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ABSTRACT

Diarrhoea is a major cause of morbidity and mortality in low and middle income
countries. Estimates of enteric viral diarrhoea are usually obtained from enzyme
immunoassays and PCR-based diagnostic methods. However, the performance of
these diagnostic methods can differ due to factors such as their principles, disease
prevalence, viral diversity and evolution events. The study was designed as a
repeated cross-sectional study to compare the diagnostic performance of an enzyme
immunoassay, two PCR-based methods and agnostic Next Generation Sequencing
(NGS) used in investigating viral diarrhoeal aetiology during the pre-(2013) and
post-rotavirus (2016) vaccine introduction periods in coastal Kenya. The study
compared an enzyme immunoassay (EIA) kit and two nucleic acid-based methods
for rotavirus group A (RVA) detection in hospitalized children pre-post rotavirus
vaccine introduction in Kenya. A total of 489 fecal specimens, 237 from 2013
(48.5%, pre-vaccine) and 252 from 2016 (51.5%, post-vaccine), were analyzed.
Although the specificity of the 3 methods was > 96%, the sensitivity of EIA, 68.9%
(95% C.I: 53.4-81.8%), differed significantly from that of real-time PCR, 93.3%
(95% C.I: 81.7%-98.6%), and tagman array card, 97.8% (95% C.I: 88.2-99.9%), in
2016 (p-value <0.05) unlike in 2013. The study also compared real-time PCR with
tagman array card (TAC) in the detection of adenovirus, astrovirus, norovirus
genogroup Il and sapovirus. A total of 494 fecal specimens, 242 (49%) from 2013
and 252 (51%) from 2016, were analyzed. TAC detected more positives than real-
time RT-PCR in all the four viruses. However, the difference was only statistically
significant in adenovirus and astrovirus detection (p-value < 0.05). Agnostic NGS
was applied to 69 samples that had tested positive for RVA by EIA in 2013 to
determine viral coinfections. Detection of the coinfections varied by the
bioinformatics workflows i.e. classification of unassembled reads using Kraken
detected an enteric virus coinfection in 32 (46.4%) samples compared to Metaphlan
which detected a coinfection in 21 (30.4%) samples and classification of contigs
using Kraken detected a coinfection in 16 (23.2%) samples. In conclusion, RVA-EIA
showed a significant decrease in sensitivity (p-value < 0.05) post-vaccine
introduction compared to real-time PCR and TAC. Further, TAC detected
significantly more adenovirus and astrovirus positives than real-time RT-PCR. The
difference in the diagnostic performance of the methods impacted on the calculated
prevalence estimates. Finally, the study also showed the potential of agnostic
sequencing in the detection of viral coinfections in clinical samples.

XV



CHAPTER ONE
INTRODUCTION
1.1 Background Information

In 2016, diarrhoea was responsible for approximately ~500,000 deaths in children
younger than five years of age and globally, it is considered among the major causes
of hospitalizations and mortality (Troeger et al., 2018). Viruses such as Rotavirus
Group A (RVA), sapovirus, human adenovirus (HAdV) type 40/41, astrovirus and
norovirus genogroup Il have been reported among the top ten leading diarrhoeal
aetiologies in hospitalized and community cases (Liu et al., 2016; Platts-Mills et al.,
2018). RVA is the predominant cause of diarrhoea in countries without rotavirus
vaccination programmes, with almost all children experiencing at least one rotavirus
infection by the age of five years (Banyai et al., 2018). The heterogeneity of enteric
pathogens associated with diarrhoea provides a challenge in the design and use of
different diagnostic tools. Further, different methods have their own strengths and
weaknesses that limit their applicability in some settings (Vila, 2017). In the
surveillance of rotavirus specific diarrhoea and assessment of vaccination impact on
rotavirus strains, the ProSpecT™ Rotavirus kit (Oxoid Ltd., Hampshire, UK is a
recommended enzyme immunoassays (WHO, 2008). However, suboptimal
performance has been reported for ELISA in vaccinated communities (McAuliffe et
al., 2019). ELISAs are less sensitive than PCR assays in RVA detection (Tate et al.,
2013), and this might lead to underestimation of RVA diarrhoea burden. PCR assays
vary by the genomic region of the virus targeted by primers/probes, the amount of
starting material and assay type (conventional, real-time, singleplex and multiplex).
This heterogeneity leads to varied sensitivities across the specific kits or assays
(Chhabra et al., 2017). Furthermore, the frequency and positions of mismatches in
primer and probe annealing sites due to point mutations and reassortment of
segments from different serogroups and zoonosis affects the diagnostic performance
of molecular diagnostic tools (Lefever et al., 2013; Martella et al., 2010). An
additional challenge is the inability to detect novel viruses associated with diarrhoea

using existing kits. Viral metagenomics enables detection and description of the viral

1



content without prior sequence knowledge in specimen from patients presenting with
diarrhoea symptoms (Cotten et al., 2014; Moore et al., 2015; Yinda et al., 2019).
However, the absence of prior pathogen specific nucleic acid amplification decreases

its sensitivity.

In Kilifi, coastal Kenya, the Virus Epidemiology and Control (VEC) Research Group
based at KEMRI/Wellcome-Trust Research Programme (KWTRP) has been carrying
out routine surveillance of diarrhoea since 2009 in children admitted to the Kilifi
County Hospital (KCH). Kenya introduced RVA vaccination, given in two doses at
week six and ten, into its National Immunisation Programme (NIP) in July, 2014.
Vaccination is likely to reduce replication efficiency of the virus in cases where
infection breaks through. Therefore, sensitive methods that have a viral material pre-
amplification step before detection e.g. Polymerase Chain Reaction (PCR) are
expected to detect even low viral titres during routine surveillance. However,
detection by such methods does not always infer causality of diarrhoea but gives an
insight of the reservoirs of these pathogens (Bennett et al., 2015; Liu et al., 2016;
Platts-Mills et al., 2018). As a result, accurate estimation of vaccine effectiveness
based on case-definitions of different methods and occurrence of diagnostic errors
have become issues of interest prompting the evaluation of the available diagnostic

methods used in routine surveillance of diarrhoea aetiology.

This study compared the diagnostic performance of RVA antigen detection by
ELISA and two PCR methods: real-time PCR and TagMan Array Cards (TAC), in
the detection of RVA in the pre (2013) and post-vaccine (2016) introduction periods
in Kilifi Kenya. Further, TAC and real-time PCR approach were compared in the
detection of astrovirus, HAdV 40/41, norovirus genogroup Il and sapovirus. A subset
of samples from the pre-rotavirus vaccination period in Kenya that were positive for
rotavirus A (RVA) by ELISA were sequenced by viral metagenomics approach to
determine viral coinfections. The detected viruses were confirmed by either real-time
RT-PCR or TAC.



1.2 Problem Statement

The heterogeneity in viral diarrhoeal aetiology is a challenge to the available
diagnostic methods. Previously, ELISA which is recommended in surveillance of
rotavirus specific diarrhoea (WHO, 2008) has been reported to have suboptimal
performance in the routine rotavirus vaccination era (McAuliffe et al., 2019). Kenya
introduced RVA vaccination, given as two doses at week 6 and 10, into the National
Immunization Programme in July 2014 (Wandera et al., 2018). The vaccine is
expected to reduce the burden of RVA specific diarrhoea and viral replication.
However, due to limited vaccine coverage and effectiveness, diarrhoea is still a
source of hospitalizations in coastal Kenya (Khagayi et al., 2019; Otieno et al., 2019;
Wandera et al., 2017). Notably, detection does not always mean causation due to
coinfections, asymptomatic carriage and microbial gut contamination. PCR methods
heterogeneity by type and gene targets affects their sensitivity and specificity across
different kits (Chhabra et al., 2017). Therefore, continuous surveillance using
diagnostic methods with high diagnostic performance such as the PCR is key in
describing viral diarrhoeal etiology and in the detection of even low viral titres

infections.
1.3 Justification

RVA, adenovirus, norovirus GlI, astrovirus and sapovirus are among the top 10
causes of diarrhoea in children <5 years (Liu et al., 2013; Platts-Mills et al., 2018).
ELISA, real-time PCR, TAC and viral metagenomics are used in Kilifi by KEMRI
Wellcome-Trust for routine surveillance of these five viruses. Comparing the
diagnostic performance of these available diagnostic methods used is key in
understanding the level of concordance between them and obtaining possible
explanations for the equivocal results. The suboptimal performance of previously
recommended methods in the routine rotavirus vaccination era (McAuliffe et al.,
2019) may give incorrect estimates of disease burden, vaccine effectiveness,
transmission patterns and misinform vaccine policies. Comparing these diagnostic
methods will inform review and ways to improve them to ensure correct inference of

viral diarrhoeal disease burden and transmission patterns. Further, viral



metagenomics has enabled examination of enteropathogens beyond the common set
of viruses associated with diarrhoea in a sequence independent manner but its
sensitivity is not well understood (Moore et al., 2015). hence; it will also give a
picture of the viral coinfections circulating in the pre-rotavirus vaccination period.
Therefore, assessing and reviewing the available testing algorithms used in routine
detection of viral diarrhoeal agents in Kilifi is critical for reporting future viral

diarrhoeal burden and transmission patterns.

1.4 Hypothesis

1.4.1 Null Hypothesis

1. There is no difference in the diagnostic performance of RVA-ELISA, real-
time PCR and TAC in the detection of RVA, HAdV 40/41, astrovirus,
sapovirus and norovirus genogroup I1.

2. There are no nucleotide mismatches in the real-time PCR and TAC
primers/probe binding sites.

3. There are no viral coinfections detectable by viral metagenomics in RVA
positive samples by ELISA in the pre-rotavirus vaccine introduction period
(2013).

1.5 Objectives

1.5.1 General Objective

To compare the diagnostic performance of four different methods in detection of
viral agents in stool samples collected from children admitted with diarrhoea pre-
and post-vaccine introduction in Kilifi, Kenya.



1.5.2 Specific Objectives

1

To determine diagnostic disparities between real-time PCR, TAC and RVA-
ELISA in detecting RVA, norovirus genogroup Il, sapovirus, astrovirus and
HAdV type 40/41 in the pre- and post-rotavirus vaccine introduction periods.

To examine primer and probes included in the real-time PCR and TAC for
nucleotide mismatches in their binding regions for RVA, astrovirus, HAdV type
40/41, norovirus genogroup Il and sapovirus.

To determine viral coinfections in ELISA rotavirus positives in the pre-rotavirus

vaccination period using next generation sequencing.



CHAPTER TWO
LITERATURE REVIEW
2.1 Aetiology of Diarrhoea

In children under the age of five years, diarrhoea is considered the second leading
cause of mortality, and globally, it accounts for approximately 500,000 deaths
annually (Liu et al., 2016; WHO, 2017). In 2017, diarrhoea was estimated to cause
more than 10,000 deaths in children under the age of five years in Kenya (Global
Burden of Disease Collaborative Network., 2017). Diarrhoea is caused by bacterial,
viral and parasitic pathogens. Bacterial causes of diarrhoea include: Shigella,
Salmonella, campylobacter, Yersinia, Enterotoxigenic E. coli, Enteropathogenic E.
coli, Enteroaggregative E. coli, Vibrio and Clostridium dificile. Protozoa such as
Cryptosporidium spp, Entamoeba, Giardia and Cyclospora spp are also associated
with diarrhoea. Viral diarrhoea caused by RVA, HAdV type 40/41, astrovirus,
norovirus genogroup Il and sapovirus, has been reported to have higher diarrhoeal
attributable incidence than bacterial and parasitic diarrhoea (Liu et al., 2016; Platts-
Mills et al., 2018).

Rotavirus is recognized as the leading cause of diarrhoea in countries that have not
yet adopted the rotavirus vaccine into their national vaccination programmes and
nearly all children experience a rotavirus infection before the age of five years
(Bényai et al., 2018). Kenya introduced a two-dose oral rotavirus vaccine (Rotarix®,
GlaxoSmithKline Biologicals, Belgium) in 2014 with support from the Global
Alliance for Vaccine and Immunizations (GAVI) (Wandera et al., 2018). The
vaccine is administered to all children at six and ten weeks after birth. Rotavivus
vaccine effectiveness in Kenya is estimated to be 64% (95% CI: 35-80%) and 54%
(95% CI. 20-83%) in children who have received two doses and one dose
respectively (Khagayi et al., 2019).



2.2 Diagnostic Performance of Methods Used in Investigating Viral Diarrhoeal

Aetiology

The heterogeneity of viruses associated with diarrhoea has led to the development of
different  diagnostic methods such as electron microscopy, ELISA,
immunochromatographic tests (ICTs) and molecular assays that are pathogen
specific and can be used in viral diarrhoea surveillance (Bennettand Gunson, 2017;
Dennehy et al., 1990; Gautam et al., 2013; Tate et al., 2013; Vinjé, 2015). These
methods employ different principles such as antigen detection, microscopy and
nucleic acid amplification in virus detection which affects their sensitivity and
specificity. The differences in the sensitivity and specificity of these methods could
substantially affect the viral diarrhoeal burden estimates reported in surveillance
studies.

Different diagnostic methods have been designed and their diagnostic performance
evaluated for detection of specific viruses associated with diarrhoea as discussed
below.

2.2.1 Rotavirus A

Rotavirus is a non-enveloped double-stranded RNA virus of the family Reoviridae.
Its genome is approximately 18.5kb in length and encodes six structural (VP1-4, VP6
and VP7) and six non-structural proteins (NSP1-NSP6). RV is classified into 11
serogroups (A-J) based on the antigenicity of the VP6 protein. RVA is the
predominant serogroup among other serogroups (RVB, RVC, RVH) known to infect
humans (Sadiq et al., 2018).

The WHO recommends the use of ELISA; Premier Rotaclone® (Meridian
Diagnostics, Inc, USA), Abbot Testpack® (Abbot Laboratories, USA), Pathfinder®
(Sanofi Diagnostic Pasteur, France) and IDEIA test (Oxoid, UK) replaced by the
Oxoid ProSpecT™ kit to monitor trends in rotavirus disease burden (WHO, 2008).
The Oxoid ProSpecT™ RVA kit is used in most GAVI sponsored surveillance
networks including locally at the KCH for RVA surveillance run by KWTRP.



The diagnostic accuracy of these kits has been previously evaluated (summarised in
Table 2.1) using a variety of reference standards (Brooks et al., 1989; Donck et al.,
1999; Gautam et al., 2013; Steele et al., 1994). The kits recommended by the WHO
tend to have varied sensitivities but very high specificities. However, the diagnostic
performance evaluation might have been biased by the choice of the reference
standard. Electron microscopy was used in rotavirus diagnosis before ELISA and
RT-PCR became common pre-rotavirus vaccine introduction but it has a lower
sensitivity and specificity than ELISA (Rubensteinand Miller, 1982). On the other
hand, RT-PCR has a higher sensitivity than ELISA in RVA detection (Tate et al.,
2013). Rotascreen Il ELISA kit has been reported to have false positives in
vaccinated communities (Lopez-Lacort et al, 2016; McAuliffe et al., 2018)
prompting re-evaluation of the testing methods recommended for routine rotavirus

surveillance post-vaccine introduction.



