.4-901.8) 0.128 
VEGF 8.01 (3.20-20.1) 13.2 (9.6-18.2) 0.246 
* n for HIV-infected and HIV-uninfected ALRI cases may vary for each cytokine depending on 
number of samples excluded because they were above %CV. 
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Figure 8.2 Logarithmic mean difference (and 95% CI) in plasma cytokine 
concentrations between HIV-infected and HIV-uninfected ALRI cases.  Cytokines with 
mean difference values above 0 were higher in HIV-infected ALRI cases than HIV-
uninfected ALRI cases.    
 

8.4.4 Cytokine concentrations specific for respiratory viruses  

Plasma cytokine concentrations relating to respiratory viruses were investigated within 

HIV-uninfected ALRI cases and non-respiratory controls.  At least one respiratory virus 

was identified in 72 (84.7%) ALRI cases and 33 (70.2%) non-respiratory controls, of 

which, HRV was the most commonly identified virus (49.4% in cases and 36.2% in 

controls).  This was followed by adenovirus (34.1% in cases and 29.8% in controls) and 

RSV (30.6% in cases and 17.0% in controls).  For overall viral detection, there were no 

significant differences in cytokine concentrations between ALRI cases with at least one 
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respiratory virus identified (n=72) and ALRI cases with no respiratory virus identified 

(n=13).  Among controls however, IP-10, IL-8, and MCP-1 concentrations were 

significantly higher in children with at least one respiratory virus than in controls with 

no respiratory virus (p=0.008 p=0.032 and p=0.028 respectively).   

 

For HRV, mean cytokine concentrations for IL-5, TNF-α, IL-2, G-CSF, IL-7 and IL-17 

were significantly higher in HRV-positive ALRI cases than in HRV-negative ALRI 

cases (Table 3). For controls, there were no significant differences in mean cytokine 

concentrations between HRV-positive and HRV-negative children.  For RSV, mean 

cytokine concentrations for IL-12, IL-13, IL-2 and IFN-γ were significantly higher in 

RSV-positive cases than in RSV-negative ALRI cases while RANTES was significantly 

lower in RSV-positive ALRI cases than in RSV-negative ALRI cases (Table 3).  

Among controls, mean IL-12 concentration was significantly higher in RSV-positive 

children (600.6 pg/ml, 95% CI: 398.8-904.6) than in RSV-negative children (426.8 

pg/ml, 95% CI: 375.1-485.6, p=0.039).  For adenovirus, the mean IL-6 concentration 

was significantly higher in adenovirus-positive ALRI cases (41.1 pg/ml, 95% CI: 20.9-

80.9) than in adenovirus-negative ALRI cases (19.2 pg/ml, 95%CI: 13.2-28.1, p=0.035) 

and there were no differences in mean cytokine concentrations between adenovirus-

positive controls and adenovirus-negative controls.   

8.4.5 Principal component analysis 

Eight principal components with eigenvalues above one were identified and included in 

further analysis.  Varimax with Kaiser Normalization rotation method was applied and 

each principal component (PC1- PC8) was composed of cytokines that shared a 

correlation above 0.3 as presented in Table 4.  The 8 principle components obtained 

cumulatively explain 74.2% of variation within the dataset. 
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Table 8.3 Mean concentrations (pg/ml) for cytokine, chemokine and growth factors that 
were significantly different between virus-positive and virus-negative (HIV-uninfected) 
ALRI cases  
 Mean plasma cytokine, chemokine and growth factor 

concentrations (95% CI; pg/ml) 
 

 HRV-positive ALRI cases 
n=39 

HRV-negative ALRI cases 
n=42 

p-value 

IL-5 18.7 (12.2-28.5) 8.12 (5.45-12.1) 0.005 
TNF-α 57.5 (45.8-72.2) 35.9 (28.3-45.5) 0.006 
IL-2 10.8 (7.09-16.5) 5.69 (4.09-7.92) 0.028 
G-CSF   603.1 (500.6-726.7) 457.9 (387.7-540.7) 0.049 
IL-7 47.8 (29.2-78.3) 23.9 (15.4-37.1) 0.048 
IL-17 8.13 (6.01-11.0) 5.69 (4.76-6.79) 0.028 

 RSV-positive ALRI cases 
n=26 

RSV-negative ALRI cases 
n=58 

p-value 

IL-12 629.5 (526.5-752.8) 443.7 (390.4-504.1) 0.001 
IL-13 155.9 (110.1-220.8) 71.22 (52.1-97.3) 0.004 
RANTES 5088.8 (4342.7-5963.0) 7370.7 (6374.2-8522.6) 0.006 
IL-2 12.5 (6.95-22.5) 6.36 (4.76-8.49) 0.006 
IFN-γ 91.6 (74.2-113.1) 61.0 (49.0-75.9) 0.029 
IP-10 275.7 (199.8-380.4) 135.3 (92.1-198.8) 0.021 
 

Table 8.4 Rotated principal component matrix of 30 cytokines.  Principal components 
were composed of cytokines that shared a correlation above 0.3 (as coloured) 
 Principal Components  

 1 2 3 4 5 6 7 8 

IL-5  0.864 0.061 0.017 -0.006 0.017 0.189 -0.025 0.120 

TNF-α   0.837 0.286 0.09 0.077 -0.048 -0.007 0.143 -0.069 

IL-4  0.835 0.065 0.106 0.021 0.206 0.188 -0.114 0.105 

IL-13  0.833 0.131 0.008 0.076 -0.025 0.121 -0.172 0.225 

IFN-γ  0.763 0.090 0.101 0.222 -0.046 -0.074 0.323 0.060 

IFN-α  0.725 0.015 0.103 0.452 0.171 -0.029 0.091 -0.085 

IL-17  0.615 0.171 0.020 0.022 0.107 -0.170 0.086 0.015 

IL-7  0.615 0.508 0.125 -0.077 -0.049 0.035 0.056 0.022 

G-CSF   0.602 0.138 0.439 0.142 0.189 0.113 0.094 -0.287 

MIP-1β  0.486 0.557 0.143 0.286 -0.039 -0.082 0.032 0.072 

IL-2  0.464 0.540 0.177 0.075 0.413 0.246 -0.022 0.090 

MIP-1α  0.458 0.368 0.117 0.442 0.099 -0.042 0.140 0.002 

IL-12  0.340 0.06 0.007 0.21 0.046 0.576 0.283 0.014 

Eotaxin  0.338 0.080 0.160 0.549 0.107 0.302 -0.056 0.341 
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VEGF  0.336 0.379 0.539 0.398 0.012 -0.08 0.048 0.148 

