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Sequence independent single primer amplification
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Summary
The afflictions suffered by immunocompromised individuals have historically been
attributed to overt infections caused by bacterial and fungal pathogens. For this reason,
treatment methods have focused on resolving these infections, with great success in
terms of reducing short-term morbidity and mortality rates. This initial success only
served to reinforce the dogmatic opinion that to ‘cure’ immunodeficiency, one needs
only to resolve and prevent recurrence of bacterial and fungal infections. However,
reports of long-term health problems in immunocompromised cohorts suggest that
treatment of bacterial and fungal infections alone does not resolve all aspects of the
disease, and that viruses may play a greater role than previously expected.
This thesis investigates whether viral infections do indeed have a significant impact in
the immunocompromised patient. The overall prevalence of blood-borne viral infections
in immunocompromised cohorts was determined through the combined use of
unbiased, metagenomic sequencing and qPCR. The viral species detected were
compared with patient records in order to determine whether there were any
correlations between viral presence and patient outcome following treatment.
Furthermore, by investigating a cross-section of cohorts with both inherited and
acquired immunodeficiencies, commonalities and differences could be found in terms of
the types of viruses that infect these cohorts and their abundance in patients with
different types of immunodeficiency.
The findings of this work suggest that a large number of clinically undiagnosed viruses
infect immunocompromised patients, however the prevalence of these viruses varies
according to the form of immunodeficiency and, to a lesser extent, according to
differences between individuals in the same cohort. Importantly, some of the more
common viruses detected appear to be correlated with poor patient outcomes such as
graft rejection and future infectious complications. Overall, these results suggest that
viral infections do indeed play a larger role in the health of immunocompromised
patients than has previously been thought although whether this is due to a direct cause
or as a consequence is yet to be determined.

Contents
Chapter 1. Introduction

1

1.1 Viruses

1

1.1.1 The General Life Cycle of Viruses

4

1.1.2 Productive, Abortive and Latent Infections

6

1.1.3 Acute and Chronic Infections and Latency

7

1.1.4 Disease and Virulence

9

1.2 The Anti-Viral Immune Response

11

1.2.1 Immune Recognition of Viral Infection

11

1.2.2 The Innate Immune Response to Viruses

11

1.2.3 The Adaptive Immune Response to Viruses

15

1.2.4 B-lymphocytes

16

1.2.5 T-lymphocytes

17

1.2.6 Mucosal Immunity

19

1.2.7 The Major Histocompatibility Complex

20

1.2.8 Viral Evasion of the Immune System

21

1.3 Immunodeficiencies

23

1.3.1 Primary Immunodeficiencies

23

1.3.2 Secondary Immunodeficiencies

27

1.4 Viral Infections in Immunodeficient Individuals

30

1.4.1 Viral Infections in Primary Immunodeficiency

31

1.4.2 Viral Infections in Secondary Immunodeficiency

32

1.5 Virus Diagnostics

33

1.5.1 Viral Culture

34

1.5.2 Enzyme-Linked Immunosorbent Assay

34

1.5.3 Polymerase Chain Reaction

35

1.5.4 Quantitative PCR and Digital PCR

36

1.5.5 Multiplex qPCR and Microarrays

38

1.5.6 Viral Metagenomic Sequencing

39

1.6. Conclusion and Aims

48

Chapter 2. Methodology

50

2.1. Nucleic Acid Extraction and Preparation from Plasma

50

2.2. Illumina Library Preparation and Sequencing

52

2.3. Informatic Analysis of Illumina Sequence Data

52

2.4. Contamination and Confirmation of Results

56

2.5. Anellovirus Quantification

57

2.6. Statistical Methods

58

Chapter 3. Development of a Metagenomic Sequencing Method for Blood-

59

Borne Viruses
3.1. Introduction

59

3.1.1 Sample selection

61

3.1.2. Nucleic acid extraction methods

63

3.1.3. Viral enrichment methods

63

3.1.4. PCR amplification methods

65

3.1.5. Library preparation methods

65

3.1.6. Choice of sequencing platform

66

3.1.7. Informatic identification of viral sequences

67

3.1.8. Conclusion

68

3.2. Methods
3.2.1. Comparison of plasma and PBMCs for viral metagenomics

70
70

3.2.1.1. Samples and ethics

70

3.2.1.2. Separation of plasma and PBMCs

71

3.2.1.3. Nucleic acid extraction and preparation from plasma

71

3.2.1.4. Nucleic acid extraction and preparation from PBMCs

71

3.2.2. Comparing methods of DNA purification

73

3.2.3. Library Preparation and Sequencing

74

3.2.4. Analysis of sequence data

74

3.2.5. Comparison of enrichment techniques

75

3.2.5.1. Samples for viral enrichment testing

75

3.2.5.2. Viral enrichment by filtering

75

3.2.5.3. Viral enrichment by nuclease treatment

77

3.2.5.4. No viral enrichment

77

3.2.5.5. Extraction

78

3.2.5.6. Virus quantification
3.2.6. Viral enrichment testing by NGS

78
79

3.2.6.1 Samples

79

3.2.6.2 Extraction, sequencing and data analysis

79

3.2.7. Comparison of mapping algorithms for viral read identification

79

3.2.8. Estimation of the limit of detection

80

3.2.9. Statistical analysis

81

3.3. Results and Discussion

82

3.3.1 Comparison of viruses detected in plasma and PBMCs

82

3.3.2. Viral enrichment methods

88

3.3.3. DNA purification methods

91

3.3.4. Informatic identification of viral sequences

92

3.3.5. Limit of detection: RNA viruses

97

3.3.6. Limit of detection: DNA viruses

98

3.3.7. Contamination

101

3.4. Conclusion

105

Chapter 4. The Virome During Therapeutic Immunosuppression

107

4.1. Introduction

107

4.1.1. Clinical viral diagnostics for solid organ transplant patients

107

4.1.2. The virome in secondary immunodeficiency

108

4.1.3 Aims

110

4.2. Methods

112

4.2.1. Ethics and sample collection

112

4.2.2. Sample preparation and sequencing

114

4.2.3. Contamination and confirmation of results

114

4.2.6. Anellovirus quantification

114

4.2.7. MinION sequencing of anellovirus populations

114

4.2.9. Statistical methods

117

4.3. Results

118

4.3.1 Overview of Illumina sequencing data

118

4.3.2. Viruses detected by sequencing in renal transplant patient plasma

119

4.3.3. Effect of immunosuppression on anellovirus load in renal transplant

121

patients
4.3.4. Torque-teno virus correlates with opportunistic infections in renal

124

transplant patients
4.3.5. Anellovirus increased following acute rejection episodes in renal transplant

129

patients
4.3.6. Impact of other viruses in renal transplantation

133

4.3.7. Viruses detected by sequencing in vasculitis patient plasma

133

4.3.8. Comparison of viral prevalence between renal transplant and vasculitis

133

patients
4.3.9. Comparison of Anellovirus Load and Diversity Between Renal Transplant

137

and Vasculitis Patients
4.3.10. Full genome sequencing of anellovirus populations
4.4 Discussion

139
144

4.4.1. Anellovirus as a prognostic marker of infection in renal transplant patients

144

4.4.2. The correlation between anellovirus and graft rejection

145

4.4.3. Other viruses detected by metagenomic sequencing of the renal transplant

147

cohort
4.4.4. Comparison of the plasma virome across two therapeutically

148

immunosuppressed cohorts
4.5. Conclusion

150

Chapter 5. The Virome in Primary Antibody Deficiency

151

5.1. Introduction

151

5.1.1. Evidence for an impaired antiviral immune response in antibody deficient

151

patients.
5.1.2. B- and T-cell defects in antibody deficient patients

152

5.1.3. T-cell abnormalities in antibody deficient patients appear to be associated

153

with inflammatory disease
5.1.4. The inflammatory phenotype in primary antibody deficiency

154

5.1.5. Evidence for a viral aetiology in inflammatory disease of primary antibody

156

deficient patients
5.1.6. Aims
5.2. Methodology

157
157

5.2.1. Study design and participants

157

5.2.2. Sample preparation and sequencing

159

5.2.3. Contamination and confirmation of results

159

5.2.4. Flow cytometry staining and analysis

159

5.2.5. Human endogenous retrovirus K quantitation

161

5.2.6. IgM and sCD14 enzyme-linked immunosorbent assays

162

5.2.7 Statistical analysis

163

5.3. Results

164

5.3.1 Overview of Illumina sequencing data

164

5.3.2. T-cell phenotype is correlated with the blood virome in antibody deficient

167

patients
5.3.3. No correlation between anellovirus and immune-mediated diseases

172

5.3.4. The effect of antibody replacement therapy on the blood plasma virome

172

5.3.5. The effect of antibody replacement therapy on anellovirus load

172

5.3.6. Endogenous retrovirus expression levels in antibody deficient patients

176

5.4. Discussion
5.4.1. Anellovirus prevalence in plasma is correlated with T-cell phenotype in

179
179

antibody deficient patients
5.4.2. Antibody replacement therapy does not alter the blood plasma virome

180

5.4.3. Endogenous retrovirus expression levels are not increased in antibody

182

deficient patients
5.5. Conclusion

182

Chapter 6. Discussion

186

6.1. Summary of results

186

6.2. Comparison of immunodeficient cohorts

186

6.3. Anelloviruses and their association with immunosuppression and

189

disease
6.3.1. Anellovirus plasma load as a prognostic indicator for transplant patients

189

6.3.2. Proof of causality in the metagenomic era

190

6.3.3. Anellovirus and immune activation

193

6.4. Limitations to this study

195

6.4.1. Limitations to the methodology

195

6.4.2. Cohort size and clinical information

197

6.4.3. Bias in the informatics approach

198

6.4.4. Consideration of novel viruses

199

6.5. Towards metagenomic sequencing as a clinical tool

200

6.6. Concluding remarks

203

References

204

List of Figures
Chapter 1
Figure 1.1. The Baltimore classification of viruses

3

Figure 1.2. Replication mechanisms of viruses

4

Figure 1.3. The antiviral role of CD4+ T-helper cells

18

Figure 1.4. Primary immunodeficiencies of the adaptive immune system

26

Figure 1.5. Reported effects of common immunosuppressive drugs

29

Chapter 2
Figure 2.1. Pre-library preparation workflow for total nucleic from plasma

51

Figure 2.2. Overview of the informatic workflow for the detection of viral reads in

53

Illumina sequencing data
Figure 2.3. Overview of the complete method to be used for viral metagenomic

55

sequencing of blood
Chapter 3
Figure 3.1. Rate of viral discovery and sequencing costs in the “next generation”

60

sequencing era
Figure 3.2. Sample loss bottlenecks in the metagenomic workflow

62

Figure 3.3. Overview of the method used to compare the effect of viral enrichment

76

methods on virus recovery.
Figure 3.4. Taxonomic distribution of sequencing reads from paired plasma and

83

PBMC samples taken from three patient cohorts
Figure 3.5. Origin of viruses detected by metagenomic sequencing of plasma and

85

PBMCs
Figure 3.6. Effect of nuclease enrichment on viral read number and virus genome

90

coverage
Figure 3.7. Comparison of DNA purification methods prior to library preparation

93

Figure 3.8. Comparison of mapping algorithms for detection of viral sequences in

96

metagenomic data
Figure 3.9. Detection of human Pegivirus in serial dilutions of HCV international

99

standard reference material
Figure 3.10. Estimation of the sequencing limit of detection for DNA viruses.

103

Figure 3.11. Methods used to detect contamination

104

Chapter 4
Figure 4.1 Overview of Illumina sequencing data

120

Figure 4.2. Viruses of vertebrates detected by metagenomic sequencing of renal

122

transplant patient plasma
Figure 4.3. The effect of immunosuppression in renal transplant patients on

123

anellovirus load and diversity
Figure 4.4. Anellovirus load correlates with future infectious complications in

126

renal transplant recipients
Figure 4.5. Anellovirus load correlates with previous rejection episodes in renal

131

transplant recipients
Figure 4.6. Timeline of maintenance immunosuppression dosage in rejection and

132

non-rejection for renal transplant recipients
Figure 4.7. Viruses detected by metagenomic sequencing of plasma from patients

135

with vasculitis, pre- and post-commencement of maintenance immunosuppression
Figure 4.8. Virus prevalence in renal transplant and vasculitis patients undergoing

136

maintenance immunosuppression
Figure 4.9. The longitudinal effect of immunosuppression on anellovirus diversity

138

in vasculitis patients
Figure 4.10. Mechanism for non-specific enrichment of circular DNA using rolling

141

circle amplification
Figure 4.11. Restriction digestion of rolling circle amplification products

142

Figure 4.12. Whole genome sequencing of anellovirus populations

143

Chapter 5
Figure 5.1 Overview of Illumina sequencing data

166

Figure 5.2. Correlation of T-cell population phenotype and anellovirus status

169

Figure 5.3. Markers of T-cell activation and dysfunction in antibody deficient

170

patients according to anellovirus status
Figure 5.4. Correlation between T-cell phenotype and the plasma virome

171

Figure 5.5. Viruses detected by metagenomic sequencing of CVID patient serum

174

pre- and post-antibody replacement therapy
Figure 5.6. Viruses detected by Illumina sequencing of healthy volunteer plasma

174

Figure 5.7. Anellovirus load in CVID patient serum pre- and post-antibody

175

replacement therapy
Figure 5.8. Immunoglobulin M, soluble CD14, and Human Endogenous RetrovirusK levels in the blood of primary antibody deficiency patients

178

List of Tables
Chapter 1
Table 1.1. Genetic mutations known to be associated with approximately 10-15% 24
of CVID cases
Chapter 2
Table 2.1. qPCR primer and probe sequences used for the quantitation of 57
anellovirus
Chapter 3
Table 3.1. Overview of cohorts for the comparison of plasma and PBMC 70
sequencing
Table 3.2. Primers used for sequence-independent single primer amplification 73
(SISPA)
Table 3.3. Primer and probe sequences used to quantify viral load following the 77
testing of enrichment methods
Table 3.4. The effect of viral enrichment techniques on virus recovery

90

Table 3.5. Sequencing results for serial dilutions of RNA viruses

99

Chapter 4
Table 4.1. Overview of the secondary immunodeficiency cohorts

113

Table 4.2. Enzymes used for restriction digest of rolling circle amplification 116
products
Table 4.3. Overview of transplant patient metadata

127-128

Table 4.4. Logistic regression analysis results for the prediction of infectious 129
complications
Chapter 5
Table 5.1. Overview of Cohort 1. Prospective whole blood samples taken from 158
antibody deficient patients at a single time-point
Table 5.2. Antibody panels used for flow cytometry-based phenotyping of 160
lymphocyte subsets

Appendices

Appendix 1. Database of vertebrate virus genomes used for the identification of 251
viral reads by sequence alignment
Appendix 2. Josh Quick’s low input native barcoding library preparation for
MinION sequencing protocol

259

1

Chapter 1: Introduction

Chapter 1
Introduction
1.1 Viruses
Viruses are obligate intracellular parasites that infect all living organisms
including animals, plants, bacteria and archaea. At their most basic, viral
particles consist of nucleic acid encapsulated within a protein shell known as the
capsid, which is encoded by the viral genome. The capsid facilitates the
persistence of the virus by delivering the genome to its site of replication and
shielding it against the environment. A lipid membrane, known as the viral
envelope, also coats some species of virus. The viral envelope is derived from the
host cell membrane and can play a key role in cell attachment, cell entry and
evasion of the host immune system.1 Their simple genomic structure means that
viruses do not encode all of the cellular machinery required to independently
produce progeny. It is for this reason that viruses must infect and parasitise the
cells of other organisms in order to make use of the cell’s resources and many of
its enzymatic functions.
Viruses show a great degree of variability. Unlike the genomes of cellular
organisms, which are exclusively composed of double-stranded DNA molecules,
virus genomes exist in a variety of nucleic acid forms. Viral genomes can be
linear or circular molecules and composed of either RNA or DNA, which in turn
can be double-stranded, single-stranded or a combination of the two (e.g.
hepatitis B virus).2 RNA genome polarity can be positive-sense, which may be
directly translated by the host cell, or negative-sense, which must be first
converted into a positive-sense polarity by RNA polymerase prior to translation.
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Some virus genomes are ambisense, where the genome is in part positive and
part negative, sharing features of each.3 Viral genomes may also be composed of
single molecules or exist as multiple segments. Segmented genomes facilitate the
exchange of genes between individual viruses by re-assortment, speeding the
rate of mutation.4
Viruses are thought to have evolved from multiple lineages.5 Therefore, whilst
viruses within clades can be classified by the conventional nucleotide similarity
based methods used for all other living species, a lack of orthologous viral
proteins present across distinct viral families means that the same methods
cannot (always) be used for classification.6 Instead, the Baltimore classification
system, designed by the biologist David Baltimore,7 is commonly used to group
viruses based on the type of genome and method of nucleic acid replication
(Figure 1.1). These features have implications with regards to the life cycle of a
virus, which, in some cases, can impact on how it can be diagnosed and treated.
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Figure 1.1. The Baltimore classification of viruses. Regardless of their
genomic structure, all viruses must produce viral mRNA for the translation of
viral proteins. The Baltimore classification system classifies viruses into seven
groups according to their genomic architecture and method of replication:
double-stranded DNA (group I) (e.g. adenoviruses and herpesviruses); singlestranded DNA (group II) (e.g. parvoviruses); double-stranded RNA (group III)
(e.g. rotaviruses); positive-sense single-stranded RNA (group IV) (e.g.
poliovirus);

negative-sense

single-stranded

RNA

(group

V)

(e.g.

orthomyxoviruses and filoviruses); positive-sense single-stranded RNA which
replicates through a DNA intermediate (group VI) (e.g. retroviruses); and
double-stranded DNA which replicates through an RNA intermediate (group VII)
(e.g. hepatitis B virus). Image reproduced from www.microbeonline.com
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1.1.1 The General Life Cycle of Viruses
Each virus species has evolved its own specific mechanisms in order to
efficiently infect cells and replicate its genome (Figure 1.2). However, most
viruses broadly follow a similar course of infection.

Figure'1.2.'Replica0on'mechanisms'of'viruses.'Clockwise'from'top<le=:'enveloped'retrovirus;'non<enveloped'single<
stranded'(<)'RNA'virus;'non<enveloped'single<stranded'(+)'RNA'virus;'and'enveloped'double<stranded'DNA'virus.'
Images'taken'from'Virology:'Principles'and'Applica0ons,'2nd'Edi0on'(Carter'and'Saunders,'2013)''

Figure 1.2. Replication mechanisms of viruses. Mechanisms of cell entry, cell
exit, and replication differ between virus species. However, in order to
reproduce, all viruses must produce viral mRNA for translation into viral
proteins. Clockwise from top-left: enveloped retrovirus; non-enveloped singlestranded (-) RNA virus; non-enveloped single-stranded (+) RNA virus; and
enveloped double-stranded DNA virus. Images reproduced from Virology:
Principles and Applications, 2nd Edition.8
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Upon exposure to a potential host, the virus must first breach the epithelial
barrier to gain entry to the body. Viruses have evolved to utilise different
transmission pathways to achieve this: influenza virus enters its host via
inhalation of viral particles and infects epithelial cells of the respiratory tract,9
while norovirus enters through the digestive tract on the surface of
contaminated objects such as food.10,11 Other viruses rely on direct exposure to
the blood through mechanical breaches of the epithelia: hepatitis C virus
transmission relies predominantly on the contamination of equipment used
during blood transfusion and intravenous drug use,12 while a large number of
viruses, known as arboviruses, have evolved to be transmitted through the bite
of blood-feeding insects.13 Each of these transmission mechanisms require the
virus in question to have evolved certain life-cycle characteristics, such as the
ability to persist in the environment, or the ability to replicate in the salivary
glands of mosquitoes. From these examples alone, it is clear that viruses
represent an extraordinary level of diversity.
Following successful entry into the host, the virus must reach a cell it is able to
infect. Some viruses such as influenza and norovirus come into direct contact
with cells permissive to infection whereas many others, such as hepatitis C virus
make use of the circulatory system to spread within the host and reach their
primary site of replication. The circulatory system is the ideal transport system
for viruses needing to reach their preferred site of infection, as the blood is
required to reach all organs, in order to provide the nutrients necessary for cell
function and survival. It is another testament to the diversity of viruses, that
some have evolved to also make use of the lymphatic system,14 and the nervous
system as alternative forms of transport.15–17
Upon encountering a cell-type permissive to infection, molecules on the virion’s
surface are able to bind to the cell and trigger intra-cellular signalling pathways
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to enter.18 Cells permissive to infection are recognised by specific receptors on
the cell surface, for example, influenza virus utilises α2,6-linked sialic acid
expressed by cells located predominantly in the upper and lower respiratory
tract of humans.19 Within the cell, the virus un-packages it’s genome and hi-jacks
cellular machinery to replicate: copying its genomic material and building the
protein structures needed to assemble new capsids. Viral particles, known as
virions are assembled from the capsid proteins and the newly produced virions
containing a copy of the viral genome are released by the cell either by cell lysis
(most non-enveloped viruses) or membrane budding (most enveloped
viruses).20 The newly released infectious virions proceed to infect more cells,
replicate further, and exit the body via various pathways, dependent on the virus
species, to enter further susceptible individuals and repeat the cycle.
1.1.2 Productive, Abortive and Latent Infections
Entry into a cell does not necessarily lead to replication and production of viral
progeny but can result in either a productive, abortive or latent infection. For an
infection to be productive, the virus must replicate and produce further
infectious particles capable of infecting new cells, whilst an abortive infection
occurs when an infection does not result in the production of new infectious viral
particles.20 Both forms of infection are commonly observed in nature and are a
determining factor as to whether an individual spontaneously recovers from an
infection or goes on to develop disease.
A latent infection is a form of infection where the production of new viral
particles does not occur immediately. Instead, the virus genome persists in the
infected cell in silence: restricting viral gene expression and producing no viral
particles. Cells infected with viruses in a latent state exhibit practically no sign of
infection and therefore latent viruses go undetected by the host immune system
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and result in next to no discernible symptoms.21 Many viruses that establish
latent infections are highly prevalent in the human population, such as herpes
simplex virus 1 (HSV1) which is estimated to infect two thirds of the global
population below the age of 50 through this mechanism of immune-evasion.22
Following infection, this virus establishes life-long persistence with few overt
symptoms in the immunocompetent host as re-activation events are rapidly
cleared in most hosts.23
Latent virus infections are generally well tolerated and any reactivations
controlled by a healthy immune system. However, in order to successfully
reproduce and transmit, latent viruses must be able to reactivate fully on
occasion. This reactivation often coincides with periods of reduced immune
strength brought on by factors such as stress, aging, infection by other
pathogens, and therapeutic immune suppression.24 Periods of re-activation are
often discernible by break-out symptoms of disease such as the development of
shingles, often seen in the elderly, and caused by varicella zoster virus.25
1.1.3 Acute and Chronic Infections and Latency
Viral infections can also be acute or chronic. Acute infections are short lived and
tend to result in either clearance of the virus or death of the host. Chronic
infections are defined as infections that persist after the period of time by which
an acute infection is usually cleared. Whilst acute infections typically represent a
period of rapid shifts in terms of virus population size and intensity of the host
immune response, chronic infections occur when a state of balance is reached
between the two.20
Whilst some viruses exclusively cause one form of infection or the other (e.g.
rabies virus infection is only ever acute and human immunodeficiency virus 1
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(HIV-1) infection is almost always chronic), many viruses vary, causing acute
disease followed by clearance of the virus in some individuals whilst resulting in
a long-term, persistent infection in others. Hepatitis B virus is an example of this
where the majority of cases spontaneously resolve but in cases where the virus
is able to persist, patients can develop severe disease including fulminant
hepatitis, cirrhosis and hepatocarcinoma.26
Despite a lack of overt symptoms during many chronic and latent infections,
there is evidence that presence of virus and constant probing of the immune
system leads to an immune state of “exhaustion”, characterised by a population
of virus specific cytotoxic T-cells (described in section 1.2.5) that are unable to
proliferate or to produce cytokines upon stimulation by antigens.27 The effects of
chronic exposure to antigen can be significant: “exhaustion” of the immune
system has been hypothesised to result in reduced immunity and facilitate viral
persistence,28 whilst chronic infection by cytomegalovirus has been found to
reduce life expectancy by an average of almost 4 years.29
Why a virus may infect and persist in one individual whilst being rapidly cleared
in another is thought to be predominantly due to a combination of genetic and
acquired differences that affect how the host immune system and the virus
interact. For example, norovirus infection usually results in acute gastroenteritis
which lasts for an average of 12-72 hours before clearing.30 However, individuals
with a weak immune systems are more likely to develop chronic norovirus
infection, which has been reported as more severe in some populations,30 and
asymptomatic in others.31
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1.1.4 Disease and Virulence
The mechanisms by which different viruses cause disease are also varied: host
cells may be killed directly through immune-mediated apoptosis,32 by cell lysis
following viral replication and escape,33 or by the suppression of vital
intracellular processes by viral proteins.34 Some viruses elicit strong
inflammatory responses which damage host tissue resulting in symptoms such
as encephalitis and haemorrhagic fever,35,36 whilst others such as rabies virus
may interfere with cellular mechanisms. Indeed, despite its severe neurological
symptoms, acute rabies virus infection results in only limited histopathological
lesions and generation of a weak immune response.37 Instead, it is cellular
dysfunction, through the inhibition of protein synthesis in the cells of the central
nervous system, which results in eventual death of the host.37
Recent metagenomic sequencing studies have surprisingly revealed the presence
of high levels of viruses in asymptomatic individuals.38 Even the blood of healthy
individuals, once believed to be sterile, is now known to contain a diverse
community of viruses.39 Furthermore, there is even evidence that infection by
viruses previously thought of as highly pathogenic are largely asymptomatic.
One serological-based study of influenza virus found that only 23% of those
shown to be exposed to the virus developed illness.40 Why infection of some
individuals can result in severe disease, while infection of others by the same
virus can be asymptomatic, is largely due to differences in the immune response.
These differences are governed by genetic variation in both the virus and the
host.
A virus’ capacity to cause disease in its host is known as its virulence. The
greater a virus’ virulence, the more likely it is to cause disease and the more
likely that disease is to be severe. Ebolavirus is a clear example of a highly
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virulent virus. Reports from the 2014 outbreak in West Africa described
symptoms of fever in 87.1% of diagnosed cases, haemorrhagic symptoms in 18%
and a mortality rate of 70.8% in those cases with definitive outcomes.41 The
virulence of Ebolavirus can be attributed to strains of the virus actively
triggering the host immune system, leading to wide-spread cell damage caused
by high levels of inflammation.42 Conversely, torque-teno virus is an example of a
virus with very low virulence. This virus is acquired early in life,43,44 and
establishes low-level chronic infections in close to 100% of the healthy
population with no evidence of disease.45–47 The virus is therefore thought to
make up a natural part of the commensal flora that exists within our bodies.48
On the side of the host, there is mounting evidence that inter-individual variation
plays a major role in the outcome of infection. Transcriptional analysis of patient
genes following influenza virus infection has revealed striking differences
between symptomatic and asymptomatic groups.49 Furthermore, a genome-wide
association study (GWAS) demonstrated a correlation between mutations in
certain immune-related genes (LARGE and IL-21) and regions of endemicity for
the highly pathogenic Lassa virus,50 suggesting that evolution of the immune
response in these regions has resulted in decreased pathogenicity. Overall,
understanding why differences in the immune response can cause severe disease
in one individual but be entirely asymptomatic in another could contribute to
greatly reducing the immense burden of viral-driven morbidity and mortality
worldwide.
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1.2 The Anti-Viral Immune Response
1.2.1 Immune Recognition of Viral Infection
The initial response of the immune system to viral infection relies on the
recognition of conserved ‘viral signatures’ that are common in virus genomes but
rarely found in the host. The broad detection of such a diverse group of
pathogens is achieved by receptor molecules known as pattern recognition
receptors (PRRs).20 The vast majority of virus specific PRRs detect viral nucleic
acids, as these molecules are produced within the host cell as a necessary stage
of viral replication and so cannot easily be hidden from the hosts’ pathogen
sensors.51 Viral genome signatures detected by PRRs include: long, doublestranded RNA molecules which are detected by the Melanoma DifferentiationAssociated protein 5 (MDA5);52,53 5’-triphosphate uncapped single-stranded and
double-stranded RNA molecules detected by the retinoic acid-inducible gene I
receptor (RIG-I)54; and un-methylated CpG repeat sequences in DNA molecules
recognized by the Toll-like Receptor 9 (TLR9).55
1.2.2 The Innate Immune Response to Viruses
When a virus is detected by a PRR, the initial antiviral response, known as the
innate response, is launched. Unlike the adaptive immune system discussed
below (section 1.2.3), the innate immune system is not antigen specific. This
allows it to respond rapidly to infections, although the slower adaptive immune
response is often required to completely clear the infection as many viruses have
evolved mechanisms of evading the conserved, innate response.56
One major component of the innate immune response is the complement system,
which is made up of a number of small proteins. This system is activated by
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specific PRRs, predominantly mannose binding lectin (MBL), which binds to
carbohydrate residues found on the surface of virus infected cells, as well as
directly to the surface of some viruses, including HIV-1 and Ebola virus.57 Once
bound, MBL triggers a series of series of reactions known as the complement
cascade, which culminates in the formation of pores in the surface of the virus or
infected cell. Formation of these pores results in destruction of the virus or cell
by lysis.58 Certain protein cleavage products (C3a, C4a and C5a) produced during
the complement cascade also amplify the immune response by triggering local
inflammation, increasing vascular permeability and promoting the migration of
macrophages and lymphocytes to the site of infection.59
Other proteins of the complement system, C3b in particular, when deposited on
the surface of virions or infected cells are also able to enhance phagocytic uptake
by binding to MBL in a process known as opsonization.60,61 MBL can also interact
with cellular receptors to enhance phagocytosis. The complement-MBL
complexes on the surface of a virus therefore stimulate phagocytes
(macrophages are particularly important) to engulf the tagged virus, process the
viral antigens, and display them on the cell surface in a fashion required to
activate the adaptive immune response.
As part of the innate response to viral infection, infected cells also begin
producing small protein molecules known as cytokines which perform two
major roles: 1) restriction of viral replication and spread by inducing an antiviral
state in the infected cell as well as neighboring un-infected cells and 2) induction
of the inflammatory response which results in the stimulation of the adaptive
immune system and destruction of virus and virus infected cells.62
The induction of an antiviral state is largely dependent on a class of cytokines
known as type-I inferferons, so named because they ‘interfere’ with viral