Table 0.1: Diagnostic Performance of WHO Recommended Kits

ELISA Kit Authors Basis Sample Reference Sensitivity (%)  Specificity

Size Method Y ()]
Premier (Gautam et Monoclonal 110 Reverse- 76.8+7.9 100
Rotaclone® al., 2013) antibodies transcriptase-
(Meridian (VP6) PCR (VP4
Diagnostics, and VP7
Inc, USA) and/or VVP6)
Abbot (Brooks et Murine 100 Electron Frozen samples: Frozen
Testpack® al., 1989) monoclonal microscopy 45+9.8 samples: 100
(Abbott and  bovine Unfrozen Unfrozen
Laboratories, polyclonal samples: 86+6.8  samples: 76+11
North Chicago, antibodies
USA)
Abbot (Donck et Murine 100 Premier 100 100
Testpack® al., 1999) monoclonal Rotaclone®
(Abbott and  bovine kit
Laboratories, polyclonal
North Chicago, antibodies
USA)
Pathfinder® (Steele et  Monoclonal 100 Electron 97+43.3 94+44.7
(Kallestad al., 1994) and microscopy
laboratories, polyclonal
Texas, USA) antibodies

(Antirotavirus
19G)

ID EIA (Gautam et Polyclonal 110 Reverse- 75+8.1 100
Rotavirus Test/  al., 2013) antibodies transcriptase-
ProSpecT™ PCR (VP4
(Oxoid, Ltd., and VP7
Basingstoke, and/or VP6)
Hampshire,
UK)

(Brooks et al., 1989; Donck et al., 1999; Gautam et al., 2013; Steele et al., 1994)

RVA PCR assays use primers and probes that specifically target some RVA non-
structural (NSP2, NSP3 and NSP4) and structural proteins (VP2, VP4, VP6 and
VP7). However, continuous point mutations and reassortment of segments from
different RV serogroups and also from zoonoses pose a challenge in the detection of

these gene targets (Martella et al., 2010).

The NSP3 gene codes for a translational enhancer and it has a highly conserved

region near the 3’ end compared to other RVA segments, and it is suggested to be an

optimal target for detection of RVA genotypes. NSP3 gPCR has a sensitivity and

specificity range of 95-100% and 77-100%, respectively (Liu et al., 2013; Mijatovic-

Rustempasic et al., 2013). It has been reported to be more sensitive than ELISA and

conventional heminested PCR (one primer used in the initial PCR reaction is
9



combined with a different primer in the second nested PCR reaction) in detection of
wildtype RVA (Pang et al., 2004). PCR assays that target VP4 and VVP7 regions are
used for genotyping of RVA strains into P or G types respectively, with high
sensitivity and specificity. It is also notable that NSP2 and VP6 have been
established as important gene targets for differentiating between wild type and
vaccine strains for Rotarix® and RotaTeq® respectively (Gautam et al., 2016; Joshi
et al., 2019). Additionally, the VP6 gPCR has been shown to detect different
RotaTeq® vaccine strains with 100% (Gautam et al., 2016; Joshi et al., 2019).

The diagnostic accuracy of various commercial and non-commercial PCR assays has
been previously evaluated as summarized in Table 2.2 (Gautam et al., 2016; Joshi et
al., 2019; Liu et al., 2013; Mijatovic-Rustempasic et al., 2013; Chhabra et al., 2017;
Tate et al., 2013). It is reported that PCR has enabled detection of RVA with high
sensitivity (89%-100%) and specificity (77%-100%), high sample throughput, and a
faster turnaround time compared to ELISA which is labour intensive, low throughput
and costly. A limitation in these studies is that the primers and probes were designed
using the most common RVA G and P type strains and mutations or reassortments

from other serogroups or zoonoses may end up undetected.
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Table 0.2: Performance Characteristics of RVA PCR Methods
Authors Assay Gene- Reference Sampl  Sensitivit ~ Specificit  Locatio
Target Assay eSize y (%) y (%) n
(Gautam et Multiplex- NSP3 Conventiona 873 NSP2- NSP2- USA
al., 2016) gPCR NSP2- | 100 100
Rotarix® PCR and NSP3- NSP3-
VP6- sanger 100 100
RotaTeq® sequencing VP4-P VP4-P
VP4-P (NSP2, [4]- 100 [4]- 100
[4,6,8] NSP3, VP4, VP4-p VP4-p
genotypes VP6, VP7) [6]- 100 [6]- 100
VP7-G VP4-pP VP4-pP
(1,2,3,49,12 [8]- [8]- 100
) genotypes 98.8+0.7 VP6 - 100
VP6-100 VP7- Gl-
VP7- G1- 100
100 VP7- G2-
VP7- G2- 100
100 VP7- G3-
VP7- G3- 100
99.3+0.6 VP7- G4-
VP7- G4- 100
100 VP7- G9-
VP7- G9- 99.7£0.4
99+0.7 VP7-
VP7- G12- 100
Gl2-
98.840.7
(Mijatovic-  Singleplex NSP3 ELISA 1830 99+0.5 77+1.9
Rustempasi  qPCR (Premier
c et al, Rotaclone,
2013) Meridian
Bioscience, USA
USA) and
Singleplex NSP3 Genotyping 1889 100 86+1.6 Ghana
gPCR PCR (VP4
and VP7)
(Joshi etal., gPCR VP6 RVA- 143 96.2+0.3 100 India
2019) ELISA (GA
Generic
assays
GmbH,
Dahlewitz,
Germany)
(Tate et al., Semiquantitativ.  NSP3 ELISA 648 99.4+0.3 86.7+1.3 USA
2013) e PCR (Premier
Rotaclone,
Meridian
Bioscience,
USA)
(Chhabra et Luminex NM 95.8+2.3 100
al., 2017) XTAG®
Gastrointestinal
Pathogen Panel
Real-Time
RT- PCR
TagMan Array NSP3 and 89.6+3.5 100 USA

Card (Thermo
Fisher,
Carlsblad, CA,
USA)

conventional 300
PCR

followed by
Sanger
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Biofire’s NM sequencing 100 95.6+2.3
Gastrointestinal

Panel
(FilmArray)
(Liu et al., TagMan Array NSP3 ELISA 109 100 94.9+4.1
2013) Card (Thermo (Prospect™)
Fisher, and PCR- USA
Carlsblad, CA, Luminex
USA)

(Gautam et al., 2016, Mijatovic-Rustempasic et al., 2013, Joshi et al., 2019, Tate et al., 2013, Liu et al., 2013,
Chhabra et al., 2017)

2.2.2 Astrovirus

Astrovirus belongs to the Astroviridae family and its a linear, positive-sense sSSRNA
virus that is 6.4-7.7 kb in length with a poly A tail at the 3’ end. At the 5’-end,
ORF1la and ORF1b encode for non-structural proteins while the ORF2 at the 3’ end
encodes for the structural proteins. The variability of ORF1b and ORF2 enables
typing of different astrovirus strains into different serotypes and genotypes (Vu et al.,
2017). Astroviruses from the genus Mamastrovirus (MAstV), specifically Classic
HAstv (MAstV 1), MAstV 6 (MLB1-3), MAstV 8 (VA2, 4 and 5, BF34) and MAstV 9
(VAL and 3) are known to infect and cause disease in humans (Vu et al., 2017).

Primers that target the ORF1a, ORF1b and the conserved 5’ end of ORF2 are used
to detect and type astroviruses (Guix, Bosch, and Pint6, 2005; Noel et al., 1995). The
genetic variability of different strains coupled with genomic evolution events that
cause point mutations and recombination of different astrovirus strains (Wolfaardt et
al., 2011), provide a challenge in the diagnostic performance of different PCR
methods. Astrovirus specific PCR assays have been found to be have high sensitivity
and specificity compared to ELISA and electron microscopy which are laborious and
time consuming (Cubitt et al., 1999). A one-step real-time PCR using primers/probe
targeting the ORF1a region was reported to be more sensitive (0.0052 1U/ul vs 261
[U/ul) and less time consuming (one hour vs four and a half hours) compared to
conventional PCR (Royuela et.al., 2006). Comparison of real-time PCR targeting the
ORF1a region with electron microscopy showed a 9.1% positive percent agreement
between the two methods and the real-time PCR detected ten more positives than
electron microscopy (Logan et al., 2007). To increase the turn-around time for

detecting enteric viruses, several multiplex PCR assays have been developed and
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their diagnostic performance evaluated as summarized in Table 2.3 below (Chhabra
etal., 2017; Feeney et al., 2011; Hyun et al., 2018; Liu et al., 2013).

Table 0.3: Performance characteristics of PCR in astrovirus detection

Authors Method Gene Reference Method Sample Sensitivity ~ Specificity
Target Size (%)
(%)
(Feeney et Probe-based 3’ non- Nested gel-based 137 100 100
al., 2011) multiplex TagMan coding assay or Probe-
assay region based multiplex
(Hyun et Allplex GI-Virus Seeplex PCR assay PPV: 957 NPV:100
al., 2018) Assay (Seegene, +19
Seoul, Korea) Genotyping PCR 446 PPV: 100 NPV:98 +1.3
[ORF2]
(Liu et al., TagMan Array Card RdRp Luminex XTAG® 109 100% 98.9+2
2013) (Thermo Fisher, Gastrointestinal
Carlsblad, CA, USA) Pathogen Panel
TagMan Array Card RdRp Realtime RT- PCR 92.3+3 989+1.2
(Thermo Fisher, and  conventional
(Chhabra et Carlsblad, CA, USA) PCR followed by
al., 2017) Biofire’s Sanger sequencing 974+ 18 98.9+1.2

Gastrointestinal
Panel (FilmArray)

300

PPV: Positive percent agreement NPV: negative percent agreement RdRp: RNA-dependent
RNA polymerase

(Chhabra et al., 2017; Feeney et al., 2011; Hyun et al., 2018; Liu et al., 2013)

2.2.3 Sapovirus

Sapoviruses belong to the family Calciviridae and are single-stranded positive-sense
RNA viruses approximately 7.1-7.7kb in length. Fourteen sapovirus genogroups
have been recognized based on the capsid (VP1) region. Genogroups Gl, Gll, GIV
and GV are known to infect humans (Oka et al., 2015).

Different diagnostic methods have been used to detect human sapoviruses in stools
samples. In 1976, sapovirus was detected in human stool samples using an electron
microscope (Madeleyand Cosgrove, 1976). Real-time PCR has become a routine
assay for sapovirus detection from clinical specimens. Primers used in real-time PCR
are designed to target the partial VP1 region, partial RdRp region (Liu et al., 2013)
or the RdRp -VP1 junction (Jiang et al., 2014). The RdRp-VP1 junction is conserved
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across genogroups GL,GII and GIV and it’s a suitable target for primer and probe

design (Oka et al., 2006).

Singleplex and multiplex PCR assays diagnostic performances have been evaluated

before as summarized in Table 2.4. The sensitivity and specificity of real-time PCR

varies from 75.6%-100% and 88%-100% respectively depending on the assay and
reference standard used (Chhabra et al., 2017; Jiang et al., 2014; J. Liu et al., 2013,
2011; Oka et al., 2006). ELISA is affected by cross-reactivity between diverse

sapovirus strains and has a lower sensitivity compared to PCR (Hansman et al.,

2006). Development of broadly reactive monoclonal antibodies based on a common

epitope that might exist between GI, Gll, GIV and GV sapovirus strains might

improve sapovirus ELISA’s diagnostic performance.

Table 0.4: Performance characteristics of PCR in sapovirus detection

Authors Method Gene Target  Reference Sample Sensitivity Specificity
Method Size (%) (%)
(Hansman et Electron Nested PCR 11 55.6 +29.3 100
al., 2007a) microscopy (VP1 gene)
(Hansman et ELISA Rabbit/guinea  Single-round 60 100
al., 2006) pig antisera PCR (N-terminal
raised against region of the
SaV Gl VLPs capsid gene) 12
Nested PCR 25
(Chhabra et TagMan Array RdRp Both RT-gPCR 75.6 £13.1 100
al., 2017) Card (Thermo and conventional 41
Fisher, Carlsblad, PCR followed by
CA, USA) sequencing
Biofire 97.6+4.7 99.6+1.9
FilmArray
(FilmArray))
(Liu et al, TagMan Array RdRp PCR-Luminex 109 100 98.9+20
2013) Card (Thermo
Fisher, Carlsblad,
CA, USA)
(Liu et al, Luminex xXTAG® Singleplex real- 229 100 88+4.2
2011) Gastrointestinal time qPCR
Pathogen Panel
(Jiang et al., Multiplex real- RdRp/capsid  Singleplex real- 812 100 100
2014) time PCR junction time PCR
(Oka et al, Singleplex RdRp/capsid  Nested PCR 7 100 100
2006) realtime PCR junction (capsid  coding
region)

(Hansman et al., 2007a, Hansman et al., 2006, Chhabra et al., 2017, Liu et al., 2013, Liu et al., 2011, Oka et al., 2006,
and Jiang et al., 2014)
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2.2.4 Norovirus Genogroup 1

Human norovirus belongs to the Calciviridae family. The human norovirus is a
linear, positive-sense sSRNA. Its genome is approximately 7.5-7.7 kb in length and
contains three opening reading frames (ORF). ORF1 codes for a polyprotein that is
processed into seven non-structural proteins (NS1-NS7) while ORF2 and ORF3
encode for structural proteins VP1 and VP2 respectively (Thorneand Goodfellow,
2014). Genetic classification for noroviruses is based on the NS7 (RNA-dependent
RNA polymerase) and VP1 (major capsid protein) (Kroneman et al., 2013). There
are three genogroups (G1, Gll and GIV) with several genotypes that are known to
infect humans. Norovirus genogroup Il, especially GI1.4 variants, are responsible for
majority of the outbreaks in all age groups globally (Robilotti, Deresinski, and
Pinsky, 2015).