HGF  0.232 0.303 0.771 -0.102 0.088 0.013 0.166 -0.022 

EGF  0.210 0.706 0.317 0.032 -0.117 0.033 -0.23 0.149 

IL-15  0.181 0.66 0.102 0.354 0.150 0.058 0.258 -0.102 

IL-8  0.173 0.229 0.506 0.561 -0.123 -0.045 -0.089 0.055 

IL-6  0.169 0.081 0.628 0.326 0.471 0.072 0.09 0.004 

MIG  0.166 0.089 0.05 0.08 0.223 0.295 0.800 0.106 

IL-10  0.144 0.172 0.195 0.163 0.789 0.102 0.223 0.164 

FGF  0.097 0.816 -0.016 -0.087 0.215 -0.016 0.057 -0.090 

IL-1β  0.087 0.851 0.112 0.056 0.279 0.03 0.044 -0.049 

MCP-1  0.007 -0.027 0.187 0.837 0.125 0.173 0.110 -0.081 

GM-CSF  -0.005 0.232 -0.036 -0.007 0.837 -0.126 -0.008 0.050 

IL-1RA  -0.06 0.014 0.866 0.309 0.027 0.063 -0.059 0.041 

IP-10  -0.066 0.008 0.026 0.051 -0.047 0.814 0.046 0.019 

IL-2R  -0.122 -0.005 0.418 0.023 -0.138 -0.13 0.453 0.544 

RANTES  -0.213 0.053 0.042 -0.005 -0.245 -0.076 -0.050 -0.814 

 

8.4.6 Principal component analysis of clinical groups 

Associations between the 8 principal components and different clinical groups were 

examined.  A PC factor score is the composite measure created from the principal 

component analysis and is referred to as either PC1-PC8 or the component of the most 

strongly associated cytokines.  For examples, PC1 can be referred to as the IL-5 

component.  A lower PC factor score correlates to a lower plasma cytokine 

concentration.  There were no differences in PC factor scores between HIV-uninfected 

ALRI cases and controls.  Between ALRI diagnosis groups, PC3 factor score was 

significantly higher in HIV-uninfected pneumonia cases than in HIV-uninfected 

bronchiolitis cases.    

 

Between HIV-infected and HIV-uninfected ALRI cases, PC1 factor score was 

significantly lower for HIV-infected cases than for HIV-uninfected cases (p<0.001) and 

PC6 and PC7 factor scores were significantly higher for HIV-infected cases than for 
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HIV-uninfected cases (p=0.049 and p=0.025 for PC6 and PC7 respectively).  We also 

compared HIV-infected ALRI cases (n=15) with the control group (n=54) and found 

PC1 was significantly lower in the HIV-infected ALRI cases than in the control group 

(p=0.004) while PC4 and PC6 were higher in the HIV-infected ALRI cases than in the 

control group (p=0.013 and o=0.018 respectively).    

8.4.7 Principal component analysis of identified respiratory viruses  

We examined associations between PC factor scores and respiratory viral identification 

in ALRI cases and non-respiratory controls for a respiratory viruses overall, HRV, 

adenovirus and RSV.  Among ALRI cases, there were no differences in PC factor 

scores for cases with at least one respiratory virus compared with cases with no 

respiratory virus.  Among controls, PC4 and PC6 factor scores were significantly higher 

for children with at least one respiratory virus than for children with no respiratory virus 

(p=0.005 and p=0.003 respectively).   

 

For HRV-positive ALRI cases (n=39), PC1 factor score was significantly higher than 

for HRV-negative ALRI cases (n=42, p=0.003) and no differences were observed for 

factor scores between HRV-positive and HRV-negative controls.  For RSV-positive 

ALRI cases (n=25), PC6 and PC8 factor scores were significantly higher than for RSV-

negative ALRI cases (n=56; p=0.010 and p=0.005 respectively) and no differences were 

observed for factor scores between RSV-positive and RSV-negative controls.  There 

were no differences in PC factor scores between adenovirus-positive and adenovirus-

negative children for either the ALRI cases or controls group.  
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8.5 Discussion   

Although other studies have examined cytokine levels in young children with ALRI and 

with and without HIV, this is the first study to investigate cytokine levels in children 

with ALRI and with or without HIV.  This comprehensive analysis included 30 

cytokines, most of which had not been investigated anywhere in either adults or 

children with ALRI.  We found significant associations between several cytokines and 

ALRI, HIV infection and respiratory virus identification, some of which support 

previous reports and others we report for the first time. 

 

Comparing ALRI cases and non-respiratory controls, all of whom were HIV-uninfected, 

IFN-γ, IL-5, G-CSF and MCP-1 levels were significantly higher in cases than controls.  

IFN-γ has been identified as an important cytokine in respiratory illness205 and has been 

found to be elevated in both local and systemic samples from patients with community-

acquired pneumonia compared with healthy individuals.202  However, there are limited 

data on the roles of IL-5, G-CSF and MCP in ALRI with scarce data demonstrating 

increased IL-5 in atopic asthmatics,206-209 increased MCP-1 in patients with interstitial 

lung disease,210 and increased G-CSF in mice induced with pneumococcal 

pneumonia.211  This is the first study to find elevated levels of IL-5, G-CSF and MCP in 

young African children with ALRI.  Several studies in adults and children have reported 

increased IL-6 levels in individuals with pneumonia.130, 132-134, 202  We also found that 

IL-6 was higher in ALRI cases than controls with an observed trend towards 

significance (p=0.057).  Our findings support the current understanding that cytokines 

play an important role in the host immune response to ALRI by confirming known 

associations between cytokines and ALRI (i.e. IFN-γ and IL-6) as well as demonstrating 

novel associations (i.e. IL-5, G-CSF and MCP).   
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Between HIV-infected and HIV-uninfected children with ALRI, IP-10 and MIG levels 

were significantly higher in HIV-infected children than in HIV-uninfected children 

while IFN-α, IFN-γ, IL-4, IL-5, IL-13, TNF-α and MIP-1α were significantly lower in 