Chapter 1: Introduction

13

replication.63 The importance of these molecules on the outcome of viral
infections is well demonstrated by mice deficient in signal transducer and
activator of transcription 1 (STAT1), a major protein involved in the IFN
signaling pathway. These animals display extremely high morbidity and
mortality rates when exposed to normally non-lethal viruses such as vesicular
stomatitis virus.64 Autonomous type I interferon signaling by an infected cell
promotes the production of many different proteins that interfere with the viral
replication cycle, including: oligoadenylate synthetase (OAS) with RNase L which
degrades viral mRNA;65 Protein Kinase R which inhibits translation of mRNA
(viral and cellular);66 and Mx, a GTPase which targets viral nucleocapsid
proteins.67 Paracrine signaling by type-1 IFN ‘primes’ neighbouring cells to
express the above proteins to protect them from infection, preventing spread of
the virus.68
All cells have the potential to be infected and therefore have the ability to
respond to infection through the activation of intrinsic PRRs,51,69 and to display
viral antigens (peptide epitopes) on their surface, bound to a molecule known as
the major histocompatibility complex class I (MHC class I).70
Natural killer (NK) cells are cells of the innate immune system responsible for
the destruction of virus-infected cells, inducing apoptosis by releasing cytotoxic
granules and of producing important cytokines (IFN-gamma and TNF alpha)
early in the immune response.71 They bridge an important gap between the
innate and the adaptive immune response, as they are able to respond quickly
and in the absence of antigen-presenting MHC class I. This is particularly
important for defense against some viruses, which have evolved mechanisms to
down-regulate MHC class I receptors as these molecules are required for the
recognition of infected cells by CD8+ cytotoxic T-lymphocytes of the adaptive
immune system (discussed in section 1.2.5.).72 NK cells play a vital role against
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the viruses of the Herpesviridae family in particular as demonstrated by deadly
herpes virus infections in NK cell deficient mice.73
Cells of the monocyte lineage are the final effector cells of the innate immune
system that I will discuss. Monocytes circulate in the peripheral blood and
migrate to the tissues in response to cytokine signals released by infected cells.
Upon reaching the site of infection, monocytes amplify and perpetuate the
inflammatory response through the secretion of large amounts of type I IFNs.74
Upon activation these cells are able to differentiate into macrophages and
dendritic cells.75
Macrophages perform the role of phagocytosis, safely disposing of dying cells,
pathogens and other debris by engulfing and enzymatically degrading them
whilst preventing the release of any viral particles contained within.76
Macrophages are present in the majority of tissues and have also been shown to
protect vulnerable cells against viral infection by permitting themselves to be
infected, soaking up viral particles, and producing high levels of IFN to prime
nearby cells in response.77 They are also important antigen presenting cells at
the peak of the T cell response in infected tissues.
Dendritic cells are the primary link between the innate and adaptive arms of the
immune system. They patrol the body via the blood and enter peripheral tissues
to sample their environment for the presence of pathogens. Upon encountering a
virus, the pathogen is ingested by the cell and broken down into small molecules
known as epitopes, which are then assembled into MHC class I and II receptorbound complexes to be presented on the cell surface. The presence of
inflammatory cytokines such as type 1 IFN and TNF alpha cause maturation of
the dendritic cell; signaling its exit from the tissue in afferent lymph to the
draining lymph node and increased expression of MHC molecules and co-
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receptor molecules (CD80, CD86, and CD40L) required for activation of naïve T
cells. Therefore dendritic cells play a vital role in the stimulation of the adaptive
immune response.78
1.2.3 The Adaptive Immune Response to Viruses
The adaptive immune system is antigen-specific and is so named for its ability to
adapt to recognise any pathogen. Through a process of genetic recombination,
the cells of the adaptive immune system produce an extremely diverse
repertoire of receptor molecules.79 These receptors make the adaptive immune
system far more specific than the innate immune system and far more difficult to
evade, as it is capable of detecting pathogens with any conceivable structural
conformation and alter its response to changes in the viral population.
Compared to the innate immune response, the adaptive response to a previously
un-encountered pathogen is slow, taking days rather than hours to respond.80
However, following infection, the adaptive immune system develops a ‘memory’
of the pathogen, allowing it to mount a strong, rapid response if it encounters the
pathogen again. This mechanism forms the basis of protection by vaccination.79
The adaptive immune system is comprised of cells called lymphocytes.
Lymphocytes can be divided into B-lymphocytes and T-lymphocytes based on
the presence of their cell-surface receptors known as B-cell receptors and T-cell
receptor respectively. The receptor diversity of these cells means that there is a
risk of an immune response being mounted against the host itself. Therefore,
these cells undergo a stringent selection process and activation procedure before
they can mount an immune response.81
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1.2.4 B-lymphocytes
During viral infection, B lymphocytes are primarily responsible for the clearance
of extracellular viral particles. This is achieved through the B-cell antigen
receptor (BCR), which is capable of recognizing and binding to antigenic regions
of whole viral particles in their natural, three-dimensional conformation. Upon
activation of the lymphocytes, the BCR molecules can be secreted in a soluble
form known as immunoglobulins (or antibodies) which are able to neutralize
virus in a highly specific manner by binding to their target and mechanically
blocking entry into cells.82 Phagocytic cells of the immune system are also able to
recognize immunoglobulin-virus complexes, triggering virus uptake and
processing of antigens to be presented by through the MHC class II presentation
pathway.60
Immunoglobulins can be expressed in different forms known as isotypes, each of
which performs a different role in the immune response. Initially all antigennaïve B-cells express immunoglobulin isotypes M (IgM) and D (IgD) on their
surface.83 IgM is the first isotype to be secreted in response to initial exposure to
a virus and is capable of neutralizing viruses and activating the complement
system.84
Upon successful binding of their surface-bound BCR to an antigen, B-cells
undergo activation, with the help of a T-helper cell (discussed in section 1.2.5.),
and differentiate into either a plasmablast or a memory B-cell. Plasmablasts are
short-lived cells that rapidly divide in a clonal fashion to produce many
immunoglobulin secreting cells capable of binding the virus.79 Following
proliferation, plasmablasts either die or differentiate into plasma cells which are
long-lived and capable of secreting large amounts of immunoglobulin. Memory
B-cells do not secrete immunoglobulin, but rather enter the circulation and are
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able to proliferate rapidly in response to re-exposure to antigen, forming the
basis of immunisation.85
Following activation B-cells undergo a process known as class-switching which
enables them to produce immunoglobulin isotypes G, A and E.83 IgG is secreted in
large amounts by plasma cells and makes up the vast majority of
immunoglobulin found in circulation. This isotype has a greater affinity to
antigen than IgM and is rapidly produced by plasma cells and memory B-cells in
large amounts following re-exposure to the antigen.86,87 IgA is also produced by
plasma cells, however this isotype is predominantly expressed at mucosal
surfaces which is discussed in a later section (1.2.6). IgE plays a specific role in
the immune response against extracellular parasites and will not be discussed
here.
1.2.5 T-lymphocytes
T-lymphocytes are primarily responsible for the destruction of intracellular
virus through the killing infected cells and therefore are involved in the
clearance of chronic viral infections. Like B-cells, the T-cell receptor is highly
specific, however the receptor is only able to recognize viral peptide antigens
when presented by major histocompatibility complex (MHC) molecules
displayed on the surface of infected cells or antigen presenting cells.88
T-lymphocytes are classically divided into two groups based on the presence of
the cell surface receptors CD4 and CD8. T-cells expressing the CD8 receptor
(CD8+) are known as cytotoxic T-cells. Successful binding to the MHC-antigen
complex results in activation of the cytotoxic T-cell followed by release of a
cocktail of enzymes, which penetrate the infected cell and trigger the death of the
cell through the apoptosis pathway.89 Induced apoptosis of infected cells is a
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form of cell death that results in the destruction of the cell and all of the viral
particles contained within. Therefore, as opposed to lytic infection of a cell, no
virus is released.90
CD4+ cells are known as T-helper cells and play an important role in
coordinating the anti-viral immune response (Figure 1.3). The presence of
activated T-helper cells is required for the activation and proliferation of both Bcells and cytotoxic T-cells.79 The importance of T-helper cells is perhaps best
demonstrated through the effects of HIV-1 which selectively infects CD4+
lymphocytes, depleting this population of cells.91 The result is acquired
immunodeficiency syndrome (AIDS), which is characterised by frequent, lifethreatening infections by opportunistic pathogens.92

⬆︎Induc1on%of%
phagocytosis%
by%macrophages%

⬆︎Expression%of%
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⬆CD8+%Cytotoxic%%
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⬆B-cell%matura1on%
and%class-switching%
CD4+%T-helper%cell%
deﬁciency%

Figure 1.3. The antiviral role of CD4+ T-helper cells. CD4+ T-helper cells are
responsible for the orchestration of various parts of the antiviral immune
response including activation of B-cells and cytotoxic T-cell, as well as
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stimulation of phagocytosis by macrophages. Adapted from Marshall NB and
Swain SL (2011).93
1.2.6 Mucosal Immunity
As thin membranes, directly exposed to the environment, the mucosal surfaces
are a major site of challenge by viruses and other pathogens. Mucosal immunity
is a therefore a first defence against many viruses and a specialised arm of the
immune system is responsible for its protection.
One mechanism of mucosal defence is the production of secretory
immunoglobulins.

Immunoglobulin

A

(IgA)

is

the

most

abundant

immunoglobulin isotype in the body and two-thirds is in the form of a dimeric
molecule with four antigen receptor sites, secreted by cells at the mucosal
surface.94 By binding viruses and bacteria, the immunoglobulin prevents their
adherence to and penetration of the epithelial barrier.95 Some individuals with
selective IgA deficiency present with recurrent infections of the respiratory and
gastrointestinal tract however most IgA-deficient patients do not display these
symptoms.94 Instead, they produce increased levels of a second immunoglobulin
isotype, IgM, to compensate, demonstrating some redundancy between the two
types.96
The other major component of mucosal immunity is the intraepithelial
lymphocytes (IELs), a population of T-cells that reside in the mucosal tissue. IELs
comprise of two cell types: tissue resident memory cells which are primed in the
blood and migrate to the epithelia;97 and double negative cells which migrate to
the small intestinal epithelia directly following maturation.98 IELs differ from
other T-cells in that they are rapidly activated. Upon activation these cells
generate a potent antiviral response, destroying infected cells and promoting
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epithelial repair.99 These cells also secrete high levels of interferon type I (α/β)
and type III (λ). Type I interferon receptors are expressed by cells throughout
the body, however interferon λ receptors are primarily expressed on the surface
of epithelial cells, illustrating its important role in mucosal immunity.100
Interferon λ upregulates the antiviral response, priming cells against infection by
viruses through various pathways including Mx2.101 Pre-treatment of mice with
interferon λ has been found to protect against infection by a range of viruses that
infect the gut and lung tissue including influenza virus, SARS coronavirus,
respiratory syncytial virus, rotavirus and norovirus and has been used to resolve
infection by dengue virus.101–103
1.2.7 The Major Histocompatibility Complex
The major histocompatibility complex (MHC) class I, and II molecules make up a
group of proteins that play a vital role in the recognition of virus and other
pathogens by the cells of the adaptive immune system. MHC class II is expressed
predominantly by professional antigen presenting cells (APCs). Upon
phagocytosis of a virus by an APC, broken down viral peptides are bound to the
MHC class II complex and transported to the cell surface to be displayed. The
recognition of viruses by T-helper cells relies on viral peptides presented in this
manner. MHC class I molecules are present on all nucleated cells as well as
erythrocytes. If a cell becomes infected, intracellular viral peptides are bound
and displayed by MHC class I molecules in the same way as MHC class II. CD8+
cytotoxic T-cells recognise this as a marker of infection and trigger the death of
the cell.79
As mentioned in section 1.1.5, host genetic background can have a strong
influence on whether or not infection by a particular virus is successful.104 A
major source of variation between individuals can be seen in the form of the
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human leukocyte antigen (HLA) genes that code for MHC molecules. Certain
alleles of MHC class I have been found to determine the strength of immune
response to hepatitis B virus vaccination,105 whilst certain MHC class I and MHC
class II alleles act as major determinants of whether hepatitis C virus infection
persists or is cleared.106 Humans have three main HLA loci (HLA-A, HLA-B and
HLA-C) at which there are hundreds of variant alleles. Genetic inheritance of an
allele of each HLA gene determines the structure of the MHC molecule peptide
binding site and so the peptides presented to T cells, resulting in a great degree
of diversity between individuals. The evolution of MHC heterogeneity is thought
to have been at least partly driven by pathogens and protects communities from
epidemic outbreaks of disease.107
1.2.8 Viral Evasion of the Immune System
Viruses reliance on the parasitism of cells to replicate has resulted in an
evolutionary ‘arms-race’ between viruses and their hosts, each exhibiting a
strong selective pressure on their counter-part.108 Millions of years of coevolution have led to the generation of our immensely complex immune system
to protect our cells against viral infection resulting in components such as the
MHC molecule,109,110 interferons,111 and restriction factors.112 In response,
viruses have evolved a range of mechanisms to counter the host immune
response.113
One such mechanism that has evolved, particularly in RNA viruses, is an
extremely high genomic mutation rate due to the enzymes responsible for
genome replication (RNA dependent RNA polymerases) having a high rate of
error.114 These mutations give rise to the production of viral particles that the
existing antibody response is incapable of binding. Driven by the selective
pressure of antibodies, all virus species are constantly undergoing mutation at
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the nucleotide and amino acid level, whilst B-cell populations must constantly
adjust to produce antibodies capable of binding to new mutants. Furthermore,
some viruses exist not as clonal populations but as quasispecies; genetically
diverse populations which are able to evolve rapidly in response to selection
pressure from the immune system and antiviral drugs.115 Those viruses with
segmented genomes, such as influenza, are also capable of a more drastic form of
genome alteration known as antigenic shift.116 This occurs when multiple viruses
infect the same cell and mixed segments of the viruses are packaged together
during replication to produce an entirely different subtype with a combination of
surface antigens from the original, infecting viruses. Free viral particles of some
viruses are able to further evade the antibody response through masking of
highly conserved antigenic targets such as the masking of the gp120 surface
protein by the envelope glycoprotein in HIV-1.117
Furthermore, evasion of the immune system continues once the virus has
entered a cell. Virus genomes can interfere with signaling pathways crucial for
viral detection such as the intracellular viral genome sensing pathways;118
suppression of cell apoptosis

119,120

and down-regulation of T-cell activation

pathways.121
Many viruses have not only developed ways to evade the immune system but
also ways to weaken it, thus optimizing conditions for viral persistence and
replication.122 Cytokines are particularly common targets for viruses.123 Upon
infecting a cell, viruses such as HIV-1, hepatitis B virus and hepatitis C virus
directly up-regulate anti-inflammatory pathways by stimulating production of
cytokines such as IL-10.122 Other viruses such as poxviruses and herpesviruses
are able to produce proteins that mimic IL-10 with the same result,124,125 and
blocking of the IL-10 signaling pathway has been shown to lead to clearance of
some viral infections.126
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1.3 Immunodeficiencies
For individuals with functional immune systems, the majority of viral infections
are short-lived and asymptomatic due to rapid clearance of the virus or
suppression of the virus into a latent state. In immunosuppressed individuals
however, these infections are more likely to be severe, recurrent, persistent and
often life threatening.
Deficiencies of the immune system can be divided into two types: primary and
secondary. Primary immunodeficiencies (PIDs) are caused by mutations in the
genes coding for components of the immune system and therefore result in
immune dysfunction from birth. Secondary immunodeficiencies (SID) are those
acquired due to an event later in life. SIDs can be transient or permanent and are
caused by a number of factors, some of which are discussed below. Importantly,
individuals with both primary and secondary forms of immunodeficiency suffer
from high rates of hospitalization due to severe and recurrent infectious
complications and represent a significant economic burden to health-care
services.127–131
1.3.1 Primary Immunodeficiencies
Genetic defects of the immune system are being identified at an increasing
rate.132 The immune system is complex and is governed by a large number of
genes and a mutation in a single one of these genes has the potential to result in
immunodeficiency. In recent years, large-scale, genome-wide association studies
(GWAS) have been undertaken in an attempt to determine the genetic defects
underlying a number of primary immunodeficiency diseases.133,134 This approach
has been particularly useful in identifying mutations associated with complex
diseases such as common variable immunodeficiency (CVID).135 CVID is a
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particularly variable form of humoral immunodeficiency for which multiple
genetic mutations have been implicated (Table 1.1). However, the mutations that
have so far been identified account for only 10-15% of all CVID cases.136 Thus,
the disease is the result of a number of different mutations which all manifest in
a similar, antibody deficient, phenotype.
Gene

Role

Impact of mutation

BAFF-R137

Receptor for B-cell survival and Impaired
maturation

CD19138

B-cell

development

and

reduced numbers of mature B-cells

B-cell co-receptor for antigen Impaired B-cell response to antigen
recognition (forms a complex stimulation
with CD21, CD81, and CD225)

CD21139

B-cell co-receptor for antigen Disrupts CD19 complex formation
recognition (forms a complex leading to an impaired B-cell response
with CD19, CD81, and CD225)

CD81140

to antigen stimulation

B-cell co-receptor for antigen Disrupts CD19 complex formation
recognition (forms a complex leading to an impaired B-cell response
with CD19, CD21, and CD225)

ICOS141

Co-receptor for B- and T-cell Reduced
interaction,

and

for

Regulation

of

proliferation

of

T-cells,

T-cell impaired B-cell activation and class

stimulation and proliferation
ITPKB142

to antigen stimulation

switching

signalling Impaired B-cell development, survival

associated with B-cell survival and activation
and development
LRBA143

Involved in transport of vesicles Impaired B-cell activation, autophagy
containing

activated

receptor and survival

complexes
TACI144

B-cell survival, maturation and Impaired
antibody production

B-cell

class-switching

proliferation

and
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Table 1.1. Genetic mutations known to be associated with approximately
10-15% of CVID cases. The genes listed are predominantly associated with the
B-cell development pathways, but also includes genes in other pathways such as
ICOS, which plays a role in the interaction of T-cell and B-cells required for B-cell
activation.
Primary immunodeficiencies fall broadly into two categories: those of the
adaptive immune system and those of the innate immune system. Adaptive
immunodeficiencies affect lymphocytes and can therefore result in humoral
immunodeficiencies such as CVID, T-cell deficiencies such as severe combined
immunodeficiency (SCID) due to IL2R deficiency or a combined deficiency of
both B- and T-lymphocytes such as SCID due to RAG1 deficiency, an enzyme
involved in the recombination of both the T- and B-cell receptor genes in the
early stages of lymphocyte development145. The cause of an adaptive
immunodeficiency can occur at any point in the lymphocyte development and
differentiation pathway (Figure 1.4). Therefore, some are identifiable due to lack
of a certain cell type whereas others may have normal cell counts but these cells
are not functional as they are unable to respond to stimulation in the normal
way. CD4+ T-cell deficiencies can be particularly severe, as the cells of this
lineage are responsible for activation of both the B-cell and cytotoxic T-cell
responses (Figure 1.3).
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Figure 1.4. Primary immunodeficiencies of the adaptive immune system.
Defects early in the lymphocyte development pathway can lead to combined Band T-cell deficiencies known as severe combined immunodeficiency (SCID),
(e.g. SCID caused by adenosine deaminase (ADA) deficiency). Depending on the
point in the T-cell development pathway which it affects, a T-cell deficiency can
result in loss of all T-cell subtypes (e.g. SCID caused by T-cell antigen receptor
(CD3) deficiency) or specific subtypes such as T-helper cells (CD4+) or cytotoxic
T-cells (CD8+). Similarly, defects in the B-cell development pathway can lead to
deficiency in all antibody classes (e.g. XLA) or specific subclasses (e.g. CVID).
Figure adapted from en.wikipedia.org/wiki/Primary_immunodeficiency.
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Innate immunodeficiencies can affect the cells of the innate immune system such
as NK-cells and phagocytes but also include defects in pathogen detection and
signalling pathways such as interferon and Toll-like receptor deficiencies.
Primary immunodeficiencies are generally thought of as rare, however a 2007
study by Boyle and Buckley estimated that roughly 1 in 1200 people in the USA
have been diagnosed with some form of PID.146 The investigators suggested that
this is likely to be an underestimation of the true number due to those people
living with an undiagnosed PID. Lack of clinical awareness and mild, recurrent
symptoms means that it is not uncommon for individuals suffering with some
forms of PID, particularly those from minority groups, to go undiagnosed and
continue to suffer from related health problems.147
1.3.2 Secondary Immunodeficiencies
Secondary immunodeficiencies can occur through a range of mechanisms
including malnutrition, aging, environmental toxins, and infection by
pathogens.148–150 Some SIDs are also induced as an unintended side-effect of
treatment for diseases such as cancer, or through intended therapeutic
suppression of the immune system to treat patients in whom a strong immune
response is undesirable such as transplant recipients and those with
autoimmune disease.151,152
In the past decade solid organ transplantation has become a common treatment
option for a range of life-threatening diseases. Organ transplant recipients are
put on strong, lifelong, immunosuppressant drugs following their transplant in
order to prevent immune-mediated rejection of the organ. NHS statistics
reported performing over 4600 solid-organ transplant operations during the
2015/2016 financial year and an additional 6400 patients were on the list,
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awaiting donors.153 Therapeutic immunosuppression is also used to treat a large
number of inflammatory diseases such as systemic lupus erythematosus,
multiple sclerosis and vasculitis. Immunosuppressive regimes for these diseases
are also generally life-long as the effects are palliative rather than curative. No
studies have been undertaken to specifically assess the prevalence of
autoimmune diseases in the UK, however a 2010 meta-analysis estimated an
overall prevalence of between 7.6 – 9.4% for 29 auto-immune diseases in the
USA, based upon the results of previous epidemiological studies performed in
Europe and North America,154 and it appears that the prevalence of autoimmune
diseases

is

increasing.155

Furthermore,

the

effects

of

therapeutic

immunosuppression are often broad, affecting multiple lymphocyte populations
(Figure 1.5), which can result in a marked susceptibility to infection.156,157
Increasing life spans combined with falling birth rates mean that the world’s
population is aging.158 Within the next 10 years the proportion of the UK
population over 65 is expected to exceed those under 15 years of age for the first
time.159 In the UK, almost 7,000,000 patients aged 65 and over were vaccinated
against seasonal influenza between September 2016 and January 2017 as they
were identified as at risk of severe infection.160 It has long been recognised that
infections and autoimmune diseases occur more frequently in the elderly. This is
primarily due to a decline in immune function termed immunosenescence.161,162
Studies of immunosenescence have demonstrated that cells of both the innate
and the adaptive immune system are affected including lymphocytes, regulatory
cells and NK cells.163–166 This deterioration has been linked to a number of ‘agerelated’ viral diseases such as West Nile virus disease and the mousepox virus
model in aging mice,167 suggesting that viral infections have a greater impact on
health as the immune system declines.
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Tcell

Bcell

NKcell

Figure 1.5. Reported effects of common immunosuppressive drugs. Common
immunosuppressive drugs used in transplantation have a broad effect across
multiple immune cell subtypes including T-cells, B-cells and NK-cells.
References: Ferron and Jusko (1998),168 Hannam-Harris et al (1985),169 Heidt et
al (2010),170 Tareyeva et al (1980),171 Eickenberg et al (2012),172 Meehan et al
(2013),173 Morteau et al (2010),174 Cseuz and Panayi (1990).175
Many cancer patients are also immunocompromised due to the use of
chemotherapy, which has a profound impact on the immune system as it targets
quickly dividing cells of which leucocytes are a part. According to the systemic
anti-cancer therapy (SACT) dataset, approximately 197,000 patients are
currently receiving cancer chemotherapy through the NHS in England as of
2017.176
Finally, secondary immunodeficiencies can also be acquired through infection by
a pathogen. The most infamous example is HIV-1 which depletes the T-helper
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cell population, leading to a severe form of combined immunodeficiency.177 HIV1 infects approximately 96,000 people in the UK.178 This number is rising as
modern combination antiretroviral therapy (cART) has led to a growing number
of survivors of both horizontal and vertical transmission.179
One aspect shared by every one of the immunodeficiencies described above, is
that their prevalence is increasing, be it due to increased awareness and
diagnosis of primary immunodeficiencies, increasing use of therapeutic
immunosuppression, or ageing of the population. Considering this together with
reports of transient immunosuppression in healthy individuals due to common
events such as pregnancy,154 stress,155 previous infection by unrelated
pathogens,148 lack of sunlight,180 time of day,181 and gender,182 makes it clear that
the interaction between our immune systems and viruses needs to be better
understood.
1.4 Viral Infections in Immunodeficient Individuals
All deficiencies of the immune system clinically manifest as a reduced ability to
combat infections. However, they exist in a spectrum of form and severity.
Susceptibility to viral infections has classically been associated with lymphocyte
deficiencies, particularly deficiencies of CD8+ cytotoxic T-cells. However, a large
number of other cell types contribute both directly and indirectly to the antiviral response. The impact of opportunistic viral infections in immunodeficient
individuals is best documented in PIDs, where the identity of the infectious agent
can provide clues as to the underlying genetic defect.
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1.4.1 Viral Infections in Primary Immunodeficiency
The compromised immune state suffered by immunodeficient patients puts them
at increased risk of disease caused by pathogens that are innocuous in a healthy
host. Some primary immunodeficiencies result in infection by a diverse range of
pathogens, whereas others predispose individuals to severe infections from a
specific pathogen only, with no other outward signs of immune dysfunction.183
An example of the latter is a mutation in the human TLR3 gene, a component of
the interferon induction pathway, which results in herpes simplex encephalitis
(HSE) caused by the ubiquitous HSV1. Case-studies of TLR3 deficient individuals
suggest that the gene is redundant in the immune response against most
pathogens but vital in the protection of the central nervous system against HSV1
resulting in severe inflammation of the brain.184,185
Another example of this is X-linked agammaglobulinemia (XLA). XLA is a
humoral immunodeficiency caused by a mutation in the BTK gene which
contributes to B-cell development.186 XLA patients predominantly suffer from
recurrent bacterial infections but have also been shown to have an increased
susceptibility to enterovirus infection resulting in hepatitis and encephalitis
which is often fatal.187 It is interesting to note that XLA patients do not suffer
infections by the highly prevalent Epstein-Barr virus, as the virus infects B-cells,
which these patients are lacking.188
Severe combined immunodeficiency (SCID) is at the opposite end of the primary
immunodeficiency spectrum. SCID is characterised as a defect in T-cell
development pathways, which generally has a knock-on effect on other
lymphocyte lineages such as B-cells and NK-cells.189 The fact that this deficiency
compromises multiple immune compartments means that these patients are
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susceptible to a wider range of viruses. Indeed, a severe course of disease in SCID
patients has been reported for a number of viruses including: respiratory
syncytial virus,190 parainfluenza virus,190 paramyxovirus,191 adenovirus,191
Epstein-Barr

virus,192

rotavirus,193

and

astrovirus.194

Overall,

primary

immunodeficiencies can often result in an increased susceptibility to viral
infections. However, the precise nature of the deficiency is a major determinant
of whether this susceptibility is to a single specific virus or to a range of virus
species.
1.4.2 Viral Infections in Secondary Immunodeficiency
Similarly to those with SCID, individuals with secondary immunodeficiencies are
at risk to a range of viral infections. This is particularly true for those with SIDs
acquired through chemotherapy and immunosuppressive drugs, or brought
about by aging, as these forms of immunodeficiency are non-specific and
generally affect multiple immune cell populations (e.g. Figure 1.5.), which results
in a broad gap in immunity. A recent report on emerging viral infections in the
transplant setting, illustrates this point by citing multiple reports of newly
acquired infections by a number of viruses including: hepatitis E virus;
coronavirus; measles virus; and lymphocytic choriomeningitis virus.195 Acquired
viral infections also represent a significant cause of morbidity and mortality in
chemotherapy patients and elderly adults.196,197 In one US-based study, influenza
virus and respiratory syncytial virus accounted for an average of 43
hospitalisations and 32 deaths per 1000 care home residents annually;198 and
meta-analysis study demonstrated a significant increase in both risk of death and
risk of admission to hospital following seasonal influenza infection in those over
65 compared to younger individuals.199
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Many of the infections mentioned above, are not uncommon in the healthy
population, however the outcome tends to be far more severe in patients with
secondary immunodeficiencies compared to healthy individuals. Perhaps the
most obvious example of this is the occurrence of AIDS in HIV-1 infected
individuals, in whom the development of immunodeficiency leads to lifethreatening disease caused by everyday pathogens.92 Indeed, human herpesvirus
8 (HHV8) infection of HIV positive patients results in the development of
Kaposi’s sarcoma, one of the defining diseases of AIDS.200 Whereas HHV8
infections in healthy individuals are predominantly asymptomatic.201
Furthermore, the development of secondary immunodeficiencies in later life
means that, unlike primary immunodeficiencies, patients frequently suffer from
complications associated with the re-activation of viral infections that were
acquired prior to the onset of immunodeficiency. Indeed, until the development
of effective antiviral drugs which are now used as prophylaxis, reactivation of
herpesvirus represented a major cause of morbidity and mortality in populations
such as solid organ transplant recipients and the elderly.202,203 The reactivation
of previously resolved hepatitis B virus infections is also well documented in a
range of immunosuppressed populations including patients undergoing
chemotherapy treatment,204 solid organ transplant recipients,205 and the
elderly.206
1.5 Virus Diagnostics
The first stage required to treat any form of infectious disease is diagnosis. Viral
diagnostic assays typically detect either the presence of the virus itself,
indicative of current infection, or the presence of an existing immune response to
the virus, indicative of past or on-going exposure.
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1.5.1 Viral Culture
Early attempts at viral diagnosis relied on the culture of virus in vitro through
the inoculation of cultured cells with clinical samples and observation for
cytopathic effect by microscopy over the following days. Immunofluourescent
staining or electron microscopy would also be used to provide further
confirmation of viral presence.20 Viral culture is now rarely used for laboratory
diagnosis as it is slow and lacks sensitivity and specificity compared to more
modern nucleic acid and serology based techniques. Further disadvantages
include the fact that culture assays require viable (replication competent) viral
particles, which is not always possible when samples cannot immediately be
stored appropriately, such as those taken in the field. Many viruses, such as HBV
and HCV, have also proven difficult to culture using conventional methods.207,208
Indeed, difficulty in culturing HBV was a major factor in hindering the discovery
of the aetiologic agent of "catarrhal jaundice".209
1.5.2 Enzyme-Linked Immunosorbent Assay
Enzyme-linked immunosorbent assay (ELISA) is currently one of the most
commonly used laboratory-based methods for viral diagnosis. The assay uses
monoclonal antibodies capable of binding to a specific viral antigen, or to host
antibodies that have themselves bound to the antigen.210 The presence of the
target is detected through the conjugation of enzymes to the monoclonal
antibodies. After incubation with a sample from the patient, un-bound
monoclonal antibodies are washed away and a substrate of the conjugated
enzyme is added. If the target of the assay is present, the substrate is catalysed in
the presence of the enzyme to produce a visible signal, the intensity of which is
measured as a measure of target concentration.
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Many diseases of unknown viral aetiology are thought to be caused by acute ‘hitand-run’ infections, where the virus itself has been cleared from the host but
symptoms of disease remain.211 Therefore, ELISAs designed to detect an
antibody response to a specific virus hold an advantage over many other
diagnostic assays such as the commonly used polymerase chain reaction (PCR)
(described below), as they do not require the virus to be present at the time of
sampling. Instead, these assays indicate whether a patient has previously been
exposed to a virus. IgM-specific ELISAs can be used to detect signs of recent
exposure to antigen (2-3 months), however, the results of all ELISAs must be
treated with caution, as past exposure cannot easily be implicated as the cause of
disease in the present.
1.5.3 Polymerase Chain Reaction
The development of nucleic acid-based tests (NATs) simultaneously increased
the speed, sensitivity and specificity of viral diagnostic methods. The polymerase
chain reaction (PCR) is the prototypical NAT. Developed in the late 1980’s, the
method employs two synthetically manufactured oligonucleotide molecules
known as primers, which are designed to specifically bind to the viral genome
molecule by conventional base-pairing and instigate the amplification of a
portion of the viral genome by the Taq DNA polymerase enzyme.212 Following
multiple rounds of DNA amplification which exponentially increase the amount
of DNA present, the DNA is visualised by gel electrophoresis. Taq polymerase
uses DNA as a template and therefore cannot directly detect the many viruses
with RNA genomes. Therefore, for RNA virus detection, a technique known as
reverse-transcription (RT) must be used to first transcribe the RNA into DNA
prior to PCR amplification.213
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PCR is highly sensitive, as it theoretically requires the presence of only one
genome molecule in order to detect a virus. However, in reality factors such as
the visualisation of PCR products and the imperfection of primer design restrict
this. Further benefits of PCR over viral culture include its ability to be easily
tailored to detect any virus or gene by altering the primers used as well as the
fact that, unlike virus culture methods, the virus does not need to be replication
competent to be detected.
1.5.4 Quantitative PCR and Digital PCR
Quantitative PCR (qPCR) is an adaptation of the classical PCR approach and uses
fluorescent dyes to directly measure the amount of DNA amplification occurring
in a PCR reaction. The resulting intensity of fluorescence is directly proportional
to the amount of DNA template in the starting sample and can be used to
compare the amount of virus in different samples. The actual number of viral
genome copies present in a sample can also be calculated through comparison to
the fluorescence generated by serial dilutions of a DNA standard of known
concentration. Therefore qPCR is extremely useful for applications where
changes in viral load are relevant, such as monitoring a HIV positive patient’s
viral load in response to therapy.214
Two forms of qPCR are commonly used for viral diagnosis: SYBRGreen and
Taqman probe, both of which work following the same basic principles as
conventional PCR, however both also generate a measurable fluorescent signal
when PCR amplification occurs. SYBRgreen makes use of a fluorescent dye which
intercollates with double-stranded DNA (dsDNA) molecules, causing an increase
in fluorescent intensity as dsDNA molecules are produced by the PCR reaction.215
The Taqman probe approach employs an additional oligonucleotide molecule
known as the probe, which binds downstream of the primers. Attached to either
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end of the probe are a fluorescent dye molecule and a quencher molecule that
absorbs any light emitted from the dye whilst the two are in close proximity. The
Taq polymerase enzyme cleaves the dye molecule through its exo-nuclease
activity as it passes along the DNA strand, freeing the dye from its proximity to
the quencher molecule and allowing it to fluoresce.216 SYBR green assays are
generally cheaper to perform as they do not require the manufacture of the
Taqman probe however non-specific amplification and primer-dimer formation
can generate false positives as the dye binds to any dsDNA molecule. Nonspecific signal can however be identified by dissociation curve analysis.217 The
use of a probe can increase the specificity of the reaction but also reduces the
assay’s ability to detect variants of a virus. As well as its ability to quantify virus,
qPCR is faster and generally more sensitive than traditional PCR as there is no
need for an extra step to visualise the product and the results can be read in realtime for rapid diagnosis.
Digital PCR (dPCR) is a recently developed modification of the qPCR approach
which works by performing thousands of individual qPCR reactions on a single
sample. The sample is diluted so that each reaction contains either a single or
zero viral genomes.218 By calculating the number of positive to negative
reactions and employing Poisson statistics to account for reactions that may
contain greater than one viral genome, the viral load can be calculated without a
standard. Foregoing use of a standard curve to estimate copy number has the
ability

to

improve

inter-laboratory

variation

in

quantitation

results.