Norovirus genogroup Il diagnostic testing can be done using different methods such
as electron microscopy, serology (ELISA and immunochromatographic tests) and
molecular methods (conventional and real-time PCR). The diagnostic performance of
these methods have previously been evaluated and reviewed (Robilotti et al., 2015).
The most commonly used ELISA kits are Ridascreen (R-Biopharm, Darmstadt,
Germany) and IDEIA (Oxoid Ltd., Hampshire, United Kingdom). These ELISA
assays have been reported to have a wide range of sensitivity (31.6%-92%) and
specificity (65.3%-100%) (Robilotti et al., 2015). Similarly,
immunochromatographic tests have varied sensitivities (17%-92%) and a high
specificity (87.5%-100%) (Ambert-Balayand Pothier, 2013; Robilotti et al., 2015).
The source of variability in the sensitivity and specificity of these methods has been
attributed to viral load and genotypes, age, time of stool collection compared to
symptom onset, outbreak vs sporadic cases and the choice of reference standard. Due
to the varied sensitivities and specificities the positives detected should be confirmed
by an additional assay such as an PCR.

PCR is used as the gold standard for detection and genotyping of noroviruses. A
conserved region at the ORF1-ORF2 junction has been used to design primer and
probes used in real-time PCR (Kageyama et al., 2003). The diagnostic performance
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of commercial norovirus genogroup Il gPCR assays have previously been reviewed
and reported to have a high sensitivity (92.5%-100%) and specificity (93.6%-100%)
(Dunbar, Bruggink, and Marshall, 2014; Duong et al., 2016; Liu et al., 2013;
Navidad et al., 2013; Wessels et al., 2014). Careful interpretation of norovirus
genogroup Il real-time PCR results is crucial since detection does not infer clinical
disease. The Global Enteric Multicentre Study (GEMS) recommends a norovirus
genogroup Il TAC Ct cut-off of 23.4 for identifying symptomatic individuals in
clinically relevant diarrhoeal cases (Liu et al., 2016) while the MAL-ED study
recommended a TAC Ct cut-off of 27.2 (1.7 x 10° copies/gram) for community
based studies (Platts-Mills et al., 2018). Therefore, norovirus genogroup Il
surveillance studies using gPCR should incorporate a Ct cut-off to differentiate

symptomatic and asymptomatic individuals.
2.2.5 Human Adenovirus

Human adenoviruses (HAdVs) belong to the family Adenoviridae and genus
Mastadenovirus. HAdVs are double-stranded, non-enveloped, icosahedral, linear
DNA viruses of approximately 36kbp in genome length. HAdVs are classified into
seven species (A-G) with 88 different serotypes and more emerging serotypes
(Dhingra et al., 2019). HAdV F (40, 41) and G (52) are associated with diarrhoea but
other HAdV species (A, B and C) have also been isolated from patients with
diarrhoea symptoms (La Rosa et al., 2015). As a result, molecular detection methods
have designed primers that target the hypervariable region seven of the hexon gene
to detect all HAdV serotypes (Sarantis et al., 2004). These primers have potential to
capture diverse adenovirus species that may have been transmitted due to zoonosis
(Hoppe et al., 2015). However, for specific detection and genotyping of HAdV type
40/41, primers that target the conserved regions of the fiber gene are used (La Rosa
etal., 2015).

The performance of some of the commercial multi-pathogen kits has been evaluated
before as summarized in Table 2.5.TagMan Array Cards evaluated use primers that
target the hexon gene hence they did not focus specifically on the HAdV type 40/41.
The FilmArray and Luminex GPP panel primers and probes are unknown and its
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unknown if they specifically target the HAdV type 40/41. The sensitivity and

specificity of these Kits vary from 68.4-100% and 80.3-100% respectively depending

on location and choice of reference standard.

Table 0.5: Performance characteristics of PCR in HAdV detection

Authors Method Target Reference Sample Sensitivity  Specificity Location
Size (%) (%)
(Higgins et Seeplex DV NA Electron 198 97 +2.4 994+1.1 Canada
al., 2011) Assay microscopy
rPCR (hexon) 97+ 2.4 994+ 1.1
(Chhabra et TagMan Array Hexon gPCR and 684+53 99.2+1.0
al., 2017) Card (Thermo conventional 300
Fisher, PCR followed USA
Carlsblad, CA, by sequencing
USA)
Biofire NA 97.4+18 97.7x1.7
FilmArray
Luminex NA 579+5.6 100
XTAG®
Gastrointestinal
Pathogen Panel
(Liu et al., TagMan Array Hexon PCR-Luminex 109 100 80.3+7.5 Tanzania
2013) Card (Thermo and
Fisher, Bangladesh
Carlsblad, CA,
USA)
(Liu et al., Luminex Singleplex 229 100 100 Tanzania
2011) XTAG® realtime gPCR

Gastrointestinal
Pathogen Panel

(hexon)

(Higgins et al., 2011, Chhabra et al., 2017, Liu et al., 2013 and Liu et al., 2011)

2.3 Next Generation Sequencing

Over the past 20 years, DNA sequencing technologies have rapidly evolved with the

development of faster, high sequence throughput and cost-effective sequencing

platforms. Next generation sequencing, specifically second-generation Illumina

platform, utilizes a sequencing by synthesis method which adds fluorescent-labelled

deoxynucleotides to a DNA strand and the labelled nucleotides are read using direct

imaging. NGS offers high sequencing depth, discovery power, mutation resolution,

sample and data throughput compared to conventional sequencing methods such as

sanger sequencing (Gu, Miller, and Chiu, 2019).

Advances in the deep sequencing field have provided a platform for characterization

of known and novel viruses from fecal samples. Fecal samples have been
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documented to contain significant amounts of bacterial, bacteriophage and viral
nucleic acids which are important for identifying pathogens that may be associated
with diarrhoea (Cotten et al., 2014; Yinda et al., 2019). Increased sequence recovery
due to high mammalian viral titres in fecal material can be very helpful in describing
viral coinfections associated with diarrhoea. The sensitivity and specificity of deep
sequencing in investigating viral diarrhoeal aetiology has not been extensively
explored (Mohammad et al., 2020). Deep sequencing coupled with a custom viral
discovery pipeline has been shown to have a similar sensitivity with real-time PCR
in the detection of norovirus. A strong negative correlation was observed between

the real-time PCR Ct values and the norovirus reads (Cotten et al., 2014).

2.4 Effects of Mismatches at the Primer and Probe Binding Sites

Mismatches as a result of genetic drift in the primer and probe binding sites have
been reported to affect detection and typing of enteric viruses including RVA (Mitui
et al., 2012; Parraand Espinola, 2006). Poor sensitivity in norovirus detection by
endpoint PCR assays and HAdV type 40/41 has been correlated to mismatches at the
primer binding sites (Jothikumar et al., 2005; Rooney et al., 2014). Mismatches
present in the primers and probes commonly used in real-time PCR assays for the
detection of sapovirus have been reported to cause detection failure or causes an
increase in the quantification cycle value (Oka et al., 2019). Mismatches within 5
bases of the primer’s 3’ end or an accumulation of more than four mismatches have
the greatest effect on the quantification cycle and the effect is also dependant on the

whether the substitution is a transition or a transversion (Lefever et.al, 2013).

In summary, diarrhoea is one of the leading causes of morbidity and mortality in
children under the age of five years globally. The diagnostic methods used to
investigate viral diarrhoeal aetiology are important in routine surveillance of these
pathogens and estimation of pathogen-specific disease burden. Except for RVA
where ELISA is recommended as the gold standard for routine diagnosis and
surveillance, other enteric viruses have no specific gold standards for their detection
but do have reference standards such as the PCR that are not reliable due to their

varied diagnostic performance. The sensitivity and specificity of these methods tends
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to differ depending on the virus, viral load, age, location, time of stool collection
compared to symptom onset and the choice of the reference standard. The evolution
of viruses leads to introduction of point mutations at the primer and probe binding
sites and reassortment events from other virus strains or zoonosis also affects the
diagnostic performance of these diagnostic methods. Therefore, careful consideration
in choosing or designinga diagnostic method to be used in routine viral diarrhoea
surveillance is key to ensure correct estimation of diarrhoeal disease burden and

understanding of transmission patterns.
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CHAPTER THREE
MATERIALS AND METHODS
3.1 Study Design

The study was a repeated cross-sectional study, comparing the diagnostic
performance of RVA ELISA, real-time PCR, TAC and NGS in investigating viral
diarrhoeal aetiology in the pre- (2013) and post-rotavirus (2016) vaccine

introduction period in coastal, Kenya.
3.2 Study Site and Population

The study utilized stool specimens collected from surveillance of children (0-12
years) admitted to KCH with diarrhoea symptoms. The Kilifi Health and
Demographic Surveillance System (KHDSS) was set up in 2000 to capture
surveillance data of individuals residing close to KCH (Figure 3.1). The KHDSS area
has approximately 260,000 residents and covers an area of 891km? (Scott et al.,
2012). KCH is located within Kilifi town and is the only government facility offering
inpatient paediatric services in the KHDSS area. Study participants were either
residents of both KHDSS and Kilifi County or just Kilifi County. Stool specimen
collection was done between January to December 2013 and January to December
2016. The collected specimens were analysed at KWTRP in Kilifi. A subset of
specimens that were positive for RVA by ELISA in the year 2013 were sent for
sequencing at the Wellcome Sanger Institute in the United Kingdom and subsequent

sequence data analysis was done at the KWTRP Kilifi.
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Kilifi County KHDSS

Kilifi County

Figure 0.1: Map of Kenya showing Kilifi County and Kilifi Health Demographic
and Surveillance System (KHDSS) area, coastal Kenya (Kamau et al., 2017).

3.2.1 Inclusion Criteria

1 Children (0-12 years) presenting with a history of acute diarrhoea defined as three
or more watery stools passed during a 24-hour period.

2 Availability of an archived stool sample.

3 Sample tested by the comparable diagnostic methods.

3.2.2 Exclusion Criteria

Failure to consent by the guardian or parent.

3.3 Sample Size

Sample size determination was done with reference to Hajian-Tilaki (2014), for

comparing the diagnostic accuracy of two diagnostic methods.

[Z=y2xP(1—P)+ ZB/P,(1—P,) + P,(1—P,)]

T =

(P, — P,)?
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P1and P, represent the expected sensitivity/specificity of the two diagnostic methods
as reported elsewhere. P;= 1.0 (real-time PCR) and P, = 0.90 (TAC) or P = 0.75
(Chhabra et al., 2017; Gautam et al., 2013; Mijatovic-Rustempasic et al., 2013).

P represents the average of the two sensitivities (0.95).

Margin of error = 0.05 and power 80%.

Zy» (1.96) and Zg (0.84) are the standard Z values corresponding to probability of

type I and 1l errors respectively.

[1.96,2 x0.825(1— 0.825) + 0.84,/0.75(1— 0.75) + 0.90(1 — 0.90)]
(0.90 — 0.75 )2

100 =

[1.964/2 x0.95(1— 0.95) + 0.84,/0.90(1 — 0.90) + 1(1— 0)]
(1.0 — 0.9)2

In this study, all the specimens; 275 and 280 collected in 2013 and 2016 respectively
were included in the study. This sample size provided a power of 99% and an effect
size of 10-15% for comparing the sensitivity of the two PCR methods and or the
ELISA method.

3.4 Laboratory Procedures
3.4.1ELISA

Stool specimen were screened for RVA VP6 antigen using ProSpecT ™ kit (Oxoid,

Basingstoke, UK) following the manufacturer’s protocol. ProSpecTTNI Kit uses

polyclonal antibodies raised against the RVA VP6 antigen. A 10% dilution of the

fecal specimen was prepared by mixing 100ul of faeces with 1ml of sample diluents.

After 10 minutes, two drops of the enzyme conjugate were mixed with the diluted

fecal sample, incubated for one hour at room temperature then washed using 400ul
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of wash buffer. Two drops of the substrate were added to each well and incubated for
ten minutes. To terminate the enzyme substrate reaction, two drops of stop solution
were added to the wells and results read within 30 minutes by visual determination of
reactivity and reading of optical density (OD) values. The results were interpreted as
follows: Photometrically, specimens having absorbency values higher than the cut
off value (0.200 added to the negative control value) were determined as positive.
However, a result of within 0.010 absorbency units of the cut off value was

interpreted as equivocal and the test repeated.
3.4.2 Singleplex Real-Time PCR
3.4.2.1 Nucleic Acid Extraction

Due to limited availability of extraction Kits, fecal specimens from 2013 and 2016
were extracted using the cador pathogen protocol (Qiagen, Venlo, Netherlands) and
QlAamp Fast DNA Stool kit (Qiagen, Venlo, Netherlands) respectively as per the
manufacturer’s instructions. For samples collected in 2016, there was a bead beating
pre-treatment step as explained in section 0. For the cador pathogen protocol
(Qiagen, Venlo, Netherlands), 100ul fecal sample was mixed with one ml of water
and vortexed vigorously. The specimen was then centrifuged for one minute at
14000xg. The supernatant (200ul) was then mixed with buffer VXL (180ul) and
proteinase K (20ul). Lysis was completed at a temperature of 70°C with constant
agitation for 15 minutes. The remaining steps were performed by the robot on

QIAcube HT (Qiagen, Venlo, Netherlands) as per the manufacturer’s protocol.
3.4.2.2 cDNA Synthesis and Real-Time PCR

First strand cDNA synthesis was done using the Omniscript Reverse Transcriptase
kit (Qiagen, Venlo, Netherlands). A 20ul mixture of 10X buffer RT(2ul), 5mM
dNTP mix (2ul), random hexamers (2ul), Omniscript reverse-transcriptase (1pnl),
RNA free water (7.75ul), RNase inhibitor (0.25ul) and template RNA (5ul) was
prepared, vortexed and briefly centrifuged. The mixture was then incubated for 60
minutes at 37°C and the reverse transcription stopped on ice.
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Singleplex real-time PCR assays were performed in a total volume of 20ul
containing QuantiFast master mix (12.5ul), primer/probe mix (1.25ul), H20 (3.75ul),
rox dye (0.5ul) and cDNA (2ul). The primers and probes used are adopted from
elsewhere (Appendix I: ) (van Maarseveen et al., 2010). The prepared PCR plates
were then run in an Applied Biosystems™ 7500 Real-Time PCR System
(ThermoFisher Scientific, Darmstadt, Germany). PCR was done using the following
conditions: initial PCR activation and two-step cycling for five minutes at 95°C,
denaturation for 30 seconds at 95°C and annealing for 45 seconds at 60°C.
Amplification data was analysed using the Ct method on the Applied Biosystems™
7500 Real-Time PCR v2.0 software (ThermoFisher Scientific, Darmstadt, Germany)

and exported for subsequent analysis and manipulation within the R environment.
3.4.3 TagMan Array Card
3.4.3.1 Total Nucleic Acid Extraction

Fecal specimens (0.2grams/200ul) were lysed with InhibitEX/PhHV/MS2 solution,
bead beaten at a maximum speed for three minutes using 370mg of glass beads
(Sigma, Merck, Darmstadt, Germany) in a BioSpec bead beating instrument
(BioSpec, Bartlesville, USA) and incubated at 95°C for five minutes. The mixture
was then vortexed for 15 seconds and centrifuged at 20,000xg for one minute. A total
of 600ul of the supernatant was mixed with 25ul proteinase K and 600ul AL buffer,
vortexed, incubated at 70°C for ten minutes. The lysate was then mixed with 600ul
of ethanol, vortexed and centrifuged briefly to remove drops inside the tube lid. All
the 1800ul was transferred into a QlAamp spin column in 600ul aliquots while
centrifuging each time at 16000xg for 1.5 minutes and replacing the collection tube.
Buffer AW1 was then added to the spin column and centrifuged at 16000xg for 4.5
minutes followed by addition of 500ul of AW2 and centrifugation at 16000xg for 4.5
minutes. Total nucleic acid was eluted using 200ul of ATE buffer and stored at -
80°C. MS2 phage was used as an extrinsic control during extraction to evaluate

extraction and amplification efficiency.
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3.4.3.2 TAC Real-Time PCR Assay

The TAC reaction mix contained 60ul of nucleic acid free water, 25ul of the enzyme
mix (TagMan® Fast Virus 1-Step Master Mix, ThermoFisher Scientific) and 15 pl of
the total nucleic acid extract. A 100ul TAC reaction mix was then transferred to the
Public Health England Custom TagMan Array 384-well Card (ThermoFisher
Scientific) containing precoated lyophilized primers and probes. The TAC was
centrifuged twice at 1200 rpm for two minutes, sealed and placed into a QuantStudio
7-flex thermal cycler (ThermoFisher Scientific, Darmstadt, Germany). The PCR
conditions were: 50°C for five minutes for the reverse transcription step, 95°C for 20
seconds for the initial DNA melting and inactivation of RT reaction, followed by 45
cycles of 95°C for one second and 60°C for 20 seconds. Amplification data was
analysed using the Ct method using the QuantStudio 7-flex software (ThermoFisher
Scientific, Darmstadt, Germany) with a threshold value of 0.2 fluorescence units.
The data was then transformed into an excel file and used for subsequent analysis

and manipulation within the R environment.