HIV-infected children than in HIV-uninfected children.  Concordant with our findings, 

Green et al also found that IP-10 (and IL-10) were associated with more severe lung 

disease and that levels were higher in HIV-infected infants with severe hypoxic 

pneumonia than in HIV-infected infants with bronchiectasis.136  As only HIV-infected 

children were included in Green et al’s study and that the control group consisted of 

children with bronchiectasis, the relative contribution of ALRI and HIV in that study is 

unknown.  However, increased levels of IP-10 associated with HIV-infection have also 

been reported in adult populations outside of Africa.212-215  Also, in agreement with our 

findings, a study of adults with HIV-infection in the USA also found IFN-γ to be 

decreased in HIV-infected individuals compared with HIV-uninfected individuals.148  

Of the six cytokines tested in their study, Tudela et al reported three to be higher in the 

HIV-infected group than in the HIV-uninfected group.  The three cytokines that were 

increased in the HIV-infected group (IL-6, IL-10 and TGF-β) were known anti-

inflammatory cytokines while the three cytokines that were decreased (IL-12, IL-2 and 

IFN-γ) were known pro-inflammatory cytokines which the authors hypothesized was a 

result of HIV’s role in dampening the immune response to intracellular pathogens.  In 

our study, we found that 7 of the 30 cytokines measured were significantly lower in 

HIV-infected children than in HIV-uninfected children (IFN-α, IFN-γ, IL-4, IL-5, IL-

13, TNF-α and MIP-1α) while only 2 cytokines were significantly higher in HIV-

infected children than in HIV-uninfected children (IP-10 and MIG).  Of the 7 cytokines 

that were significantly lower in HIV-infected children, TNF-α is a known pro-

inflammatory cytokine while IL-4 and IL-13 are known anti-inflammatory cytokines.  

Hence, our findings challenge the pro-inflammatory versus anti-inflammatory 
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hypothesis put forth by Tudela and colleagues.  It is important to note however, that 

unlike our study, the HIV-infected individuals in the study by Tuleda et al did not have 

an acute respiratory illness at the time of sampling.  Our study examined HIV-infected 

and HIV-uninfected children with ALRI and hence, allowed us to elucidate how host 

immune responses to an ALRI were affected by HIV.  For example IFN-γ and IL-5 

levels were significantly higher in ALRI cases compared with non-respiratory controls.  

In the ALRI cases, IFN-γ and IL-5 levels were significantly lower among HIV-infected 

individuals than HIV-uninfected individuals.  This suggests that HIV-infected children 

have impaired inflammatory responses to respiratory infections compared with HIV-

uninfected children.   

 

We also found associations between several cytokines and respiratory viruses.  IL-5, 

TNF-α, IL-2, G-CSF, IL-7 and IL-17 levels were significantly higher in HRV-positive 

ALRI cases than in HRV-negative ALRI cases.  HRV has been shown to generate 

strong Th2 and Th17 cytokine responses139, 140 which are known to regulate airway 

inflammation during respiratory viral infections.141-143  Indeed, we found elevated levels 

of the Th2 cytokine IL-5 and the Th17 cytokine IL-17 among ALRI cases with HRV 

infection when compared with ALRI cases without HRV infection.  However, IL-2, 

which can be either a Th1 or Th2 cytokine, was also higher among the HRV-positive 

cases than the HRV-negative cases.   For RSV, cytokine levels of IL-12, IL-13, IL-2 

and IFN-γ were significantly higher in RSV-positive ALRI cases than in RSV-negative 

ALRI cases while RANTES was significantly lower in RSV-positive ALRI cases than 

in RSV-negative ALRI cases.  Among non-respiratory controls, IL-12 was significantly 

higher in RSV-positive children than in RSV-negative children.  Like HRV, there is 

evidence that RSV induces strong Th2 cytokines216, 217 but there is conflicting evidence 

over the role of Th1 cytokines, with some studies reporting increased levels associated 
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with RSV infection216, 217 while others report reduced expression of Th1 cytokines (i.e. 

IFN-γ) among infants with more severe RSV bronchiolitis compared with those with 

mild disease.218  For adenovirus, we found that IL-6 was significantly higher in 

adenovirus-positive ALRI cases than in adenovirus-negative ALRI-cases which support 

the current literature on increased IL-6 levels in individuals with ALRI.130, 132-134, 202  In 

this study, the elevated cytokines among the virus-positive ALRI-cases identified 

belonged to Th1, Th2 and Th17 cytokines as well as to the pro-inflammatory and anti-

inflammatory groups.  Hence, our data suggests that specific respiratory viral infections 

generate different cytokine responses and collectively generate a wide range of 

cytokines that may not necessarily fit into the pro-inflammatory versus anti-

inflammatory or Th1 versus Th2 processes. 

 

Cytokines are often functionally divided into pro-inflammatory versus anti-

inflammatory or Th1 versus Th2 cytokines.  Since we did not find any functional group 

to be associated with ALRI, HIV or respiratory viral identification, principle component 

analysis was carried out to determine if there were any other unique patterns of cytokine 

groupings associated with ALRI, HIV and respiratory viral identification.  PC1 (IL-5 

component) was significantly lower in HIV-infected ALRI cases than in both HIV-

uninfected ALRI cases and non-respiratory controls.  PC6 (IP-10 component) and PC7 

(MIG component) were significantly higher in HIV-infected ALRI cases than in HIV-

uninfected ALRI cases.  When comparing findings between different diagnostic 

categories of ALRI, PC3 (IL-1RA component) was significantly higher in HIV-

uninfected pneumonia cases than in HIV-uninfected bronchiolitis cases and we found 

different factors associated with the different respiratory viruses.  These findings 

illustrate the usefulness of performing principal component analysis to identify distinct 
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cytokine patterns and inflammatory signatures associated with disease or specific 

respiratory pathogens.    