Furthermore, by performing many reactions on a single sample dPCR has the
potential for greater sensitivity than that of qPCR and capable of detecting virus
at low levels which have been suggested as significant in some patient groups.219
Despite these factors, the greater cost of performing multiple reactions means
that dPCR is unlikely to replace qPCR for everyday diagnostic assays.
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1.5.5 Multiplex qPCR and Microarrays
One downfall of the methods described so far is that a priori knowledge or
expectation of a specific virus target is required for the diagnosis to be
meaningful (particularly regarding the design of PCR primers). By performing a
single reaction containing multiple probes with dyes that emit light at different
wavelengths, multiplex qPCR can be used to simultaneously detect several
viruses at once. This is particularly useful when diagnosing patients with
symptoms typical of multiple viruses such as hepatitis,220 or when a single
primer set is not sufficient to detect every virus sub-type.221
Multiplex qPCR is restricted by the need for primer sets with similar thermostabilities.222 They are also generally limited to the detection of less than ten
targets, due to limitations in the wavelengths of light that are detectable by the
machine and also the number of available dyes that can be distinguished by the
wavelength that they emit.
Taqman low-density arrays (TLDAs) and microarray technology have vastly
increased the number of viruses that can be targeted by a single assay. ViroChip,
a microarray capable of targeting over 1500 viruses simultaneously is
particularly noteworthy.223 Both TLDA and microarray assays work by attaching
oligonucleotides, which are capable of complimentary binding to viral genomes,
directly to a plate. TLDAs work by using the oligonucleotides as primers for a
qPCR reaction,224 whilst microarrays detect the hybridisation of fluorescently
labelled DNA or cDNA to the oligonucleotides.225 Both approaches are still
limited by a priori expectation, as oligonucleotide probes must be designed to
specifically bind the virus genomes of interest. Primer design for TLDAs is
further complicated by the fact that all qPCR reactions must be optimised and
validated to work at the same temperature. Both assays are also often expensive
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as the production of plates is a specialised process and there is a trade-off
between the number of targets on a single plate and the number of samples that
can be run. Furthermore, microarrays generate a large amount of data which
requires investment in computational infrastructure, informatics knowledge and
time to analyse.
1.5.6 Viral Metagenomic Sequencing
Next generation sequencing (NGS) technologies have provided a means of
overcoming the bias of sequence specific PCR-based diagnostic assays. By
sequencing all of the DNA or RNA present in a sample, a method known as
metagenomic sequencing, any virus genome can be detected with no need for
primer design or the a priori knowledge of pathogens that may be present. This
method can be used as an independent diagnostic assay, or as a tool to assess
representative populations and provide guidance for the faster and cheaper
directed diagnostic methods described above. Advances in metagenomics have
been largely facilitated by the falling cost and increasing power of NGS over the
past decade as technologies have improved, due in large part to the ‘1000
Genome Project’.226
Metagenomics-based viral diagnostics has facilitated the discovery of many new
viruses,227 as well as aided in the diagnosis of diseases caused by unsuspected
viral pathogens,228 and resolved the presence of co-infections.229 However,
whilst the method clearly has great potential as a tool for identifying viruses in
patient samples, it also has several limitations. The foremost of these limitations
is a lack of sensitivity, particularly when compared to targeted diagnostic assays
such as (RT)-qPCR. An example of this flaw was recently observed by a research
team responding to the 2015-16 South American Zika virus epidemic. The team
performed metagenomic sequencing on clinical samples that had previously
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tested positive for Zika virus by qRT-PCR. However, despite using a method
designed to enrich for viral sequences (ribosomal RNA [rRNA] depletion),
clinical samples containing lower levels of virus (10-48 genome copy equivalents
per µl of extracted RNA) produced very few Zika specific reads (mean = 0.005%
of total reads, range 0-0.011%). Hence no detectable viral reads were were
detected in some samples, while others produced only low sequence coverage of
the virus genome of interest (mean = 26.32%, range 0-79.2%).230
The genomes of human viruses are many orders of magnitude smaller than that
of their host. Therefore, unless viral copy number is high (e.g. during the acute
stage of infection), direct sequencing of nucleic acid extracted from an infected
tissue sample will predominantly produce sequences derived from the host and
very few from the infecting virus. Viral enrichment techniques, such as the rRNA
depletion method mentioned above, have therefore been developed in order to
address this imbalance. Ribosomal RNA is well conserved and highly abundant in
cells, making it a relatively easy target for subtraction methods. In general, these
methods aim to deplete host nucleic acid prior to sequencing in order to increase
the overall proportion of reads generated from the infecting virus. By doing this,
the sensitivity of the approach can be improved and the chance of generating
sufficient reads to reconstruct the viral genome is increased.
Early methods of virus enrichment were developed before NGS was available. At
the time they were used in combination with cloning and Sanger sequencing to
produce viral sequences. However, the advent of NGS greatly increased their
potential in terms of throughput. Representational difference analysis (RDA) was
one of the first viral enrichment methods described.231 RDA is a hybridisationbased method for detecting differences between two nucleic acid populations
and was successfully applied in the discovery of a novel herpesvirus (human
herpesvirus 8) from the lesions of AIDS patients.232 The method works by
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extracting total nucleic acid from the affected tissue of a patient with the disease
of interest. The RNA in the extract is reverse transcribed and subjected to
second-strand

synthesis

to

make

double-stranded

DNA

(dsDNA).

An

oligonucleotide adapter is then ligated to either end of the dsDNA molecules.
This adapter-bound DNA is then mixed with an excess of DNA prepared from
unaffected tissue of the same individual. The mixture is heated to denature the
dsDNA molecules and cooled to allow re-annealing of complimentary sequences.
This results in three distinct types of dsDNA molecule: 1) those consisting of one
DNA strand derived from the affected tissue and another from the control tissue
(e.g. the molecule is present in both diseased and healthy tissues); 2) those
consisting of both strands from the control tissue and; 3) those consisting of both
strands derived from the affected tissue. The latter group should be enriched for
DNA molecules that are present exclusively in the diseased tissue and not in the
healthy control tissue. Furthermore, this is the only group containing dsDNA
with the adapter molecule attached to both strands. PCR amplification is
performed on the resulting mixture, using a primer directed to the
oligonucleotide adapter, enriching for these molecules. This method can be
repeated multiple times to further enrich the sample for ‘disease-specific
sequences’ before cloning or sequencing. The primary drawback of this method
is the need for an unaffected control sample, usually from the same patient,
which is not always possible. This requirement also means that non-solid tissue
samples such as plasma or urine are not viable.
Virus discovery cDNA-amplified fragment length polymorphism (VIDISCA) is
another method that has been successfully used to identify a previously
unknown virus infecting a patient.233 This method again begins by extracting
total nucleic acid from the affected sample and performing reverse transcription
and second-strand synthesis to convert RNA into dsDNA. The dsDNA is then
subjected to restriction digest reactions using enzymes with common
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recognition sites which are therefore likely to be present in viral molecules.
Restriction enzyme specific ‘anchors’ are then ligated to the end of the digested
products and used as primer-binding sites for PCR amplification. The resulting
PCR fragments are then compared to those produced by an uninfected control,
and those specific to the infected sample are cloned and sequenced.
Both RDA and VIDISCA were vital tools in the early stages of viral discovery.
However, noticeably, both methods require well-matched uninfected tissue as a
control and this resource is rarely available. Furthermore, the methods are
complex, time-consuming, and low throughput, and are therefore not well suited
to clinical settings. Instead, the most widely used viral enrichment methods are
those that are simple, fast and affordable for most laboratories. Reported
methods typically include a combination of: centrifugation and filtration of
samples to remove bacteria and host cells;234 nuclease degradation of unprotected host DNA (the viral genomic material is protected by the viral capsid);
235

and specific depletion of highly abundant host ribosomal RNA by

hybridisation.236
Studies comparing these viral enrichment methods have yielded contrasting
results. Rosseel et al (2015) tested combinations of sample filtration, DNase
treatment, and rRNA depletion on a single RNA virus culture, artificially spiked
into lung homogenate and serum.237 The authors reported that a combination of
DNase and rRNA depletion generated the greatest proportional increase of viral
sequence reads from serum, whilst rRNA depletion alone performed best for the
lung sample. Indeed, DNase treatment of the lung sample actually decreased the
depth of sequencing coverage of the virus. These findings suggest that it is
difficult to apply a single method to any given sample type. Furthermore,
extrapolation of this result to other viruses and sample types may be unreliable
as the method was only tested on a single RNA virus.
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A further study by Hall et al (2013) tested the effect of 3 viral enrichment
methods: low-speed centrifugation, filtration through a 0.45µm syringe filter,
and nuclease (DNase and RNase) digestion on a selection of 3 viruses: two with
RNA genomes (influenza A virus and enterovirus) and one with a DNA genome
(adenovirus).238 Virus cultures were mixed with aliquots of E. coli and human
cell cultures to mimic a clinical sample. Each of the enrichment methods tested
led to a reduction in both host and viral copy number, as determined by (RT)qPCR. However, following sequencing the authors concluded that a combined 3step treatment led to the greatest increase in viral reads as a proportion of the
total reads produced. The proportion of enterovirus-specific sequences was
increased from 0.2 % to 4.7 % of total reads by using the 3-step enrichment
method. However, the increase in influenza virus sequence reads from 0.001 %
to 0.0113 % was less impressive, and the proportion of adenovirus reads
actually decreased from 0.002 % to 0.0006 % suggesting this method is not
suitable for the identification of DNA viruses. Interestingly, despite being a part
of the 3-step protocol, the use of nucleases alone led to a decrease in influenza
virus reads. Furthermore, adenovirus read output was reduced even when using
simple methods such as centrifugation and filtration, both of which one would
not expect to specifically impact viruses with a DNA genome.
The comparisons of viral enrichment methods described above are largely
focused on RNA viruses. RNA viruses are frequently the target of viral
metagenomic studies because they are considered the viruses with the most
“epidemic” potential. However, a truly unbiased metagenomic approach would
have the ability to detect both RNA and DNA viruses simultaneously.
One study created a pool of 25 RNA and DNA viruses representing 9 distinct viral
families to test the effect of filtration and nuclease treatment.239 Both forms of
enrichment led to a reduction in the number of viral sequences generated, as
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well as a reduction in the total number of virus species detected. It should
however be noted that this study was merely observing the effect of these
methods on virus recovery. The material being tested did not contain any human
cells and therefore these results cannot necessarily be extrapolated to predict
how the method would perform in samples with high levels of background (e.g.
clinical samples).
A further study using infected tissue samples aimed to develop a protocol for
unbiased detection of both RNA and DNA viruses.240 A range of published
methods for tissue homogenisation, virus enrichment, nucleotide extraction, and
PCR amplification were tested on tissue from embryonated chicken eggs, which
had been experimentally infected with 1 of 4 viruses: 2 with DNA genomes (T3
reovirus and vaccinia virus) and 2 with RNA genomes (influenza A virus and
Sendai virus). Each method was scored based on whether it lead to an increase
or decrease in the proportion of viral to host sequences. A maximum of 4 points
was awarded when the method proportionately increased the virus to host ratio
for all 4 virus species. Three virus enrichment methods scored the maximum of 4
points, these were 1) purification of virions on a sucrose gradient followed by
further ultracentrifugation to pellet the virions; 2) DNase digestion of host
nucleotides; and 3) filtration through a 0.2 µm filter (interestingly, an alternative
method using a larger 0.45µm filter scored -2 points). Another notable result was
the score of only 1 point for rRNA depletion, a method commonly used in
metagenomics studies.
Considering the results of the above studies, it is clear that, despite these
methods having the potential to improve metagenomic sequencing sensitivity,
the improvements are not universal for all viruses and may come at a cost to the
unbiased approach depending on the virus and sample type. Furthermore, these
methods can only partially deplete non-viral genetic material. Therefore,
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sequencing of enriched samples still results in the production of predominantly
non-viral reads.238
During the course of this thesis, a new approach named VirCapSeq was
described, which appears to be a promising tool for vastly reducing background
sequences and improving the sensitivity of viral metagenomic sequencing. The
method employs approximately 2 million biotinylated oligonucleotide probes,
which are mixed with the NGS library prior to sequencing, to specifically
hybridise virally derived DNA.241 The viral DNA - probe complex can then be
retrieved from solution by using streptavidin-coated beads to bind the biotinlabelled probes, enriching the library for viral sequences. This library of
oligonucleotide probes was computationally designed using a database of coding
sequences representing all the members of viral taxa known to infect
vertebrates. The 100 nucleotide-long oligomers were designed to bind at regular
intervals with 25 - 50 bp overlaps to cover the entire coding region of viruses.
The study reported that use of the array for enrichment resulted in a 100 to
1000-fold increase in depth of genome coverage, across the coding regions of a
range of RNA and DNA viruses, compared to a standard virus sequencing
approach (filtering and nuclease treatment). Despite being designed based on
207 viral taxa, this approach may still introduce bias against undiscovered
viruses not represented in the sequence database, as the probes are designed on
known viral sequences. However, to account for natural sequence variation, the
authors included variants with greater than 10 % diversity. Production of this
array is expensive if used for large, multi-sample, viral metagenomic studies.
However, by reducing the depth of sequencing required to generate adequate
viral coverage, higher levels of multiplexing are possible, thus reducing the cost
per sample.
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Ironically, one of the major strengths of metagenomic approaches is also one of
its key weaknesses. Its non-specificity means that the approach is highly
susceptible to contamination from both other samples and the laboratory
environment, which can result in false-positive results. Contaminating viruses
have been detected in a range of common laboratory reagents: a novel
parvovirus-like virus was detected in nucleic acid purification columns;242 a
complete genome of bovine viral diarrhoea virus was generated from low level
contamination of commercial foetal bovine serum, a reagent commonly used in
cell culture methods;243 and there have also been a number of reports of trace
contamination by murine leukaemia virus in samples that had undergone
reverse transcription244 (likely due to the fact that reverse transcriptase
enzymes are engineered from murine retroviruses).
One particularly interesting case of potential contamination involves the first
ever report of a novel giant virus, giant blood Marseille virus (GBM), in human
blood.245 The virus was detected in a single blood sample when performing
metagenomic sequencing of plasma from 10 asymptomatic donors in France. The
presence of the virus was confirmed by PCR, electron microscopy, in situ
hybridisation and virus culture methods. This result was surprising as relatives
of this virus primarily infect amoeba and had never previously been isolated
from any animal species. The same group went on to use PCR to screen the blood
of a further 174 blood donors and 22 patients who had received multiple blood
transfusions from southern France, reporting a GBM prevalence of 4% and 9.1%
respectively.246
A second group wished to test these findings and recruited 339 patients
including: 150 healthy blood donors, 50 patients who had received multiple
blood transfusions, and another 139 blood donors, recruited from the southern
region of France where the high prevalence of GBM was reported in the previous
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study.247 Using the PCR assay described in the initial report, this group was
unable to detect a single positive patient, leading them to propose laboratory
contamination as a possible reason behind the earlier results.
The initial group have since followed up with a report of GBM in the blood of a
child suffering from adenitis, and further identified the virus was present in the
lymph node by in situ hybridisation and immunohistochemistry.248 They also
showed that the virus was detectable in the lymph node of a woman diagnosed
with Hodgkin’s lymphoma (again by PCR, in situ hybridisation and
immunohistochemistry).249
Interestingly the original authors suggest that these giant viruses are being
missed by the majority of human viral metagenomics studies due to enrichment
methodologies such as filtration which exclude larger structures.250 However,
reproducibility is important for novel findings, and until these results can be
confirmed in other laboratories it is difficult to exclude contamination as the
reason why this virus is being detected.
The potential of contamination is a major issue for NGS studies, particularly
when using lower amounts of input RNA/DNA such as those generally seen when
working with clinical samples.251 Several methods have been suggested as a way
to reduce the risk of false-positive results including the use of a negative control
when preparing and sequencing samples,252 setting a read count threshold below
which sequences are not considered for analysis,253 and confirming sequencing
results by PCR of the original sample.254 None of these methods are perfect
individually and reliance on a single one can potentially lead to false-negative
results. However, combined with appropriate sample handling techniques,
unidirectional workflows and cleaning routines, they can dramatically reduce
the potential for contamination.
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Overall, an array of viral diagnostic methods is available, with variations in
speed, sensitivity, specificity and cost. Next-generation metagenomic sequencing
is a powerful tool for the detection of viruses in populations such as
immunodeficient patients, where a wide-range of pathogens may be suspected,
as no a priori assumptions are made as to what pathogens are present. However,
it is expensive compared to current clinical diagnostics and the sensitivity of this
approach is low, relying on clumsy enrichment methods to allow the generation
of sufficient viral sequence reads for use. Furthermore, even if sufficient viral
reads are produced, the method is then still reliant on suitable informatic
methods and databases to identify these sequences as viral (discussed in chapter
3, section 3.1.7).
1.6. Conclusion and Aims
In summary, viruses are important human pathogens capable of causing disease
and mortality through a wide-range of mechanisms. Immunodeficiencies weaken
an individual’s defences against all pathogens including viruses, which often
result in severe and persistent infections. However, the routine, clinical
investigatory method for viruses is typically restricted towards a small number
of suspected pathogens and, once an agent is detected, it typically does not take
the possibility of further sub-clinical infections or co-infections into account.
Therefore, the true prevalence and impact of many of viral infections is likely to
be underestimated. In particular, sub-clinical infections of immunodeficient
populations require investigation as evidence suggests that they may play a key
role in seeding new disease outbreaks.
The aim of this research was therefore to investigate the prevalence and effects
of viral infections in different immunocompromised populations, based on the
following three objectives:
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1. To optimise an unbiased metagenomic sequencing method for determining
the prevalence of viruses in clinical blood samples.
2. To survey the prevalence of viral infections in the blood of patients across a
range of immunodeficiency types.
3. To determine whether any of the detected viruses are associated with specific
clinical outcomes or disease.
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Chapter 2
Methodology
2.1. Nucleic Acid Extraction and Preparation from Plasma
Total nucleic acid was extracted from 200 µL of plasma using the High-Pure Viral
Nucleic Acid Kit (Roche, Basel, Switzerland) according to manufacturer’s
instructions and eluted in 40 µL of elution buffer.
An overview of the method used to prepare nucleic acid for sequencing is shown
in Figure 2.1. The RNA contained in the nucleic acid extractions was reverse
transcribed in three reactions per sample using 5 µL of total nucleic acid per
reaction as input. 50 ng of random hexamer primers and 1 µL of 10 mM dNTPs
were added and volume was adjusted by adding RNase-free water to a volume of
13 µL. The mixture was heated to 65°C for 5 minutes to denature secondary
structure and anneal the primers. 200 U of Superscript III enzyme (Thermo
Fisher Scientific, Waltham, Massachusetts, USA), 40 U of RNase OUT (Thermo
Fisher Scientific, Waltham, Massachusetts, USA), 1X Superscript III Reaction
buffer, and 1 µL of 0·1M dithiothreitol were added to the reaction mixture as
advised in the enzyme manufacturers protocol, to a final volume of 20 µL.
Reverse transcription was performed by incubating at 25°C for 5 minutes to
extend the random primers, followed by cDNA synthesis for 50 minutes at 50°C.
The reaction was terminated by heating to 94°C for 3 minutes, and then cooled
to 4°C.
Second-strand synthesis of cDNA and single-stranded DNA was performed by
adding 2·5 U of large klenow fragment (New England Biolabs, Ipswich,
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Massachusetts, USA) to each reaction and incubating at 37°C for 60 minutes
followed by 75°C for 10 minutes to inactivate the enzyme.
Reactions containing double-stranded DNA were combined for each sample to
give a volume of 60 µL. The DNA was purified using AMPure XP beads (BeckmanCoulter, Brea, California, USA) and re-suspended in 30 µL of Tris-EDTA buffer
(10mM Tris, 1mM EDTA, pH 8.0) (Life Technologies, Carlsbad, California, USA). A
bead to sample ratio of 1·8 : 1 was used to recover the greatest possible range of
DNA species whilst removing small fragments. Quality and quantity of doublestranded DNA was determined using the Bioanalyser 2100 high sensitivity DNA
kit (Agilent, Santa Clara, California, USA) and Qubit high sensitivity dsDNA kit
(Thermo Fisher Scientific) before library preparation.

Extrac-on&of&Total&
Nucleic&Acid&

Reverse&
Transcrip-on&of&
RNA&

Second9strand&
Synthesis&of&cDNA&
and&ssDNA&

Puriﬁca-on&of&
dsDNA&

Quan-ta-on&of&
dsDNA&

Figure 2.1. Pre-library preparation workflow for total nucleic from plasma.
Total nucleic acid (RNA and DNA) was extracted from 200 µl of plasma. The
combined nucleic acid extract was subjected to reverse-transcription to
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transcribe RNA into cDNA, and second-strand synthesis to convert singlestranded DNA/cDNA into double-stranded DNA. Double-stranded DNA was then
purified and quantified for library preparation.

2.2. Illumina Library Preparation and Sequencing
Library preparation and Illumina sequencing was performed by the Wellcome
Sanger Institute unless otherwise stated. 100-200 ng of DNA was fragmented to
~ 500bp by sonication using the LE220 sonicator (Covaris Inc., Woburn,
Massachusetts, USA). Individual Illumina sequencing libraries were prepared
and indexed from the fragmented DNA using the Sure Select library preparation
kit (Agilent, Santa Clara, California, USA). Index tagged samples were then
amplified using the KAPA HiFi kit for 6 cycles (Roche, Basel, Switzerland),
quantified using the LabChip GX

1k assay (Perkin Elmer, Waltham,

Massachusetts, USA), and pooled together in an equimolar fashion to be
multiplexed 48X on the Hi-Seq 2500 (Illumina, San Diego, California, USA),
generating 100-125 base-pair, paired-end reads.
2.3. Informatic Analysis of Illumina Sequence Data
Sequences of viral origin were identified using the workflow depicted in Figure
2.2. Paired-read files were imported into CLC Genomics Workbench v 7.5.1 for
analysis (Qiagen, Hilden, Germany). Low quality reads were trimmed using the
CLC trimming algorithm with the recommended default threshold of 0.05. The
algorithm uses a modified version of Mott’s trimming algorithm to remove low
quality bases from the ends of reads, by calculating the probability of an
erroneous base-call based on Phred quality scores.255 If a read contained > 1
ambiguous base-call, consisted entirely of low complexity repeats (e.g. polyA/T),
or less than 50 bases (33% of the read) remained following trimming, the entire
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read was discarded to avoid non-specific mapping in the steps to follow.
To speed analysis, sequence datasets were next reduced in size by digital
subtraction, mapping reads to the Homo sapiens reference genome (GRCh37
build, grch37.ensembl.org/), the human CCDS database (GCF_000001405.26,
NCBI

annotation

release

106,

Ensembl

annotation

release

76,

www.ncbi.nlm.nih.gov/ projects/CCDS),256 and an additional database of human
mitochondrial and ribosomal RNA sequences. Mapping was performed using the
optimal subtractive parameters: requiring matches of 90% similarity over 80%
of the read length as described by Daly et al.257

Raw(sequence(
data(
Adaptor(
trimming,(low(
quality(and(low(
complexity(read(
removal(
Subtrac;on(of(
host(reads(
Iden;ﬁca;on(of(
viral(reads(by(
mapping(to(
database(
Conﬁrma;on(of(
viral(origin(by(
BLASTn(

Figure 2.2. Overview of the informatic workflow for the detection of viral
reads in Illumina sequencing data. Raw sequence data was imported into CLC
genomics workbench where low quality and low complexity reads were
removed. The remaining reads were first mapped to the human reference
genome to remove host sequences and then mapped to the viral reference
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database. Reads successfully mapped to the viral database were interrogated
against the complete non-redundant nucleotide database by BLASTn to confirm
their viral identity.
Reads that remained un-mapped to the human reference dataset were
interrogated by mapping to a custom database of virus genomes containing 1420
genomes

generated

from

the

NCBI

RefSeq

database

(www.ncbi.nlm.nih.gov/genome/viruses). This database was constructed by
manual removal of viruses that exclusively infect non-vertebrate hosts (eg.
viruses of the order Caudovirales, the family Virgaviridae, and the genus
Cypovirus, which exclusively infect bacteria, plants and arthropods respectively)
(see Appendix for a list of viral genomes included in the final database). Reads
were mapped to the vertebrate virus database using a match threshold of 80 %
similarity over 80 % of the read. These parameters meant that a maximum
divergence of 36% between sequenced viruses and the reference genomes was
allowed for. The high level of viral genome variability even within clades means
that it is possible that more lenient mapping parameters could have led to the
identification of further viral sequences. However, parameters that are overlenient can result in large numbers of sequences being incorrectly identified as
viral, particularly when dealing with short reads such as those produced by
Illumina sequencing. The resulting mapped reads and contiguous sequences
were confirmed as viral by BLASTn alignment to the non-redundant nucleotide
database (https://blast.ncbi.nlm.nih.gov/ Blast.cgi).258 BLAST results were
sorted by e-value and sequences whose best match was either non-viral or
ambiguously viral/non-viral were excluded.
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Figure 2.3. Overview of the complete method to be used for viral
metagenomic sequencing of blood as determined by the experiments
described in chapter 3. Plasma was selected over PBMCs for sequencing due to
its propensity to result in greater viral coverage. This is likely due to the lower
abundance of host genetic material in plasma. The high pure viral nucleic
extraction kit was selected for nucleic acid extraction due to its combined use of
chemical and enzymatic denaturation methods which has been shown to
increase viral nucleic acid recovery. RNA and single-stranded DNA was
converted to double-stranded DNA by reverse transcription followed by secondstrand synthesis, however no PCR amplification method was to be used so as to
avoid amplification bias. AMPure XP beads were selected to purify doublestranded DNA prior to library preparation as the method is comparable to
ethanol precipitation with the benefit of removing small (<100 nt) DNA
fragments. The Kapa hyperplus kit was selected for library preparation as it is
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suitable for low amounts of input DNA (< 100 ng), which are produced when PCR
amplification is foregone. Illumina sequencing platform was selected as it
produces the greatest number of reads which is likely to benefit the
metagenomic approach being taken. Finally, it was determined that the CLC
mapping algorithm was most sensitive for the detection of viral reads.
2.4. Contamination and Confirmation of Results
To reduce chances of cross-contamination between samples and from the
environment, all manipulations of samples and reagents were performed
wearing disposable gloves, and each stage of sample preparation was performed
in contained cabinets, following a linear workflow. Cabinets, work surfaces and
equipment were cleaned regularly between uses with 10% bleach, or DNase, and
RNase-removal solutions. Total nucleic acid extraction was performed in a class
II biosafety cabinet contained within a room dedicated to nucleic acid extraction
and the manipulation of non-amplified nucleic acid. Reaction mastermixes for
reverse transcription, second-strand synthesis and PCR assays were prepared in
a dead-air PCR cabinet, containing dedicated pipettes and fitted with a UV light
for sterilisation between uses in order to avoid contaminating the reagents. PCR
products were handled exclusively in a post-PCR room.
Despite the measures described above, potential cross-sample contamination
was thoroughly investigated. Typical patterns of contamination such as the same
virus occurring in multiple consecutive samples in a lane were confirmed by
nucleotide alignments and PCR testing of the original sample. Detected
contamination events are described in each individual chapter when applicable.
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2.5. Anellovirus Quantification
Anellovirus was quantified by dual-labelled qPCR using the primers and probe
described by Vasilyev et al 47 (Table 2.1) and the QuantiTect Virus + ROX Vial Kit
(Qiagen, Hilden, Germany). Triplicate reactions contained: 2 µL of nucleic acid; 5
µL of QuantiTect Virus Mastermix (5X); primers to a final concentration of 0·4
µM and; dual-labelled probe to a final concentration of 0.2 µM. RNase-free water
was added to a final volume of 20 µL.
Name