3.4.4 Next Generation Sequencing

A total of 69 samples from the year 2013 that were positive for RVA by ELISA were
sequenced using Illumina Hiseq 2500 as described elsewhere (Phan et al., 2016). A
total of 110ul of a 50% stool suspension in PBS was centrifuged for ten minutes at
10,000xg. Non-encapsidated DNA in the samples was degraded by addition of
TURBO DNase (Ambion, ThermoFisher Scientific, Darmstadt, Germany). Virion-
protected nucleic acid was extracted with elution in sterile water using the Boom
method (Boom et al., 1990). Non-ribosomal random hexamers that avoided
transcription of rRNA were used for reverse-transcription and second-strand DNA
synthesis was done using Klenow fragment 3°-5” exo (New England Biolabs Inc.,
UK) Extracted nucleic acids were then purified using phenol/chloroform and ethanol
precipitation. Illumina libraries were prepared for each sample by shearing the
nucleic acids to 400-500 nucleotide in length and indexing the samples separately
using adapters. The samples were then pooled and sequenced using Illumina Hiseq

2500 machine that generates 250 bp paired-end reads per sample.

25



3.4.5 Conventional PCR and Partial Sequencing

ELISA negative but TAC positive samples were retested using VP4 and VP7 PCR
followed by dideoxy sanger sequencing. Partial fragments of RVA VP4 and VP7
genes were amplified in a one-step conventional reverse transcriptase PCR reaction
using the following primers: VP4F, 5’-TAT- GCTCCAGTNAATTGG-3’, VP4R 5°-
ATTGCATTTCTTTCCATAATG-3’, VP7EF, 5’-
ATGTATGGTATTGAATATACCAC-3’, VP7R 5’-
AACTTGCCACCATTTTTTCC-3 (Mwanga et al.,, 2020). A 2% agarose gel
electrophoresis was done to confirm successful amplification of VP4 (660bp) and
VP7 (881bp) fragments. Samples with the expected band size on the gels were
purified using GFX DNA purification kit (GFX-Amersham, UK) following the
manufacturer’s protocol. They were then sequenced using Big Dye Terminator 3.1
(Applied Biosystems, California, USA) chemistry on an ABI Prism 3130xI Genetic
Analyser (Applied Biosystems, California, USA).

3.5 Data Management

ELISA, real-time PCR and TAC results were retrieved from their respective
instruments and merged into an excel file according to individual sample identifiers.
Samples that were not tested by all the three methods for RVA were eliminated from
subsequent analysis. Similarly, samples that were not tested by both real-time PCR
and TAC for astrovirus, sapovirus, norovirus genogroup Il and adenovirus were also
excluded from subsequent analysis. The datasets were then imported into an R
project in the R statistical software: R version 3.5.0 (R Core Team, 2018). NGS data
was stored on a local high-performance computing cluster at KWTRP Kilifi and
access was password restricted. Access to the datasets was restricted to project

investigators only.

3.6 Data Analysis

All statistical analysis was done using R version 3.5.0 (R Core Team, 2018) and
bioinformatics analysis was done using softwares available on the local server
(Figure 3.2).
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3.6.1 Statistical Analysis

Sensitivity, specificity and agreement were measures used to compare the diagnostic
performance of the different diagnostic methods. Calculation of sensitivity and
specificity was in accordance with the following composite reference standard rules:
(i) True positives were positive results from > 2 diagnostic methods; (ii) True
negatives were negative results by > 2 diagnostic methods; (iii) False positives were
positive results by one method but not confirmed by the other two methods; (iv)
False negatives were negative results by one method but positive by the other two
methods. Percent agreement and unweighted cohen kappa (k) statistic was used to
estimate agreement between TAC and real-time PCR for detection of each of the
viruses. Fleiss kappa was used to estimate agreement for more than two methods.
Both Cohen and Fleiss’ kappa estimates were reported with a 95% confidence
interval and p-value, respectively. The kappa statistic was interpreted as follows: The
agreement is expected to lie between zero and one whereby for complete agreement
k =1; if observed agreement is equal to chance k=0; and if observed agreement is
greater than by chance k > 0. Agreement is rated as poor, slight, fair, moderate,
substantial and almost perfect if k <0.0, 0.0 < 0.20, 0.21< 0.40, 0.41<0.60,
0.61<0.80 and > 0.80, respectively (Landisand Koch, 1977). Differences in the
proportions were calculated using the test for equal proportions. The distribution of
TAC and singleplex real-time PCR Ct values was compared using Wilcoxon rank-
sum test. Additionally, estimating correlation between real-time PCR and TAC Ct

values was done using the Spearman rank correlation test.

3.6.2 Primer and Probe Mismatch Analysis

Available viral sequences for RVA, sapovirus, astrovirus, norovirus genogroup |l
and adenovirus type 40/41 were downloaded from GenBank. Additional local RVA
sequences were also included (Makori et al., manuscript). The time period was
limited to 2010-2019. Primers and probes used in real-time PCR and TAC methods
were aligned to their respective viral sequences to check for mismatches using

Geneious prime v.2019.0.4.
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3.6.3 Bioinformatics Analysis

NGS short read data was analysed using a modified pipeline adopted from elsewhere
(Phan et al., 2016) and summarized below (Figure 3.2). The following quality
control checks were done on the raw reads for each sample using FASTQC v.0.11.8:
basic statistics, per base sequence quality, GC content, sequence length distribution,
overrepresented sequences and Kmers, and adapter sequences (Andrews, 2010). The
reads were trimmed to remove adapters and low quality reads using QUASR v.7.03
(Watson et al., 2013). The trimmed reads were then mapped to a human reference
database created from the current version of the human genome GRCh38.p12 using
bowtie2 v.2.2.5 (Langmead, 2013). Samtools v.1.7 (Li et al., 2009) was used to
convert sam files to bam files, recover unmapped reads and sort them. Bedtools
v.2.25.0 (Quinlanand Hall, 2010) was used to convert bam files to fastq format. The
trimmed reads were de novo assembled into contigs using SPAdes v.3.13.0
(Bankevich et al., 2012). Viral taxonomic classification was done directly from the
reads using Kraken v.0.10.5-beta (Woodand Salzberg, 2014) and MetaPhlan2 v.2.0
(Truong et al., 2015). Kraken was also used to assign taxonomic labels to assembled
reads (contigs). The identified contigs were checked for open reading frames (ORFs)
and compared with reference sequences from GenBank. All the commands and
parameters used are listed in the Appendix . Reads from sanger sequencing were
assembled into contigs using Sequencher version 5.4.6 (Gene Codes Corp Inc.,
USA). G and P genotypes were determined using Virus Pathogen Database and

Analysis Resource (ViPR) database and or the RotaC version 2.0 classification tool.
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Figure 0.2: Summary of the bioinformatics workflow for analysis of the NGS
short read data.
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CHAPTER FOUR
RESULTS
4.1 Comparison of ELISA, Real-Time PCR and TAC in RVA Detection
4.1.1 Population Characteristics

Out of 725 chidren aged <12 years presented with diarrhoea at KCH in 2013 (n=363)
and 2016 (n=362), only 556 (767%) consented to the study and gave a stool sample
(Figure 4.1). The fecal specimen collected were tested for RVA by EIA, real-time
PCR and TAC. Only specimens that were tested by all the methods in 2013 (n=237)
and 2016 (n=252) were included in subsequent analysis. The age and gender of the
children that were included in the study were recorded in Table 4.1. The median age
of the study participants in 2013 and 2016 was 11 and 14 months, respectively and

the difference was statistically significant (p-value = 0.02).

| Diarrhoeal admissions: n=725 |

l

‘ Enrolled cases: n=556 |

| 2013: n=276 | | 2016: n=280 |
ELISA ‘ | Real-Time PCR | | Tagman array card (TAC)

Tested by all methods:
2013: n=237 2016: n=252

Figure 0.1: Flowchart of enrolled cases in the study in 2013 and 2016, and the
samples tested by different methods
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Table 0.1: Characteristics of study participants enrolled in the study in 2013
and 2016

Characteristic 2013 2016 p-value
Median age month (IQR) 11 (7-21) 14 (8-25) 0.02
Gender: Female (%) 101 (42.6%) 114 (45.2%)  0.62

4.1.2 Performance of ELISA, TAC and Real-Time PCR in Rotavirus A
Detection

The sensitivity and specificity of the ELISA, TAC and Real-Time PCR was
estimated using a composite reference method as described in 0. The sensitivity of
ELISA, real-time PCR and TAC was 93.8%, 98.5% and 96.9% respectively in 2013,
and 68.9%, 93.3% and 97.8% respectively in 2016 (Figure 4.12). The reduction in

the sensitivity of the EIA in RVA detection post-vaccine introduction was

statistically significant (p-value < 0.05). Further, the EIA method had a significantly
lower sensitivity than real-time PCR (p-value: 0.007) and TAC (p-value = 0.0007) in
2016 unlike 2013 (Figure 4.2). The specificities of all the three methods were >96%
both in the years 2013 and 2016 (Figure 4.3). The performance of the diagnostic

methods for the detection of RVA are summarized in Appendix I1.
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Figure 0.2: A plot of the sensitivity and specificity of the EIA, real-time PCR
and TagMan Array card in RVA detection.

The error bars show the confidence intervals for the calculated sensitivity (clopper-
pearson exact method). ns: not significant; *: p-value < 0.05; **: p-value <0.01, ***:
p-value < 0.001.
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Figure 0.3: A plot of the specificity of EIA, real-time PCR and TagMan Array
card in RVA detection.

The error bars show the confidence intervals for the calculated specificity (clopper-
pearson exact method). ns: not significant; *: p-value < 0.05; **: p-value <0.01, ***:
p-value < 0.001.

Using Fleiss’ kappa statistic to assess the agreement between the three methods, a
substantial agreement (defined as 0.61 < fleiss k < 0.80) was observed among EIA,
real-time PCR and TAC in the detection of RVA in 2016 and it was lower than a
very strong agreement (defined as fleiss k > 0.80) observed in 2013 (Table 4.2).
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Table 0.2: Comparison of RVA detection by ELISA, real-time PCR and TAC in
2013 and 2016

Year RVA_EIA RVA_TAC RVA_PCR Frequency Fleiss’ kappa
statistic

Neg Neg Neg 168 (71.2)
Pos Neg Neg 3(1.3)
Neg Pos Neg 2 (0.8) Kappa = 0.93
Pos Pos Neg 1(0.4) p-value <0.01
Neg Neg Pos 0 n =237
Pos Neg Pos 1(0.4)

2013 Neg Pos Pos 3(1.3)
Pos Pos Pos 59(24.9)
Neg Neg Neg 197 (78.2)
Pos Neg Neg 4 (1.6)
Neg Pos Neg 7(2.8)
Pos Pos Neg 4 (1.6)
Neg Neg Pos 0 Kappa = 0.74
Pos Neg Pos 0
Neg Pos Pos 14 (5.6) p-value <0.01
Pos Pos Pos 26 (10.3)

2016 subjects = 252

Agreement is rated as poor if 0.00 <k < 0.20, fair if 0.21 <k < 0.40, moderate if 0.41 <k < 0.60,
substantial if 0.61 <k < 0.80 and very strong agreement if k > 0.80.

4.1.3 Rotavirus Detection Frequency Pre-Post Vaccine Introduction

Although there were subtle differences in absolute numbers for the year 2013, no
significant difference was observed between the prevalence estimates of the three
methods (p = 1) (Figure 4.4). In 2016, TAC detected more positives than singleplex
real-time PCR and EIA. However, the differences in the proportions were not

statistically significant (p-value > 0.05) (Figure 4.4).
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Figure 0.4: Proportion of RVA positive samples by ELISA, singleplex real-time
PCR and TagMan Array Card (TAC).

The error bars represent 95% confidence interval for the proportions (clopper-

pearson exact method).

A comparison of the proportions of RVA positive samples detected by the three
methods in 2013 versus 2016 showed that the reduction in RVA detected cases was
statistically significant by both EIA (p-value = 0.0005) and real-time PCR (p-value =
0.008) but not by TAC (p-value = 0.1), see Figure 4.5. This finding suggests that
despite introduction of rotavirus vaccination programme in Kenya in 2014, reduction
in the proportion of hospitalised diarrhoea cases positive for RVA cannot be
confirmed by TAC unlike EIA and real-time PCR in the instance of the year 2016
versus 2013 (Figure 4.5).
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Figure 0.5: Proportion of RVA positive samples by ELISA, singleplex real-time
PCR and TagMan Array Card (TAC)

The error bars represent the confidence intervals for the proportions (clopper-pearson

exact method).