     

Given the difficulty of obtaining lung samples such as bronchoalveolar lavage (BAL) 

fluid, very few studies have investigated local cytokine responses in ALRI.  It has been 

hypothesized that since the host inflammatory response in ALRI is largely 

compartmentalised to the lung,219, 220 ALRI and disease severity correlate better with the 

local inflammatory response than with the systemic response.202   A few studies have 

compared local and systemic cytokine profiles with conflicting conclusions about the 

correlations and relative importance of the two.202, 221  Paats et al found that cytokine 

levels of IL-6, IL-8 and IFN-γ in BAL fluid were higher in patients with community-

acquired pneumonia than in healthy individuals but the cytokine levels did not correlate 

with disease severity.202  In contrast to BAL fluid levels, systemic levels of IL-6, IL-10 

and IFN-γ could discriminate between non-severe and severe pneumonia.  The Paats et 

al study not only demonstrated similarities in local and systemic cytokine responses, but 

also highlighted the importance of systemic inflammatory responses in pneumonia.   In 

contrast, Lee et al found poor correlations between systemic and BAL fluid cytokines 

associated with pneumonia disease severity but that both BAL fluid and serum provided 

valuable information on inflammatory responses.221  Differences in BAL fluid and 

plasma or serum samples may reflect distinct host cell-type specific responses but it is 

likely that both local and systemic cytokines provide important information on 

inflammatory responses in ALRI. 

 

One limitation of this study is the use of a hospital control group.  Control children were 

hospitalized for non-respiratory illnesses including epilepsy, febrile convulsions, 

gastroenteritis, elective cardiac surgery and cardiac catheterization and pre-existing 
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neurological problems.  Hence, cytokine levels obtained for the control group were not 

representative of healthy children.  Further, since systemic rather than local cytokine 

levels were measured, cytokine levels obtained may be influenced by different disease 

states among the control group.  Nonetheless, comparison of ALRI cases with non-

respiratory controls allowed us to elucidate ALRI-specific systemic cytokine responses 

and show for the first time that IL-5, G-CSF and MCP cytokine levels are elevated in 

young South African children with ALRI.   
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9.1 Summary of Findings 

Acute lower respiratory infections (ALRI) are the leading cause of childhood mortality 

worldwide and continue to be a major problem for young African children.  The 

primary aim of the research presented in this thesis was to contribute to understanding 

this problem by examining roles of respiratory viruses, the respiratory microbiome and 

host immune responses in childhood ALRI in Africa.  Utilizing study populations in 

Pretoria (South Africa), Manhiça (Mozambique) and Rabat (Morocco), this PhD project 

investigated respiratory viruses, oropharyngeal microbial communities and plasma 

cytokine levels associated with ALRI and HIV in young African children and addressed 

the hypotheses that 1) human rhinovirus (HRV) and HRV-C in particular,  is the most 

common respiratory virus in childhood ALRI in Africa, 2) ALRI, HIV and respiratory 

viruses cause an altered respiratory microbiome and 3) cytokines profiles are different 

between children with and without ALRI, with and without HIV and with and without 

specific respiratory viral infections.  Using advanced molecular methods to investigate 

the role of respiratory viruses, bacteria and the host immune response in the 

pathogenesis of ALRI, this thesis presents findings on the epidemiology and aetiology 

of childhood ALRI in Africa, many of which are novel to the geographic location or for 

the first time, includes an HIV-infected group. 

 

The first aim of this PhD project was to describe the prevalence of respiratory viruses 

(including HRV species) in HIV-infected and HIV-uninfected young African children 

with and without ALRI.  The prevalence of respiratory viruses was examined in hospital 

and community populations in Pretoria, Manhiça and Rabat (Chapters 2 to 5).  

Identification of at least one respiratory virus was common in children hospitalized with 

ALRI in Pretoria (84%) and Manhiça (74%).  The Rabat population consisted of a 

subset of HRV-positive only cases from a larger study of children hospitalized with 
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clinical pneumonia, where at least one respiratory virus was identified in 92% of 

children and HRV was identified in 53% of children.40  As hypothesized, HRV was the 

most common respiratory virus identified in children hospitalized with ALRI in Pretoria 

(49%) and Manhiça (33%).  These HRV identification rates were comparable with 

previously reported prevalence rates of 25% to 58% HRV in children hospitalised with 

ALRI in Africa.23-31  Given existing evidence that HRV is the most common respiratory 

virus in children with ALRI and asthma exacerbations in developed countries, the viral 

aetiology studies in this thesis focused on HRV and more specifically, HRV species.  

This thesis presents findings on the prevalence of HRV species in children with ALRI 

from Mozambique and Morocco for the first time and in a study population including 

HIV-infected children from South Africa for the first time.  In children hospitalized 

with ALRI from Pretoria and Manhiça, HRV-A was the most commonly identified 

HRV species identified in 27% and 17% of children, respectively.  This was followed 

by HRV-C (21% in Pretoria and 13% in Manhiça) and then HRV-B (0% in Pretoria and 

3% in Manhiça).  Our findings from Pretoria and Manhiça challenge the hypothesis that 

HRV-C is the most common respiratory virus in children with ALRI in Africa.  

However, our hypothesis was based on existing literature predominantly from 

developed countries that reported that HRV-C was the most prevalent HRV species and 

was often associated with more severe illness in children with ALRI or asthma.1, 32-38  In 

the only other study of HRV species in South African children, HRV-C was the most 

prevalent HRV species identified.31  Importantly however, Smuts et al investigated 

young children with acute wheezing illness rather than ALRI.  Only two other studies 

have investigated the prevalence of HRV species in children with ALRI in sub-Saharan 

Africa, with one from Burundi reporting HRV-A as the most common species28 and the 

other from Kenya finding no difference in prevalence between HRV-A and HRV-C.39  

In contrast to our findings in Pretoria and Manhiça, HRV-C was the most prevalent 



197 
 

HRV species identified in children hospitalized with ALRI from Rabat, accounting for 

57% of genotyped specimens followed by HRV-A (38%) and HRV-B (5%).  

Interestingly, we found that in children hospitalized with ALRI from Rabat, HRV-A 

was more likely than HRV-C to be associated with radiologically-confirmed pneumonia 

while HRV-C was more often associated with a wheeze-type illness.  Hence, we suggest 

that HRV-C may play a more important role in asthma and wheeze related illness while 

HRV-A may be more important in pneumonia and that differences in the prevalence of 

wheeze-related disease between the populations may account for inter-study variability 

of HRV species prevalence. 