Sequence

TTV sense

5’-CCT GCA CTT CCG AAT GGC TGA GTT-3’

TTV antisense

5’-CTT GAC TGC GGT GTG TAA ACT CAC-3’

TTV probe

5’-FAM-CCT CCG GCA CCC GCC CTC GGG ACG-BHQ1-3’

Table 2.1. qPCR primer and probe sequences used for the quantitation of
anellovirus, targeting the conserved UTR region of the genome. Primer and
probe sequences were designed by Vasilyev et al.47
The assays were performed on the Rotor-Gene 6000 (Qiagen) following the
manufacturer’s

recommended

2-step

cycling

with

a

combined

annealing/extension at 60°C for 40 cycles. Gain settings were optimised
automatically prior to first acquisition and fluorescence data was acquired
during the annealing / extension step of the cycling. Threshold levels were set
manually.
PCR product from a positive sample was purified by agarose gel electrophoresis,
extracted, quantified using the Qubit HS dsDNA kit (Thermo Fisher Scientific)
and serially diluted for use as a standard. The assay’s limit of detection was
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designated by the concentration at which detection of the standard was
stochastic (equivalent to 1000 copies / mL of plasma).
2.6. Statistical Methods
Basic statistical comparisons throughout all chapters of this thesis included:
paired t-tests to compare the means of two paired groups; Fisher’s exact tests to
compare proportions between two groups; Mann-Whitney U tests to compare
the medians of two groups; McNemar’s tests to compare proportions between
two paired groups; Wilcoxon-signed rank tests to compare medians between
two paired groups; linear regression analysis to test for a relationship between
two or more variables; ANOVA to compare the means of more than two groups
and Tukey’s multiple comparison test to make individual group comparisons;
and Mantel-Cox tests to compare the survival distribution between two groups.
Analyses were implemented in R v.3.3,259 (McNemar’s test and linear regression
analysis) and GraphPad Prism v.5.0 for Mac OSX (GraphPad Software, La Jolla
California USA, www.graphpad.com).
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Chapter 3
Development of a Metagenomic Sequencing Method for the
Detection of Blood-Borne Viruses
3.1. Introduction
Following the completion of the human genome project 15 years ago, next
generation sequencing (NGS) has become an instrumental tool in practically all
areas of biology.260 The impact of metagenomic sequencing on the field of
virology is perhaps best demonstrated by the rate of novel viruses discovered
since the release of the first NGS machines in 2008, as the development of these
machines was accompanied by falling costs and greater accessibility to
sequencing technology (Figure 3.1). Some further examples of viral metagenomic
sequencing

success

include:

its

use

complementing

routine

clinical

diagnostics;261,262 the identification of novel virus species in cases where routine
diagnostics have failed;263–266 the safety screening of vaccines for adventitious
pathogens;267 and monitoring of changes in the virome that are associated with
diseases such as inflammatory bowel disease and AIDS.268–270
The ability to sequence at increasing depths has allowed researchers to begin
focusing on entire communities of organisms without culturing them, in a
method known as metagenomics. Of particular relevance to this study is the
impact of metagenomics on our understanding of the communities of bacteria,
yeast, fungi and viruses that inhabit the human body. In its totality, this
community is known as the microbiome, which includes the most variable and
poorly defined component, the ‘virome’.271
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Figure 3.1. Rate of viral discovery and sequencing costs in the “Next
Generation” sequencing era.
The release of next generation sequencing technology in January 2008
coincided with a fall in the cost of sequencing and a rise in reports of novel
viruses. Publication number was calculated using the search term ‘novel
virus’ in pubmed. Cost of sequencing data was obtained from an NIH report
written by Wetterstrand (2016).342 As costs were reported multiple times
per year, the months of September and October were used.
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As discussed in the introduction to this thesis, the major benefit of metagenomics
is that it can be used to detect viruses without a priori knowledge regarding
which species are likely to be present. However, the approach lacks sensitivity
compared to PCR-based methods. To account for this low sensitivity, it is
essential to optimise the steps of the metagenomic pipeline, as each represents a
potential bottleneck that can result in sample loss (Figure 3.2).
3.1.1 Sample selection
Sample selection is an important factor when designing a metagenomic study, as
it determines which viruses it will be possible to detect. The life cycle of viruses
means that many can be found at high levels in the blood, as they use the
circulatory system as a means of transport to and from the tissue in which they
replicate. Furthermore, some viruses, such as EBV and HIV-1, infect the blood
cells themselves.272,273 Unlike viruses found in the digestive or respiratory tracts,
those found in the blood have crossed the epithelial barrier. Therefore, their
presence is indicative of systemic infection and less likely to be coincidental.
Finally, in the clinical setting, blood samples are routinely collected from patients
to be used in a range of diagnostic tests. Repositories of these samples provide
researchers with access to cohorts of patients that would take years to recruit
prospectively, stored in the form of frozen plasma and peripheral blood
mononuclear cells (PBMCs).
Metagenomic studies examining the blood virome have only recently begun to be
published and therefore methodologies are extremely variable. Whilst the
majority have used blood plasma,39,245,274,275 some have opted to sequence
PBMCs or whole blood.276,277 The majority of methods have tended to mimic
early metagenomic studies of the faecal virome by focusing on DNA
viruses,39,245,275,278 therefore excluding the large number of viral families with
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Figure 3.2. Sample loss bottlenecks in the metagenomic workflow.

Overview of the viral metagenomic sequencing methodology stages at which loss of sample can occur.
Each stage represents a potential risk of sample loss due to the bottleneck described. As more sample
(including virus) is lost, the likelihood of detecting low abundance species such as viruses is decreased.
Therefore, it is necessary to optimise each stage to maximise sensitivity. Stages marked as optional are
those used in some published studies but not in others.
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RNA genomes. Conversely, others have excluded DNA entirely and focused
exclusively on RNA viruses.279,280 All of these methodologies follow a similar
workflow but vary in terms of sample type, method of nucleic acid extraction,
use of viral enrichment and PCR amplification, and method of viral sequence
identification. At present no attempt has been made to compare these methods,
and therefore the optimal approach for viral metagenomics of blood samples has
been unclear.
3.1.2. Nucleic acid extraction
Following the collection of samples, nucleic acid must be extracted from within
cells and viral capsids before it can be sequenced. Choice of nucleic acid
extraction method can have a major effect on the efficiency of viral nucleic acid
recovery and therefore sequencing success. It has previously been shown that
extraction methods which combine both chemical and enzymatic denaturation of
proteins perform best, while use of carrier RNA is also beneficial.281 For these
reasons, the high pure viral nucleic acid kit (Roche Diagnostics) was selected for
this study, as this method uses both a chaotropic agent and proteinase K for
protein disruption, and a poly(A) carrier.
3.1.3. Viral enrichment
Nucleic acid extraction results in the recovery of RNA and DNA from all
organisms present within a sample e.g. virus, bacteria, and host. The abundance
of non-viral sequences can easily mask the proportionally low level of virus;
making virus nucleic acid difficult to sequence directly. Furthermore, unlike
bacteria, viruses do not share homologous genomic regions, such as the bacterial
16S ribosomal gene, across families. Therefore, targeted amplification and
sequencing of a single (or even multiple) gene(s) to detect all virus species is not
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feasible. Instead, a ‘brute-force’ approach is required to generate as many reads
as possible and increase the likelihood of detecting low abundance species.
To this end, methodologies have been developed which remove host and
bacterial genomic material in order to ‘enrich’ samples for viral sequences.238
Common approaches include: filtering,282 selective exclusion of highly abundant
host species such as rRNA,283 nuclease degradation of unprotected host DNA and
RNA,235 and hybridization probe-based capture of viral genomes284. These
methods have all been shown to improve the overall virus to host ratio in some
instances however it has also been suggested that the most commonly used
treatments such as filtering and nuclease digestion, followed by PCR
amplification, can bias against the detection of some viruses.285 For example,
filtration-based methods, which work by excluding larger organisms such as host
cells and bacteria, can also result in loss of some of virus species with larger
capsid structures, such as the herpesviruses and mimivirus.286 Nuclease-based
viral enrichment methods can also have a variable effect depending on the virus
in question. One study reported that nuclease treatment resulted in a significant
increase in the proportion of reads generated for adenovirus, influenza and
poliovirus, whilst having a negligible effect on the proportion of reads generated
for CMV.287 Furthermore, nuclease-based methods generally result in the
recovery of only a few picograms of DNA, particularly when working with
samples which contain low concentrations of DNA to begin with, such as plasma.
Therefore, use of this method often relies on random PCR amplification postenrichment in order to generate sufficient material for library preparation and
sequencing. Such amplification methods have been shown to introduce bias in
metagenomic studies, primarily due to differences in GC-content between
species, which can mean that some viral genomes are preferentially amplified
and therefore over-represented in the final sequencing results at the expense of
other species.285,288 Therefore, several enrichment methods were tested to
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determine whether viral read number and coverage results could be improved
without negatively affecting the recovery of one or more virus species.
3.1.4. PCR amplification
Sequence-independent single primer amplification (SISPA) is a PCR-based
method

developed

for

the

random

amplification

of

unknown

DNA

templates,289,290 and has been used in many viral metagenomic studies,
particularly those for viral discovery, in order to increase sensitivity.235,282,291,292
However, SISPA has also been found to preferentially amplify particular
templates, introducing bias intro libraries and leading to mixed genome
coverage.293,294 Alarmingly, one study found that the use of different
amplification methods prior to metagenomic sequencing results in the detection
of entirely different species of viruses.288 Furthermore, PCR amplification bias
can lead to high levels of duplicate reads and PCR artefacts,293 which may further
dilute virally-derived DNA in the sequencing libraries and reduce sensitivity of
the approach. For these reasons, it was decided to not amplify DNA prior to
library preparation for this study.
3.1.5. Library preparation
Following nucleic acid extraction, RNA and single-stranded DNA must be
converted to double-stranded DNA, and oligonucleotide adapters must be ligated
to the double-stranded DNA molecules, in preparation for sequencing. A range of
commercial kits is available for Illumina library preparation. For this study the
KAPA Hyperplus kit (Roche) was selected. For the purpose of viral
metagenomics, this kit has a number of advantages over its competitors
including: 1) superior library conversion efficiency and library yield which is
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extremely important for the detection of rare species and accurate
representation of metagenomes;295 2) the kit is able to accept a wide-range of
DNA input amounts (1ng – 1 µg), which negates the need for random
amplification prior to library preparation; and 3) the kit allows for library
preparation (from fragmentation to adapter ligation) to be completed in a singletube without the need for clean-up steps, which can improve DNA recovery and
allows for lower input requirements compared to many commercial kits. It
achieves this by using a fragmentase enzyme, which also has a lower GC bias
compared to tagmentation methods, allowing for more uniform sequencing
coverage, and single-tube preparation as opposed to sonication. The fragmentase
enzyme also produces blunt-ended fragments which do not require an additional
end-repair step prior to adaptor ligation. Furthermore, a high library conversion
rate means that PCR amplification-free workflows are possible even when a low
DNA input is used (e.g. 100 ng). This is useful as some polymerases can introduce
artificial mutations and amplification bias.296,297
3.1.6. Choice of sequencing platform
Studies have found that choice of sequencing platform does not have a major
impact on the make-up of viral metagenomes.298,299 Therefore, the main factors
to consider when selecting a platform are: the number of reads required, read
length, read accuracy and cost. At time of writing, the vast majority of recently
published

viral

metagenomics

studies

have

opted

for

the

Illumina

platform,39,274,275,300 due to its superior sequencing output and low error rate
compared to its main competitors: Roche 454 and ION torrent.301,302 Illumina
sequencing produces a huge number of reads, which are short compared to those
produced by competing technologies. However, Illumina libraries can also be
prepared to generate ‘paired’ reads from either end of a single DNA molecule
which somewhat compensates for their short length when performing tasks such
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as de novo assembly.303 Overall, the Illumina platform suits metagenomics
studies, which tend to favour a higher number of reads to increase the potential
for detection of rare species. Furthermore, the Illumina platform allows
multiplexing which can reduce the costs of studies with large numbers of
samples.
3.1.7. Informatic identification of viral sequences
Finally, the sequences produced by metagenomic sequencing must be identified
computationally. A single lane of the Illumina HiSeq 2500 can produce files
containing up to four billion paired-end reads (> 1 TB of data),304 and so a
number of computational pipelines and methodologies have been developed
with the aim of rapidly identifying viral reads with high accuracy.305 Despite the
development of the aforementioned pipelines, the vast majority of published
viral metagenomic studies have tended to use independently validated methods
for viral read identification.39,280,306,307 This is most likely due to the desire to
freely modify and optimise the pipeline as required, and is made possible by the
fact that the necessary software packages such as BLAST are free to acquire.258
Clearly, as with sample preparation, informatic methodologies are varied.
Despite this, most take the approach of first reducing the dataset to a more
computationally manageable size by removing the contaminating host reads,
followed by alignment of the remaining sequences to a database of viral
genomes.257,308,309 Major differences between the most commonly used methods
include the use of de novo assembly to create contiguous sequences, the
databases selected for alignment, and the method and stringency of alignments.
The downside to this approach is that identification of viral reads is clearly
dependent on successful alignment to the database. If the database does not
contain a closely related reference genome, identification of the viral read is
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impossible. Translation of the nucleic acid sequences into amino acids for
alignment using tBLASTx can account for some of the high level of variability in
viral genomes but still requires viral reads to be somewhat related to those in
the database.310
For this reason, attempts have been made to develop non-alignment-based
methods of viral identification. These tend to rely on recognising ‘features’
specific to viral genomes such as the frequency of particular oligomer sequences,
or the order of genes within cassettes.311,312 These methods do have the potential
to be used for the detection of unknown viruses, distantly related to those in the
database. However, their sensitivity is not comparable to alignment-based
methods. This is likely due to the fact that, unlike bacterial and mammalian
genomes, many viral genomes are too short to produce meaningful k-mer
frequencies. Furthermore, viruses, particularly those with DNA and RNA
genomes, are thought to be descendants of multiple discrete lineages,313,314
making them difficult to classify using any method which relies on species having
a shared evolutionary past.
3.1.8. Conclusion
Overall, viral metagenomic sequencing is a useful tool for the un-biased
detection of viruses in clinical samples, however the approach has limitations in
terms of sensitivity, and variations in methodology can have a significant impact
on results. It is clear that the studies that have been published in this relatively
new field vary hugely and are poorly validated. This is particularly true for
samples derived from blood, as an attempt has been made to standardise an
approach for faecal samples.286
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Therefore, in order to proceed with my investigation into viral infections in
immunocompromised cohorts, I first wished to develop a suitable metagenomic
methodology capable of simultaneously detecting both RNA and DNA viruses in
clinical blood samples by comparing methods for those steps that have not yet
been sufficiently evaluated in the literature.
Here, the effect of sequencing PBMC versus plasma samples was investigated.
This included comparing the effect of enrichment techniques on sensitivity and
viral genome coverage, as well as methods for the computational detection of
viruses in sequencing data. Finally, the overall performance of the method was
tested in terms of robustness and sensitivity in comparison to qPCR.
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3.2. Methods
3.2.1. Comparison of plasma and PBMCs for viral metagenomics
3.2.1.1. Samples and ethics
To test whether a difference in virome is detectable in plasma and PBMCs, blood
samples were taken from three cohorts of patients identified as at high risk of
viral infection (Table 3.1).
Cohort

Form of risk

n

Intravenous drug users

Exposure to blood-borne pathogens

9

Common variable immunodeficiency

Primary immunodeficiency

8

Kidney transplant recipients

Secondary immunodeficiency

7

Table 3.1. Overview of cohorts for comparison of plasma and PBMC
sequencing. Paired plasma and PBMC samples were obtained from each patient
(24 in total) and each was sequenced separately using a metagenomic approach.
Kidney transplant patient samples were kindly provided by Prof Ken Smith and
Dr Elaine Jolly (Addenbrooke’s Hospital, Cambridge, UK) with informed written
consent and the approval of the Cambridge Local Research Ethical committee
(reference 08/H0308/176). Common variable immunodeficiency patient
samples were kindly provided by Dr Helen Baxendale (Papworth Hospital,
Cambridge, UK) with informed written consent under NHS REC (12/WA/0148)
following an amendment to support this work given on 10th January 2013.
Intravenous drug user samples were kindly provided by Dr Emma Thompson
(University of Glasgow, UK) with informed written consent and the approval of
the West of Scotland Research Ethics Service, NHS REC (12/WS/0002).
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3.2.1.2. Separation of plasma and PBMCs
PBMC and plasma separation from whole blood was performed using Leucosep
tubes (Griener Bio One) according to the manufacturer’s instructions. 4 mL of
whole blood collected in EDTA was diluted 1:1 with PBS and transferred to a
LeucoSep tube. The tube was centrifuged at 600 x g at room temperature for 10
min with the brake off. 5 mL of diluted plasma was aspirated, transferred to
cryovials and stored at -150 °C. The remaining plasma and PBMCs were decanted
into a new tube, washed twice with PBS, re-suspended in 1 mL of PBS and PBMCs
were counted using a C-Chip haemocytometer (DigitalBio). PBMCs were diluted
to 1 x 107 cells/mL in PBS supplemented with 0.5 % BSA (Ambion) and aliquots
of 2 x 106 cells were stored at -150 °C.
3.2.1.3. Nucleic acid extraction and preparation from plasma
Nucleic acid was extracted and prepared from plasma as described in section 2.1
of this thesis.
3.2.1.4. Nucleic acid extraction and preparation from PBMCs
Metagenomic sequencing of virus from cellular samples is extremely difficult
without enrichment due to the abundance of host genomic DNA.235 Therefore, an
adapted version of the enrichment methodology described by Daly et al (2011)
was used to aid detection of viruses from PBMCs.235 Approximately 2 x 106
PBMCs were pelleted at 600 x g, the buffer was removed and the cells resuspended in 200 µl of RNase-free water. Samples were subjected to 3 freezethaw cycles, performed by placing each sample directly on dry ice until frozen
and quickly removing to thaw. Additional light mechanical shearing using a
pipette was used to help break open the cell membranes. Samples were then
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centrifuged at 600 x g to pellet the cell nuclei and other debris. Un-protected
cytoplasmic DNA was digested for 30 minutes at 37°C, using 2 U of TURBO
DNase (Thermo Fisher) according to manufacturer’s instructions. Total nucleic
acid was then extracted from the nuclease treated sample as described for
plasma.
For nucleic acid extracted from PBMCs, random PCR was performed using a
sequence-independent single primer amplification (SISPA) method due to
extremely low concentrations of nucleic acid remaining following nuclease
treatment.289 For the SISPA protocol, reverse-transcription was performed as for
plasma (see section 2.2) which the exception that the SISPA primer FR26RV-N,
composed of a random hexamer with an additional PCR adaptor sequence
attached, was used rather than random hexamers (Table 3.2).290 Following
second-strand synthesis, six SISPA reactions were set-up for each sample. Each
reaction mix contained 5 µl of DNA template from the RT reaction (1.5), 2 U of
Advantage 2 DNA Polymerase (Takara-Clontech), 5 µl of Advantage 2 PCR Buffer
(10 x), 1 µl of 10mM dNTP mix (Fisher) and primer FR20RV to a final
concentration of 0.08 µM (FR20RV is the same sequence as the 5’ adapter
portion of FR26RV-N, table 3.2) with RNase-free water added to 50 µl total. PCR
reactions were performed using the Mastercycler Epgradient S (Eppendorf).
DNA polymerase was activated by heating to 94°C for 4 minutes, followed by
94°C for 1 minute, 64°C for 1 minute and 72°C for 2 minutes for 8 cycles. Doublestranded DNA was purified using AMPure XP beads as described in section 2.2.
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Primer

Sequence (5’-3’)

FR26RV-N

GCC GGA GCT CTG CAG ATA TCN NNN NN

FR20RV

GCC GGA GCT CTG CAG ATA TC

Table 3.2 Primers

used

for

sequence-independent

amplification (SISPA) as described by Reyes et al

289.

single
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primer

This method facilitates

non-specific amplification of RNA and DNA populations. The random hexamer
sequence at the 3’ end of FR26RV-N is first used to randomly prime for reverse
transcription/second-strand synthesis. Sequence independent amplification is
then performed by using the 5’ adapter sequence of FR26RV as a primer binding
extension sequence.
3.2.2. Comparison of DNA purification methods
DNA samples were split into equal 60µl aliquots and purified by either AMPure
XP beads (Beckman Coulter) or ethanol purification. The results of each
purification method were run side-by-side on the Bioanalyser 2100 (Agilent
Technologies), for comparison using the high sensitivity double-stranded DNA
kit. AMPure XP bead purification was performed following the manufacturers
protocol, using a bead to sample ratio of 1.8 : 1 to recover the greatest possible
range of DNA species whilst removing small fragments. DNA was re-suspended
in 30µL of TriS-HCl (10mM Tris, 1mM EDTA, pH 8.0) (Thermo Fisher Scientific).
For ethanol precipitation, 1 µL of glycogen (Thermo Fisher Scientific), 0.1
volumes of 3M sodium acetate (Ambion) and 2.5 volumes of ice cold 100%
ethanol (Thermo Fisher Scientific) were added to the DNA sample and vortexed
to mix. Samples were incubated at -20 °C overnight, removed, and centrifuged at
16,000 x g for 30 mins. The liquid was aspirated, the pellet washed with ice cold
75% ethanol three times and then let stand to dry for 2 minutes. The DNA pellet
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was then re-suspended in 30µl of TriS-HCl (10mM Tris, 1mM EDTA, pH 8.0) and
gently dissolved by pipetting.
3.2.3. Library Preparation and Sequencing
Library preparation and sequencing was outsourced to Cambridge Genome
Services (samples used for comparison of plasma and PBMCs, and comparison of
enrichment strategies), the SMCL Next Generation Sequencing Hub (samples for
informatics pipeline testing), and the Wellcome Sanger Institute (samples for
limit of detection testing). All Illumina sequencing libraries were prepared and
indexed using the KAPA HyperPlus kit (Roche). Libraries sequenced at CGS and
the SMCL Hub were pooled to equimolar amounts and multiplexed 12x on the
Mi-Seq v2 (300-cycle) (Illumina) to produce 150 base-pair, paired-end reads.
Libraries sequenced at the Sanger Institute were pooled to equimolar amounts
and multiplexed 48x on the Hi-Seq 2500 v4 (250-cycle) (Illumina) to produce
125 base-pair, paired-end reads in order to duplicate the high-throughput
approach used for the experiments in chapters 4 and 5 of this thesis.
3.2.4. Analysis of sequence data
Sequencing data was analysed using CLC Genomics Workbench (Qiagen) as
described in section 2.3 of this thesis unless stated otherwise. All viruses were
identified by alignment down to a species level. However, in many cases due to
low read counts and poor coverage, more detailed identification of the viral
isolates was not possible.
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3.2.5. Comparison of Enrichment Techniques
3.2.5.1. Samples for viral enrichment testing
To test the effect of enrichment methodologies on virus recovery torque-teno
virus, BK virus, cytomegalovirus and hepatitis C virus positive plasma samples
from naturally infected patients in the cohorts described in Table 3.1 were
selected. These represent viruses from a range of Baltimore classification groups
(single-stranded DNA, double-stranded DNA and RNA genomes) as well as
viruses with and without an envelope. Each sample was extracted in triplicate
using 3 different methods (filtering, nuclease treatment and extraction only)
(overview of method shown in Figure 3.3.). Following extraction, viral load was
quantified using published probe-based qPCR assays in order to test the
different methods’ effect on viral recovery (see Table 3.3 for primer sequences).
3.2.5.2. Viral enrichment by filtering
For the filter-based enrichment of viral particles, 300µl of plasma sample was
passed consecutively through a 0.45 µm followed by a 0.22 µm syringe filter
(Merck Millipore). 22 µl of RNase-free water (Ambion) was added to 200 µl of
the filtrate to account for the volume of the nuclease treated samples (due to the
addition of DNase buffer and enzyme as described below).
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Virus infected plasma

300µl

200µl

Passed through
0.2µM filter
(some liquid
lost in filter,
222 µl of
filtrate
recovered)

20 µl of
DNase
buffer and
2µl of DNase
enzyme
added

222µl

222µl

200µl
22 µl of
RNase-free
water added
to account
for volume
difference

222µl

Nucleic acid
extraction
Virus-specific
qPCR

Figure 3.3. Overview of the method used to compare the effect of viral
enrichment methods on virus recovery.
Four plasma samples naturally infected by a single virus (TTV, BKV, CMV,
or HCV) were divided into three. Each sample was then subjected to three
separate treatment methods (filtering, nuclease digestion, and no
treatment) prior to extraction. The amount of virus recovered was
quantified by qPCR. In order to compare the methods fairly, volumes used
for extraction were kept equal (222µl), by the addition of nuclease freewater to the ‘non-enriched’ sample.
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Virus Primer

Sequence (5'-3')

Source

CMV

Forward

CAA GCG GCC TCT GAC AAC CAC MV

315

Reverse

ACT AGG AGA GCA GAC TCT CAG AGG AT

Probe

FAM-TGC ATG AAG GTC TTT GCC CAG TAC ATT CT-BHQ1

Forward

TGC TAG CCG AGT AGY GTT GG

Reverse

ACT CGC AAG CAC CTT ATG AG

Probe

JOE-ACC ACA AGG CCT TTC GAG A-BHQ1

Forward

AGC AGG CAA GGG TTC TAT TAC TAA AT

Reverse

GAA GCA ACA GCA GAT TCT CAA CA

Probe
Forward

FAM-AGG ACC CTA AAG ACT TTC CCT CTG ATC TAC ACC AGT
TT-TAMRA
CCT GCA CTT CCG AAT GGC TGA GTT

Reverse

CTT GAC TGC GGT GTG TAA ACT CAC

Probe

FAM-CCT CCG GCA CCC GCC CTC GGG ACG-BHQ1

BKV

HCV

TTV

316

317

47

Table 3.3. Primer and probe sequences used to quantify viral load following
the testing of enrichment methods.
3.2.5.3. Viral Enrichment by nuclease treatment
For the nuclease enrichment of viral particles, 200 µl of plasma sample was
mixed with 2 U of TURBO DNase enzyme and 20 µl of 10X buffer (Ambion).
Samples were incubated at 37°C for 60 minutes and DNase was inactivated using
the inactivation reagent provided, following manufacturer’s instructions, and
222 µl of nuclease treated sample was recovered for nucleic acid extraction.
3.2.5.4. No viral enrichment
22 µl of RNase-free water (Ambion) was added to 200 µl of un-treated plasma to
account for the additional volume of the nuclease treated samples.