4.1.4 Distribution of TAC and Real-Time PCR Ct Values for RVA Positive

Samples

A comparison of the distribution of the Ct values, a marker of the virus quantity
present in the sample, showed that the difference in the means detected by TAC
(25.5) and real-time PCR (27.2) in the year 2013 was statistically significant (Figure
4.6; T-test; p = 0.004). However, in 2016, no significant difference (p-value > 0.05)
was observed between the mean Ct values of TAC (24.2) and real-time PCR (24.4).
A comparison of the distribution of real-time PCR Ct values in 2013 and 2016
showed that the mean Ct value for the year 2013 was significantly greater than that
for 2016 (p-value = 0.003). A comparison of the distribution of TAC Ct values
showed that the differences in the means was not statistically significant difference in
the years 2013 and 2016 (p-value = 0.1).
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Figure 0.6: Boxplots showing the distribution of TAC and real-time PCR Ct

Values of samples positive by either TAC or real-time PCR

4.1.5 Distribution of TAC and Real-Time PCR Ct values based on ELISA
Status

No significant difference was observed between real-time PCR or TAC Ct values for
samples that were either EIA positive or negative in 2013 and 2016 (p-value > 0.5)
Fig. 4.7. The median TAC Ct values for samples that were positive and negative by
ELISA were 25.51 (IQR:22.53-26.96) and 23.89 (IQR:21.20-28.15) respectively.
The median real-time PCR Ct values for samples that were positive and negative by
ELISA were 26.42 (24.43-29.19) and 24.45 (20.98-27.73) respectively. The
differences in the distributions of the Ct values was not statistically significant (p-
value > 0.5). In both the years 2013 and 2016, a strong positive spearman rank
correlation (defined as 0.70-0.89) was observed between TAC and real-time PCR Ct
values. Generally, real-time PCR had greater Ct values than TAC , see Appendix 3.
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Figure 0.7: Boxplots showing the distribution of TAC and real-time PCR Ct

Values in samples that were either positive or negative by EIA.
Positive: EIA positive; Negative: EIA negative

4.2 Comparison of Real-Time PCR and TAC in the Detection of Astrovirus,
Adenovirus Type 40/41, Sapovirus And Norovirus Genogroup 11

4.2.1 Population Characteristics

Kenya started nationwide RVA vaccination in July 2014 thus 2013 falls in the pre-
vaccine period while 2016 falls in the post-vaccine introduction period. Out of the
556 enrolled cases, only 88.8% (n=242 for 2013 and n=252 for 2016) were tested by
both real-time PCR and TAC and included in the subsequent analysis.

4.2.2 Real-Time PCR and TAC Viral Detection Frequency

TAC detected more positives than singleplex real-time PCR for the four viruses:
Adenovirus (77 vs 52), astrovirus (25 vs 11), norovirus genogroup Il (61 vs 42) and

sapovirus (29 vs 16). The difference in the prevalence estimate by the two methods
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was significant for astrovirus (p-value = 0.03) alone, in comparison to the prevalence

estimates of all the other viruses (Figure 0.8).

Adenovirus Astrovirus Norovirus Gll Sapovirus
207 P-value = 0.2
——

P-value = 0.03 x = - =
elue 2003 P-value = 0.08 P-value = 0.6

04

s 1 L

Real-Time PCR TAC Real-Time PCR TAC Real-Time PCR TAC Real-Time PCR TAC
Methods

Proportion of Positive Samples %

Figure 0.8: Proportions of positive samples detected by TagMan Array Card
and real-time PCR.

The error bars represent 95% confidence intervals for the proportions (clopper-

pearson exact method). TAC: TagMan Array Card

4.2.3 Assessing Agreement Between TAC and Real-Time PCR

Cohen kappa statistic was used to assess agreement between real-time PCR and
TAC. A substantial agreement (defined as 0.61 <k < 0.80) was seen between real-
time PCR and TAC in the detection of adenovirus and norovirus genogroup Il.
However, in the detection of astrovirus and sapovirus, a moderate agreement
(defined as 0.41 <k < 0.60) was observed (Table 4.3).
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Table 0.3: Agreement Levels Between real-time PCR and TAC in the detection

of adenovirus, astrovirus, norovirus Gl and sapovirus

Virus Methods Cohen Confidence  Overall Positive Negative
kappa Intervals Percent Percent Percent
statistic (95%) Agreement Agreement  Agreement
(k)

Adenovirus  TAC~PCR 0.71 0.61, 0.80 93.1% 60.5% 92.3%

Astrovirus  TAC~PCR  0.48 0.28, 0.69 96.4% 33.3% 96.3%

Norovirus TAC~PCR 0.76 0.67,0.86 95.5% 65.1% 95.1%

Gll

Sapovirus TAC~-PCR 0.54 0.38,0.71 95.3% 39.5% 95.2%

Agreement is rated as poor if k<0.00, slight if 0.00 <k <0.20, fair if 0.21 <k < 0.40, moderate if 0.41
<k < 0.60, substantial if 0.61 <k < 0.80 and very strong agreement if k > 0.80 (Landisand Koch, 1977);
TAC: TagMan array card; PCR: real-time PCR

4.2.4 Comparison of the Distribution of TAC and real-time PCR Ct Values

From both TAC and real-time PCR methods, we obtained information on the cycle threshold (Ct) which is the
PCR cycle at which the amplification signal rises above the background noise. There was no statistically
significant difference in distribution of TAC and real-time PCR Ct values in the detection of all viruses except for
sapovirus (p = 0.001) (Figure 4.9). A positive spearman correlation was observed between real-time and TAC Ct

values for all viruses (
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Figure 0.9: Boxplots for the Ct values of real-time PCR and TagMan Array

Card methods for Adenovirus type 401/41, astrovirus and sapovirus.

For each virus, the line inside the boxplot depicts the median and the box indicates
the 25™ and 75™ quartiles.

4.3 Real-Time PCR and TAC Primer/ Probe Mismatches with contemporary

sequences

The forward and reverse primers used for adenovirus detection, were identical in
both the real-time PCR and TAC assays. However, the probes have only an identical
8 base region that is elongated at the 5’- and 3-’end in real-time PCR and TAC

assays respectively. The primers and probes target the hexon gene and can detect all
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enteric adenovirus serotypes. Adenovirus real-time PCR assay had two mismatches
in the forward primer (G-A and C-G), two mismatches in the reverse primer (C-T
and T-C) and three mismatches in the probe (C-T, C-T and T-C) none within 5 bases
of the 3’-end (Figure 4.10). On the other hand, the adenovirus TAC assay had only a
C-G mismatch in the forward primer (Figure 4.11).

The forward and reverse primers used for norovirus Gll detection were identical in
both assays. However, the probe in the TAC assay had a 3-base extension at its 5°-
end (Appendix 1). The primers and probes targeted the RNA-dependent RNA
polymerase (RdRp)-capsid junction and no nucleotide mismatches were observed in

both the primers/probes binding sites for both assays.

For sapovirus detection, the primers and probes used in both assays target the RNA-
dependant RNA polymerase capsid junction. In the real-time PCR assay, nucleotide
mismatches within the sapovirus primer/probe binding sites were observed in
sapovirus genogroup V and included six mismatches in the forward primer, two
mismatches in the reverse primer and three mismatches in the probe. Mismatches
observed were within 5 bases of the 3’-end included; forward primer: C-G, probe: T-
C, reverse primer: T-C and A-C, see Figure 4.10. The TAC assay has two primer-
probe sets; sapo#l and sapo#2. The sapo#l TAC primer set detected sapovirus
genogroup 1, Il and 1V, while the sapo#2 TAC primers and probe detect sapovirus
genogroup V. No nucleotide mismatches were observed within the primers/probe

binding sites in both sets.

The primers/probes used for astrovirus detection in the real-time PCR and TAC
assays targeted the ORF1 and ORF2 regions respectively. The primers/probes in both
assays could detect different astrovirus strains. Mismatches observed in the real-time
PCR primer and probe sequences were in individual sequences rather than
pronounced in all the sequences, see Figure 4.10. In the TAC assay, no mismatches
were observed in the forward primer and probe binding sites, however, two
mismatches (A-G and C-T) were observed in the reverse primer binding site, see
Figure 4.11.
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Primers/probes used for RVA detection in both the real-time PCR and TAC assays
targeted the NSP3 region. No nucleotide mismatches were observed in the reverse
primer and probe binding sites for both assays. However, in the real-time PCR assay,
RVA forward primer had two mismatches at position 12 (G-A) and 15 (A-G), see
Figure 4.10. One mismatch (A-G) was observed in TAC primer/probe set #Liu and
three mismatches in set #Cam (A-G, G-A and A-G) , see Figure 4.11
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Figure 0.10: The real-time PCR primers and probes target sites for the five

viruses were aligned using MAFFT v.7.3.

Nucleotide differences between the primer/ probe target sites and the global viral
sequences were detected and highlighted. Dots show 100% identity with primer/
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probe sequences (Lambisia et al., 2020). The colors red, green, blue and purple

represent the nucleotides A, G, T and C respectively.

Figure 0.11: The TAC primers and probes target sites for the five viruses were

aligned using MAFFT v.7.3.

Nucleotide differences between the primer/ probe target sites and the global viral
sequences were detected and highlighted. Dots show 100% identity with primer/
probe sequences. The colors red, green, blue and purple represent the nucleotides A,

G, T and C respectively.
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4.4 ldentification of Viral Coinfections Using Viral Metagenomics

4.4.1 Approach to Taxonomic Classification of NGS Reads

Sixty-nine stool samples from the pre-rotavirus vaccination period (2013) positive
for RVA by antigenic detection (EIA) were sequenced by agnostic next generation
sequencing (NGS) protocol to determine in an unbiased manner all viral species in
the samples. The raw reads were processed as described in the methods section
(Figure 0.2). Kraken and MetaPhlan programs were used to assign taxonomic labels
to either or both contigs and unassembled sequences. Kraken assigns taxonomic
labels by using exact alignment of k-mers (31bp) to its database that contains
complete RefSeq genomes (Woodand Salzberg, 2014). Kraken assigned taxonomic
labels to both contigs (consensus sequence from a set of overlapping assembled
reads) and quality checked trimmed unassembled reads while MetaPhlan only
assigned taxonomic labels to quality-checked unassembled reads. MetaPhlan profiles
the composition of metagenomic sequencing data by mapping the reads to clade-
specific marker genes and estimates the relative abundance of the profiled organisms

at the species level or higher taxonomic levels (Truong et al., 2015).

4.4.2 Viral Coinfections

4.4.2.1 Coinfections from Taxonomic Classification of Contigs by Kraken

Out of 69 samples that had RVA contigs, 16 samples had enteric viral contigs
associated with diarrhoea as coinfections. These viruses included; aichivirus A (n =
3), HAdV A (n = 1), HAdV D (n = 1), HAdV 54 (n=3), sapovirus (n = 1), human
enterovirus (n = 2), enterovirus A (n = 2), enterovirus B (n = 3), enterovirus C (n =

5), rhinovirus C (n = 1), parechovirus (n = 5) and cosavirus A (n = 1) (Figure 4.12).
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Figure 0.12: Taxonomic distribution of fecal viral contigs as classified by

Kraken.

We highlighted contigs from RVA coinfections that had a minimum genome
coverage of 10% and checked their average base sequencing depth, TAC or real-time
PCR Ct values. A genome coverage of > 90% was observed from sequences that had
a TAC Ct value of < 25 suggesting that a high genome coverage is achieved in
samples with high viral load. One sample (20669_45) had a 100% enterovirus

genome coverage but it was not detected by TAC.
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Table 0.4: Data on classified viral contigs

Sample Virus TAC Ct Real-time PCR Contig Average  Genome GenBank Reference

Value Ct Value Length * depth§ coverage  Accession Length

Sapovir

20669_4 us Gl 18.66 7348 428 98.5% MG012406.1 7463
Entero

20669 6 virus A NA 4600 12 62.1% AB501332.1 7411

20669 2 HADV

1 A 33 8653 16 25.6% JF964962.1 33776

20669_2 HADV

1 A 33 25190 18 74.6% JF964962.1 33776

20669 _2 Entero

2 virus B NA 1706 7 23.2% KC568447 7358

20669 _2 Entero

9 virus B 29.72 NA 1776 124 24.0% MH005795.1 7400

20669 2 Entero

9 virus B 29.72 NA 3492 21 46.8% MH614922.1 7464
Parech

20669_4 ovirus

3 A 32.63 NA 3537 17 48.5% GQ183029.1 7294

20669 _4 Entero

5 virus NA 7444 3842 100% MH933859.1 7113
Parech

20669_5 ovirus

5 A 24.06 NA 7397 206 100% KT879918.1 7077

20669 5 Entero

6 virus C NA 3552 217 47.6% DQ995644.1 7458

20669 5 Entero

6 virus C NA 4095 29 54.9% DQ995644.1 7458

20669 _5 Entero

7 virus B 29.56 NA 743 7 10.3% HM852755.1 7213
Parech

20669 6 ovirus

7 A 31.18 NA 1708 14 23.4% GQ183034.1 7302

$ Calculated by dividing the per-position coverage output by respective contig length

* Contig refers to contiguous length of genomic sequence in which the order of bases is known to a high
confidence level.

Ct value: Cycle threshold value

NA: Not Applicable

All samples that were detected as RVA positive by TAC and real-time PCR had a
contig classified as RVA by Kraken. Two contigs classified as adenovirus A were
only detected by real-time PCR. No contigs were classified as astrovirus or
norovirus genogroup I, but the viruses were detected by either TAC or real-time
PCR. Only one sample that was sapovirus positive by TAC (Ct value = 18.7) had

two contigs classified as sapovirus (384 basepairs and 7348 basepairs). Contigs
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classified as enterovirus (n = 5) and parechovirus (n = 2) were detected in samples
with a TAC Ct value of < 30 (Figure 4.13).

Rotavirus A Astrovirus Adenovirus type 40/41
35
30
25
20
NV_GII Sapovirus Enterovirus
35
(%]
L 20 NGS_STATUS
<
>
— 25 NGS_YES
(@]
20
PR IS PCR TAC PCR TAC
35
30
25
20

PCR TAC
Methods

Figure 0.13: Distribution of TAC and real-time PCR Ct Values. Green dots
show Ct values of samples also detected by NGS while maroon dots are vice

versa

4.4.2.2 Coinfections from Taxonomic Classification of Unassembled Reads by

Kraken

Out of 69 samples that had RVA reads, 32 samples had enteric viral reads associated
with diarrhoea as coinfections. These viruses included; aichivirus A (n = 10),
aichivirus C (n = 1), human cosavirus (n=1), cosavirus A (n = 4), human enterovirus
(n = 4), enterovirus A (n = 5), enterovirus B (n = 6), enterovirus C (n = 8),
enterovirus D (n = 6), enterovirus G (n = 1), enterovirus H (n = 4), enterovirus J (n =
1), HAdV A (n=2), HAdV B (n = 1), HAdV D (n = 1), HAdV E (n = 1), HAdV F
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(n = 2),
sapovirus (n = 4) (Figure 4.14).
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Figure 0.14: Taxonomic distribution of fecal viral reads as classified by Kraken.