 

We hypothesized that respiratory viruses would be more common in HIV-infected 

children than in HIV-uninfected children.  Contrary to this, no single respiratory virus 

was more common in HIV-infected ALRI cases than HIV-uninfected ALRI cases in 

either Pretoria or Manhiça.  Interestingly, in children hospitalized with ALRI in 

Pretoria, RSV was more common in HIV-uninfected children than in HIV-infected 

children.  Of the 26 RSV-positive ALRI cases in Pretoria, none were HIV-infected.  In 

concordance with this, another South African study also found that RSV and 

metapneumovirus were identified less frequently in HIV-infected children than in HIV-

uninfected children.26  These findings suggest the possibility that these viruses cause the 

host immune system to overreact to their presence as part of their pathogenicity, and 

that in children with HIV infection, an inability to mount immune responses reduces 

their pathogenicity.  Further studies focusing on RSV that include a larger HIV-infected 

cohort are needed to further explore this finding. 

 

Regarding the prevalence of respiratory infections in control or community populations, 

at least one respiratory virus was identified in 70% of non-ALRI hospital controls from 
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Pretoria and 17% of children from the community in Manhiça.  As with the hospital 

populations investigated in this thesis and as hypothesized, HRV was the most common 

respiratory virus identified in hospital controls in Pretoria (40%) and community 

children in Manhiça (14%).  Very few African studies have investigated respiratory 

viruses in asymptomatic or non-ALRI control or community groups.  In one study from 

South Africa, a non-respiratory control group recruited from a vaccination clinic was 

included and a respiratory virus was identified in 28% of children, of which HRV (19%) 

was the most common25.  A review by  Jartti et al of studies from developed countries 

in the last four decades reported a 15% HRV prevalence among asymptomatic subjects, 

which was similar to our findings in the Manhiça non-ALRI community population.168  

As hypothesized, HRV identification was less commonly observed in the non-ALRI 

controls compared with hospitalized ALRI cases in both Pretoria and Manhiça, although 

the difference was not statistically significant.  As in the hospital populations in Pretoria 

and Manhiça, HRV-A was the most common HRV species identified in the Pretoria 

control and Manhiça community populations, suggesting that no species is more 

virulent or more significantly associated with illness.   

 

A large difference in viral identification rates between the two non-hospital populations 

examined in this thesis was observed (70% in Pretoria vs. 17% in Manhiça) which was 

likely to be the result of different features of the study populations as well as 

seasonality.  Viral identification was particularly high among the non-respiratory 

controls in Pretoria and this finding challenges the pathogenic role of some respiratory 

viruses.  The non-ALRI controls in the Pretoria population were hospital controls 

recruited from the same hospitals as the ALRI cases.  Hospital cross-infections may be 

responsible for the high rate of respiratory viruses identified even though these controls 

were hospitalized for a non-respiratory illness or injury (e.g. epilepsy, febrile 
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convulsions, gastroenteritis, elective cardiac surgery, cardiac catheterization and pre-

existing neurological problems) and exclusion criteria included current signs or 

symptoms of respiratory illness.  In contrast, the non-ALRI community population from 

Manhiça were randomly selected from the community using the demographic 

surveillance system (DSS).158  Children with a respiratory illness severe enough to 

require hospitalization or medical treatment were excluded from the study but children 

with mild respiratory symptoms (e.g. cough, runny nose etc.) were not excluded and 

information regarding symptoms was collected via a questionnaire.  Despite the 

inclusion of children with mild respiratory symptoms in the Manhiça community study, 

viral identification rates were much lower than in the Pretoria non-ALRI control group.  

The most likely explanation for this is the period of recruitment.  While the Pretoria 

controls were recruited over a period of 16 months, for reasons beyond our control, we 

were only able to recruit children from the Manhiça community over a period of three 

months from September to November.  The Manhiça area has a subtropical climate with 

two distinct seasons; a warm and rainy season between November and April and cool 

and dry season during the rest of the year.  Although our study period included a cross-

over of both seasons, the recruitment of children over such a short time period limited 

our ability to investigate the seasonality of respiratory identifications in children in the 

community and provide a completely contemporaneous control group for our Manhiça 

hospital population.  Indeed, among the Manhiça hospitalized ALRI cases that were 

recruited over a period of 2.5 years, identification of respiratory viruses, particularly 

RSV, was lower during the September to November period and this may explain the 

relatively lower viral identification rates observed in the Manhiça community compared 

with the Pretoria controls.  Nonetheless, our findings from both the Pretoria non-ALRI 

control group and the Manhiça community population highlight the importance of 
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including control or community groups when investigating the prevalence of respiratory 

viruses in children with ALRI. 

 

The second aim of this PhD was to characterize the microbial communities of the upper 

respiratory tract in young African children.  We described the microbial communities in 

oropharynx samples from children with and without ALRI and with and without HIV 

from Pretoria and Manhiça (Chapters 6 and 7).  These are the first studies to investigate 

the relationships between ALRI, HIV or respiratory viruses and the airway microbiome 

in African children.  In both populations, Streptococcus was the most dominant genus 

identified in the oropharynx, regardless of ALRI or HIV status, constituting 

approximately half of all 16S rRNA sequence reads.  In contrast to our findings, 

previous studies characterizing the upper respiratory microbiome of children from 

developed countries have not reported Streptococcus to be the most abundant genus.  

Teo et al reported Moraxella to be the most abundant genus in both healthy and 

respiratory samples from Australian children184  and in two separate studies from the 

Netherlands, Biesbroek et al. and Bogaert el al. also reported Moraxella to be the most 

abundant genus in the nasopharyngeal microbiomes of both children who had received 

PVC-7 vaccinations as well as unvaccinated controls.100, 193  However, Streptococcus 

and more specifically, Streptococcus pneumoniae, is the most commonly isolated 

bacteria from young African children with ALRI using blood culture methods17, 75, 76 

and hence our findings support the current literature on the importance of Streptococcus 

colonization in both sick and healthy children.   

 

Contrary to our hypothesis, the overall microbial communities (as measured by the 

diversity indexes) were not significantly different between ALRI cases and controls or 

HIV-infected children and HIV-uninfected children.  However, several OTUs were 
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differentially abundant in children with ALRI compared with children without ALRI as 

well as in children with HIV compared with children without HIV.  Between HIV-

uninfected ALRI cases and non-respiratory controls in Pretoria, nine OTUs were 

significantly different, six of which were more abundant among the ALRI cases than 

controls while the remaining three were less abundant among the ALRI cases than 

controls.  In Mozambique, 360 OTUs were differentially abundant with relatively equal 

numbers more abundant among the ALRI cases than in the community controls.  