Chapter 3: A Metagenomic Sequencing Method for Blood-Borne Viruses

78

3.2.5.5. Extraction
Nucleic acid was extracted from 222 µl of each sample using the High Pure viral
nucleic acid extraction Kit (Roche Diagnostics) and eluted in 40 µl of elution
buffer as described for plasma in thesis section 1.4.
3.2.5.6. Virus quantification
Virus quantification was performed by qPCR using the QuantiTect Virus + ROX
Vial Kit (Qiagen) and the dual-labelled primer and probe sets described in Table
3.3 (synthesised by Sigma-Aldrich). Reactions contained: 2 µl of nucleic acid; 5 µl
of QuantiTect Virus Mastermix (5 X); primers to a final concentration of 0.4 µM
and; Taqman probe to a final concentration of 0.2 µM. Mixes for RNA virus assays
also contained 0.2 µl of QuantiTect Virus RT Mix (100 X). RNase-free water was
added to all reactions to a final volume of 20 µl.
One-step (RT-)qPCR assays were performed on the Rotor-Gene 6000 (Qiagen).
For RNA viruses, a reverse-transcription step was performed at 50°C for 20
minutes. All reactions then underwent a DNA polymerase activation step at 95°C
for 5 minutes followed by 2-step cycling of denaturation at 95°C for 15 seconds
and combined annealing/extension at 60°C for 45 seconds for 40 cycles. Gain
settings were optimised automatically prior to first acquisition and fluorescence
data was acquired during the annealing / extension step of the cycling.
Threshold levels were set manually, ensuring they passed through the
exponential stage of amplification.
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3.2.6. Viral Enrichment Testing by NGS
3.2.6.1 Samples
To test whether the nuclease enrichment methodology improves the detection or
coverage of viruses by sequencing we selected a further three plasma samples
naturally infected by the viruses torque-teno virus, cytomegalovirus and human
pegivirus.
3.2.6.2 Extraction, sequencing and data analysis
Plasma samples were split into two 200 µl aliquots and extracted, prepared,
sequenced, and analysed in duplicate using the finalised metagenomic protocol
detailed in the methods section of this thesis (Figure 2.3).
3.2.7. Comparison of Mapping Algorithms for Viral Read Identification
In order to compare the sensitivity of different mapping algorithms in terms of
viral read identification, a cohort of plasma samples with clinically diagnosed
viral hepatitis were prepared and sequenced using the finalised metagenomic
protocol detailed in the methods section of this thesis (Figure 2.3). Following
sequencing, low-quality reads were discarded and low-quality base-calls were
trimmed from the ends of reads using Trimmomatic v.0.32.318 The remaining,
trimmed sequences were aligned to the human reference genome build
GRCh37.p13 (www.ncbi.nlm.nih.gov/grc/human/data?asm=GRCh37), in order
to subtract host-derived sequences. Unmapped reads were then aligned to a
curated version of the Viral RefSeq database containing viruses of vertebrates
(see thesis section 2.3).
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Three alignment algorithms software packages were compared in terms of their
ability to detect viral sequences in the trimmed dataset: Bowtie2 v.2.0.0,319
SMALT v.0.7.4,320 and the mapping algorithm of CLC Genomics Workbench
v.7.5.1.321 Bowtie2 was run using the default settings for both the host
subtraction and virus read identification steps. Additionally, Bowtie2 was run
using the “--very sensitive” option for the viral read identification step to
determine whether sensitivity could be improved. SMALT was run using the
default settings except for the sampling step size reduced to 3 in order to
increase sensitivity. The CLC mapping algorithm was run using parameters
requiring matches of 90% similarity over 80% of the read length for host read
subtraction, and 80% similarity over 80% of the read length for virus read
identification.257 Mapped reads were confirmed by BLASTn to the nr database
(https://blast.ncbi.nlm.nih.gov/ Blast.cgi).322
3.2.8. Estimation of the Limit of Detection
To determine the limit of detection of the methodology for RNA viruses, dilution
series of the international standards for HIV-1 and HCV were used. The 3rd HIV-1
International standard (NIBSC code 10/152) was re-suspended in 1 mL of
RNase-free water (Ambion) following manufacturer’s instructions to give a
concentration of 185,000 IU / mL. The 4th HCV International standard (NIBSC
catalogue number: 06/102) was re-suspended in 1 mL of RNase-free water
(Ambion) following manufacturer’s instructions to give a concentration of
260,000 IU / mL.
Serial dilutions were made in duplicate using healthy human plasma confirmed
as negative for HIV-1 and HCV by qPCR. Dilutions were extracted and sequenced,
and viral reads were identified using the method described for plasma in section
2.1. of this thesis. This method is a slight adaptation of the one developed here
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and was used in order to precisely replicate the high-throughput approach to be
used for clinical samples sequenced in the following two chapters of this thesis.
Conversion of international units into viral copy number for each standard was
based on previous calculations.323,324
To estimate the limit of detection of the methodology for DNA viruses, I made
use of an existing dataset consisting of paired sequencing and qPCR data,
generated from 200 patient plasma samples (kidney transplant recipients,
vasculitis patients and primary immunodeficiency patients described in chapters
4 and 5), to run a side-by-side comparison. To do this, a generalised linear model
was constructed in order to test the effect of anellovirus genome copy number as
determined by qPCR, on the likelihood of anellovirus detection by metagenomic
sequencing.
3.2.9. Statistical Analysis
Basic statistical analysis was performed using the methods described in section
2.6 of this thesis.
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3.3. Results and Discussion
3.3.1 Comparison of viruses detected in plasma and PBMCs
Given that many viruses are present predominantly in specific tissues, namely
those in which they replicate, it was hypothesised that distinct viruses would be
detected in the cellular and cell-free components of the same blood sample.
To test this hypothesis, paired plasma and PBMC samples were selected from
three cohorts of patients at high risk of infection (Table 3.1). Un-biased, metagenomic sequencing was performed for the samples from each patient and
viruses were identified following the protocols described in the methodology
section.
For all cohorts, the vast majority of sequencing reads from both plasma and
PBMC samples mapped to the human reference genome (Figure 3.4). Human
reads made up a significantly smaller proportion of the total reads from plasma
samples compared to their PBMC counterparts (paired t-test, p = 0.0114)
suggesting that detection of viruses in plasma may not require as high a
sequencing depth. Viral reads were detected more often in plasma than PBMC
samples (Fisher’s exact test, p = 0.0199). However, this did not translate to a
larger proportion of viral reads in plasma samples overall (paired t-test, p =
0.1064). In all samples, a proportion of reads could not be classified as either
host or virus. These unclassified reads were not analysed further, however, it is
likely they predominantly represent bacteriophage viruses and bacterial
sequences, which have previously been shown to be abundant in the blood,39,325
but were not tested for here. This group may also contain unknown viruses
which are yet to be discovered and are therefore not detectable by sequence
alignment to the virus reference database.
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Figure 3.4. Taxonomic distribution of sequencing reads from paired
plasma and PBMC samples taken from three patient cohorts.
Trimmed Illumina sequencing reads were identified as host, viral or ‘other’ by
alignment to human and viral reference genomes. A) Overall taxonomic
distribution. The x axis refers to individual patients, separated by cohort
(IVDU: intravenous drug users; CVID: common variable immunodeficiency;
and KTx: kidney transplant recipients). Plasma and PBMC pairs appear in the
same order. ‘Other’ refers to the percentage of unclassified reads remaining
following quality control, and mapping to the human and virus reference
sequences. These sequences were not analysed further, but are likely to
represent common organisms such as bacteria, bacteriophages which were
not considered in this experiment. B) Enlargement of the y-axis of figure A to
demonstrate the difference in viral read percentage between plasma and
PBMC samples.
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I next compared the virus species that were detected in paired plasma and PBMC
samples. In total, ten different viruses across seven families were detected. Viral
species were split between those that were: a) present at approximately equal
amounts in both sample types or; b) predominantly detected in a single sample
type (Figure 3.5.A). Of the viruses that were detected in plasma and PBMC
samples from the same patient, greater depth and uniformity of coverage was
seen from the plasma (Figure 3.5 B). This may simply be due to higher viral loads
in the plasma. However, another possible explanation is that the greater
abundance of host DNA in the cellular samples meant that host DNA made up too
high a proportion of the NGS library, compared to virus, and therefore restricted
the number of viral reads that could be generated.
Of the viruses detected in both cellular and cell-free samples, the anelloviruses
TTV, TTMDV and TTMV were most abundant. Each of these viruses was detected
roughly equally between the two compartments. They have previously been
shown to replicate in mononuclear cells undergoing cell division,326 and are
commonly found at high levels in plasma and serum, particularly in
immunodeficient individuals.327,328 Parvovirus B19 was detected in both the
plasma and PBMCs of a single patient, this virus has been shown to preferentially
infect erythroid progenitor cells in the bone marrow,329 however it can also
persist in the blood and other tissues.330 Human pegivirus (HPgV) was detected
in both plasma and PBMC samples predominantly from the IVDU cohort,
although it had a significantly higher prevalence in the plasma (Fisher’s Exact
Test, p = 0.0226). HPgV RNA has previously been detected in the plasma, semen,
saliva, liver, spleen and bone marrow and studies to determine whether PBMCs
are a site of HPgV replication have yielded contrasting results.331–333 If HPgV is
present in the PBMCs of these patients, it is possible that, without viral
enrichment, metagenomic sequencing is not sufficiently sensitive for detection of
the virus in cellular samples. Low levels of HPgV may have been ‘drowned out’ by
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Figure 3.5. Origin of viruses detected by metagenomic sequencing of
plasma and PBMCs.
The proportion of viral sequences detected in paired plasma and PBMC
samples from IVDU, CVID and KTx cohorts by metagenomic sequencing.
Presence of a virus was defined by mapping of one or more NGS read to the
virus reference genome. A) Overview of all viruses detected in paired plasma
and PBMC samples. Pie charts display the proportion of the total number of
times a virus was detected across both plasma and PBMCs (n = 48). E.g. if a
virus was equally detectable in both plasma and PBMCs, one would expect to
see an equal proportion (e.g. TT midi virus and parvovirus B19). The size of
each individual pie chart represents the total number of times that a virus was
detected across all samples (both plasma and PBMCS) combined. The total
frequency of detection is stated at the centre of each chart. B) Examples of the
difference in viral genome coverage depth between paired plasma and PBMC
samples.
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the overwhelming abundance of host genomic sequence while the virus was
persistently detected at high levels in the plasma of patients during the course of
this study.
Two viruses were detected exclusively in plasma samples: HCV, and BKV. HCV is
primarily transmitted through exposure to infected blood, and largely replicates
in hepatocytes but can persist in B-cells and is found in the plasma at high levels
during chronic infection.334 BKV was detected in 2 renal transplant recipients.
The virus predominantly exhibits tropism for kidney cells although replication in
the brain, liver, lung, eye, and salivary glands has been demonstrated suggesting
that the virus travels to many tissues during infection.335–337 BKV is generally
acquired early in life and exists at a high prevalence in the population, reactivating following immune suppression such as that experienced by transplant
recipients.
A further three viruses were detected only in PBMC samples. All three of these
viruses are known to replicate in cells of the immune system present in the
blood.
Epstein-Barr virus was detected in the PBMCs of a single patient. EBV is highly
prevalent worldwide, and the vast majority of individuals are infected at an early
age.338 However, following the development of immunity EBV persists in a latent
state. Whilst latent, detection of the virus by non-specific methods is likely to be
difficult as viral replication ceases and transcription is limited.21 However, upon
deterioration of the immune system such as that seen during ageing or druginduced immunosuppression, the virus re-activates and proceeds to replicate at
detectable levels unless immunity is restored.202 Here, the low prevalence of the
virus in the immunosuppressed kidney transplant cohort is likely due to the use
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of antiviral drugs to protect these patients against the adverse effects of
herpesvirus reactivation.
HIV-1 was exclusively detected in the PBMCs of five patients. The virus replicates
in CD4+ T-lymphocytes and during an un-treated infection, plasma viral loads
can reach high levels as the infection progresses. Here, the patients in which HIV1 was detected were undergoing anti-retroviral therapy (ART) to treat the
infection. During ART the virus is restricted to infected cells and plasma viral
load is effectively reduced to zero, a finding reflected in the results.
Finally, adenovirus type 2 was detected in the PBMCs of a single
immunodeficient (CVID) patient. Adenovirus type 2 is predominantly associated
with symptomatic respiratory infections,339 and so its detection in an antibody
deficient patient with weakened mucosal immunity is unsurprising. The virus
primarily infects cells of the lung, however certain types have been observed
infecting primary lymphocytes and monocytes.340 It has also been detected in a
latent state in the T-cells of the tonsils and adenoid tissues in healthy
individuals.341 Overall, adenoviral infection of PBMCs in the immunocompetent
host appears to be rare: previous PCR-based studies have reported a prevalence
as low as 0 % in the PBMCs of healthy adult volunteers,342,343 and so its presence
here is suggestive of a heightened susceptibility to viral infection.
Overall, these results demonstrate that plasma samples generally yield a greater
proportion of viral reads compared to PBMCs, likely due to the low level of
genetic material derived from the host. However, it is clear that different types of
viruses are detected depending on the type of sample sequenced. Whilst some
viruses appear to be equally detectable in both compartments of the blood,
HPgV, HCV and BKV were far more prevalent in the plasma. Conversely, it is
possible that EBV and AdV are detectable only in cellular samples. This suggests
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that a combined approach sequencing both plasma and PBMCs is potentially the
best approach for detecting viruses in the blood however this would double the
cost of sequencing. All aspects considered, it was decided to proceed with plasma
samples as: a) on average they yield a greater proportion of viral reads; b) the
lower amount of host genomic material in plasma should theoretically increase
the sensitivity for viral detection and; c) plasma samples are more readily
available in clinical bio-repositories.
3.3.2. Viral enrichment
In order to test the effect of viral enrichment methods, three approaches
(filtration, nuclease digestion, and no enrichment) were applied to plasma from
four patients naturally infected by viruses representing groups across the
Baltimore classification: HCV (enveloped, +ssRNA), CMV (enveloped, dsDNA),
BKV (non-enveloped, dsDNA) and TTV (non-enveloped, ssDNA).
Recovery of all viruses was reduced following the filtering and the nuclease
enrichment protocols (Table 3.4). The effect was relatively minor with regard to
both HCV and TTV, likely due to their small capsid sizes easily passing through
the 0.22 µM filter and their respective RNA and single-stranded DNA genomes
not being at risk of digestion by DNase. Conversely, the enrichment treatments
had noticeable effects on the recovery of both CMV and BKV. Despite protection
from the capsid, the double-stranded DNA genomes of both viruses are likely to
have both suffered some degradation during the DNase treatment. This suggests
that DNase treatment is not an appropriate method for enriching viruses with
double-stranded DNA genomes.
CMV and BKV recovery was also affected by filtration. The CMV capsid is the
largest of those tested and whilst it can theoretically pass through a 0.22 µM
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filter, it is likely that some viral particles were impeded, resulting in reduced
recovery. The reason for a markedly low recovery of BKV following filtering is
less clear as the virus is a similar size to HCV, which passed through the filter
mostly unhindered. Furthermore, it should be noted that the experiment was
performed in triplicate and so the result is unlikely to be an anomaly. One
possible cause is that the virus was adsorbed to the filter membrane which
would prevent it passing through. This may be due to the biophysical properties
of the capsid (e.g. hydrophobic interaction with the filter membrane) or due to
the properties of the plasma, such as an increased salt concentration or low pH
(e.g. due to kidney damage), both of which have been shown to increase virus
adsorption to nitrocellulose filter membranes.344 One further possible
explanation is the presence of α-defensin, which is produced by the innate
immune system and is known to interact directly with BKV to form aggregates
which are unable to infect cells.345 If the virions had formed these aggregates
then they may be impeded from passing through the filter.
Whilst enrichment methods appear to have a detrimental effect on virus yield
post-extraction, it is possible that this may be outweighed by the beneficial
reduction of host genomic material, improving detection overall. Therefore, I
selected enriched and non-enriched extracts from a further three naturally
infected patients (HPgV (enveloped, +ssRNA), TTV and CMV) for metagenomic
sequencing.
Once again, a decrease in CMV derived sequence following nuclease enrichment
was detected. Indeed, CMV reads were solely detectable in the non-enriched
sample. In the cases of HPgV and TTV, nuclease treated samples generated more
viral reads than the un-treated samples (Figure 3.6.A). However, this did not
correlate with viral coverage, which was increased for the non-enriched samples
(Figure 3.6.B). The increased number of viral reads without a corresponding
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Table 3.4. The effect of viral enrichment
techniques on virus recovery.
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Figure 3.6. Effect of nuclease enrichment on viral read number and virus
genome coverage.
Plasma samples from naturally infected patients were subjected to viral
enrichment using DNase digestion, or no enrichment. Total nucleic acid was
then extracted, sequenced and the sequencing data analysed. A) the effect of
nuclease enrichment on the total number of viral reads generated. Viral
sequences were identified through mapping to the virus genome database as
described in the methodology chapter of this thesis. B) the effect of nuclease
enrichment on viral genome coverage. Viral genome coverage was calculated as
the proportion of the reference genome length following mapping.
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increase in coverage may be due to the use of random amplification of the
treated samples prior to sequencing, although the number of PCR cycles was
kept to a minimum in attempt to avoid amplification bias as much as possible.
Amplification is necessary to generate sufficient input for library preparation
after a large proportion of DNA is degraded following nuclease treatment
however the amplification can lead to bias resulting in non-uniform coverage.
Overall, these results suggest that use of filtering or nuclease enrichment
techniques that are vital for increasing sensitivity and viral coverage in solid
tissue samples are not necessarily beneficial for the sequencing of viruses in cellfree samples such as plasma. It should be noted that hybridization-capture
methods for viral enrichment, which have shown much promise, are noticeably
absent from this experiment. The first of these to gain attention was VirCapSeq
which was reported only after these experiments were completed.241
Considering the reported results, it is likely that a capture-based viral
enrichment method would significantly out-perform those tested here. However,
it is also important to note that production of the oligonucleotide arrays is
expensive, particularly for studies involving hundreds of samples, and the
method is still inherently biased, enriching only for known viral sequences and
their relatives.346
3.3.3. DNA purification
Following extraction (with optional enrichment), and conversion to doublestranded DNA for library preparation, DNA must be purified to concentrate
samples to an appropriate level and remove excess salts that may interfere with
quantitation and later steps in the library preparation protocol.
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Classically, DNA purification is performed by ethanol precipitation. This
approach is the extremely affordable however it also has disadvantages which
make it not ideal for the purpose of high-throughput preparation of low
abundance DNA samples such as those extracted from plasma. The
disadvantages are as follows: variable DNA recovery, especially with low levels
of DNA where a carrier such as glycogen is required and; the inefficient removal
of contaminants such as dNTPs, primers, primer-dimers, salts and sub-100bp
fragments of DNA that can interfere with the accurate measurement of
concentration, which is required for calculating the appropriate input for library
preparation.
Therefore, I wished to compare methods of purifying DNA samples prior to
library preparation. Total nucleic acid extracts from 5 plasma samples were
converted to cDNA and randomly amplified for 5 cycles using the SISPA protocol
in order to create sufficient material for this experiment. Each PCR reaction was
split in two, and purified either by ethanol precipitation, or by Ampure XP beads,
a polyethylene glycol-based method. The polyethylene glycol-based approach is
more expensive as it requires a kit but has the benefits of being quicker due to a
shorter incubation period, and more consistently sensitive for lower levels of
DNA. Visualisation of the resulting DNA using the high-sensitivity Bioanalyser
chip (Agilent Technologies) revealed that Ampure XP beads are effective at
removing contaminating, small, sub-100 bp DNA fragments (Figure 3.7) with no
discernible loss of larger species and therefore this method was selected for the
study.
3.3.4. Informatic identification of viral sequences
The sensitivity of viral metagenomic sequencing is also reliant upon the method
used to detect any viral reads generated. The most straightforward approach to
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Figure 3.7. Comparison of DNA purification methods prior to library
preparation.
Electropherogram and corresponding gel for randomly amplified DNA from
five plasma samples (labelled 1-5) purified using either ethanol precipitation
or polyethylene glycol (AMPure XP beads). Cut-off size below which DNA
fragments are removed by PEG is indicated by a red dotted line on the gel.
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viral read identification is through the alignment of sequences to a viral
reference database. However, there are a number of alignment programmes
available, and very few comparisons have been performed for these programmes
in the viral metagenomics setting. Importantly, the demands of viral sequence
identification in this setting are unconventional, as highly accurate alignments
are likely to be too specific, and therefore detrimental to the detection of viruses
which can evolve rapidly. This is particularly true for viruses with RNA genomes,
which tend to have high rates of mutation compared to DNA viruses.347 However,
it has also been shown that some viruses with single-stranded DNA genomes,
such as bacteriophage M13, have mutation rates closer to that observed for RNA
viruses than those with double-stranded DNA genomes.348
Therefore, I used four sets of previously generated metagenomic data known to
contain viral reads (HBV, HCV, HDV, and HPgV) to compare the sensitivity of
three alignment algorithms: Bowtie2,319 SMALT,320 and the mapping algorithm of
CLC Genomics Workbench (Qiagen).321 These algorithms were selected as they
form the basis of several viral identification pipelines: Bowtie2 is used by
VirusSeeker and PATHSeq,309,349 SMALT is used by VirMet and READSCAN,287,350
whilst CLC has previously been used in this laboratory for the development of a
viral discovery pipeline.257 These algorithms make use of different alignment
methods. Bowtie2 uses a Burrows-Wheeler transform (aka FM-index) method
(also used by BWA and SOAP2), whereas SMALT uses a hash-index method. The
CLC mapping algorithm is proprietary and information regarding its workings
have not been made public. In order to compare these algorithms, plasma
samples with clinically diagnosed viral infections were prepared and sequenced
using the finalised protocol detailed in the methods section of this thesis (Figure
2.3).
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The output of each algorithm was compared in terms of viral read number and
genome coverage for a range of viruses, in order to determine the optimal
method for the detection of viral reads (Figure 3.8). The specificity of each viral
sequence detected was confirmed by BLASTn to the non-redundant nucleotide
database and excluded if suspected to be of non-viral origin.
There was no significant difference between the algorithms in terms of the
average number of reads aligned for any given virus (p = 0.1303, Two-way
ANOVA) (Figure 3.8.A). However, on average, the CLC algorithm detected the
most reads for all viruses but anellovirus, for which SMALT performed best. The
three algorithms generated comparable levels of genome coverage for HBV
(Figure 3.8.B). However, Bowtie2 generated the lowest coverage for the
remaining 3 viruses: HPgV, HDV and HCV (Figures 3.8.C-E). CLC performed
particularly well in terms of mapping HCV reads compared to the other
algorithms. This discrepancy between algorithms is likely due to differences in
their ability to tolerate mismatches brought about by viral mutations (e.g.
insertions, deletions and substitutions) or artificially introduced by sequencing
errors. Burrows-wheeler transform methods were primarily designed to speed
up computationally expensive alignments to mammalian genomes, which are
many times the size of the average viral genome. To achieve this speed, the
algorithm makes compromises which result in a reduced ability to detect
mismatches (such as those one would expect when aligning a mutated viral
isolate against a reference strain). An inability to align mismatches would result
in lower coverage compared to methods that can deal with them (e.g. hash-index
methods). This is particularly obvious in the more rapidly evolving viruses such
as HCV, where divergence from the reference strain is likely to be greater.351
Viral read identification from metagenomic datasets requires an alignment tool
with the ability to detect highly divergent sequences based on a limited database.
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Figure 3.8. Comparison of mapping algorithms for detection of viral
sequences in metagenomic data.
The performance of three mapping software algorithms: CLC, SMALT and
Bowtie2, were compared in terms of their ability to detect viral reads in a
metagenomic dataset using six real Illumina metagenomic sequencing
datasets each known to contain virus specific sequences. All algorithms were
run using default settings. However, Bowtie2 was tested using both the default
and “very sensitive” options. A) Comparison of the average number of reads
aligned to each virus revealed no significant difference between the
algorithms (p = 0.1303, Two-way ANOVA). However, on average, the CLC
algorithm performed best for all but one of the viruses. B-E) Viral genome
coverage was varied, however SMALT and CLC generally achieved superior
coverage to Bowtie2. This is particularly true for HCV.
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Overall, these findings demonstrate that, when presented with the same dataset
as input, SMALT and CLC are capable of consistently producing viral coverage
greater than that of Bowtie2, particularly for viruses with a high mutation rate
such as HCV. Of the three pipelines tested, CLC displayed the greatest sensitivity
in terms of the number of viral sequences detected. The success of CLC is likely
due to the fact that its mapping algorithm is able to align reads containing the
greatest degree of sequence variation.
3.3.5. Limit of detection: RNA viruses
The performance of the finalised methodology was assessed in terms of both
sensitivity and the utility of viral read number as a measure of viral load. Two
RNA virus biological reference material standards were serially diluted in clean
plasma in duplicate, extracted, and sequenced. The standards used were: heat
inactivated HIV-1 diluted in pooled human plasma (NIBSC code 10/152) and;
HCV genotype 1a RNA positive plasma, diluted in pooled human plasma (NIBSC
code 06/102). Both standards were supplied lyophilised and re-suspended in
0.5mL of RNase-free water as recommended by the suppliers. One exception to
the validated protocol used for this experiment was that library preparation and
sequencing were outsourced to the Wellcome Sanger Institute and were
therefore not validated. However, this modified approach was used in order to
precisely replicate the high-throughput method to be applied to all samples
sequenced in the following two chapters of this study.
At the highest concentration, HIV-1 was detected in 100% of samples (n = 2)
(Table 3.5.A). However, lower concentrations produced no viral reads and HCV
was not detected at any of the concentrations tested (Table 3.5.B). This suggests
a limit of detection for RNA viruses of between 7,000 and 3,000 viral copies per