Cleaned unassembled reads were assigned taxonomic classifiers by Kraken.

4.4.2.3 Coinfections from Taxonomic Classification of Unassembled Reads by

MetaPhlan

Out of 53 samples that had RVA reads, 21 samples had enteric viral reads associated

with diarrhoea as coinfections. Th

ese viruses included; astrovirus (n = 1), HAdV B

(n =2), HAdV D (n = 3), sapovirus (n = 1), enterovirus A (n = 1), enterovirus C (n =

5), enterovirus E (n = 1), enterovirus G (n = 1), rhinovirus A (n = 1), parechovirus (n

=7), cosavirus A (n = 2) and salivi

rus A (n =1) (Figure 4.15).
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Figure 0.15: Taxonomic distribution of fecal viral reads as classified by
MetaPhlan

4.4.3 Comparison of Kraken, MetaPhlan, Real-Time PCR and TAC

Comparison of the two bioinformatics approaches in analysing the NGS data
(Kraken and MetaPhlan), real-time PCR and TAC was done for 61 samples that were
investigated using all the three methods for RVA, HAdV type F, astrovirus,
norovirus genogroup Il and sapovirus. For parechovirus and enterovirus, NGS was
only compared with TAC for 63 samples. The detection rates of enteric viruses
included in the real-time PCR and TAC methods were compared with those of the
three bioinformatics approaches. Taxonomic classification of the reads and contigs
by Kraken identified RVA in all the samples unlike Metaphlan which identified
RVA in 44/61 (72.1%) of the samples. Norovirus genogroup Il detected by the real-
time PCR and TAC methods, 1/61 (1.6%) and 2/61 (3.3%) respectively, was not
detected by NGS. Taxonomic classification of reads by Kraken detected higher
proportions of astrovirus and enterovirus than the other two bioinformatics

approaches and PCR-based methods (Figure 4.16). For parechovirus and sapovirus,
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real-time PCR and TAC detected higher proportions than NGS for all the

bioinformatics approaches (Figure 4.16).

RVA HADV ASV NV_GPII SAP ENT PAR

ST

75+

Methods
I NGs_kA
504 NGS_KU

I NGs_MT

. n |

TAC
(7232 %)

Proportion of Positive Samples %

(92372 %) L=

Figure 0.16: Proportion of positive samples by NGS, real-time PCR (PCR) and
TagMan Array Card (TAC).

The error bars represent 95% confidence interval. NGS: Next Generation
Sequencing; KA: Kraken assembled; KU: kraken unassembled; MT: MetaPhlan;
PCR: real-time PCR; TAC: TagMan Array Card; RVA: Rotavirus A; HADV:
Human adenovirus; ASV: astrovirus; NV_GPII: Norovirus genogroup II; SAP:

sapovirus; ENT: enterovirus; PAR: parechovirus
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CHAPTER FIVE
DISCUSSION

The current work provides a comparison of RVA-ELISA, real-time PCR, TAC and
NGS in the detection of five common enteric viruses associated with diarrhoea. In
the detection of RVA, the study reports a significant difference in the sensitivity of
our ELISA and PCR-based methods (real-time PCR and TAC) in the the year 2016.
The difference in sensitivity was not observed when analysing samples from the pre-
vaccine period (2013). It is unsurprising that the sensitivity of ELISA was lower than
the PCR-based methods (Gautam et al., 2013), however, it was intruiging that the
difference was only significant in 2016. Notably, samples that were negative for
RVA by ELISA and positive by real-time PCR and TAC had Ct values (<30)
associated with clinical disease (Figure 4.17). These samples were retested using
conventional PCR followed by di-deoxy sanger sequencing and 21/26 (80.8%), 3/5
in 2013 and 18/21 in 2016, were positive by the confirmatory assay. There was no
significant difference in the distribution of real-time PCR or TAC Ct values in
samples that were either ELISA positive or negative post vaccine introduction unlike
what has been previously reported in the U.S (Tate et al., 2013). This suggest that the
discrepancy in this study was not due to RVA viral load as previously reported but

may be due to ELISA diagnostic errors.

Despite the significant decrease in the sensitivity of the ELISA (ProsPecT™, Oxoid
Itd., Basingstoke, UK) method, this study reports no significant drop in the
specificity (p-value > 0.05). A previous study reported a decrease in ELISA’s
specificity (Rotascreen Il, Microgen, UK) in a vaccinated community in Australia
(McAuliffe et al., 2019). The study also reports a decrease in the overall agreement
of ELISA, real-time PCR and TAC in detection of RVA post-vaccine introduction.
The inter-rater agreement by Fleiss' kappa was 0.93 and 0.74 in 2013 and 2016,
respectively. The kappa statistic shows how much agreement and reliability the three
methods have and a drop in the agreement inversely relates to a drop-in reliability of

the results obtained.

53



The rotavirus vaccine in Kenya has been reported to be effective in reducing RVA
associated diarrhoea hospitalizations based on results from commercial ELISA Kits
(Khagayi et al., 2019). In this study, we report a reduction in rotavirus prevalence
estimates as detected by all the three methods in 2016 compared to 2013. However,
the RVA reduction rates in diarrhoea hospitalized cases was not significant by TAC
unlike ELISA and real-time PCR. This suggests that the diagnostic method used
during surveillance is key in explaining the reduction in hospitalized diarrhoea cases
positive for RVA, vaccine effectiveness and estimating the disease burden. The
reduction in the RVA cases was associated with a shift in median age of diarrhoea
cases from 11 months pre-vaccine introduction to 14 months post-vaccine
introduction (Wilcoxon: p-value < 0.05 ). This was also reported by a study in
Swaziland looking at the impact of rotavirus vaccine in children under five years and
it showed a shift of the median age from 10 months to 13.7 months post-rotavirus
vaccine introduction (Maphalala et al., 2018).

The study reports no significant difference in the viral proportions detected by real-
time PCR and TAC except for adenovirus and astrovirus. The primers and probes
used by the two methods in astrovirus detection targeted two different genomic
regions and this may partly explain the differences between two assays. In
adenovirus detection, the differences observed between the proportions by the two
methods may have resulted as a result of the mismatches in the real-time PCR primer
and probe binding sites that are absent in the TAC assay.

The performance of qPCR assays has been reported to be impacted significantly by
mismatches within the last five bases at a primer’s 3’ end and the mismatch being
either a purine/purine or pyrimidine/pyrimidine (Lefever et al., 2013). The
mismatches observed in the primer and probe binding sites of adenovirus, astrovirus
and sapovirus may impair the real-time PCR or TAC function by blocking the
amplification or increasing the quantification cycles. The magnitude of the
nucleotide mismatches on the PCR function could have been shown better using
local sequences. However, no sequences from Kenya were found to be deposited in

GenBank for astrovirus, norovirus genogroup Il and adenovirus type 40/41.
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Mismatches in the primer and probe binding sites due to the evolution of virus might

cause missed diagnoses and underestimation of the viral diarrhoeal disease burden.

This study reports successful detection of viral coinfections occurring with RVA
using viral metagenomics. Rotavirus has been reported to mostly occur as the only
aetiology in diarrhoeal cases but it can also occur as the primary or secondary
aetiology in mixed infections too (Liu et al.,, 2016; Platts-Mills et al., 2018).
Detection of the coinfections varied by the bioinformatics workflows i.e.
classification of unassembled reads using Kraken detected an enteric virus
coinfection in 32 samples compared to Metaphlan which detected a coinifection in
21 samples and classification of contigs using Kraken detected a coinfection in 16
samples. Different workflows have been reported to differ in their sensitivity and
specificity when it comes to viral taxonomic classification (Nooij et al., 2018).
Therefore, it is important to document the parameters used in different
bioinformatics softwares clearly to enable reproducibility and explain any
differences observed. The common viruses detected as coinfections were either
unexpected or part of the panel detected by available diagnostic methods i.e. TAC or
real-time PCR panel. Other studies that looked at the diversity of enteric viruses in
fecal samples using viral metagenomics also detected these viruses (Mohammad et
al., 2020; Moore et al., 2015; Yinda et al., 2019). Succesfull assembly of partial or
full genomes for cosavirus, rhinovirus C, salivirus, sapovirus, enterovirus, human
adenovirus A and parechovirus was achieved. Genome assembly was inversely
proportional with the real-time and TAC Ct values (measure of viral quantity) with
more success in samples with a Ct value of <30. These sequences were beneficial in
characterizing these viruses associated with diarrhoea and improving the
primer/probe sequences used in real-time PCR and TAC methods.

This study had limitations. First, two different extraction protocols were used to
obtain nucleic acids used by real-time PCR and TAC methods in 2016. However,
extraction of viral nucleic acids of enteropathogens using either QlAamp Stool DNA
Mini kit or QlAamp Viral RNA mini kit (Qiagen) has been reported to give
comparable viral RNA yield for all common enteric pathogens except for Norovirus

GlII for which has a higher Ct value with RNA extraction alone (difference within 1
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Ct value) (Liu et al., 2016) Therefore, the viral concentrations obtained by the two
extraction methods may have affected the starting material. Second, the primer
targets for TAC and real-time PCR differed for astrovirus and this may have
influenced the detection frequency. Third, the samples were subjected to freeze
thawing during processing and this may have affected the integrity of the nucleic
acids in the samples. Finally, the study only included a single year in both the pre
and post-vaccine introduction periods in Kenya and this may have underestimated or

overestimated the effect of RV A occurrence due to its fluctuation from year to year.

56



CHAPTER SIX
CONCLUSION AND RECOMMENDATIONS
6.1 Conclusion

This study presents the need for re-evaluation of diagnostic kits used in RVA
detection in the pre- and post-vaccine introduction periods. The observed differences
in the methods diagnostic performance may affect estimation of viral diarrhoeal
disease burden and rotavirus vaccine effectiveness. Despite the fact that both real-
time PCR and TAC methods are PCR-based assays, TAC generally gives higher
prevalence estimates than real-time PCR. The mismatches observed in the primer
and probe binding sites, different platforms and different targets for the assays in
astrovirus partly explain the differences observed in the two methods. The results
from primer/probe mismatch analysis provide insight on how the current primers and
probes can be improved to minimize the mismatches that might impair PCR
function. The study also shows that agnostic NGS can be used to identify viral
coinfections with RVA including those in our real-time PCR or TAC panels.
However, the range of coinfections is dependent on the bioinformatics workflow

used.
6.2 Recommendations

e The study only compared the performance of diagnostic methods currently
available at the KWTRP. Different ELISA kits have been shown to perform
differently in RVA detection. Therefore, it would be interesting to know
whether the reduction in the sensitivity of our ELISA kit (ProspecT™ Oxoid
Basingstoke, UK) is also present in other ELISA Kkits in the post-vaccine
introduction era. Further, other labs doing surveillance on viral diarrhoeal
aetiologies consider re-evaluation of their EIA kits, especially Prospect™
rotavirus kit (Oxoid, UK), post-rotavirus vaccine introduction.

e We also recommend application of agnostic viral NGS to improve detection
of viral coinfections associated with diarrhoea. Agnostic viral NGS will not
only improve detection of coinfections but it will also help increase the
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number of local available sequences for the detected viruses. These
sequences will be key in updating the primers and probes used in the
available molecular diagnostic methods for local sequence variation and
maintain their sensitivity.

The primers and probes used in the the PCR methods detect different
serotypes of adenovirus, sapovirus and astrovirus and it would be interesting

to type the different serotypes in the positive samples.
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APPENDICES

Appendix I: Primer and Probes included in the real-time PCR and TAC assays

Virus

Sapovirus

Sapo#?2

Astrovirus

Rotavirus
A

Rota#cam

Norovirus

Target gene
Polymerase/Capsid

Junction

Polymerase-capsid

junction

ORF1 (real-time
PCR)

ORF2 (TAC)

NSP3

NSP3

RdRp/Capsid

Strand
Primer-F
Primer-R
Probe
Primer-F
Primer-R
Probe
Primer-F
Primer-R
Probe

Primer-F
Primer-R
Probe
Primer-F
Primer-R
Probe

Primer-F

Nucleotide position
5077-5094
5155-5177
5101-5117
5071-5094
5155-5173
5101-5117
2209-2229
2322-2301
2295-2272

963-982
1046-1027
984-1016
963-982
1049-1026
994-1016
5003-5080

Sequence: Real-time PCR
CAGGCTCTCGCCACCTAC
CCCTCCATYTCAAACACTAWTTT
TGGTTCATAGGTGGTRC

TCTYATAGACCGYATTATTGG
TCAAAATTCTACATCATCACCA
CCCCADCCATCATCATCTTCATCA

ACCATCTWCACGTRACCCTC
CACATAACGCCCCTATAGCC

ATGAGCACAATAGTTAAAAGCTAACACTGTCAA

CARGARBCNATGTTYAGRTGGATGAG

73

Sequence: Tagman array card
GAYCASGCTCTCGCYACCTAC
CCCTCCATYTCAAACACTA
TGGTTYATAGGYGG"
TTTGAACAAGCTGTGGCRTGCTAC
CCCTCCATYTCAAACACTA
TGGTTYATAGGYGG"
TCAACGTGTCCGTAAMATTGTCA
GCWGGTTTTGGTCCTGTGA
CAACTCAGGAAACARG

ACCATCTWCACRTRACCCTCTATGAG
GGTCACATAACGCCCCTATAGC
AGTTAAAAGCTAACACTGTCAAA
ACCATCTWCACATGACCCTC
GGTCACATAACGCCCC
TAGTTAAAAGCTAACACTGTCAA
CARGARBCNATGTTYAGRTGGATGAG



GllI

Adenovirus

junction

Hexon

Primer-R
Probe
Primer-F
Primer-R
Probe

5100-5080
5067-5051
17794-17772
17663-17687
17703-17731

TCGACGCCATCTTCATTCACA
GAGGGSGATCGCRATCT
GCCCCAGTGGTCTTACATGCACATC
GCCACGGTGGGGTTTCTAAACTT
TCGGAGTACCTGAGCCCGGGTCTGGTGCA®

TCGACGCCATCTTCATTCACA
TGGGAGGGCGATCGCAATCT
GCCCCARTGGKCNTACATGCACATC
GCCACIGTGGGRTTYCTRAACTT
CTGGTGCARTTYGCCCG"

Green characters show regions that are identical between real-time PCR and TAC. °: reverse complemented sequences
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Appendix I1: Sensitivity and Specificity for ELISA, real-time PCR and TAC in
RVA detection

ProsPecT™ EIA | In-house  real- | In-house Year
Kit time PCR TagMan Array
Card

Number of | 61 64 63

TP

Number of | 4 1 2

FN

Number of | 2 0 1

FP

Number of | 170 172 171

TN

Sensitivity | 93.8%  (85.0%- | 98.5%% (91.7%- | 96.9%  (89.3%- | 2013
98.3%) 100%) 99.6%)

Specificity | 98.8%  (95.8%- | 100% (97.9%- | 99.4%(96.8%-
99.9%) 100%) 100%)

Number of | 31 42 44

TP

Number of | 14 3 1

FN

Number of | 3 0 7

FP

Number of | 204 207 200

TN

Sensitivity | 68.9%  (53.4%- | 93.3%  (81.7%- | 97.8 (88.2%- | 2016
81.8%) 98.6%) 99.9%)

Specificity | 98.6%  (95.8%- | 100% (98.2%- | 96.6 (93.2%-
99.7%) 100%) 98.6%)
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Appendix I11: Correlation plots for TAC and real-time PCR Ct values from
detection of RVA.