Among the ALRI cases in Pretoria, of 35 OTUs that were differentially abundant, only 

five, all belonging to the genus Streptococcus, were more abundant in the HIV-infected 

cases compared with the HIV-uninfected cases.   Similarly, among the ALRI cases in 

Mozambique, of nine differentially abundant OTUs, only one, belonging to the genus 

Selenomonas, was more abundant in the HIV-infected cases compared with the HIV-

uninfected cases.  These findings suggest that different bacterial species (even within 

the same genus) may have a different pathogenic role and some may even be protective 

or involved in synergistic relationships protecting against respiratory disease.  The 

decreased abundance of certain OTUs among HIV-infected children compared with 

HIV-uninfected children suggests, as hypothesized, that ALRI and HIV-infection 

perturbs the respiratory microbiome. 

 

Several OTUs were differentially abundant between virus-positive and virus-negative 

ALRI cases for HRV, RSV and adenovirus in both the Pretoria and Manhiça 

populations.  Interestingly, in Pretoria, several OTUs were differentially abundant with 

a relatively equal l number more abundant in the virus-positive cases than in the virus-

negative cases for all three respiratory viruses.   In contrast, in Manhiça, the vast 

majority of OTUs that were differentially abundant were more abundant in the virus-

negative ALRI cases than in the virus-positive ALRI cases for all three viruses.  This 
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suggests that there are virus-bacteria interactions involved and that perhaps in the 

presence of a respiratory virus, there is decreased abundance of certain bacteria.  

 

The third aim of this PhD was to determine associations between cytokine responses 

and disease status and respiratory viral identification by measuring plasma cytokine in 

children with and without ALRI and with and without HIV.  This analysis was carried 

out in the Pretoria population and was the first study to investigate cytokine levels and 

its associations with ALRI and HIV in young children from South Africa (Chapter 8).  

We found significant associations between several cytokines and ALRI, HIV infection 

and respiratory virus identification, some of which support previous reports from 

different settings worldwide and others we report for the first time.  Firstly, as 

hypothesized, comparing ALRI cases and non-respiratory controls (all of whom were 

HIV-uninfected), several cytokines (IFN-γ, IL-5, G-CSF and MCP-1) were significantly 

higher in cases than controls.  These findings support the current understanding that 

cytokines play an important role in the host immune response to ALRI by confirming 

known associations between cytokines and ALRI (i.e. IFN-γ and IL-6) as well as 

demonstrating novel associations (i.e. IL-5, G-CSF and MCP).  The elevated cytokines 

reported among ALRI-cases identified belonged to Th1, Th2 and Th17 cytokines as 

well as to the pro-inflammatory and anti-inflammatory groups and hence suggests that 

ALRI generates a wide range of cytokines that may not necessarily fit into the pro-

inflammatory versus anti-inflammatory or Th1 versus Th2 processes. 

 

Secondly, plasma levels for several cytokines (IFN-α, IFN-γ, IL-4, IL-5, IL-13, TNF-α 

and MIP-1α) were significantly lower in HIV-infected ALRI cases than in HIV-

uninfected ALRI cases.  In contrast, only two cytokines (IP-10 and MIG) had plasma 

levels that were significantly higher in HIV-infected children than in HIV-uninfected 
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children.  Another South African study also found IP-10 to be associated with more 

severe lung disease in HIV-infected infants and that levels were higher in infants with 

severe hypoxic pneumonia than bronchiectasis.136  Similarly, increased levels of IP-10 

associated with HIV-infection have also been reported in adult populations outside of 

Africa.212-215  Findings that there were more cytokines that were lower among HIV-

infected children compared with HIV-uninfected children than there were cytokines that 

were higher among HIV-infected children compared with HIV-uninfected children 

further supports the suggestion that HIV-infection is associated with impaired 

inflammatory responses to respiratory infections.  Thirdly, we found associations 

between respiratory viruses and several cytokines belonging to Th1, Th2 and Th17 

cytokines as well as to the pro-inflammatory and anti-inflammatory groups.  These 

findings suggests that specific respiratory viral infections generate different cytokine 

responses and collectively generate a wide range of cytokine responses that may not 

necessarily fit into the pro-inflammatory versus anti-inflammatory or Th1 versus Th2 

processes. 

9.2 Study Strengths 

One of the main strengths of the research presented in this thesis is the use of study 

populations from three geographically distinct settings in Africa.  The first study 

population was recruited from one of two hospitals in Pretoria, South Africa; The Steve 

Biko Academic Hospital and Tshwane District Hospital.  The Pretoria population 

included children categorised by the hospital as being of of ‘Black African’ (80%), 

‘Caucasian’ (13%), ‘Coloured’ (4%) or ‘Indian’ (2%) ethnicity.  Pretoria has a humid 

subtropical climate with hot, rainy summers and cool, dry winters.  The overall HIV 

prevalence in South African children 0-5 years of age was estimated to be 4% in 
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2009.222  The HIV prevalence in our Pretoria study population was 15% among ALRI 

cases and 4% among non-respiratory controls.    

 

The second study population included a hospital and a community population from 

Manhiça, Mozambique recruited through the The Manhiça Health Research Centre.  

Manhica has a subtropical climate with two distinct seasons; a warm and rainy season 

between November and April and cool and dry season during the rest of the year. The 

overall HIV prevalence among newborns in Manhiça has been estimated to be between 

2.9 and 8%27 and in our Manhiça populations, the prevalence was 14% among the 

hospitalized ALRI cases and 1.5% among the community population.  The Manhiça 

community population was a particular strength of this PhD project as it allowed the 

investigation of respiratory viruses and the airway microbiome in (non-ALRI) children 

from a rural community in Africa for the first time.  

 

Finally, the Rabat population was recruited from Hôpital d’Enfants, an inner-city 

hospital in Rabat, Morocco.  Rabat has a mild, temperate climate, with cool seasons 

from November to March and warm seasons from June to September. Due to the nature 

of routine hospital procedures in Rabat, HIV status was only determined if requested by 

the clinician responsible for patient management.  Hence, we did not have information 

on HIV status for children recruited from the Rabat study population.  .   