Chapter 3: A Metagenomic Sequencing Method for Blood-Borne Viruses

98

library preparation input (equivalent to between 96,000 and 42,000 virus copies
per mL of plasma).
The precise detection limit of a metagenomic sequencing method is likely to be
highly protocol-dependent. However, in terms of library preparation input, the
detection limit found here is comparable to reports of previous Illumina-based
metagenomic sequencing studies, which have described a limit of between 1 x
104 - 5 x 104 RNA virus genome copies.352,353 It should be noted that the reported
methods differ from the approach tested here in that they both employed a
protocol which enriched the sample for viral nucleic acid by removing DNA.
Therefore, these approaches can be expected to have a slightly increased
sensitivity for RNA viruses, however this comes at the expense of excluding DNA
viruses entirely.
Intriguingly, sequences from another RNA virus, HPgV were detected in the HCV
standard dilutions during informatic analysis. While HCV was not detectable at
any dilution, the volume of HCV standard used as input directly correlated with
number of HPgV sequences produced (Figure 3.9). This suggests that the plasma
provided as an HCV international reference standard is contaminated with HPgV.
Unfortunately, calculation of the HPgV load was not possible as none of the
standard remained, however this outcome does demonstrate that the method is
able to detect RNA viruses and that viral read number is correlated with viral
load as expected.
3.3.6. Limit of detection: DNA viruses
Despite the optimisation described in the sections above, no step in the sample
preparation pathway is 100% efficient, and viral genomes must successfully pass
through multiple bottlenecks in order to be successfully sequenced (Figure 3.2).
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Table 3.5. Sequencing results for serial dilutions of RNA viruses. In order to
test the limit of detection of the metagenomic method, serial dilutions of
international reference standards for HCV (A) and HIV-1 (B) were made in
duplicate using healthy (PCR confirmed HCV and HIV-free) plasma. Each
dilution was extracted and sequenced in duplicate using the method described
in the methodology section of this thesis. As per the finalised method, library
preparation input was equivalent to 75 µL of plasma (200 µL of plasma was
extracted and 15 / 40 µL of eluate was used for library preparation).
International units were converted to viral copy number using previously
calculated estimations. 276,277
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Figure 3.9. Detection of human Pegivirus in serial dilutions of HCV
international standard reference material. Human Pegivirus sequences
were detected in the dilutions of the hepatitis C virus international standard
reference material. The number of HPgV sequences correlated with the dilution
of the standard, suggesting contamination of the standard rather than the
plasma used as a diluent. Number of HPgV reads is shown as the mean of the
two duplicate samples prepared and sequenced separately for each dilution.
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One major bottleneck for those viruses with RNA genomes is the efficiency of
reverse-transcription of RNA to cDNA, and so one would expect the limit of
detection for RNA and DNA viruses to differ.
In order to determine the limit of detection for DNA viruses, I took advantage of
an existing dataset of paired qPCR and sequencing data generated from 200
patient plasma samples (renal transplant recipients, vasculitis patients, and
primary immunodeficiency patients described in chapters 4 and 5 of this thesis).
For each sample, the number of TTV reads generated by metagenomic
sequencing was compared with TTV viral load as estimated by qPCR. The data
showed a strong agreement between qPCR and NGS with regards to TTV status
(positive or negative) (p > 0.001, Fisher’s exact test), and a generalised linear
model demonstrated a strong correlation between TTV load as measured by
qPCR and number of TTV reads by NGS (normalised between patients by
calculating the number of TTV reads per million human reads) (p > 0.001)
(Figure 3.10.A). This indicates that normalised read number is a reasonable
estimate of viral load when comparing between samples.
With regards to the sensitivity of the approach, TTV was detected by NGS in 82%
(55/67) of samples with viral loads greater than 1,000 copies per ml of plasma
(equivalent to a library preparation input of 75 copies). This increased to 90%
(36/40) for samples with viral loads greater than 10,000 copies per ml of
plasma. A generalised linear model was generated to model the effect of viral
load on likelihood of virus detection by NGS (Figure 3.10.B). The model predicts
an increasing probability of NGS detection as viral load increases, rising from
57% (95% c.i. 48-66%) for 1,000 copies/ml of plasma, to 74% (95% c.i. 62-82%)
and 85% (c.i. 74-92%) for 10,000 and 100,000 copies/ml respectively. This is
less sensitive than the qPCR assay, which has a limit of approximately 1000
copies/ml of plasma. However, reduced sensitivity should be expected for an
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assay with such a broad specificity and the result is reasonable given that 1,000 100,000 copies/ml represent inputs of approximately 75 - 7,500 copies/library
preparation. Furthermore, whilst there was a clear increase in sensitivity with
increasing viral load, this model predicts a less clear-cut off value compared to
the results of the RNA virus dilution experiment. This is likely to reflect the
variability of sequencing with regards to the number of reads produced and
library preparation efficiency.
3.3.7. Contamination
Practical measures including the use of hoods, and separation of pre- and postamplification samples, were taken to minimise the risk of contamination
(described in section 2.5). However, the nature of metagenomic sequencing
means that care must be taken to identify and exclude contaminants in order to
avoid false positive results and false associations.354 Multiple studies have also
reported the detection of bacteria and other environmental contaminants in
common laboratory reagents such as DNA extraction kits and purification
columns.252,355 A novel parvovirus traced to contaminated extraction columns
shows that this problem is not necessarily limited to bacteria.356 In order to
minimise the influence of environmental contamination, this study did not
consider bacteriophages or viruses with a non-vertebrate host.
During this study a number of contamination events were detected. Clear
instances of reagent contamination included bovine viral diarrhoeal virus in all
PBMC samples containing bovine serum albumin, the contamination of which
has been previously reported,357 and various murine retroviruses in samples
that had undergone reverse-transcription using Superscript III reverse
transcriptase (the enzyme is derived from reverse engineering of the murine
moloney leukemia virus).
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Low levels of inter-sample contamination have also been shown to be somewhat
inevitable during library preparation and sequencing.251,358 During this study, it
was found that contamination generally followed a clear pattern: low levels of
viral reads across consecutive samples that overlapped temporally and spatially
in terms of library preparation and sequencing. In agreement with previous
studies, instances of contamination were mostly associated with the centre at
which library preparation and sequencing was performed, rather than with
sample extraction and preparation in the lab.358 Some cases were particularly
obvious, such as the detection of Ebola virus sequences in 24 kidney transplant
patient plasma samples. These samples happened to share both a 96-well plate
during library preparation, and a lane of a Hi-Seq for sequencing, with samples
from African patients with undefined fever. A similar occurrence was detected
for HIV-1, where 42 of 48 patient samples sharing a library preparation and NGS
lane were positive for the virus (Figure 3.10.A). The likelihood of contamination
was further highlighted by the lack of HIV-1 reads in patient samples from the
same cohort that were extracted at the same time but prepared and sequenced
separately.
Other contamination events were more difficult to claim certainty regarding. For
instance, a suspicious pattern of influenza B virus and Epstein-Barr virus was
detected in groups of vasculitis patient samples. The presence of these viruses
alone is feasible, however their presence in multiple consecutive samples alerted
me to the possibility of contamination. In all cases a combination of sequence
alignment (where possible) (Figure 3.11.B) and PCR-based assays of the original
sample (Figure 3.11.C) was used to confirm or reject contamination. For the
purpose of this study, I was able to take the conservative approach of removing
all sequences suspected of contamination. However, this issue of contamination
must be taken seriously, as in the clinical setting this could lead to the dismissal
of important infections in some patients.
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Figure 3.10. Estimation of the sequencing limit of detection for DNA
viruses.
In order to estimate the limit of detection for DNA viruses, an existing dataset
of paired qPCR and sequencing data generated from 200 patient plasma
samples (renal transplant recipients, vasculitis patients, and primary
immunodeficiency patients described in chapters 4 and 5 of this thesis). For
each sample, the number of TTV reads generated by metagenomic sequencing
was compared with TTV viral load as estimated by qPCR. A) The two methods
agreed on the TTV status (-/+) of the samples 76% of the time (152/200) (p <
0.001, Fisher’s exact test), demonstrating that overall there was significant
agreement between the approaches. However, 15.5% (31/200) of samples
positive for TTV by qPCR did not produce any TTV sequences by NGS,
suggesting that the non-specific NGS approach is not as sensitive as the
directed qPCR assay for the detection of TTV. There was also a strong
correlation between TTV copy number (as determined by qPCR) and
normalised viral read count (as determined by NGS) (p < 0.001, generalised
linear model). B) Using the same data-set, a second linear model was fitted to
estimate the effect of viral load (as measured by qPCR) on the likelihood of
TTV detection by NGS. The model describes a positive correlation between
TTV load and probability of detection by NGS. The model predicts a 57%
probability of detection (95% c.i. 48-66%) for viral loads of 1,000 copies/ml of
plasma, rising to 74% (95% c.i. 62-82%) and 85% (c.i. 74-92%) for 10,000 and
100,000 copies/ml respectively.
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Figure 3.11. Overview of
methods used to detect
contamination. A) An example
of the pattern of low level
contamination often observed
between groups of samples
prepared separately (sample
types were extracted and
prepared on separate days) but
sharing a sequencing lane and
library preparation plate (Hi-Seq
lane and library prep columns).
B) An alignment of the HIV-1
sequences from the samples
highlighted in red in figure A
show
clear
similarities
suggestive
of
a
common
contaminant.
Mismatches
generally correspond with lowquality base-calls as shown in the
histogram. The displayed region
was selected as one of the few
with sufficient overlap for
comparison of sequences by
alignment. C) The PCR assays
used to confirm or reject the
presence of virus detected
throughout this thesis.
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3.4. Conclusion
In the relatively new field of viral metagenomics, studies have reported highly
varied sample preparation, sequencing and analysis protocols. Here, each stage
of the viral metagenomic protocol was considered via a combination of literature
review and experimentation. From this, a full protocol was decided upon, with
the overall aim of detecting all potential viral species with sensitivity and
without bias (see thesis methods section, Figure 2.3).
It should be noted that due to time, sample, and cost constraints, not all options
were tested exhaustively. For example, ideally the protocol should be tested on a
wider range of viruses to confirm that none are being excluded. Furthermore,
previous reports of the effectiveness of viral enrichment methods have been
varied, however the general consensus is that these approaches are necessary to
achieve the sensitivity required for viral sequencing. Therefore, the decision to
forego viral enrichment methods is controversial and testing of more forms of
viral enrichment and optimising these methods for plasma may have improved
the outcome. However, the level of host contamination in plasma is low
compared to most other tissues and the above results clearly suggest a benefit in
terms of sensitivity and genome coverage for those viruses tested by not
performing enrichment. It is also likely that an approach combining separate
techniques for the detection of RNA and DNA viruses, or for simultaneously
sequencing paired plasma and PBMC samples, would provide additional data and
improve sensitivity. However, cost of sequencing and the time taken to prepare
samples would effectively be doubled if either of these approaches were used.
Overall, there is a clear requirement for a further work to fully optimise and
validate a method for the metagenomic detection of viruses from blood samples.
In order to be truly useful in a clinical or diagnostic setting this method must be
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sensitive and specific but should not require costly equipment or reagents, or
long, complex preparation methods.
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Chapter 4
The Virome During Therapeutic Immunosuppression
4.1. Introduction
Improved immunosuppressive regimes following solid organ transplantation
have led to a vast reduction in the incidence of acute rejection and improved
graft survival rates in the short-term.359 However, despite these advances,
survival rates in the mid- to long-term have not improved proportionately.360
Long-term immunosuppressive regimes have been associated with high rates of
morbidity and mortality due to increased risk of infection, cardiovascular
disease and malignancy.361 Opportunistic infections are common following
transplantation,362 and are a major cause of repeated hospital visits which
frequently result in hospitalization and long-stays.363 Quality of life studies have
found that recipients of lung, heart, liver and kidney transplants display a
spectrum of reduced health factors compared to the general population.364
4.1.2. Clinical viral diagnostics for solid organ transplant patients
Routine clinical screening in organ donors and recipients comprises of fungal
and bacterial culture as well as targeted PCR assays for “high risk” viral
pathogens including HIV, HBV and HCV, and the herpesviruses CMV and
EBV.365,366 In renal transplant patients, the polyomavirus BKV is also monitored,
as it is responsible for severe nephropathy for which the only available
treatment is to reduce immunosuppression immediately, risking immunemediated graft rejection.367 Further diagnostics tend to rely on clinical suspicion,
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however recognition of infection is difficult due to immunosuppression which
may mask the symptoms of infection.
Previous qPCR-based studies have investigated the dynamics of the most
clinically-relevant viruses following transplantation.368 However, prior to the
development of low-cost, high-throughput sequencing, no studies considered the
entire spectrum of viral infections to which immunosuppressed patients are at
risk. Known, but poorly monitored infections of transplant patients include skin
infections by papillomavirus and molluscum contagiosum virus, gastrointestinal
infections, and respiratory infections by viruses such as influenza virus,
adenovirus and rhinovirus.369–371 The need for this work has been further
highlighted by recent studies demonstrating the persistence of viruses such as
norovirus and rhinovirus in immunosuppressed patients, and the isolation of a
previously unknown poxvirus from a renal transplant patient in the United
States.372–374 Immunosuppressed carriers of these pathogenic viruses may act as
reservoirs with the potential to seed new outbreaks.
4.1.3. The virome in secondary immunodeficiency
Several recent studies have demonstrated that perturbations of the immune
system can have a marked effect on both the pathogenic and commensal
communities of bacteria and viruses that inhabit our bodies.375,376 These
communities are known collectively as the microbiome, of which, the viral
component is known as the virome.
Studies of the virome rely on a non-targeted approach such as metagenomic
sequencing, which only truly became possible with the development of
affordable high-throughput sequencing technologies (as discussed in chapter 3).
Therefore, at the time of starting this thesis, publications in the field with regards
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to immunosuppression were somewhat sparse. However, in 2013, the first year
of this work, a seminal paper on the effect of immunosuppression on the virome
was published.274 The study by De Vlaminck et al investigated the response of
the blood plasma DNA microbiome to immunosuppressive therapy in heart and
lung transplant recipients, and found that increasing immunosuppression was
found to correlate with higher viral loads whereas the bacterial component
remained relatively constant.274 Varying levels of immunosuppression also had a
dramatic effect on the DNA virome’s composition; at low dosage, viruses of the
Herpesviridae family tended to dominate, whilst higher dosages resulted in an
increased proportion of Anelloviridae.
Further metagenomic studies of various patient groups have revealed that the
Anelloviridae family, which consists of a highly genetically diverse group of
viruses with small (2 - 3.8kb), single-stranded DNA genomes, dominate the
immunosuppressed virome.328,377,378 This group includes torque-teno virus
(TTV), and the smaller torque-teno midi and mini viruses (TTMDV and TTMV).
At present, these species are thought to be non-pathogenic and predominantly
commensal, as they have been detected at a high prevalence in healthy,
asymptomatic individuals worldwide.45–47 During the course of this thesis,
several studies have demonstrated a close correlation between increased
anellovirus loads and increased levels of immunosuppression.379,380 Two further
studies have investigated the plasma microbiome of HIV/AIDS patients:
comparing those with high and low CD4 T cell counts as a measure of
progression to AIDS;275 and against healthy controls.381 The first of these studies
found that the plasma of treatment naive HIV/AIDS patients carried more
bacteria (5.36 % of total sequenced nucleotides) than healthy controls
(0.0084 %).381 The DNA virome of the HIV/AIDS cohort was dominated by
bacteriophages and endogenous retroviral elements whereas the virome of the
health cohort exclusively contained anellovirus. This study did not try to detect
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RNA viruses in the plasma but a follow-up study was able to detect HIV-1, GB
virus C (GBV-C), hepatitis B virus (HBV), hepatitis C virus (HCV), anellovirus and
human endogenous retrovirus (HERV) sequences from similar patients.275
Interestingly, this association between anellovirus and the strength of the
immune system has led to the virus being proposed as a marker of immune
reconstitution following stem-cell transplantation as well as a measure of undersuppression of the immune system following solid organ transplant (and acute
rejection as a consequence).274
Due to the field being relatively young, the impact of the changes described
above is not well understood. However mounting evidence suggests that both
the commensal and pathogenic components of the virome play an important
immunomodulatory role in the host; altering the nature of the immune response
and contributing to both health and disease.38,271,382
At the beginning of this thesis, metagenomic sequencing studies of
immunosuppressed patients had focused entirely on DNA viruses in AIDS
patients and transplant recipients.306,307,383 Disruption of the virome can have
marked health implications and therefore further investigation of the
immunosuppressed virome was warranted;368,382 RNA viruses in particular had
been understudied. Furthermore, unbiased surveillance of the viruses that infect
immunosuppressed populations is strategically important if we are to direct
appropriate diagnostics and also to understand the potential role of
immunodeficient individuals as carriers of pathogens.
4.1.4 Aims
Here, I combined directed PCR assays and an unbiased metagenomic approach to
detect

both

RNA

and

DNA

viruses

in

blood

over

the course of
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immunosuppressive therapy and investigated whether particular viruses are
associated with poor clinical outcomes such as acute rejection or opportunistic
infections. Furthermore, in order to test whether the results could be applied to
other groups of immunosuppressed patients, metagenomic sequencing was also
performed on samples from a cohort of vasculitis patients. This enabled the first
ever virome comparison between two forms of long-term therapeutic
immunosuppression, however further analysis of the vasculitis cohort awaits
follow-up clinical data.
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4.2. Methods
4.2.1. Ethics and Cohort Overview
All samples were obtained with informed written consent and the approval of
the Cambridge Local Research Ethical committee (reference 08/H0308/176).
Two cohorts of secondary immunodeficiency patients were used in this study,
both undergoing therapeutic immunosuppression. The first cohort consisted of
50 renal transplant recipients, receiving life-long immunosuppressive therapy
following kidney transplantation in order to prevent immunological rejection of
the graft. Transplant patients enrolled in the study all received the same
induction therapy to control for pre-study differences between individuals. The
maintenance immunosuppressive regime for transplant recipients consisted of
an antimetabolite (azathioprine or mycophenolate mofetil) which inhibits
lymphocyte proliferation by inhibiting purine synthesis,384 a calcineurin
inhibitor (tacrolimus or cyclosporin A) which inhibits T-cell differentiation and
effector functions,385 and a corticosteroid (prednisolone) which inhibits
regulation of pro-inflammatory genes.386 The second cohort consisted of
individuals diagnosed with anti-neutrophil cytoplasmic autoantibody (ANCA)associated vasculitis. These patients suffer from chronic inflammation resulting
in damage to the small blood vessels. The inflammation is caused by
autoantibodies targeting one of two proteins (PR3 or MPO), both of which are
predominantly found in the cytoplasm of neutrophils.387 Treatment for ANCAassociated vasculitis is long-term therapeutic immunosuppression.388 Unlike
post-transplant immunosuppression, treatment for these patients is highly
varied between individuals (see table 4.1). Drug choices are dependent on both
the severity and stage of disease, and the use of newer drugs such as
mycophenolate mofetil is not well standardised, due, at least in part, to the rarity
of the disease hindering the development of an evidence based, uniform
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protocol.389 Unfortunately, a lack of available clinical information for the
vasculitis cohort made it impossible to test for meaningful associations between
the virome and patient outcome. Therefore, the data generated from the
vasculitis cohort was restricted to being used to make basic comparisons of the
virome between the two immunosuppressed cohorts suffering from distinct
diseases.
Blood samples from renal transplant recipients were taken on the day of
transplant and 90 days post-transplant. Blood samples from vasculitis patients
were taken on the first day of treatment, 90 days, and 12 months post-treatment.
Blood samples were also taken from healthy volunteers to be used as controls.
Cohort
Kidney
transplant

Sampling time-points (days
post commencement of
immunosuppression)
0 (n = 50),
90 (n = 50)

ANCAassociated
vasculitis

0 (n = 43),
90 (n = 36),
365 (n = 24)

Immunosuppressive drugs used for
treatment
Prednisolone, mycophenolate mofetil
OR azathioprine, and tacrolimus OR
cyclosporin A
Various combinations of: tacrolimus,
azathioprine, mycophenolate mofetil,
cyclosporine A, infliximab,
adalimumab, rituximab,
cyclophosphamide, and 15deoxyspergualin

Table 4.1. Overview of the secondary immunodeficiency cohorts. Two
cohorts of secondary immunodeficiency patients were studied: kidney
transplant recipients and ANCA-associated vasculitis patients. Patients in both
cohorts receive long-term therapeutic immunosuppression to treat their
respective diseases. However, the types of drug used to treat vasculitis patients
are more varied, making comparisons difficult for this group. Paired blood
samples were taken at various time-points onset on immunosuppression in
order to assess the longitudinal impact of immunosuppression on the blood
virome.
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4.2.2. Sample Preparation and Sequencing
Nucleic acid was extracted from plasma samples, prepared, sequenced and
analysed as described in sections 2.1-2.3 of this thesis. An overview of the
sequencing statistics for each group are shown in section 2.4.
4.2.3. Contamination and Confirmation of Results
Given the low abundance of nucleic acid in plasma, potential cross-sample
contamination was thoroughly investigated. Typical patterns of contamination
such as the same virus occurring in multiple consecutive samples in a lane were
confirmed by nucleotide alignments and PCR testing of the original sample. To
ensure no false associations were made, all viral sequences with any evidence of
contamination were excluded from analysis. In particular, HIV-1 derived reads in
samples 23-36 (day 0) from lane number 17870_1#2-12 was excluded.
4.2.4. Anellovirus Quantification
Plasma anellovirus load was quantified by qPCR as described in section 2.5.
4.2.5. MinION Sequencing of Anellovirus Populations
A protocol was devised in order to further assess the diversity of anellovirus
populations in the plasma of immunosuppressed patients. To begin, circular
DNA, which includes anellovirus genomes, was specifically amplified from
nucleic extracted from plasma by rolling circle amplification (RCA) using random
hexamer primers. RCA was performed on samples from 10 randomly selected
renal transplant recipients using the Templiphi kit (GE Healthcare) according to
the manufacturer’s recommendations. Briefly, 15 µl of extracted total nucleic
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acid was heat denatured at 95°C for 3 mins and cooled to 4°C. Following
denaturation, the circular DNA was amplified using the Phi29 DNA polymerase
enzyme and random hexamers for primers in a 30 µl volume. Reactions were
incubated at 30°C for 18 hours. RNase-free water was used as a negative control
and a plasmid (pUC19) was provided as a positive control in the kit. Agarose gel
electrophoresis was used to confirm the presence of an extremely high
molecular-weight product, indicating a successful amplification.
The amplified product from each sample was split into five, 5µl aliquots, and
each product was treated using a different restriction enzyme capable of cutting
multiple anellovirus species based on reference sequence alignments (Table
4.2.). The restriction digest products were visualised on a 2% agarose gel under
a UV light. Products approximately the size of an anellovirus genome (~3-4 Kb)
were cut from the gel and purified using the QIAquick Gel extraction kit (Qiagen).
Preparation of the DNA products for sequencing was performed using the
MinION 2D Native Barcoding Kit (Oxford Nanopore Tech) but adapted for low
input

amounts

following

Josh

Quick’s

protocol

(www.zibraproject.org/blog/protocol-low-input-native-barcoding-protocol, full
protocol in appendices). Briefly, 100ng of amplicon was diluted to 30 µl for each
sample. End-repair was performed using the Ultra II End-Repair Kit, according to
manufacturer’s instructions. Barcode oligomers NB01-NB09 were ligated for
each sample in individual reactions according to the manufacturer’s protocol,
and barcoded samples were then combined. Sequencing adaptor ligation was
performed on the combined, barcoded samples in a single reaction and the final
library was quantitated by Qubit high sensitivity double-stranded DNA kit
(Thermo Fisher Scientific). 100 ng of the resulting library was loaded into a vR9
Flow-cell 1B (Oxford Nanoporetech) and the 2D basecalling software was run for
19 hours on the MinION sequencer Mk 1B (Oxford Nanoporetech).
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Enzyme Manufacturer
SmaI

Thermo Fisher

(FD)
Acc65I

Thermo Fisher

(FD)
AccI

Thermo Fisher

(FD)
SacI

Roche

Conditions

Recognised

TTV (Reference)

Sequence

Species Cut

37°C for 20 CCC^GGG

1,2,4,6,7,10,12,16,19,2

mins

5,26,2 7,28,29

37°C for 20 G^GTACC

1,2,3,4,6,7,8,10,12,15,1

mins

6,19,2 6,27,29

37°C for 20 GT^MKAC

1,2,3,4,6,7,8,10,12,15,1

mins

6,19,2 7,28,29

37°C

for G_AGCT^C

120 mins
ApaI

NEB

116

37°C
120 mins

1,2,3,4,6,7,8,10,12,15,1
6,19,2 6,27,28,29*

for G_GGCC^C

1,2,3,4,6,7,8,10,12,15,1
6,19,2 6,27,28,29*

Table 4.2. Enzymes used for restriction digest of rolling circle amplification
products. Restriction enzyme recognition sequences were compared to the
reference database of 16 TTV genomes. Enzymes that have recognition
sequences present within all of the TTV species are denoted by an asterisk.
FASTQ files from MinION sequencing were mapped to a FASTA file composed of
18 TTV reference sequences using GraphMap v0.5.1,390 allowing for circular
genomes. GraphMap is designed to quickly and accurately align long reads and is
also able to robustly handle the higher rates of error often observed in nanopore
sequencing reads. Default settings were used, including an e-value alignment
score threshold of 1e0 required for successful alignment, reads scoring above
this threshold were called unmapped. Reads mapping ambiguously to more than
one TTV reference genome were also called unmapped, although the high level of
inter-species variation combined with long reads meant this was a rare
occurrence. The number of reads mapping to each reference was then extracted
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using samtools idxstats,391 and visualised using ggplot2 in R.392
4.2.6. Statistical Methods
Basic statistical analysis of sequencing and qPCR results was performed using
the methods described in section 2.6 of this thesis.
Dr Simon Frost constructed a marginal structural model for a continuous
exposure from the data, in order to estimate the association between anellovirus
load and infectious disease complications, controlling for anti-metabolite.393 This
method is more robust than a standard logistic regression at controlling for the
effects of other variables (e.g. antimetabolite used). Stabilised inverse probability
weights (IPWs) were calculated using either linear regressions of log10transformed anellovirus viral load (using lm in R), to generate normal IPWs or a
cumulative logistic regression of deciles of anellovirus viral load (using polr from
the MASS library in R).394 These weights were used in a weighted logistic
regression as implemented in the survey library in R.395,396 The quantile IPWs
gave similar estimates of the odds ratio of complications per log10 TTV load as
the normal IPWs, and only the results for the normal IPWs are presented.
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4.3. Results
4.3.1 Overview of Illumina sequencing data
Analysis of the Illumina sequencing data revealed that raw read count varied
significantly across the patient and control groups (p < 0.0001, One-way ANOVA,
Fig 4.1.A.). However, multiple comparison tests showed that time-points within
the same cohorts were well matched: within the kidney transplant recipient
cohort, average raw read count did not significantly differ between the day 0
time-point and the day 90 time-point (p = 0.99, Tukey’s multiple comparison
test) and the same was observed between the three vasculitis cohort time-points
(p values = 0.21 - 0.98, Tukey’s multiple comparison test).
On average, the healthy control group produced fewer sequencing reads than the
patient groups. In particular, the number of reads produced by the healthy
control samples was significantly lower than the number generated by the
vasculitis cohort at day 0 and day 90, (p < 0.05, Tukey’s multiple comparison
test). A low read number may reduce the potential to detect viruses and
therefore result in an underestimation of viral prevalence in the control group.
However, it should be noted that during the preparation of the samples, those
from the healthy group were split to be prepared and sequenced across multiple
sequencing runs. Therefore, the consistently low number of reads produced by
these samples may be due to an inherent quality of the samples rather than the
result of multiple poor library preparations or sequencing runs. For example, it
has been reported that blood plasma levels of circulating cell-free DNA, which is
derived from dead and dying cells, are generally low in the blood of healthy
individuals, but increased in patients with diseases including sepsis, arthritis,
lupus, stroke and cancer.4 Therefore, it is possible that the difference in read
count between the healthy and patient cohorts in this study is due to a lower
level of circulating cell-free DNA in healthy plasma.
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Across all groups, a high proportion of reads were lost during the quality control
stage of computational analysis (!̅ = 24.7 – 52.8%, Fig 4.1.B.), suggesting that
overall quality of sequence data was poor. Quality control of sequence data was
performed using CLC software, which uses a modified version of Mott’s trimming
algorithm to remove low quality bases, by calculating the probability of an
erroneous base-call based on Phred quality scores.5 If a read contained > 1
ambiguous base-call, consisted of low complexity repeats (e.g. polyA/T), or less
than 50 bases (33% of the read) remained following trimming, the entire read
was discarded to avoid non-specific mapping in the steps to follow.
Following quality control, host-derived sequences were subtracted from the
dataset by mapping to the human reference genome, in order to reduce the
number of reads and speed up later analysis. As expected, a high percentage of
the reads from all groups were of human origin (70.1 - 87.2%, Fig 4.1.C.).
The average number of reads remaining following quality control and host read
subtraction ranged from 103 - 107 across groups (Fig 4.1.D.). Similar to the raw
sequence dataset described above, there was a significant difference in average
read number between groups (p < 0.0001, one-way ANOVA), but no significant
difference was observed between patient groups within the same cohort (p
values = 0.68 – 1.00, Tukey’s multiple comparison test). Therefore, despite
overall differences in read count and read quality between groups, and so
comparisons of viral prevalence at different time-points within the same cohort
should be largely unaffected.
4.3.2. Viruses Detected by Sequencing in Renal Transplant Patient Plasma
Marked changes were observed in the plasma virome following renal
transplantation and 3 months of immunosuppression (Figure 4.2). There was a
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Figure 4.1. Illumina sequencing data statistics. A) Total number of
sequencing reads generated for each cohort, grouped by treatment timepoint. Comparing all groups simultaneously, there was a significant
difference in average raw read count (p < 0.001, one-way ANOVA).
Comparisons of individual groups showed that average read counts
differed significantly between two of the vasculitis patient groups and the
healthy control group (p < 0.0001 (vasculitis day 0) and p = 0.0037
(vasculitis day 90), Tukey’s multiple comparison test). B) Trimming and
removal of reads containing low quality and ambiguous bases resulted in
the loss of an average of 24.7 – 52.8% of sequences. C) Host-derived reads
that passed quality filters were subtracted by mapping to the human
reference genome, removing an average of 70.1 – 87.2% of the reads from
each group. D) Following QC and host-subtraction there remained an
overall significant difference in average read count between groups (p <
0.001, one-way ANOVA). However, this was again due to a difference
between the vasculitis patient groups and the control groups, (p < 0.0017
(day 0) and p = 0.0095 (month 12), Tukey’s multiple comparison test).
Mean and standard deviation is shown for all figures.
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significant increase in the prevalence of the anelloviruses: TTV (McNemar’s test,
p < 0·0001) and TTMDV (McNemar’s test, p < 0·0055), as well as the flavivirus
HPgV (McNemar’s test, p < 0·0026). Clinically relevant viruses such as BK
polyomavirus, simian virus 40 (SV40) polyomavirus, EBV, and other human
herpesviruses were also detected but at a low prevalence which was not
significant. Presence of each virus was confirmed by PCR to compensate for the
low sensitivity afforded by the broad NGS approach. Specific PCR assays revealed
two additional BK Polyomavirus infections in patient samples that were not
picked up by NGS screens of plasma (marked in grey).
4.3.3. Effect of Immunosuppression on Anellovirus Load in Renal
Transplant Patients
Given the high prevalence of anellovirus, a qPCR assay was employed to quantify
anellovirus load and discriminate better between the virome of patients.
Following transplantation and the commencement of immunosuppression there
was a highly significant increase in anellovirus load (Wilcoxon test, p < 0.0005)
whilst there was no difference in anellovirus load between patients prior to
transplantation and healthy volunteers (Figure 4.3.A).
A significant increase in both anellovirus species and genogroups was detected
following immunosuppression (Figure 4.3.B, paired t-test, p < 0.0001).
Regression analysis using a general linear model showed a strong positive
correlation between anellovirus load and the number of anellovirus species
detected from the NGS data (Figure 4.3.C, paired t-test, p < 0.0001).
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Figure 4.2. Viruses detected by metagenomic Illumina sequencing of
renal transplant patient plasma. There was a significant increase in the
prevalence of the anelloviruses: TTV (McNemar’s test, p < 0·0001) and
TTMDV (McNemar’s test, p < 0·0055), as well as the flavivirus HPgV
(McNemar’s test, p < 0·0026). Clinically relevant viruses such as BK
polyomavirus, simian virus 40 (SV40) polyomavirus, EBV, and other human
herpesviruses were also detected but at a low prevalence which was not
significant. Sampling time points represent the day of transplantation
(prior to commencement of maintenance immunosuppression) and 90days post transplant. Viral read count is shown as a ratio of host-derived
reads in order to normalize between individuals. Virus presence was
confirmed by PCR. In two separate patients, the polyomavirus BK virus
(BKV) was detected by qPCR in samples that had no detectable BKV
sequencing reads by NGS. These are identified in grey in the figure.
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Figure 4.3. The effect
of immunosuppression of renal
transplant patients on anellovirus load and diversity. A)
Anellovirus load was measured by qPCR in paired plasma
samples from renal transplant recipients pre- and 90 days postimmunosuppression (n = 30) and healthy volunteers (n = 28).
Viral load was significantly increased following 90 days of
immunosuppression compared to the same patients at day 0 (p
< 0.0005, Wilcoxon test) and healthy controls (p < 0.0005,
Mann-Whitney test). Limit of detection for the assay is
indicated by the dotted line. Error bars show median. B) A
model of anellovirus load measured by qPCR against the
number of anellovirus species detected by Illumina sequencing
demonstrated a positive correlation between the two. Only
reads that aligned exclusively to a single reference sequence
were considered. C) A significant increase in both anellovirus
species and genotype diversity post-transplant (paired t-test, p
< 0.0001) was detected.
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4.3.4. Torque-Teno Virus Correlates with Opportunistic Infections in Renal
Transplant Patients
Given its association with immunosuppression, I next wished to determine
whether anellovirus load could be used to identify those patients more
susceptible to infection following transplant. In order to do this, I examined
individual’s patient records for infectious complications in the year following
sampling (Table 4.3.). Infectious complications were defined as follows: bacterial
infections requiring the prescription of >= 4 courses of oral antibiotics within the
first-year post transplant or, hospital admission and intravenous antibiotic for
severe, culture-positive bacterial infection; active viral infection as diagnosed by
PCR-based assays during routine post-transplant surveillance; fungal infections
as diagnosed by culture methods.
Simon Frost performed a logistic regression analysis to identify correlates of
infectious complication, measuring the predictive ability of these models by
calculating the area-under-the-curve (AUC) of a receiver-operator characteristic
(ROC) curve. ROC curves can be used to quantify how accurately a diagnostic test
differentiates between two patient states (e.g. infected or not), with the highest
possible AUC of 1.00 meaning that a test correctly identifies the true state 100%
of the time.397 Analysis revealed that anellovirus was significantly associated
with the incidence of infectious complication in a dose-dependent manner; for
each log10 increase in viral load, the odds ratio (OR) for infectious complications
increased by 1.44 (p = 0.0143, 95% confidence intervals = 1.10 - 1.98). Given that
anellovirus load varied by over seven orders of magnitude, this is a strong effect,
with an AUC of 0.72 (Figure 4.4.A). Presence of the virus alone was not sufficient
to predict infectious events: when the information on anellovirus load was
omitted, and only anellovirus infection status considered, the statistical
significance and AUC fell (overall OR = 7.0, p = 0.0803, AUC = 0.60). The
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correlation between anellovirus viral load and infectious complications was
further demonstrated using the Kaplan–Meier method (Cox-rank test, p = 0.004),
based on an arbitrary ‘high viral load’ threshold of 1,000 copies per mL of plasma
(Figure 4.4.B).
The logistic regression found that infectious complications were also associated
(p < 0.05) with the antimetabolite used (OR = 22.75, 95% c.i. = 5.0-166.6), and
delayed graft function (OR = 5.0, 95% c.i = 1.37-21.5), with a trend (p < 0.1) for
patients who underwent peritoneal dialysis (OR=6.88), who experienced
rejection (OR = 3.89) or were treated with pulse steroid therapy (OR = 3.18)
(Table 4.4.). The model for anellovirus had the second highest predictive
performance for infectious complications (AUC = 0.72) following the use of
antimetabolite (AUC = 0.78). Interestingly, the antimetabolite used was also
associated with anellovirus load. However, even after controlling for the
antimetabolite, anellovirus load was independently associated with a higher
odds for infectious complication (OR = 1.4, 95% c.i. = 1.06-1.85 per log10).
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Figure 4.4. Anellovirus load correlates with future infectious
complications in renal transplant recipients. A) Anellovirus load at 90
days post transplant was significantly increased in patients that went on to
suffer from an infectious complication in the following year (n = 24)
compared to those that did not (n = 26) (p = 0.0046, Mann-Whitney test.
Infectious complications were defined as follows: bacterial infections
requiring the prescription of >= 4 courses of oral antibiotics within the firstyear post transplant or, hospital admission and intravenous antibiotic for
severe, culture-positive bacterial infection; active viral infection as
diagnosed by PCR-based assays during routine post-transplant surveillance;
fungal infections as diagnosed by culture methods.
Defined infectious
complications. Error bars show median. B) Kaplan-Meier plot
demonstrating the incidence of infectious complications in the year
following transplant for patients with high Anellovirus load (n = 27) and
low Anellovirus load (n = 23). (p = 0.0044, Mantel-Cox Test). Significance
increases if infections in the peri-operative period, which are generally
associated with surgery rather than immunosuppression, are excluded (p =
0.0021, Mantel-Cox test).
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b
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rejection;
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Pneumocystis pneumonia; SLE, systemic lupus erythematosus; TIN, tubulointerstitial nephritis; UTI, urinary tract infection.
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Variable

Odds ratio

AUC

P-value

Anti-metabolite

22.75

0.78

0.0036

TTV load (per log10)