Green dots show interaction points where the Ct values for TAC were less than those
for real-time PCR and red dots are vice versa.
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Appendix IV: Correlation plots for TAC and real-time PCR Ct values in the

detection of adenovirus, astrovirus, norovirus genogroup Il and sapovirus.

Green dots show interaction points where the Ct values for TAC were less than those

for real-time PCR and red dots are vice versa.
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Appendix V: Summary of the steps and codes used in the bioinformatics

workflows

Figure 1: Bioinformatics workflow

Summary of the steps/codes performed during the bioinformatics pipeline for viral taxonomic
classification
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Appendix VI: Ethical Approval

KENYA MEDICAL RESEARCH INSTITUTE

P.O. Box 54840-00200, NAIROBI, Kenya
Tel: (254) 2722541, 2713349, 0722-205901,0733-400003, Fax: (254) (020) 2720030
Email: director@kemri.org, info@kemri.org, Website. www.kemri.org

KEMRI/RES/7/3/1 October 27, 2020

TO: PROF. JAMES NOKES
PRINCIPAL INVESTIGATOR

THROUGH: THE DEPUTY DIRECTOR, CGMR-C,
KILIFI

Dear Sir,
RE: SSC PROTOCOL NO. 2861 (REQUEST FOR ANNUAL RENEWAL): LONG TERM

SURVEILLANCE OF ROTAVIRUS AND OTHER ENTERIC VIRUSES ASSOCIATED
SEVERE DIARRHEA IN PEDIATRIC ADMISSIONS TO KILIFI COUNTY HOSPITAL

Thank you for continuing review report for the period 24t September 2019 to 24t September 2020.

This is to inform you that the Expedited Review Team of the KEMRI Scientific and Ethics Review Unit (SERU)
was of the informed opinion that the progress made during the reported period is satisfactory. The study
has therefore been granted approval for continuation.

This approval is valid from November 08, 2020 through to November 07, 2021. Please note that
authorization to conduct this study will automatically expire on November 07, 2021. If you plan to
continue with data collection or analysis beyond this date please submit an application for continuing
approval to the SERU by September 26, 2021.

You are required to submit any amendments to this protocol and any other information pertinent to human
participation in this study to the SERU for review prior to initiation. You may continue with your study.

Yours faithfully,

oSk

ENOCK KEBENEI,
THE ACTING HEAD,
KEMRI SCIENTIFIC AND ETHICS REVIEW UNIT.

In Search of Better Health
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Abstract: Using real-time RT-PCR, we screened stool samples from children aged <5 years presenting
with diarrhea and admitted to Kilifi County Hospital, coastal Kenya, pre- (2003 and 2013) and
post-rotavirus vaccine introduction (2016 and 2019) for five viruses, namely rotavirus group A (RVA),
norovirus GII, adenovirus, astrovirus and sapovirus. Of the 984 samples analyzed, at least one
virus was detected in 401 (40.8%) patients. Post rotavirus vaccine introduction, the prevalence of
RVA decreased (23.3% vs. 13.8%, p < 0.001) while that of norovirus GII increased (6.6% vs. 10.9%,
p = 0.023). The prevalence of adenovirus, astrovirus and sapovirus remained statistically unchanged
between the two periods: 9.9% vs. 14.2%, 2.4% vs. 3.2 %, 4.6% vs. 2.6%, (p = 0.053, 0.585 and 0.133),
respectively. The median age of diarrhea cases was higher post vaccine introduction (12.5 months,
interquartile range (IQR): 7.9-21 vs. 11.2 months pre-introduction, IQR: 6.8-16.5, p < 0.001). In this
setting, RVA and adenovirus cases peaked in the dry months while norovirus GII and sapovirus
peaked in the rainy season. Astrovirus did not display clear seasonality. In conclusion, following
rotavirus vaccine introduction, we found a significant reduction in the prevalence of RVA in coastal
Kenya but an increase in norovirus GII prevalence in hospitalized children.

Keywords: viral diarrhea; real-time PCR; rotavirus vaccination; Kenya

1. Introduction

In the year 2016 alone, approximately 300,000 children aged <5 years succumbed to diarrhea in
sub-Saharan Africa [1]. Viral pathogens including rotavirus group A (RVA), adenovirus (type 40/41),
astrovirus, norovirus (genogroup GI and GII) and sapovirus are among the top causative agents
of severe diarrhea globally [2,3]. Understanding their epidemiological patterns such as prevalence,
incidence, seasonality, clinical severity and infection age distribution in local settings is essential for
designing and prioritizing interventions. Historically, RVA has been the single most important cause
of severe childhood diarrhea, responsible for ~38% (95% CI: 4.8-73.4%) of hospital cases (<5 years)
pre-vaccine introduction [4]. However, RVA prevalence has been rapidly declining since 2009 and was
approximately 23% (95% CI: 0.7-57.7%) in 2016, in settings where the rotavirus vaccine was in use [4].
Due to the shared ecological niche and the apparent decline of all-cause gastroenteritis-associated

Pathogens 2020, 9, 660; doi:10.3390/pathogens9080660 www.mdpi.com/journal/pathogens
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hospital admissions, it has been hypothesized that rotavirus vaccination has likely impacted the
epidemiology of the other enteric viruses [5]. However, there are contradicting reports on the specific
impact of rotavirus vaccination on the prevalence of the individual enteric viruses—for example,
norovirus [6,7]. This has not been adequately examined in African populations where diarrhea burden
is highest. Kenya began rotavirus vaccination in July 2014 using the monovalent Rotarix® (RV1),
derived from G1P[8] strain, administered at 6 and 10 weeks of life. RV1 vaccine coverage in Kenya has
increased over time since 2014 but is varied by age group, number of doses and geographic region in
Kenya [8]. Within Kilifi County, coastal Kenya, coverage in 2017 in <1-year-olds was 73% (at least one
dose) vs. 65% (complete two doses), while in <12-24 month-olds, it was 86% (at least one dose) vs.
84% (complete two doses) [9].

The KEMRI/Wellcome Trust Research Programme (KWTRP) has been running surveillance of
RVA since 2002 in children admitted to the Kilifi County Hospital (KCH). The current study screened
archived diarrheal samples from KCH, spanning both the pre- and post-rotavirus vaccine introduction
periods in Kenya for RVA, astrovirus, adenovirus (all serotypes), sapovirus and norovirus (only GII)
using real-time reverse-transcription polymerase chain reaction (RT-PCR) approach. We update on the
prevalence of these viral diarrheal agents and their seasonal patterns pre and post introduction of the
rotavirus vaccination program in Kenya.

2. Results

2.1. Study Population Characteristics

Out of 2156 children aged <5 years who presented with diarrhea at KCH during the four
selected years (2003, 2013, 2016 and 2019), 1397 (64.8%) provided a stool sample; see Table 1. Overall,
the demographic characteristics of the eligible children sampled, and eligible children not sampled,
differed in age strata distribution (p = 0.001) and discharge outcome (p < 0.001); see Table 1. The main
reasons for failure to sample eligible children were as follows: death (n =21, 2.8%), discharge or transfer
before sample collection (n = 296, 40.0%), consent refusal (n = 315, 41.5%) or other (n = 127, 16.7%).
Among the sampled cases, 984 (70.4%) had a specimen available and tested by real-time RT-PCR for the
five enteric viruses, and these were included in subsequent analysis. The median age of the sampled
participants was significantly higher for the post-vaccine introduction period compared to pre-vaccine
introduction period (p < 0.001); see Table 2.

Table 1. Characteristics of children under 5 years of age admitted to Kilifi County Hospital (KCH),
coastal Kenya, with diarrhea symptoms that were sampled versus those who were not sampled in

the study.
Characteristics All Subjects Sampled (%) Not Sampled (%) p-Value
Total Admissions 2156 1397 (64.8) 759 (35.2)
Admissions Per Year
2003 1007 (46.7) 587 (42.0) 420 (55.3)
2013 332 (154) 254 (18.2) 78 (10.3)
2016 334 (15.5) 257 (18.4) 77 (10.1)
2019 483 (22.4) 299 (21.4) 184 (24.2)
Gender 0.838
Male 1262 (58.5) 815 (58.3) 447 (58.9)
Female 894 (41.5) 582 (41.7) 312 (41.1)
Age
Median (IQR) 12.4 (7.7-20.5) 11.7 (7.4-19.7) 13.8 (8.5-22.1) <0.001
Mean (SD) 15.7 (11.4) 15.0 (11.1) 16.9 (12.0) <0.001
Age Group 0.001
0-11 Months 1045 (48.4) 718 (51.4) 326 (43.0)
12-23 Months 716 (33.2) 444 (31.8) 272 (35.8)
24-59 Months 396 (18.4) 235 (16.8) 161 (21.2)
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Table 1. Cont.
Characteristics All Subjects Sampled (%) Not Sampled (%) p-Value
Discharge Outcome (1 = 2153) * <0.001
Alive 1918 (88.9) 1306 (93.5) 612 (80.5)
Dead 235(10.9) 89 (6.4) 146 (19.3)
SD means dard devi ; IQR means interquartile range. Not sampled: sample was not collected due to lack of

consent, time-up, death and others. * Discharge outcome data for three subjects were missing.

Table 2. Characteristics of children under 5 years of age admitted to KCH, coastal Kenya, with diarrhea
symptoms and tested pre-vaccine introduction versus those tested post-vaccine introduction.

Characteristics Total Pre-Vaccine Introduction (%)  Post-Vaccine Introduction (%)  p-Value
Number of Samples Tested 984 454 (46.1) 530 (53.9)
Samples Tested (Year)
2003 wm 23
2013 231 21 -
2016 239 . 239
2019 291 - -1
Gender 0847
Male 570(579) 261 (57.5) 309 (58.3)
Female 414 42) 193 (42.5) 221(41.7)
Me:ﬁsb) 15(11.2) 134 (99) 163(12) <0.001
Median (IQR) 117 (73-193) 112(68-165) 125@79-21) <0.001
Age group 0.003
0-11 Months 505 (51.3) 252 (55.5) 253 (47.7)
12-23 Months 323 (32.8) 148 (32.6) 175 (33.0)
24-59 Months 156 (15.9) 54(11.9) 102(19.3)
Disease Severity in RVA Cases = n (139)
Mild 12 (8.6) 7(10.6) 5(6.8) 0441
Moderate 50 (36.0) 26(394) 24(329)
Severe 77 (554) 33 (50) 44 (603)
Discharge Outcome = n (982) * 0556
Alive 925 (94.2) 425 (93.6) 500 (%4.7)
Dead 57 (5.8) 29 (6.4) 28(5.3)
SD means standard deviahon. IQR means imuquu'ﬁle range; RVA means rotavirus group A. Vulus given are
the counts and p ¥ h, for two subjects was Disease

Severity Was Calculated 1 Ush\g thc Vslhrl Clinical Sevemy Soonng System Manual IlOl.

2.2. Overall Virus Detection

Of the 984 samples analyzed, at least one of the viruses was detected in 401 samples (40.8%) at the
real-time RT-PCR cycle threshold (Ct) value of <35.0. The lower the Ct value, the higher the virus titer
in the sample. The detection frequency differed significantly for adenovirus (p = 0.001) and sapovirus
(p < 0.001) pre- and post-rotavirus vaccine introduction when the Ct cut-off value was gradually
lowered (<30, <35, <40), unlike for RVA, astrovirus and norovirus GII; see Figure 1. All our subsequent
analyses were undertaken at Ct value <35.0 Single infections were detected in 354 specimens (36.0%)
and included RVA (n = 149, 42.1%), adenovirus (1 = 91, 25.7%), norovirus GII (n = 75, 21.2%), sapovirus
(n = 20, 5.7%) and astrovirus (n = 18, 5.1%).
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Figure 1. Detection frequency of RVA, adenovirus, norovirus GII, astrovirus and sapovirus at different
cycle threshold (Ct) cutoffs for children under 5 years of age admitted to KCH Kenya with diarrhea
symptoms. The error bars represent 95% confidence interval for the proportions. Proportions were
compared using chi-sq test. RVA stands for rotavirus group A, ADV stands for adenovirus,
NOR stands for norovirus GII, ASV stands for astrovirus and SAP stands for sapovirus.

2.3. Patterns Pre-Post Vaccine Introduction

RVA showed a significant decrease (23.3% vs. 13.8%, p < 0.001) in prevalence while norovirus
GII showed a significant increase (6.6% vs. 10.9%, p = 0.02) post-vaccine introduction compared to
pre-vaccine introduction; see Table 3. There were no significant changes in the prevalence of astrovirus
(p = 0.585), adenovirus (p = 0.053) and sapovirus (p = 0.133) pre- and post-RVA vaccine introduction
(chi-squared (x?) test); see Table 3. Notably, norovirus GII had a gradual increase in prevalence across
the four years, from 6.7% (95% CI: 3.8-10.9%) to 12.4% (95% CI: 8.8-16.7%); see Figure 2. RVA was
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the most commonly detected virus across all years, except in year 2019, in which adenovirus had the
highest prevalence; see Figure 2.

Table 3. Comparison of the prevalence of viral detection in children under 5 years of age admitted to
KCH Kenya with diarrhea symptoms pre- and post-rotavirus vaccine introduction.

Pre-Vaccine Post-Vaccine
Viruses Detected Total  foiroduction (%)  Introduction (%) P VAUe
Samples Tested o84 454 (46.1) 530 (339)
Rotavirus Group A 179 (18.2) 106 (23.3) 73 (13.8) <0001
Adenovirus 120(122) 45(29) 75 (14.2) 0053
Norovirus GII 88(89) 30(6.6) 58 (109) 0023
Astrovirus 28 (28) 1124 17(32) 0585
Sapovirus 35(36) 21(46) 14026) 0133
2003 2013 2016 0198

iiiia hs. “in i“n

TEVA  ADT NOR AP A5V l‘ll"lllu?l" mlll’..llll.ll" TEVA  ADT NWOR GSAP ASY

vam Wl v [ asv [l vom [l e [ s

Figure 2. PtevalamufRVA,admmimmnuvimGﬂ,amuvhusmldsapuvinmhm,Zmi
2016 and 2019 in children under 5 years of age admitted to KCH Kenya with diarrhea symptoms.
The error bars represent 95% confidence interval for the proportions. Proportions were compared using
chi-square test. Abbreviations used for viruses as in Figure 1.