 

The Human Development Index (HDI) is a composite statistic of life expectancy, 

education, and per capita income indicators, which is used to rank countries into four 

tiers of human development.  Our study populations included countries ranked in the 

high (South Africa), medium (Morocco) and low (Mozambique) HDI category.223  
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Hence, the three study populations investigated in this thesis provided a range of socio-

economic as well as geographical African regions.    

 

Another strength of this PhD project is the differential diagnosis of ALRI based on 

either clinical or radiological findings in the Pretoria and Manhiça hospital population.  

ALRI are defined in the International Classification of Diseases as those infections that 

affect airways below the epiglottis and include acute manifestations of laryngitis, 

tracheitis, bronchitis, bronchiolitis, lung infections or any combination among them, or 

with upper respiratory infections, including influenza.  The majority of ALRI studies in 

Africa utilize the WHO guidelines that recommend tachypnoea as the main indicator for 

the clinical diagnosis of ALRI,11 this very few studies diagnose ALRI based on clinical 

assessment (including use of auscultatory and radiological findings) or provide a 

differential diagnosis.  However, in our Pretoria study, a diagnosis of either pneumonia 

or bronchiolitis was determined by the treating physician while in our Rabat study, all 

children with WHO definition of clinically severe pneumonia were enrolled but final 

clinical diagnosis of either pneumonia, bronchiolitis, bronchitis/asthma, laryngitis or 

other diagnosis was given based on clinical and laboratory data.  Case definitions have 

been reported to have an effect on ALRI incidence estimates224 making it difficult to 

compare ALRI findings across published studies.  Indeed, we found important 

differences between the diagnosis groups in our studies.  In Pretoria, HIV-infected 

children were much more likely to be diagnosed with pneumonia than bronchiolitis and 

RSV was identified more frequently in bronchiolitis than in pneumonia cases.  In the 

microbiome analyses, several OTUs were also found to be differentially abundant in 

pneumonia cases compared with bronchiolitis cases   In Rabat, radiologically-confirmed 

pneumonia was more common among HRV-A positive children than HRV-C positive 
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children.  Hence, the differential diagnosis of ALRI in our studies allowed us to present 

findings on viruses and bacteria with greater specificity.   

9.3 Study Limitations  

Although we were able to investigate populations from three geographically distinct 

settings in Africa, our control groups from Pretoria and Manhiça were not perfect for 

different reasons.  The use of hospital controls in the Pretoria population, with the 

potential for cross-infection, may have resulted in higher viral and bacterial 

identification than what may be expected from a completely ‘healthy’ control group.  

While control children were excluded if they showed any respiratory symptoms, there 

children were hospitalized for non-respiratory illnesses including epilepsy, febrile 

convulsions, gastroenteritis, elective cardiac surgery and cardiac catheterization and 

pre-existing neurological problems which may have influenced our viral, bacterial and 

cytokine findings.  In particular, since systemic rather than local cytokine levels were 

measured, the cytokine levels obtained may have been influenced by different disease 

states among the control group.  In Manhiça, our community population was limited by 

the short recruitment period from September to November 2012.  This limited our 

ability to provide a completely contemporaneous control group for our Mozambique 

hospital population as well as to investigate seasonality of respiratory identifications in 

children in the community.  A limitation of our Rabat study population was the absence 

of a control group for comparison of HRV species between sick and healthy children.  

Furthermore, we did not have information on HIV status for children hospitalized with 

ALRI in Rabat.  Nonetheless, the inclusion of the non-respiratory hospital population 

and community population provided a valuable comparison for the hospitalized ALRI 

cases in Pretoria and Mozambique and allowed us to provide novel data on respiratory 

infections in children without ALRI in Africa.   
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A respiratory virus was not identified in a number of samples from children hospitalized 

with ALRI in our studies (16% of ALRI cases from Pretoria and 26% of ALRI cases 

from Manhiça).  The most likely explanation for this is that bacteria rather than viruses 

were the cause of the illness.  Even with the use of only traditional blood culture 

methods, bacteria is reported to cause 5% of ALRI deaths in children under 5 years of 

age.76 While we cannot exclude the possibility of false-negative results, several factors 

may have contributed to the inability to detect a respiratory virus in respiratory samples 

from children with ALRI.  Some of these include type of respiratory specimen, 

collection method, specimen transport and analysis method.  However, this PhD project 

attempted to address the above factors and minimise their impact by careful 

consideration during the study design.  For all three analyses (respiratory virus 

identification, respiratory microbiome characterization and cytokine analyses), the most 

feasibly optimal type of sample was selected.  We utilized ‘gold standard’ or optimised 

techniques for the collection, transport and storage of the nasopharyngeal aspirates, 

oropharyngeal throat swabs and blood plasma.   

 

The sensitivity and specificity of the laboratory methods used is another factor that may 

hinder the successful identification of respiratory viruses.  The specificity of PCR 

assays limits the detection of viruses to those with gene sequences that match those of 

the primers or probes used in the assay.  Hence, it is possible that an ALRI case with no 

identified respiratory virus, may have a respiratory virus that was not included in the 

multiplex assay or has not yet been identified.  For example, new respiratory viruses 

such as saffold virus continue to be reported,225, 226 and though they are not commonly 

identified in respiratory samples, such findings support the notion that there remains 

respiratory viruses that elude current detection methods.  Nonetheless, the respiratory 
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viruses in this thesis were identified using an advanced multiplex PCR system that was 

designed to detect a comprehensive range of 35 respiratory pathogens, from which the 

seven most common respiratory viruses (excluding HRV) were selected for testing in 

out studies.   

 

The use of upper respiratory tract samples (NPAs and oropharyngeal swabs) to study 

ALRI is another limitation.  Since we did not also characterize the viruses and microbial 

communities of the lung, we cannot comment on how they are related, of if they are 

related at all.  There is controversy over whether organisms in the upper respiratory tract 

are representative of that of the lungs and optimal techniques to analyse the lung are not 

yet established.  However, given the difficulty in obtaining lung samples, upper airway 

samples such as NPAs and oropharyngeal throat swabs are commonly used to study 

respiratory disease.  There is strong evidence that bacterial populations of the lower 

respiratory tract reflect that of the upper respiratory tract, likely due to transient entry.98, 

185  Concordance between respiratory viruses in the upper and lower respiratory tract is 

less well understood, but it has been suggested that concordance rates are virus 

specific.227  Given the lung and upper respiratory tract are anatomically contiguous, is it 

likely that viruses of the lower respiratory tract also reflect that of the upper respiratory 

tract.   