1.44

0.72

0.0143

TTV load (101 copies per mL) 1.44

0.72

0.0143

TTV load (108 copies per mL) 11.52

0.72

0.0143

Delayed graft function

4.99

0.66

0.0195

Peritoneal dialysis

6.87

0.58

0.0588

Acute graft rejection

3.89

0.61

0.0753

Treatment for rejection

3.18

0.62

0.0778

TTV status

7.00

0.60

0.0803

Calcineurin inhibitor

0.43

0.40

0.1700

Haemodialysis (type)

2.38

Not tested

0.2121
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Table 4.4. Logistic regression analysis results for the prediction of infectious
complications. Correlates of infectious disease complication were identified
using a logistic regression. Odd’s ratio for TTV load (copies per mL of plasma) is
cumulative per log10 increase. TTV status refers to the presence or absence of
TTV by qPCR. Calcineurin inhibitors were either tacrolimus (n = 26) or
cyclosporin A (n = 24). Anti-metabolites used were azathioprine (n = 38) or
mycophenolate mofetil (n = 12).
4.3.5. Anellovirus Increased Following Acute Rejection Episodes in Renal
Transplant Patients
I next set out to test whether any of the viruses detected by NGS were associated
with patient treatment history or transplant outcome. Analysis revealed
increased anellovirus load in patients who had previously suffered acute
rejection episodes (Mann-Whitney U test, p = 0.0138) (Figure 4.5.A).
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Anellovirus load is strongly correlated with the level of immunosuppression,
demonstrated by the increase between time point 0 and 90 (Figure 4.3.A). This
led me to hypothesize that rather than the rejection event itself, pulse steroid
therapy (used to treat acute rejection episodes) may have triggered increased
anellovirus load. To address this, I included four patients in the analysis who had
been treated with pulse-steroid therapy prior to the day 90 time point but had
not suffered an acute rejection episode. The association remained strong
following the addition of these patients (Figure 4.5.B) (Mann Whitney U test, p =
0.0170). Importantly, there was no significant disparity in baseline levels of
immunosuppression between the groups at any time point and so baseline
maintenance dosages are unlikely to be a factor influencing the viral load (Figure
4.6).
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Figure 4.5. Anellovirus load correlates with previous rejection
episodes in renal transplant recipients.
A) Anellovirus load at 90 days post-transplant was significantly
increased in patients who had suffered from acute rejection episode (n =
10) compared to those that had not (n = 40) (p = 0.0138, Mann-Whitney
test). Limit of detection for the assay is indicated by the dotted line.
Error bars show median. B) Anellovirus load at 90 days post-transplant
was significantly increased in patients who had been treated with pulse
steroid therapy (regardless of rejection) (n = 14) compared to those that
had not been treated (n = 36) (p = 0.0170, Mann-Whitney test). Patients
who were treated but did not experience rejection are highlighted in
blue. Error bars show median.
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Figure 4.6. Timeline of maintenance immunosuppression dosage in
rejecting and non-rejecting renal transplant recipients.
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mean time-point of therapy is denoted by the dotted line (day 16).
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4.3.6. Impact of Other Viruses in Renal Transplant Patients
No further association was found between the viruses detected by NGS and
patient treatment or outcome. In particular, no association was found between
the presence of HPgV, BKV, TTMDV or TTMV at day 90, and the occurrence of
acute graft rejection, infectious complications, anellovirus load or blood
transfusion.
4.3.7. Viruses Detected by Sequencing in Vasculitis Patient Plasma
Metagenomic sequencing of plasma from a cohort of patients receiving long-term
immunosuppressive therapy for ANCA-vasculitis again revealed that 90 days of
immunosuppression results in a significant increase in the prevalence of TTV
(McNemar’s test, p = 0.027) (Figure 4.7.). By one year, the prevalence of TTV had
fallen, however the decrease between day 90 and one year was not significant
(McNemar’s test, p = 1). Clinically relevant viruses were also detected at a low
prevalence. These included Merkel-cell polyomavirus, SV40, CMV, HSV1 and
vesicular stomatitis virus. Aside from TTV, no significant change in virus
prevalence was seen following immunosuppression.
4.3.8. Comparison of Viral Prevalence Between Renal Transplant and
Vasculitis Patients
Prior to immunosuppression, there was no significant difference between the
vasculitis and transplant cohorts in terms of viral prevalence. However, when all
viruses were considered together, both cohorts did display an increased overall
prevalence compared to the healthy volunteers (Fisher’s exact test, p < 0.001 and
0.037 respectively) (Figure 4.8.A). If each virus was considered independently at

Chapter 4: The Virome During Therapeutic Immunosuppression

134

day 0, TTV and HPV prevalence in the vasculitis cohort differed significantly
from the healthy volunteers (p = 0.001 and 0.018 respectively) (Figure 4.8. B-H).
Following 90 days of immunosuppression, the prevalence of the anelloviruses
TTV, TTMDV and TTMV increased in both cohorts (Figure 4.8. B, C and D),
however the prevalence of TTV (Fisher’s exact test, p = 0.012) and HPgV
(Fisher’s exact test, p < 0.001) increased to significantly greater levels in the
transplant cohort (Figure 4.8. A, B and F).
Herpesviruses were also detected across all cohorts, including the healthy
volunteers (Figure 4.8.G). CMV and HSV 1 were detected solely in the vasculitis
patient cohort, whilst Epstein-Barr virus was detected in a single patient from
the transplant cohort at day 0. There was a trend towards increased
cytomegalovirus prevalence in the vasculitis cohort across day 0 and day 90,
however this was not significant (Fisher’s exact test, p = 0.075).
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Figure 4.7. Viruses detected by metagenomic Illumina sequencing of
plasma from patients with vasculitis, pre- and post-commencement
of maintenance immunosuppression.
Metagenomic sequencing of plasma from vasculitis patients was
performed and virus-specific reads were detected by alignment to a viral
genome database. Sampling time points represent day of treatment (prior
to commencement of immunosuppression), 90-days, and 365-days post
treatment. 90 days of immunosuppression resulted in a significant
increase in the prevalence of TTV (McNemar’s test, p = 0.027). By one year,
the prevalence of TTV had fallen, however the decrease between day 90
and one year was not significant (McNemar’s test, p = 1). Viral read count
is shown as a ratio of host-derived reads in order to normalize between
individuals. Virus presence was confirmed by PCR. In one patient, human
herpesvirus 5 (cytomegalovirus/CMV) was detected by qPCR in a sample
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identified in green in the figure.
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Figure 4.8. Virus prevalence in renal transplant and vasculitis
patients undergoing maintenance immunosuppression. The
prevalence of each of the viruses detected by metagenomic sequencing
was calculated for healthy volunteers, transplant recipients and
vasculitis patients at various time points, beginning at day 0 when
therapeutic immunosuppression is initiated. Graphs show the
proportion of patients positive for: A) Any virus; B) torque-teno virus; C)
torque-teno midi virus; D) torque-teno mini virus; E) human
papillomavirus; F) human pegivirus; G) herpes viruses; and H) other
viruses. Following 90 days of immunosuppression, the prevalence of the
anelloviruses TTV, TTMDV and TTMV increased in both cohorts (Figures
B, C and D), however the prevalence of TTV (Fisher’s exact test, p =
0.012) and HPgV (Fisher’s exact test, p < 0.001) increased to significantly
greater levels in the transplant cohort. Differences in prevalence
between patient groups were tested by Fisher’s exact test. Differences in
prevalence within the same group over time was tested by McNemar’s
test.
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4.3.9. Comparison of Anellovirus Load and Diversity Between Renal
Transplant and Vasculitis Patients
At day zero, average anellovirus load of the vasculitis and transplant cohorts did
not differ (Mann-Whitney U test, p = 0.412) (Figure 4.9.A). Following 90 days of
immunosuppression, the average anellovirus load had significantly increased in
the vasculitis cohort (Wilcoxon signed rank test, p = 0.027). However, the
anellovirus load in vasculitis patients at day 90 was significantly lower than that
of the transplant cohort (Mann-Whitney U test, p = 0.005). By one year, the
average viral load of the vasculitis cohort had fallen to a level that did not
significantly differ from that of day zero (Wilcoxon signed rank test, p = 0.063) or
day 90 (Wilcoxon signed rank test, p = 0.375).
In the vasculitis cohort, the number of anellovirus species detected by
metagenomic sequencing increased following 90 days of immunosuppression
(Mann-Whitney U test, p = 0.024) and had reverted to a similar level to day zero
by one year (p = 0.503) (Figure 4.9. B and C). The average number of anellovirus
species was greater in the vasculitis cohort than the transplant cohort at day
zero (Mann-Whitney U test, p = 0.031), whereas the average number of species
was greater in the transplant cohort following 90 days of immunosuppression
(Mann-Whitney U test, p = 0.024) (Figure 4.9.C).
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4.3.10. Full Genome Sequencing of Anellovirus Populations
As previously noted, the identification of viral reads in metagenomic datasets is
limited by the need for alignment against a reference sequence. This is
particularly true for anellovirus species as they have highly divergent genomes
and therefore may not have sufficient homology to the sequences in the
reference database for successful alignment. To address this, a method for nonspecific, whole genome sequencing of anellovirus was devised (see methods
section 4.2.5). This method was then used to assess the true diversity of
anellovirus populations in a subset of ten transplant patient plasma samples.
Rolling circle amplification (RCA) using random hexamer primers can be used to
selectively amplify circular DNA (see Figure 4.10). Therefore, this method was
employed to preferentially enrich for circular anellovirus genomes in total
nucleic acid extracted from plasma. RCA reaction success was confirmed by gel
electrophoresis, which demonstrated the presence of an extremely high
molecular mass product (constituting concatermerised anellovirus-derived
DNA) (Figure 4.11 A).
RCA products were then divided into five, 5µl aliquots, and each aliquot was
subjected to digestion by a different restriction enzyme. Restriction enzymes
were selected based on their ability to cut multiple anellovirus species, as
determined by reference sequence alignments (see Table 4.2). Restriction digest
products were visualised on a 2% agarose gel under UV light (Figure 4.11 B-E),
and those between 500-4,000 bp were excised and purified using the QIAquick
gel extraction kit (Qiagen). Purified DNA from restriction digest reactions was
pooled for each individual sample.
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The MinION was selected to sequence the digested RCA products, as the platform
is capable of producing single reads that cover the entire length of the 500 –
4,000 bp products. This is preferable to short-read platforms such as Illumina as
the high level of variability in anellovirus genomes and the presence of multiple
co-infecting anellovirus species can make non-reference-based assembly of short
reads difficult.
Analysis of the sequence data revealed that every one of the patients harboured
multiple species of anellovirus (Figure 4.12.A). Furthermore, on average 25% of
sequences from each patient could not be mapped to the anellovirus reference
genome database (range 3% - 71%) (Figure 4.12.B). Interrogation of the
unmapped sequences by BLASTn revealed that they were most similar to other
isolates of anellovirus not included in the reference database, suggesting that
total anellovirus population diversity is under-represented by aligning
sequences to the reference genome database alone.
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Figure 4.10. Mechanism for non-specific enrichment of circular DNA
using rolling circle amplification.
Rolling circle amplification using random hexamer primers can be used to
specifically amplify circular DNA species in a metagenomic sample
containing both circular and linear DNA, therefore enabling enrichment of
anellovirus genomic DNA in a nucleic extract containing primarily linear
(non-anellovirus) DNA. A) For a linear template, a complementary strand
is generated, however no further amplification occurs. B) Using a specific
primer for a circular template also results in a complementary strand
being generated. However, upon reaching the site of primer binding, the
synthesised strand is displaced by the polymerase enzyme and DNA
synthesis continues, producing a single-stranded, concatermeric product.
C) Using random primers for a circular template allows for primers to
bind and initiate DNA synthesis at multiple sites. Upon displacement,
further random primers can bind to the displaced strand and DNA
synthesis is also initiated on these strands. If the reaction is performed for
a long period of time (e.g. 12-16 hours) the result is a high-molecular
weight, double-stranded DNA product. Image reproduced from Johne et
al.390
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Figure 4.11. Restriction digestion of rolling circle amplification
products. Rolling circle amplification (RCA) was performed on total nucleic
extracts from the plasma of ten renal transplant recipients (day 90 time
point) in order to amplify all circular DNA species, resulting in a highmolecular mass DNA product (A). RCA products were treated with five
restriction enzymes: SmaI (B), Acc65I (C), AccI (D), SacI (E), and ApaI (F).
All bands equal to or smaller than the 3.8 kbp anellovirus genome (within
the red demarcations) were extracted for sequencing on the MinION
platform.
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Figure 4.12. Whole genome sequencing of anellovirus populations in
transplant patient plasma. 2D sequencing of RCA products was
performed on the MinION platform. MinION sequencing reads were
mapped to all 18 reference sequences available for anellovirus using
GraphMap, allowing for circular genomes. Default settings were used,
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read confirming anellovirus as the best match.
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4.4. Discussion
4.4.1. Anellovirus as a Prognostic Marker of Infection in Renal Transplant
Patients
Here, I demonstrate marked changes in both the DNA and RNA plasma virome
following immunosuppressive therapy. In agreement with previous studies
examining the immunosuppressed DNA virome, a striking increase in anellovirus
variants was detected.274,377 Of the variables measured, total anellovirus load
was found to be the best predictor of infectious complications in renal transplant
patients, following the antimetabolite used. The significance of anellovirus load
in renal transplant patients was even greater when infections occurring in the
peri-operative period were excluded from the analysis. An argument could be
made for the exclusion of infections during this period as they are rarely
opportunistic; instead they are typically associated with surgical complications
and the re-activation of pre-existing infections of the host or donor.362
Studies have previously demonstrated a strong correlation between anellovirus
and immune status. Low viral loads have been associated with the high levels of
immune activation which occur during acute graft rejection.274 Here, I show that
this association between increased viral load and immune suppression can also
be translated into a measure of susceptibility to pathogens in the transplant
cohort. Considered together, the results of this study support the notion that
anellovirus accurately represents an individual’s immune state, with regards to
under-suppression as indicated by rejection, and over-suppression as indicated
by

infection.

Therefore,

patient

prognosis

and

the

tailoring

of

immunosuppressive drug doses may be improved through the use of anellovirus
as a biomarker.
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However, further work is required to optimise this assay and strengthen its
predictive power. One possible method of achieving this is by targeting one or
more specific anellovirus species that best correlate(s) with future infections.
Examination of entire anellovirus populations by full genome sequencing
revealed that the within host diversity is extremely large. Indeed, a number of
reads that were identified as anellovirus by BLAST could not be aligned to any of
the species in the anellovirus reference genome database. This finding suggests
that the diversity of anellovirus populations is not fully represented in this study,
and many species may have gone undetected by both sequencing, due to the use
of a reference sequence database, and the qPCR assay. Therefore, it will be
important to determine whether including any of these species can contribute in
the search for an improved qPCR assay.
4.4.2. The Association Between Anellovirus and Graft Rejection
The current literature regarding anellovirus would primarily point towards
increased levels of immunosuppression as the cause of the increased anellovirus
load in patients who had experienced acute rejection. Additional doses of the
immunosuppressive drugs used to treat acute rejection may sufficiently weaken
anti-anellovirus immune mechanisms and facilitate increased replication of
anellovirus. No difference in base-line blood level of immunosuppressive drugs
was found between patients who experienced rejection and those that did not at
any time point during the study. Therefore, the primary difference in
immunosuppression between the two groups lies with the intense, short-term,
pulse-steroid intervention given to treat the rejection episodes. However, it
should be noted that rejection episodes and steroid interventions occurred on
average two months prior to sampling. Therefore, this hypothesis would appear
to suggest a long-lasting immunomodulatory effect on the virome, immunecompetence, and susceptibility to infection by association.
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One alternative explanation is that overall higher levels of anellovirus antigen or
specific species of anellovirus (shown here to increase with load) may drive
immune activation, which may promote graft rejection. At present there is no
proven association between anellovirus and host versus graft pathology,
however there is evidence for the virus eliciting an immune response. However,
serological studies have confirmed the presence and persistence of antibodies
against putative antigenic regions located in the ORF1 gene.398 Indeed, virusbound antibody complexes have been shown to account for the vast majority of
TT virus in circulation,399 which may themselves be deleterious for glomeruli.
Anellovirus has also been shown to be capable of eliciting a cellular response.
Clones of CD4+ T-cells isolated from the cerebral spinal fluid of a multiple
sclerosis patient were found to respond to poly-arginine motifs present on both
the virus and cells of the central nervous system.400 Intriguingly, this implicates
the virus as a potential cause of the host-directed immune response and may
explain the association between acute rejection and increased viral loads.
However, the ubiquity of this virus and reports of lower levels of anellovirus as a
strong predictor of on-going rejection events would appear in conflict with this
hypothesis.
A further possibility is that lymphocyte proliferation elicited by the immune
response against the graft may simply facilitate anellovirus replication. The virus
has been shown to replicate in stimulated peripheral blood cells,326 and may be
using the increased number of actively dividing cells to replicate. Indeed, studies
have shown that anellovirus DNA levels increase following immune stimulation
by vaccination.401
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4.4.3. Other Viruses Detected by Metagenomic Sequencing of the Renal
Transplant Cohort
HpGV was detected in 32% of patients post-transplantation. However, no
association was found between the presence of HpGV and patient outcomes
including other infectious complications, acute rejection episodes or poor graft
score up to one year post-transplant. At present, the virus has not been
associated with any form of pathology and is thought to infect individuals in a
cryptic fashion.402 Infections in healthy individuals are generally resolved, but
persistence has been demonstrated in HIV-infected individuals.403 This suggests
that immunosuppressed patients could act as a reservoir for the virus and is a
possibility supported by the high prevalence observed in this study. HpGV has
been shown to down-regulate T-cell response pathways which are associated
with reduced inflammation,404 however here no association was found between
the presence of HpGV or increased anellovirus load. Therefore, I suggest that
infection with HpGV is unlikely to interfere with the potential use of anellovirus
load as a marker of immunosuppression.
BKV was detected in 6% of patients over the 90-day period. Reactivation of BKV
infection is a major cause of graft pathology in renal transplant patients. No
association was found between BKV and patient outcome however it should be
noted that all three BKV positive patients experienced rejection episodes either
during or following the study period. This result is largely due to the small group
size. Data from a recent study appeared to suggest that levels of BKV and
anellovirus in the urine of renal transplant recipients were inversely correlated,
leading the authors to hypothesise that there is competition between the two
viruses for the cellular resources required to replicate.307 I tested the data for the
same inverse correlation in the plasma of this cohort, and found it was not the
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case. However, a larger study with greater numbers of BKV positive individuals
may be required.
4.4.4.

Comparison

of

the

Plasma

Virome

in

Two

Therapeutically

Immunosuppressed Cohorts
Comparison of the two cohorts revealed a similar increase in viral prevalence and
species diversity, as well as anellovirus load, following onset of immunosuppression.
However, the increase in anellovirus in the vasculitis cohort was not as marked as the
increase in the transplant cohort. Given the previously reported correlation between
anellovirus and immunosuppression, this difference suggests a greater intensity of
immunosuppression in the transplant cohort. Unfortunately, it has not yet been
possible to obtain the clinical records for the vasculitis patients and so a comparison
of type of immunotherapeutic and dosage could not be performed to determine
whether this was indeed the case. Lack of clinical information also prevented testing
of whether a similar association between anellovirus and infectious complications
was detectable in these patients.
Further slight differences were detected between the two cohort’s viromes. HPgV was
significantly more abundant in the transplant cohort, whilst HPV and CMV showed
signs of increased prevalence in the vasculitis cohort. Each of these differences could
be due to disparities in disease, form of treatment or immunosuppressive regime. For
example, Human Pegivirus is thought to be primarily transmitted via blood products
and so is likely to have been introduced to the transplant patients during surgery or
transfusions.279 TTMDV prevalence appears to mirror TTV but to a lower degree, and
so it is unsurprising that it’s prevalence was slightly greater in the transplant cohort.
The fact that HPV prevalence is slightly increased in the vascultitis patients at day 0
suggests that it may be associated with a facet of the untreated disease such as its
aetiology, exposure, or activation caused by the inflammatory environment.
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Interestingly, HPV was no longer detectable following immunosuppression. Finally,
reactivation of CMV is highly associated with graft rejection in transplant
recipients.405 For this reason, these patients are treated with prophylactic antiviral
drugs for a minimum of 3 months following transplant. It appears that the same drugs
are not given to vasculitis patients, presumably due to the apparently lower intensity
or type of immunosuppression, and lack of rejection risk. Due to the low prevalence
of these viruses, larger studies would be required to determine whether they are
common infections of these cohorts or merely artifacts.
The increase in overall prevalence of viruses at day zero in both patient groups
compared to healthy volunteers is likely due to induction therapy. The fact that
anellovirus load is not significantly increased in the patients at this time point
illustrates that the level of immunosuppression during induction is minimal
compared to the maintenance regime. Interestingly, viral prevalence did not
appear to differ significantly between transplant and vasculitis patients at the
day zero time point. This suggests that during the induction stage of treatment,
both patient groups are susceptible to viral infections compared to healthy
individuals, but neither cohort is significantly more susceptible than the other,
and it is not until the maintenance regimes commence that the viromes begin to
diverge.
Finally, an additional time point for the vasculitis patient cohort shows anellovirus
load and prevalence falling after 1 year of immunosuppression. This trend has been
previously reported in a longitudinal study of solid organ transplant recipients
and was found to be highly associated with the tapering of immunosuppressive
dose.278 Therefore I would expect to see the same in pattern in the transplant patients
after a year.
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4.5. Conclusion
Overall, perhaps the most important clinical finding is that increased anellovirus
at day 90 post-transplantation has not only the potential to be used as a measure
of functional immunosuppression as has been previously suggested, but also to
predict the risk of severe infectious complications in transplant patients.
Opportunistic infections are a major cause of hospitalisation following solid
organ transplantation and for many other immune-deficient conditions.
Therefore, clinical monitoring of anellovirus load in plasma may become an
important clinical management tool for fine-tuning of immunotolerance to
address this risk. Larger, multi-centre studies are warranted in order to
determine the robustness of these findings against a broader clinical setting. The
comparison between the transplant and vasculitis cohorts revealed both
commonalities and differences in the virome. Therefore, extrapolation of these
results with regards to immunosuppressed patients outside of the transplant
setting should be approached with caution without further validation as they
may not be applicable to cohorts on differing immunosuppressive regimes.
Further molecular studies of anellovirus including, the relevance of specific
species, how it is acquired and its response to immunosuppression are also
required to better understand the role of different anelloviruses in human health
and disease.
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Chapter 5
The Virome in Primary Antibody Deficiency
5.1. Introduction
5.1.1. Evidence for an impaired antiviral immune response in antibody
deficient patients.
Early reports of patients with primary antibody deficiencies described severe
bacterial infections as the primary cause of morbidity and mortality.406–408 This
observation, reinforced by the lack of appropriate or sensitive tests for viruses at
the time, has led to the long-standing, dogmatic view that the impact of antibody
deficiency is predisposition to bacterial, rather than viral, infections.409 Indeed,
the majority of antibody deficient patients still present with a history of
recurrent bacterial infections. This has been supported by the therapeutic
response to antibiotics combined with the introduction of intravenous
immunoglobulin therapy. Together, these treatments have proved effective at
preventing bacterial infections, leading to a pronounced decline in mortality
rates.410,411 From this, it has generally been concluded that bacteria are major
pathogens for antibody deficient patients, reflecting the clinical focus of
treatment on preventing and/or resolving bacterial infections.
However, observations in murine models have demonstrated that antibodies
also play an important role in the resolution of both chronic and acute viral
infections. For example, high rates of mortality have been described in B-cell
deficient

mice

chronically

infected

with

gammaherpesvirus,

whilst

immunocompetent animals were able to survive by controlling the virus,
maintaining its latent state.412 A further study found that B-cell deficient mice are
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also far more susceptible to acute influenza virus infection compared to their
immunocompetent counterparts; the immunodeficient mice also demonstrated a
lack of immunological memory following re-challenge by an attenuated strain of
the virus.413 In humans, patients with antibody deficiency have been recently
reported to suffer chronic infections by viruses usually responsible for acute
disease.414 It should be noted that despite the clear importance of antibodies
with regards to viral infection, in the absence of T-cells, presence of antibody
alone is not sufficient for viral clearence.415 Regardless, the evidence above
suggests that individuals lacking antibodies are likely to have an impaired antiviral immune response.
5.1.2. B- and T-cell defects in antibody deficient patients
Of

the

primary

antibody

deficiency

disorders,

common

variable

immunodeficiency (CVID) is the most frequently diagnosed in adults, with an
estimated prevalence of 1:10,000 – 50,000.416 It may manifest in childhood but is
generally not diagnosed until the second or third decade of life, often on the basis
of recurrent bacterial infections of the upper and lower respiratory tract. CVID is
primarily characterised by a severe reduction of at least two immunoglobulin
isotypes, a poor response to vaccination and the exclusion of differential
diagnoses. This relaxed definition has resulted in an extremely heterogeneous
disease, and a diverse range of immune pathway defects are likely to be involved
given the immense complexity of the adaptive immune system. Indeed, at time of
writing, the specific underlying genetic defects in CVID have been identified for
only 10-15% of cases.417,418
Unsurprisingly, the majority of CVID patients display irregularities in their B-cell
compartment, in terms of both quantity and function, which are presumably due
to defects at different stages of the B-cell development pathway. Initially, B-cell
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immunophenotyping was used to classify heterogeneous cohorts of CVID
patients into discrete groups which could be used to predict the likelihood of
disease-related complications and survival rates.410 However, despite humoral
deficiency being the definitive defect for CVID, it was soon discovered that the Bcells of many CVID patients are in fact capable of both proliferation, and the
secretion of normal amounts of immunoglobulin if stimulated appropriately in
vitro.419–423 This finding lead to the hypothesis that other cells of the immune
system were involved in at least some cases.
Investigations have since found that 40-50% of CVID patients also possess T-cell
abnormalities.424,425 In two large studies (n = 285 and 313), the most frequently
observed T-cell abnormality was an inverted CD4:CD8 ratio, characterised by
both a significant reduction in naïve CD4+ T-cells and a significant increase in
effector CD8+ T-cells compared to healthy blood donors.426,427 It has been
suggested that the reduction in the number of circulating naïve T-cells is possibly
due to a diminished thymic output, whilst the increased number of effector Tcells is likely driven by chronic antigenic-stimulation, such as that seen during
viral re-activation events.428 Further studies have also demonstrated various
functional defects in the T-cells of some CVID patients, including a reduced
proliferative response to mitogens and failure to respond to both novel and
recall antigen.419,429 These findings have led to T-cell phenotyping being
implemented as an important, additional tool for the classification of CVID
patients.
5.1.3. T-cell abnormalities in antibody deficient patients appear to be
associated with inflammatory disease
Intriguingly, the presence of T-cell abnormalities in CVID appears to be closely
linked to idiopathic inflammatory complications. A European study investigating
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a cohort of 313 CVID patients found a strong association between a reduced
percentage of naïve CD4+ T-cells, an increased percentage of effector CD8+ Tcells, and increased disease severity in the form of lymphoproliferative
disorders, autoimmune diseases and gastric complications.427 The same
abnormality was also shown to be significantly associated with reduced lung
function,430 splenomegaly,426 presence of granulomata,431 and gastrointestinal
symptoms432 in CVID. Another study of over 500 antibody deficient patients
found that those with a reduced CD4+ naïve T-cell count suffered an increased
rate of mortality and inflammatory disease.433 Furthermore, this phenotype of
antibody deficiency combined with T-cell abnormalities appears to be associated
with a more severe form of disease as these patients accounted for 77% of the
total deaths during the study period despite representing only 20% of the
cohort. Elevated markers of immune activation (HLA-DR and CD38) on CD8 Tcells have also been associated with incidence of splenomegaly, autoimmune
disease and lymphoproliferative disorders in a number of studies.434–436
5.1.4. The inflammatory phenotype in primary antibody deficiency
Chronic

immune

activation

affects

approximately

30-60%

of

CVID

patients.410,437,438 Patients who experience these symptoms represent a distinct
phenotype which does not alter over time.439 These patients also experience a
range of secondary immune-related complications, including: enteropathy,
hepatomegaly, splenomegaly, granulomatous disease of the lung, liver and
spleen, autoimmune disease and lymphoproliferative diseases.440
The introduction of intravenous immunoglobulin (IVIg) replacement therapy for
CVID patients, whilst proving an effective treatment for the prevention of
bacterial infections, does not appear to have fully addressed the inflammatory
complications described above, and the general health of CVID patients is still
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poorer than that of the average adult.441 These complications are now the major
cause of morbidity and death in CVID patients,410,442,443 and account for an 11fold increase in morbidity and mortality rate compared to CVID subjects who do
not experience these complications.444 The cause of the immune activation is
unclear, however recurrent and chronic infections at mucosal surfaces have been
implicated due to the fact that instigation of intravenous immunoglobulin (IVIg)
therapy can sometimes ameliorate symptoms in these patients.445 Conversely,
some markers of activation (Ki67 and HLA-DR) and CD8+ T-cell counts do not
return to normal levels following treatment, suggesting that an underlying
stimulus remains.446
5.1.5. Evidence for a viral aetiology in inflammatory disease of primary
antibody deficient patients
Despite research and treatment continuing to ignore viral infections in antibody
deficient patients, a number of small clinical cohort studies have highlighted a
potential association between viral aetiologies and some forms of inflammatory
complication in CVID patients, suggesting that viral infections in CVID may prove
to be a greater burden than previously thought.
Intriguingly, the CD4/CD8 T-cell phenotype described above resembles that seen
in patients suffering from chronic viral reactivation events.428 Furthermore,
increased levels of ‘exhausted’, senescent T-cells (CD57+ CD279+) have been
reported in multiple CVID cohort studies.427,447–449 This phenotype is also
suggestive of antigen-driven, persistent immune activation caused by chronic
infections.
One study reported a strong association between the presence of CMV in CVID
patients and systemic inflammatory disease with active replication of CMV at
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sites of inflammation demonstrated by immunohistochemistry.450 A further
study reported the detection of CD8+ T-cells specific for CMV and EBV epitopes
in approximately half of the CVID patients studied.451 Additionally, one of these
patients suffered from severe gastroenteritis, which was resolved by treatment
with Valganciclovir, providing further evidence for a herpes virus such as CMV in
at least some cases of disease.
Aside from CMV, it has also been observed that CVID patients accidentally
infected by hepatitis C virus (HCV) during immunoglobulin replacement therapy
suffered an aggressive clinical course of hepatitis.452 Finally, a possible
association between another complication of CVID, granulomatous-lymphocytic
interstitial lung disease (GLILD), and human herpes virus 8 (HHV8) infection has
been reported, however the small study size meant that the results were not
statistically significant (HHV8+ in 6/9 with GLILD and 1/21 without GLILD).453
Overall, both RNA and DNA viruses have been detected at the site of
inflammatory complications suffered by CVID patients, however, causation
remains unproven, and, for the majority of cases, the underlying mechanism
remains unclear.
5.1.6. Aims
Here, I investigated the hypothesis that viral prevalence is increased in the blood
plasma of antibody deficient patients, particularly those with T-cell
abnormalities. I further investigated whether any of the viral infections detected
were associated with the inflammatory complications responsible for the high
level of morbidity and mortality observed in CVID patients, and if administration
of intravenous immunoglobulin therapy correlated with the resolution of some
of these viral infections.
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5.2. Methodology
5.2.1. Study design and participants
The experiments in this study made use of two separate cohorts of patients
diagnosed with primary antibody deficiency. A distinct cohort of healthy
volunteers was used as a control for each of the patient cohorts.
Cohort 1: Anonymised, fresh whole blood samples taken from patients with
primary hypogammaglobulinemia and healthy volunteers were obtained with
written consent under the approval of the University of Cambridge Human
Biology Research Ethics Committee (reference HBREC.2014.24) and Cambridge
Local Research Ethical Committee (reference 08/H0308/176) respectively.
Whole blood samples were stained for flow cytometry (see below) and the
remaining sample was separated into plasma and PBMCs using Leucocep
centrifuge tubes (Kremsmünster, Austria) for later experiments. Patient samples
were predominantly, but not exclusively, diagnosed with CVID (see Table 5.1).
Cohort 2: Anonymised, archived serum samples from patients diagnosed with
CVID. Two samples were taken per patient, representing two time-points: preand post-commencement of antibody replacement therapy. Both the patient
samples and archived samples from healthy volunteers were obtained with
written consent and the approval of the NHS ethical review committee
(reference 12/WA/0148).
Diagnosis of common variable immunodeficiency was suspected when a patient
had a history of recurrent infections. The diagnosis was made when blood tests
showed low levels of at least two of the immunoglobulin isotypes IgG, IgA and
IgM,

and

the

exclusion

of

differential

diagnoses

such

as

Bruton

agammaglobulinemia, X-Linked agammaglobulinemia, and secondary causes of
immunodeficiency.
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Patient'ID
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21

Diagnosis
Anellovirus'status
CVID
+
CVID
+
CVID
+
PID/specific>Ab>deficiency
+
PID/specific>Ab>deficiency
+
CVID
+
PID/Hypogammaglobulinemia
+
PID/Hypogammaglobulinemia
+
CVID
+
CVID
'
CVID
'
CVID
'
CVID
'
CVID
'
CVID
'
CVID
'
PID/Hypogammaglobulinemia
'
SPAD
'
PID/Hypogammaglobulinemia
'
CVID
'
CVID
'

Pegivirus'status
'
'
'
+
'
'
+
'
'
'
'
'
'
'
'
'
'
'
'
'
'

CD4+'naïve'(%)
32.4
0.7
16.3
0.9
2.0
13.1
11.5
0.4
0.4
8.6
5.1
16.7
5.1
77.2
32.5
43
28.1
44.4
67.7
20.3
48.9

CD8+'effector'(%)
27.1
79
71
92
60.1
38.1
63
71.7
79.3
55
36.2
56.1
53.3
3.7
40.1
32.4
71.1
38.2
49.4
78.1
23.7

Treatment'status
POST
POST
POST
POST
POST
POST
PRE
POST
POST
POST
POST
POST
POST
PRE
PRE
PRE
PRE
PRE
POST
POST
PRE

Inflammatory'disease
Yes
No
Yes
Unknown
Unknown
No
No
Yes
Yes
Yes
Yes
Yes
Yes
No
Unknown
No
No
No
No
Unknown
Unknown

Other'Clinical'Complications

Recurrent>lung>infection

Recurrent>infection,>obliterative>bronchiolitis
JIA,>Blackfan>Diamond>Anaemia
ITP,>AIHA
COPD

ITP>(AI)
ITP>(AI)
Splenomegaly,>adenopathy,>GLILD
Human>Papillomavirus
Sjorgrens
Hepatitis,>Hepatitis>E>Virus
Recurrent>lung>infection
Recurrent>lung>infection
Recurrent>lung>infection
HPV,>Candida

Table 5.1. Overview of Cohort 1. Prospective whole blood samples taken from antibody deficient patients at a single
time-point.