Notably, RVA and sapovirus cases in the post-vaccine introduction period had statistically
significant lower and higher median Ct values, respectively, compared to the pre-vaccine period
(Wilcoxon, p value < 0.001); see Figure 3. This was not observed for the other three screened viruses pre-
and post-rotavirus vaccine introduction. The median age of the RVA positive cases was significantly
higher for the post-vaccine introduction period (14.0 months) compared to the pre-vaccine introduction
period (10.4 months) (Wilcoxon, p < 0.001). A similar shift was not observed for the other viruses;
see Figure 4.
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Figure 3. Distribution of Ct values among cases under 5 years of age admitted to KCH Kenya
with diarrhea symptoms pre- and post-vaccine introduction. RVA ds for rotavirus group A,
ADV stands for adenovirus, NOR GII stands for norovirus GII, ASV stands for astrovirus and SAP
stands for sapovirus.
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Figure 4. Distribution of age in months among cases under 5 years of age admitted to KCH Kenya
with diarrhea symptoms pre- and post-vaccine introduction.
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2.4. Virus Coinfections (i.e., Two or More Viruses in a Single Specimen)

These were detected in 47 specimens (4.8%). In 583 specimens (59.2%), none of the targeted
viruses was detected. The prevalence of coinfections pre-vaccine was 4.4% (95% CI: 2.7-6.7%), while in
the post-vaccine introduction period, this value was 5.7% (95% CI: 3.9-8.0%), p = 0.454. RVA and
astrovirus were the most common coinfections in the pre-vaccine introduction period (n = 6), while in
the post-vaccine introduction period, it was RVA and adenovirus (n = 15); see Table 4.

Table 4. Coinfections pre- and post-rotavirus vaccine introduction. RVA stands for rotavirus group A,
ADV stands for adenovirus, NOR GII stands for norovirus GII, ASV stands for astrovirus and SAP
stands for sapovirus.

PATHOGEN COINFECTION  PRE-VACCINE INTRODUCTION  POST-VACCINE INTRODUCTION

RVA & NOR GII 2
RVA & ADV 15
RVA & ASV
RVA & SAP

NOR Gll& ADV

NOR GII & ASV

NOVGII & SAP
ADV & ASV
ADV & SAP
ASV & SAP

- O WO W N
N oW O

Abbreviations used for viruses as in Figure 3.

2.5. Circulating RVA Genotypes Pre- and Post-Vaccine Introduction
G1P(8] was the predominant RVA genotype pre vaccine introduction. However, in the post-vaccine
introduction period, the predominant genotypes were G2P[4] (2016) and G3P[8] (2019); see Table 5.

Table 5. Frequency of RVA genotypes detected in coastal Kenya pre- (2003 and 2013) and post- (2016 and
2019) vaccine introduction.

Year 2003 2013 2016 2019
No.ofCases % No.ofCases % No.ofCases % No.ofCases %

RVA Positive 40 66 36 37
Genotyped 2 5.0 48 727 34 944 36 973
Genotypes

G1pP(8] 1 50.0 43 89.6 5 147 1 28

G2pri4) - - 2 42 29 853 - -

G3P(s] - - 1 21 - - 34 944

G9P(s] 1 50.0 1 21 - - - -

G10P(8] - - 1 21 - - - -

G8P(8] - - - - - - 1 28

2.6. Seasonality of the Detected Viruses

We constrained this analysis to the years 2013, 2016 and 2019, where >70% of the eligible patients
had been analyzed. Pre-vaccine introduction (in 2013), for RVA, there were two peak months, in June
and September. However, post-vaccine introduction (in 2016 and 2019), there was only a single
peak month for RVA in September and August, respectively. For norovirus GII, cases were observed
throughout the year, with peak months varying from year-to-year, in July, April and June in 2013,
2016 and 2019, respectively. Similarly, adenovirus cases appeared to occur throughout the year,
with two peak months in 2013 (June and September) and one peak month in 2016 and 2019 (August for
both). For sapovirus and astrovirus, we observed less than five cases monthly between January and
August and no cases in the last quarter of each the three years; see Figure 5.
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Figure 5. The frequency of detection of RVA, adenovirus, norovirus GII, astrovirus and sapovirus by
month in children under 5 years of age admitted to KCH Kenya with diarrhea in 2013, 2016 and 2019.

2.7. Primer/Probe Mismatches with Contemporary Sequences

Nucleotide mismatches were observed in either or both the primers and probes and the viral
target sequences for all the viruses except for norovirus GII; see Figure 6. The RVA forward primer
had a G-A and A-G mismatches at positions 12 and 15, respectively. Adenovirus had two mismatches
in the forward primer (C-G and G-A), three mismatches in the probe (C-T, C-T and T-C) and two
mismatches in the reverse primer (T-C and C-T), and none of them were within five bases of the 3’
end. Mismatches within the sapovirus primer/probe binding sites were pronounced in sapovirus
genogroup V and included six mismatches in the forward primer, three mismatches in the probe and
two mismatches in the reverse primer. Some of the mismatches were within five bases of the 3’ end
(forward primer: C-G, probe: T-C, reverse primer: A-C and T-C). Astrovirus primers and probe did not
have pronounced mismatches present in all the sequences—rather, they had mismatches in individual
sequences; see Figure 6.

Adenovirus

mman senat e e~
CCCCCAGTEETCTTACAT SCACATE TCOEAETACETISASCECENETETEETECA AAET TT AGAAACCCCACCOTREE
“. .8 ' ¢ M '

<

Figure 6. Cont.
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Figure 6. The primers and probes target sites for RVA, adenovirus and norovirus GII, sapovirus and
astrovirus were aligned using MAFFT v.7.31313 and the alignments were trimmed to the region of the
primer and probe target sites. Nucleotide differences between the expected primer and probe target
sites and the viral sequences were identified and highlighted. Dots indicate identity with primer or
probe sequences.
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3. Discussion

We observed a significant decrease in the prevalence of RVA in the post-vaccine introduction
period in KCH, concurring with findings of a recent multi-site study in Kenya that reported RVA vaccine
effectiveness of ~64% (95% CI: 35-80%) and a reduction in rotavirus-associated hospital admissions two
years post-vaccine introduction of ~80% (95% CI: 46-93%) [9,11]. Note that Kenya rotavirus vaccine
coverage was considered medium in 2018 (70-79%) [12]. Our pre- and post-vaccine introduction
analysis observed a significant increase in the prevalence of norovirus GII in KCH post-rotavirus
vaccine introduction, as similarly observed in the United States, Nicaragua and Bolivia following RVA
vaccine introduction [13-15]. It is unclear if this has been driven by an established biological interaction
between these two viruses or that this reflects natural norovirus GII fluctuation in prevalence across
multiple years.

The shift in the predominant genotypes pre- and post-vaccine introduction from G1P(8] to G2P[4]
in 2016 and G3P(8] in 2019 in our setting has also been described elsewhere, e.g., in Belgium, Madagascar
and Ethiopia [16-18]. G3P([8] was the predominant genotype in this setting in 2018 [19] and it continued
being the dominant genotype in 2019. Although these dominant post-vaccine genotypes are either
partially or fully heterotypic to the Rotarix G1P[8] strain, in their surface exposed immunodominant
proteins, there is not enough evidence yet to directly attribute their increased incidence to vaccine
introduction [20]. Additional analysis will help to bring better understanding on the reason behind
their dominance.

Despite RV vaccine introduction in Kilifi, Kenya, no significant difference was observed in the
discharge outcome for all causes of diarrhea pre- and post-rotavirus vaccine introduction. We suggest
two explanations for this. Firstly, the majority of the children who were eligible to be in this study
and died did not have a sample collected to determine their RVA and other enteric pathogens’ status.
Secondly, inpatient mortality of children treated for diarrhea in Kilifi County Hospital has been
previously found to be predicted by a positive HIV test, bacteremia and poor nutritional status [21].
This may have not changed pre- or post-introduction of rotavirus vaccination.

RVA Ct values were decreased in post-vaccine samples compared to pre-vaccination years.
This was despite RVA disease severity remaining unchanged between the two periods. Different
extraction methods were used to process the samples between 2003, 2013 and 2016, 2019. However,
according to Liu et al., the difference in the extraction methods for enteric pathogen studies is not
significant, except for norovirus GII, which showed a higher Ct value with kits targeting RNA
purification alone compared to those targeting total nucleic acid (TNA) (difference within 1 Ct value).
Different extraction kits were used in this study because raw stool samples from 2003 to 2016 were
already destroyed following a directive by the WHO in 2016 that was part of the larger global polio
eradication effort.

It has been previously noted the introduction to rotavirus vaccines may result in the shift of
diarrhea disease burden to slightly older age groups [20]. Our study found a significant increase
in the median age of diarrhea cases post-vaccine introduction (12.5 months) compared 11.2 months
pre-introduction. This in part may be explained by the higher immunity at both individual and
population levels against rotavirus that wanes as children grow older.

On local seasonality patterns, in each year, a peak month(s) of occurrence was observed for RVA,
norovirus GII, sapovirus and adenovirus but not astrovirus. The Kilifi area has a tropical climate with
two rainy seasons; the main rains usually peak in May (up to July) while the short rains usually peak
in November (can run from October to December). RVA and adenovirus appeared to peak in the
dry months while norovirus GII and sapovirus peaked in the rainy season. Similar patterns in the
seasonality of RVA, adenovirus, norovirus GII and sapovirus have been observed elsewhere [22-25].
The seasonality of astrovirus is not well described.

The performance of qPCR assays can be impacted by mismatches within the last five bases at the
3’ end of primers and probe or/and the number of mismatches being more than five in the primers
and probe [26,27]. The mismatches observed in the primer and probe binding sites of adenovirus,
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astrovirus and sapovirus may have impaired the real-time PCR function by blocking the amplification
or increasing the quantification cycles. Consequently, this may have impacted the estimated frequency
of detection of these viruses. Unlike for RVA, the magnitude of the mismatches in qPCR function could
have been shown better using recent local sequences of the other viruses.

This study had limitations: firstly, we did not analyze healthy children in the community to inform
on the background prevalence of the five viruses in our study population. Secondly, the adenovirus
assay was not specific to type 40/41 alone; thus, some of the adenoviruses detected may not be
associated with diarrhea. Thirdly, a significant number of eligible cases were not sampled, including
those who died before sampling. This potentially biased prevalence of the screened pathogens in the
study population. Fourthly, extracting TNA from samples after many years of storage could lead
to lower Ct values due to deterioration. Finally, the seasonality of examined pathogens will be best
described if we examine more years.

In conclusion, we found a significant decline in the prevalence of rotavirus in hospitalized children
in coastal Kenya after rotavirus vaccine introduction. This finding reinforces evidence of the continued
benefit of rotavirus vaccination in this setting. Concomitantly, there has been a surge in norovirus
GII prevalence, but the factors driving this increase are unclear and will require future investigation.
The observation that the screened viruses peak at different times of the year also would benefit further
investigation in order to understand drivers of their transmission and inform the design of effective
intervention measures.

4. Materials and Methods

4.1. Study Site and Population

This study was undertaken at KCH, a referral hospital serving the Kilifi County population,
which is majorly a rural population. We utilized stool specimens collected during routine surveillance
of rotavirus in children with diarrhea as one of their illness symptoms, aged below five years and
admitted to KCH [9,11]. Diarrhea was defined as observation of three or more loose stools in the
preceding 24-h period. In this study, we selected two pre-vaccine years (2003 and 2013) and two
post-vaccine years (2016 and 2019) for analysis. A stool specimen was collected from children who met
the diarrhea case-definition following parental or guardian consent. The study protocol was approved
by the Scientific and Ethics Review Unit (SSC#2861 and SERU#CGMRC/113/3624) based at KEMRI,
Nairobi, Kenya.

4.2. Laboratory Methods

Irrespective of their previously determined rotavirus status, TNA were extracted from 0.2 g of
2003 and 2013 specimens (or 200 uL if liquid) using the cador Pathogen 96 QIAcube HT Kit (Qiagen,
Manchester, UK). For 2016 and 2019 specimens, TNA were extracted using QIAamp Fast DNA Stool
Mini kit (Qiagen, Manchester, UK) as per the manufacturer’s instructions. Fecal specimens from the
post-vaccine period (0.2 mg or 200 pL) were subjected to bead beating prior to TNA extraction and
collected in a 200 uL of elution buffer [28].

The TNA extracts were screened for the five viruses by a two-step real-time RT-PCR assay [29].
First, cDNA was synthesized in a total volume of 20 uL using random hexamers and 5uL of TNA
using the Omniscript Reverse Transcriptase kit (Qiagen, Manchester, UK), as per the manufacturer’s
instructions. Two uL of the cDNA was henceforth used for real-time RT-PCR in a total volume of
20 uL using the QuantiFast RT-PCR Kit (Qiagen, Manchester, UK) and run on the ABI 7500 Real-Time
PCR System (Applied Biosystems, Foster City, CA, USA). Primers and probes were adopted from
previously published work [30]. The presence of nucleotide mismatches in the primer and probe
binding sites was investigated by aligning the primers/probes to genomic sequences deposited in
GenBank from 2010 to 2019, using MAFFT v.7.313 [31]. The adenovirus probe/primer pair used in this
study detected adenovirus serotypes beyond type 40/41. We used three Ct cut-off values (<40.0, <35.0
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and <30.0) to define positive samples. Samples that were positive for RVA in 2003, 2013, 2016 and
2019 were processed for RVA genotyping using VP4 and VP7 RT-PCR, followed by either dideoxy
sanger sequencing, as described elsewhere [19], or next-generation sequencing on the Illumina Miseq
platform [32].

4.3. Statistical Analysis

All statistical analyses were performed using R version 3.6.1 [33]. Prevalence was defined as
the proportion of these viruses in a hospital-admitted diarrhea patient population during the study
period in Kilifi, Kenya. Means and medians of continuous variables were compared using a Kruskal
Wallis and Wilcoxon rank-sum test, respectively. Binary data were summarized using proportions and
comparisons between groups made using x statistics. A p value of <0.05 was considered statistically
significant. Diarrhea severity in RVA positive cases pre- (year 2013) and post- (years 2016 and 2019)
was assessed using the Vesikari Clinical Severity Scoring System Manual [10], with a modification in
the treatment parameter. If the participant was given oral rehydration therapy or intravenous fluid
therapy, they received a score of one or two, respectively.
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