 

Current 16S rRNA sequencing methods are somewhat limited by their inability to 

confirm bacterial species from the sequencing results.  Analysis of the 16S rRNA data 

utilizes clustering of related sequences (OTUs) at a particular level of sequence identity 

(usually 97%).  Since some bacterial species have a sequence homology of more than 

97%, an OTU does not necessarily map directly to the classic biochemically determined 

taxonomies.  For example, several Streptococcus species have a sequence homology of 
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more than 96% and some even more than 99%199 and hence it is likely that more than 

one Streptococcus species belongs to any given OTU.  OTUs are not clustered at a 

higher sequence homology because this results in the generation of many spurious 

OTUs.  We found associations between particular OTUs and clinical disease (ALRI or 

HIV) and respiratory virus identification, but it was not possible to confirm bacterial 

species from the 16s rRNA sequencing results.  Consequently, we were not able to 

identify and characterize specific disease-causing or disease-associated organisms at the 

species level.  Nonetheless, measures of the microbial community structure (i.e. 

richness, evenness and diversity) and abundance of OTUs as investigated in our studies 

provide important information about the respiratory microbiome.   

 

The findings in all three parts of this thesis involve associations between respiratory 

viruses, bacterial communities/OTUs or plasma cytokines with clinical disease such as 

ALRI and HIV, yet they do not allow us to establish true causality.  While this provides 

information on relationships between organisms or cytokines and disease and could 

potentially yield useful biomarkers of disease, they do not allow us to establish true 

causality.  Significant associations are reported following significance testing where a p-

value <0.05 was considered statistically significant.  Hence as for most association 

studies based on empirical observation, the associations observed could result from 

chance (random error), bias (systematic error) or confounding.  However, these internal 

and external validity factors were considered carefully during the study design and 

analysis.  Although not establishing true causality, this project provides valuable 

information on relationships between organisms or cytokines and disease that pave the 

way for future investigations and could potentially yield useful biomarkers of disease. 
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9.4 Future Directions 

We reported findings on respiratory virus prevalence and the respiratory microbiome in 

cross-sectional studies in Pretoria, Manhiça and Rabat.  While this provided valuable 

information on respiratory virus and bacteria prevalence in sick and healthy children as 

well as information on the seasonality of respiratory viruses (with the exception of the 

Manhiça community population), future longitudinal studies could provide further 

information on the pathogenesis of ALRI.  A longitudinal study collecting respiratory 

samples and blood from children at regular time intervals capturing children when they 

were healthy as well as specifically during an acute upper or lower respiratory infection 

would allow us to characterize respiratory infections in individuals over time and 

consequently, help elucidate the role of viruses and bacteria as well as immune 

responses to viral and bacterial infections.   

 

Like the majority of existing microbiome studies, we found associations between 

particular OTUs and clinical disease (ALRI or HIV) or respiratory virus identification 

but were not able to confirm bacterial species from the 16s rRNA sequencing results.  

Hence, we are not able to identify and characterize specific disease-causing or disease-

associated organisms.  Hence, future work involving obtaining sequence reads of 

individual OTUs and mapping them to known species in reference databases would 

provide species-level classifications of 16S rRNA reads that will be useful for analysis 

and comparison of microbiome profiles.  Such studies are needed to more fully 

investigate how acute respiratory viral infections and HIV infection affect the airway 

microbiome, and whether such changes lead to severe or fatal bacterial respiratory 

infections. 
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This PhD project compared cytokine levels in children with ALRI compared to children 

without ALRI as well as cytokine levels in HIV-infected children with ALRI compared 

to HIV-uninfected children with ALRI.  Four cytokines were significantly higher in 

ALRI cases than controls.  In contrast, of eight cytokines that had significantly different 

levels in HIV-infected children with ALRI compared with HIV-uninfected children with 

ALRI, six were lower in the HIV-infected group. While these findings suggest that 

HIV-infected children have impaired inflammatory responses to respiratory infections 

compared with HIV-uninfected children and provide insight on how host immune 

responses to an ALRI were affected by HIV, it isn’t clear if the impaired inflammatory 

responses observed in the HIV-uninfected children are unique to those with ALRI.  

Hence, larger and more comprehensive studies of immune system responses including 

comparisons of different disease and control groups (e.g. HIV-infected ALRI cases 

versus HIV-infected non-ALRI cases) are recommended in order to provide a better 

understanding of the host immune mechanisms involved.  

 

In summary, the findings for all three aims of this thesis (viruses, microbiome and 

cytokines) illustrate the important and unique role of HIV-infection in ALRI.  Many of 

the analyses in this thesis were conducted for the first time in study populations that 

included a HIV-infected group and hence, we report several novel findings regarding 

HIV.  Further replication studies in larger cohorts of HIV-infected children are now 

needed to confirm these novel finds and to better understand the role of HIV in the 

pathogenesis of ALRI.  Such information has the potential to lead to improvements in 

the treatment of ALRI in children with HIV infection. 
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9.5 Conclusion 

The findings from this thesis confirm the importance of viruses, bacteria and the host 

immune response in the pathogenesis of ALRI.  Many of the findings presented in this 

thesis are unique to this geographic location or for the first time, have included a HIV-

infected group.  We confirm that HRV is the most commonly identified respiratory 

virus in children both with and without ALRI.  However, contrary to our hypothesis and 

the majority of existing literature (which is mainly from the developed world and/or 

includes a greater proportion of wheezing illness), HRV-C was not the most common 

HRV species in all three African populations investigated.  Our investigations of the 

respiratory microbiome confirm that certain bacteria (as defined by OTUs) are 

differentially abundant in children with ALRI compared with children without ALRI as 

well as in children with HIV compared with children without HIV.  Similarly, we 

identified significant associations, in both directions, between several cytokines and 

ALRI, HIV infection and respiratory virus identification.  Importantly, our findings for 

all three aims of this thesis illustrate the role of HIV-infection in ALRI and highlight the 

need for further studies focusing on HIV-infected populations.  The findings presented 

in this thesis provide valuable epidemiological and aetiological data on childhood ALRI 

in Africa as well as contribute original research towards understanding the causes and 

mechanisms leading to ALRI.   
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