The majority of patients in cohort 1 were diagnosed with CVID, however the cohort also included other primary
immunodeficiency patients (PID) with antibody deficiencies (see diagnosis). Anellovirus status was defined by qPCR and
Human Pegivirus status was defined by metagenomic sequencing and confirmed by PCR (virus positive status is highlighted
in red). CD4 CD45RA+ CCR7+ naïve and CD8+ CD45RA- CCR7- effector T-cell levels are shown as percentages of CD3+ CD4+ Tcells and CD3+ CD8+ T-cells respectively. The majority of patients suffered from additional infectious and inflammatory
complications, which are described, however the available clinical dataset remained incomplete for some patients.
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5.2.2. Sample preparation and sequencing
Nucleic acid was extracted from plasma samples, prepared, sequenced and
analysed as described in sections 2.1-2.3 of this thesis. An overview of the
sequencing statistics for each group are shown in section 2.4.
5.2.3. Contamination and confirmation of results
Given the low abundance of nucleic acid in plasma, the possibility of crosssample contamination was thoroughly investigated. Typical patterns of
contamination such as the same virus occurring in multiple consecutive samples
in a run were confirmed on the basis of alignments and PCR testing of the
original sample. All viral sequences with any evidence of contamination were
excluded from analysis, to ensure no false associations were made. In particular,
HIV-1 reads were excluded from samples across three runs (17870_1, 17150_1
and 18174) and Epstein-Barr virus reads from samples in a single run
(18456_7). In both cases contamination was suspected due to the presence of the
virus at a low level across consecutive samples, including those sequenced as
part of separate studies. Absence of the viruses was confirmed by PCR of selected
samples.
5.2.4. Flow cytometry staining and analysis
Flow cytometry was performed using the panels of antibodies shown in Table
5.2. (purchased from Thermo Fisher Scientific, Waltham, Massachusetts, USA).
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Panel

FL1 (FITC)

FL2 (PE)

FL3 (PERCP + EF700)

FL4 (APC)

T-cell

CD3

CCR7

CD45RA

CD4 or CD8

T-cell activation

CD3

HLA-DR

CD38

CD4 or CD8

T-cell dysfunction

CD3

CD57

CD279 (PD-1)

CD4 or CD8

Count

CD3

CD14

CD20

CD335 (NkP46)

FMO CCR7-

CD3

-

CD45RA

CD4

FMO CD45RA-

CD3

CCR7

-

CD4

FMO HLA-DR-

CD3

-

CD38

CD8

FMO CD38-

CD3

HLA-DR

-

CD8

FMO CD57-

CD3

-

CD279 (PD-1)

CD8

FMO CD279-

CD3

CD57

-

CD8

Table 5.2. Antibody panels used for flow cytometry-based phenotyping of
lymphocyte subsets. T-cells, B-cells, NK cells and macrophages were defined as
CD3+, CD20+, NKp46+/CD3- and CD14+ respectively. Counts were performed
using Accucheck Counting Beads (Invitrogen) according to manufacturer’s
instructions. CCR7 and CD45RA expression was used to define CD4+ and CD8+ Tcells as naïve (CD45RA+ CCR7+), central memory (CD45RA- CCR7+), effector
memory (CD45RA- CCR7-) and terminally differentiated (CD45RA+ CCR7-)
subsets.454 HLA-DR and CD38 expression were used as measures of T-cell
activation.455 CD57 and CD279 expression were used as measures of T-cell
senescence / dysfunction.428 Fluorescence minus one (FMO) staining was used to
aid gating for markers when required.456
Fresh, whole blood samples were stained for 15 min in the dark at room
temperature with a mixture of antibodies at optimal concentrations determined
by titration (see Table 5.2.) followed by red blood cell lysis using FACS Lyse
(Thermo Fisher Scientific). Acquisition was performed using an AccuriC6 flow
cytometer (Becton Dickinson, Franklin Lakes, New Jersey, USA). Counts were
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performed using Accu-check counting beads (Thermo Fisher Scientific)
according to manufacturer’s instructions. Data were analyzed using the C6
Analysis software (Becton Dickinson).
5.2.5. Human Endogenous Retrovirus K quantitation
Total nucleic acid from 21 patients and 19 healthy controls was extracted from
approximately 2 x 106 PBMCs using the high-pure viral nucleic acid extraction kit
(Roche) and eluted in 40 µl of elution buffer.
Quantitation of human endogenous retrovirus K was performed using primers
and a dual-labelled probe targeting the gag gene described by Depil et al
(2002).457 One-step qPCR assays were performed on the Rotor-Gene 6000
(Qiagen): a reverse-transcription step at 50°C for 30 min followed by DNA
Polymerase activation at 95°C for 5 min and 2-step cycling of denaturation at
95°C for 15 s and combined annealing and extension at 60°C for 45 s for 40
cycles. Reactions were set up using the Quantitect Virus Kit (Qiagen) following
manufacturer’s instructions for 20 µl reactions with 2 µl of template. To ensure
detection of retroviral transcripts only, genomic DNA was removed by treatment
with 2 U of Turbo DNase (Thermo Fisher Scientific) for 30 minutes at 37°C. qPCR
reactions omitting the reverse-transcription enzyme were performed to ensure
full degradation of DNA. Any sample positive for HERV-K in a reaction without
the RT enzyme was subjected to a further round of DNase treatment and retested.
Primer sets for three house-keeping genes (GAPDH, β-actin and HPRT) were
tested using the Norm-finder software (v0.953) to determine the optimal genes
for normalization of measurements between samples and a combination of
GAPDH and β-actin was selected as the most stable.458 Quantitation of house-
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keeping genes was performed using the primers described by Chege et al
(2010)459 and the Rotor-Gene SYBR Green RT-PCR kit (Qiagen) following
manufacturer’s instructions for 25 µl reactions with 2 µl of template. One-step
RT-PCR was performed at 55°C for 10 min followed by DNA Polymerase
activation at 95°C for 5 min and 2-step cycling of denaturation at 95°C for 5 s and
combined annealing and extension at 60°C for 10 s for 40 cycles. All reactions
were performed in triplicate and the mean value used.
Relative levels of Human Endogenous Retrovirus-K expression were calculated
using the following formula:

Where amplification efficiency (eff) was calculated by performing the assay on
serial dilutions in triplicate. Amplification efficiencies for the HERV-K, β-actin,
and GAPDH genes were 96%, 98%, and 89% respectively.
5.2.6. IgM and sCD14 Enzyme-Linked Immunosorbent Assays
Soluble CD14 (sCD14) and immunoglobulin M (IgM) levels were measured in
plasma samples paired with the PBMC samples described above. sCD14 was used
as a marker of bacterial translocation into the blood as previously described.460
sCD14 was quantitated in triplicate using the human sCD14 Quantikine ELISA kit
(Bio-Techne, Minneapolis, Minnesota, USA), and IgM was quantitated in triplicate
using the Human IgM total ELISA Ready-SET-Go! Kit (Thermo Fisher Scientific,
Waltham, Massachusetts, USA) both according to manufacturer’s instructions.
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5.2.7 Statistical Analysis
Basic statistical analysis was performed using the methods described in section
2.6 of this thesis.
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5.3. Results
5.3.1 Overview of Illumina sequencing data

Raw read counts varied significantly across the patient and control groups of
both cohorts (p < 0.0001, one-way ANOVA, Fig 5.1.A.). In both cohort 1 and 2,
significantly fewer reads were generated by the healthy control groups
compared to the patient groups (both p < 0.0001, Tukey’s multiple comparison
test). However, comparing across the cohorts, the number of reads generated by
the two healthy control groups did not significantly differ (p = 0.99, Tukey’s
multiple comparison test) and neither did the number of reads generated by the
three CVID patient groups (p = 0.51 – 0.66, Tukey’s multiple comparison test). As
discussed in chapter 4, a low read number in the control group may result in an
underestimation of viral prevalence. However, a similarly low read count was
observed for the healthy control group in both cohort 1 and 2. This suggests that
the difference in read counts between the healthy and patient groups may be due
to an inherent property of the samples (such as that described in chapter 4),
rather than an issue with the quality of the samples or sequencing data.

Across all groups, a high proportion of reads were lost during the computational
quality control stages (!̅ = 15.0 – 43.6%, Fig 5.1.B.). Mapping of the dataset to the
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human reference genome further reduced the remaining reads by 73.4 - 91.1%
(Fig 5.1.C.).

The number of remaining high quality, non-human reads ranged from 103 - 107
across the groups (Fig 5.1.D.). There was a significant difference in average
remaining read number when all groups were considered (p < 0.0001, one-way
ANOVA). However, comparisons of individual groups revealed significant
differences between only the patient and healthy control groups of cohort 2. As
with the raw read counts, there was no significant difference in remaining reads
between the two healthy control groups (p = 0.1, Tukey’s multiple comparison
test) or the patient groups across the two cohorts (p = 0.19 – 0.43, Tukey’s
multiple comparison test).
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100

CVID Pre-IVIg
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Reads remaing post-QC
(% of raw reads)

Raw read count

B

Raw read count
108

CVID

A
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(archived samples)

Figure 5.1. Illumina sequencing data statistics for fresh blood (cohort 1)
and archived plasma samples (cohort 2). A) Average number of
sequencing reads generated for each sample type. There was a significant
difference in average raw read count between the 5 groups (p < 0.001, oneway ANOVA). Individual group comparisons showed that average read
counts differed significantly between the patient and control groups in both
cohorts (p < 0.0001, Tukey’s multiple comparison test) but there was no
significant difference when comparing the patient groups (p = 0.51 – 0.67)
or the control groups (p = 0.99) across the two cohorts. B) Trimming and
removal of low quality reads resulted in the loss of an average of 15.0 –
43.6% of sequences. C) Subtraction of human sequences resulted in the loss
of 73.4 – 91.1% of the remaining high-quality reads from each group. D)
Following QC and host-subtraction there remained a significant difference in
average read count between the 5 groups (p < 0.001, one-way ANOVA). For
cohort 1, there was no significant difference in the number of remaining
reads between the patient and control group (p = 0.18, Tukey’s multiple
comparison test). However, for cohort 2, there were significantly more reads
remaining in the patient groups than the control group (p = 0.007 – <
0.0001). Comparing across cohorts there was no significant difference in the
number of reads remaining in the patient groups (p = 0.19 – 0.43) nor the
control groups (p = 1.0). Mean and standard deviation is shown for all
figures.
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5.3.2. T-cell phenotype is correlated with the blood virome in antibody
deficient patients
Flow cytometry was used to measure specific T-cell subsets and activation
markers in whole-blood samples from the antibody deficient patients and
healthy volunteers of cohort 1, in order to group patients by the T-cell
phenotypes described above. Total B-cell, T-cell, NK cell and macrophage counts
were also calculated. Virus prevalence was measured in plasma samples using
un-biased metagenomic sequencing and a more sensitive, directed qPCR assay
was used to specifically quantify anellovirus. The full data set, including: flow
cytometry results, virus infection status, and records of inflammatory
complications, are reported in Table 5.1.
A multivariate analysis of the data revealed that CD4+ naïve and CD8+ effector Tcell levels were highly correlated with the detection of anellovirus by qPCR (p =
0.002, permutational MANOVA). Patients positive for anellovirus had, on
average, a significantly lower percentage of circulating CD4+ naïve T cells
compared to those patients negative for the virus (p = 0.0062, Mann-Whitney U
test), and compared to healthy controls (p = 0.0002, Mann-Whitney U test)
(Figure 5.2.A). Furthermore, those patients positive for anellovirus also had a
significantly higher percentage of circulating CD8+ effector T cells compared to
patients negative for TTV (p = 0.0428, Mann-Whitney U test) and healthy
controls (p = 0.0139, Mann-Whitney U Test) (Figure 5.2.B). The analysis detected
no association between anellovirus status or load and total numbers of B-cells, Tcells, NK cells or macrophages.
There was an overall difference in the proportion of CD8+ cells displaying the
activation marker HLA-DR between groups (p = 0.0232, Kruskal Wallis test).
HLA-DR+ CD8+ T-cell levels were increased in the anellovirus positive group
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compared to both the anellovirus negative group (p = 0.037, Mann Whitney test)
and healthy volunteers (p = 0.009, Mann Whitney test) (Figure 5.3.A). However,
there was no difference between groups in terms of CD38 expression by CD8+
cells (p = 0.098, Kruskal Wallis test) (Figure 5.3.B). Nor was there a difference
between groups in terms of HLA-DR and CD38 expression of the CD4+ population
(p = 0.135, and p = 0.02579 respectively, Kruskal Wallis test) (Figures 5.3. C and
D). There was also no overall difference in the expression of CD8+ T-cell markers
for immune senescence (CD57) or dysfunction (CD279) between the groups (p =
0.088 and 0.141 respectively, Kruskal Wallis test) (Figures 5.3. E and F).
On average, patients with anellovirus levels detectable by qPCR were younger
than those without (p = 0.013, means = 43 and 60, Mann-Whitney test) but did
not significantly differ in age to the healthy volunteer group (p = 0.067, mean =
37, Mann-Whitney test). Unfortunately, a comparison of viral load between
groups was not possible due the viruses’ low prevalence in patients with normal
levels of CD8+ and CD4+ T-cells (n = 1) and healthy volunteers (n = 1).
Metagenomic sequencing results further supported the aforementioned trend
(Figure 5.4.). Viruses were detected more often in the patients with
simultaneously reduced CD4+ naïve cells and increased CD8+ effector cells
compared to those patients with normal levels of one or both of these cell types
(p = 0.009, Fisher’s exact test). This was also true for patients with high levels of
CD8+ effector cells alone (p = 0.031) and was close to significant for patients with
reduced levels of CD4+ naïve cells (p = 0.057, Fisher’s exact test). Individually,
TTV and TT Mini Virus were both more prevalent in the combined CD8+ high,
CD4+ low group (p = 0.039 and 0.047 respectively, Fisher’s exact test). It should
be noted that a single patient with both reduced CD4+ naïve cells and increased
CD8+ effector cells did not produce any viral reads by NGS, however anellovirus
was detectable in this patient by the more sensitive qPCR assay.
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Figure 5.2. Correlation of T-cell population phenotype and anellovirus
status.
Prospective whole blood samples taken from antibody deficient patients and
healthy volunteers at a single time-point (cohort 1). A) Antibody deficient
patients positive for anellovirus positive by qPCR displayed significantly
lower levels of CD4 CD45RA+ CCR7+ naïve T cells compared to anellovirus
negative patients (p = 0.0062, Mann-Whitney Test) and healthy volunteers
(p = 0.0139, Mann-Whitney Test), and B) significantly higher levels of CD8
CD45RA- CCR7- effector T cells compared to anellovirus negative patients (p
= 0.0428, Mann-Whitney Test) and healthy volunteers (p = 0.0002, MannWhitney Test). Median and interquartile range are shown. The lower and
upper range of the healthy control T-cell populations is represented by a
dotted line, as an approximation of what might be considered a ‘normal’
level.
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Figure 5.3. Markers of T-cell activation and dysfunction in antibody
deficient patients according to anellovirus status.
Prospective whole blood samples taken from antibody deficient patients
and healthy volunteers at a single time-point (cohort 1). A) HLA-DR
expression on CD8+ T-cells is increased in Anellovirus positive patients,
compared to Anellovirus negative patients (p = 0.0372, Mann Whitney
Test), and the healthy control group (p = 0.0093, Mann Whitney Test).
Expression of other markers of T-cell activation and dysfunction did not
significantly differ between groups: B) CD38 expression of CD8+ T-cells. C)
HLA-DR expression of CD4+ T-cells. D) CD38 expression of CD4+ T-cells. E)
CD57 expression of CD8+ T-cells. F) CD279 expression of CD8+ T-cells.
Median and standard deviation are shown. Kruskal Wallis Test was used to
determine whether there was an overall difference between multiple
groups. Mann Whitney U Test was used to compare individual groups. Only
differences below the statistical significance threshold of p < 0.05 are
shown.
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Figure 5.4. Correlation between T-cell phenotype and the plasma
virome.
Results of metagenomic sequencing of prospective, whole blood samples
taken from antibody deficient patients at a single time-point (cohort 1, n =
21) and healthy volunteers (n = 14). Metagenomic sequencing revealed a
significantly greater viral prevalence in antibody deficient patients with
levels of circulating CD4+ naïve cells and CD8+ effector cells outside of the
normal range (defined by the interquartile range depicted in Figure 5.1) (p
< 0.01, Fisher’s Exact Test). Viral read count is shown as a proportion of
host-derived reads in order to normalize between samples.
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5.3.3. No correlation between anellovirus and immune-mediated diseases
A general linear model was used to test whether the presence of anellovirus was
associated with past incidence of chronic inflammation or autoimmune diseases
such as idiopathic thrombocytopenic purpura, or autoimmune hepatitis (see
Table 5.1. for overview of patients in Cohort 1). The model revealed no
significant association between TTV and chronic inflammatory diseases (p =
0.478) or between TTV and autoimmune diseases (p = 0.162). There was also no
correlation when considering both immune symptoms together (p = 0.184).
5.3.4. The effect of antibody replacement therapy on the blood plasma
virome
I next investigated whether the administration of antibody replacement therapy
in antibody deficient patients leads to a decrease in viral burden. To test this, I
performed metagenomic sequencing and TTV-specific qPCR on archived paired
plasma samples from Cohort 2 (see methods). These samples represented timepoints before and after the commencement of antibody replacement therapy.
Metagenomic sequencing revealed no significant change in the prevalence of any
virus between the pre-therapy and post-therapy time-points (p > 0.05,
McNemar’s test) nor compared to the healthy control cohort (p > 0.05, Fisher’s
exact test) (Figures 5.5. and 5.6.).
5.3.5. The effect of antibody replacement therapy on anellovirus load
In order to determine whether the replacement of antibodies leads to a
reduction in viral load in antibody deficient patients, anellovirus copy number
was quantified by qPCR for the archived paired plasma samples where sufficient
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material remained following sequencing (Figure 5.7.) (Cohort 2, see method
section 5.2.1.).
The qPCR assay revealed that the average anellovirus load in CVID patients did
not decrease following antibody replacement therapy (p = 0.36, Wilcoxon test).
Virus load was also not increased compared to the healthy control group (p =
0.20, Mann-Whitney U test). There was also no difference in the prevalence of
anellovirus in the CVID pre-therapy group compared to post-therapy (p = 0.51),
or the control group (p = 0.27, Fisher’s exact test). Overall, there was no trend
towards increased or decreased anellovirus load following treatment. Indeed,
there appears to be a roughly even split between patients whose viral load
increased (highlighted in red) or decreased (blue) following treatment. This
suggests that antibody replacement has absolutely no effect on anellovirus.
However, it is possible that there is a difference in the underlying defect in these
two groups in which antibody replacement therapy restores the component
required for immune control in one group but an alternate component (e.g.
recognition of bound antibodies) is missing in the second group.
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Figure 5.5. Viruses detected by Illumina sequencing of CVID patient
serum pre- and post-antibody replacement therapy
Metagenomic sequencing of archived, paired serum samples taken from
CVID patients at pre- and post-treatment time-points (cohort 2, n = 23)
revealed no significant change in viral prevalence following treatment (p >
0.05 for all viruses, McNemar’s test). Viral read count is shown as a ratio of
host-derived reads in order to normalize between samples.
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Figure 5.6. Viruses detected by Illumina sequencing of healthy
volunteer plasma.
Archived plasma samples from healthy volunteers (n = 48) were sequenced
using the metagenomic protocol. Viral reads were identified by alignment
to a viral reference sequence database and confirmed by BLASTn. Viral
read count is shown as a ratio of host-derived reads in order to normalize
between samples.

175

n.s.

Anellovirus Load
(Copies / mL of plasma)

105
104
103
102
101

lth
ea
H

Po

st
-tr

ea

tm

en

at
m
en
tre
ePr

68%

t

t

50%

y

55%

100

Figure 5.7. Anellovirus load in CVID patient serum pre- and postantibody replacement therapy.
Cohort 2. Retrospective qPCR analysis of anellovirus load in archived, paired
serum samples taken from CVID patients at pre- and post-treatment timepoints (cohort 2). These samples represent pre- and post-antibody
replacement time points (n = 20 and 18 respectively) and healthy volunteers
(n = 28). Average anellovirus load did not alter following commencement of
antibody replacement therapy (p = 0.36, Wilcoxon Test). Patients with viral
loads that increased and decreased are coloured red and blue respectively,
unchanged or unpaired samples are in black. Limit of detection for the assay
is indicated by the dotted line and the percentage of patients with
undetectable levels of virus is displayed below the line.
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5.3.6. Endogenous retrovirus expression levels in antibody deficient
patients
Finally, I wished to test whether a virus was correlated with another
complication for which antibody deficient patients are at an increased risk:
lymphoma. Here, my hypothesis was that antibody deficiency has the potential to
lead to the re-activation of endogenous retroviral elements through lack of
immune control at the gut-mucosal barrier, and that this reactivation can result
in the development of lymphoma.
This hypothesis is based on observations from a murine model described by
Young et al who demonstrated that IgM (and not IgA) deficiency results in
increased gut permeability to bacteria and that the presence of bacterial
products.461 These then were shown to trigger an increase in the expression of
endogenous retrovirus and the production of infectious particles. Intriguingly,
increased activity of the human endogenous retrovirus K (HERV-K) has been
associated with an increased incidence of lymphoma in CVID patients.457,462
To test this hypothesis, I used a qPCR assay to measure endogenous retrovirus
RNA expression levels, an immunoglobulin M ELISA to measure IgM
concentration, and an ELISA for soluble CD14 (sCD14) as a measure of bacterial
translocation from the gut into the peripheral blood. sCD14 concentration is an
indirect marker of bacterial translocation, which has been shown to correlate
with LPS activation of monocyte / macrophages, a well-defined biomarker used
to monitor disease progression in HIV/AIDS patients.463 This was done in paired
PBMC and plasma samples from the antibody deficient patients and healthy
volunteers in cohort 1 (see methods section 5.2.1).
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Average IgM levels were significantly reduced in untreated, antibody deficient
patients (p = 0.004, Mann-Whitney test) and in the entire antibody deficient
group irrespective of treatment status (p = 0.01, Mann-Whitney test) (Figure
5.8.A). However, HERV-K RNA levels were decreased compared to the healthy
control group, in both treated (p = 0.03, Mann-Whitney test) and un-treated
patients (p = 0.02, Mann-Whitney test) (Figure 5.8.B). Furthermore, no
significant difference in soluble CD14 levels was detected between all patient
and control groups (Figure 5.8.C), and reduction of IgM did not correlate with an
increase in soluble CD14 (p = 0.976, linear regression analysis) (Figure 5.8.D) or
with an increase in HERV-K expression (p = 0.285, linear regression analysis)
(Figure 5.8.E).
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Figure 5.8. Immunoglobulin M, soluble CD14, and human endogenous
retrovirus-K levels in the blood of primary antibody deficiency
patients. Cohort 1. Prospective whole blood samples taken from antibody
deficient patients at a single time-point. A) Unsurprisingly, circulating
levels of IgM were decreased in untreated antibody deficient patients
compared to healthy controls (p = 0.004, Mann-Whitney Test). However,
Human Endogenous Retrovirus K RNA transcript levels in the PBMCs of
both treated and untreated patients with antibody deficiency (n = 27) were
decreased in comparison to and healthy volunteers (n = 19) (p = 0.02, and
0.03 respectively, Mann-Whitney Test) (B). Furthermore, soluble CD14
(sCD14) levels in the plasma in of the patients did not differ from that of
volunteers (C). Finally, no association was observed between IgM and
sCD14 (D), nor HERV-K levels (E). Patient and control samples from cohort
1 were used for this experiment where sufficient material remained
following PCR and sequencing (both n = 23).
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5.4. Discussion
5.4.1. Anellovirus prevalence in plasma is correlated with T-cell phenotype
in antibody deficient patients
A combination of flow cytometry, metagenomic sequencing and qPCR data
revealed a correlation between increased viral prevalence, predominantly
anelloviruses, and an activated T-cell phenotype in antibody deficient patients.
This activated T-cell phenotype has previously been associated with increased
disease severity in antibody deficient patients, predominantly due to an
increased incidence of inflammatory complications.
Statistical analysis did not reveal a significant association between the presence
of anellovirus and past inflammatory complications in the antibody deficient
patients. However, incomplete clinical data and a small cohort size make it
unsurprising that no strong correlation could be found. Therefore, the possibility
that anelloviruses are associated with inflammatory disease in these patients
should not be entirely excluded. Based on previous evidence which has
suggested

that

anelloviruses

are

capable

of

eliciting

an

immune

response,398,464,465 the virus may directly influence immune activation in
antibody deficient patients. However, given the viruses’ association with an
increased susceptibility to infection demonstrated in chapter 2, presence of the
virus could also be a marker, highlighting the presence of other pathogens
responsible for inflammation. If the latter hypothesis proves to be true,
anellovirus load may again prove a useful marker of immune dysfunction for the
clinical management of these patients.
Overall, these results warrant an investigation into potential viral involvement in
the development of the activated T-cell phenotype in antibody deficient patients.
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The clear difference in viral prevalence between the patients with and without
the activated T-cell phenotype also lends support to the recent decision to
exclude the former from the classification of CVID on the basis of differences in
disease severity.466
5.4.2. Antibody replacement therapy does not alter the blood plasma
virome
Instigation of antibody replacement therapy was found to have no marked effect
on either the overall virome or on anellovirus load. This suggests that the current
treatment regime for antibody deficient patients has no impact on pre-existing
viral infections.
With regard to the virome of antibody deficient patients, the overall picture was
similar to that seen in healthy volunteers. Once again, the anelloviruses TTV,
TTMDV, and TTMV were the most commonly detected viral species, in
agreement with the majority of previous metagenomic studies investigating the
plasma virome.39,275,278
HPgV was detected at a high level in a single patient pre- and post-treatment,
indicating that immunoglobulin replacement therapy does not resolve this
particular infection. The primary route of transmission for the virus is thought to
be via contact with blood however a lack of known pathology means that despite
its high prevalence in the blood supply,467 donations are not screened for the
virus.468 Therefore it is likely that CVID patients are exposed through
immunoglobulin replacement therapy rather than as a direct consequence of
their immunodeficiency.
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Human Papillomavirus (HPV) was detected in the plasma of both a CVID patient
prior to IVIg and a healthy volunteer. Papillomaviruses are common components
of the skin microbiome in healthy individuals,469 although certain types are
associated with malignancies.470 A BLASTn search of the HPV sequences revealed
gammapapillomavirus type 4 in the healthy individual and betapapillomavirus
type 159 (Best match: Accession number HE963025) in the patient. These
viruses are associated with the mucosa and cutaneous tissue respectively and
neither has been associated with increased risk of malignancy although HPV type
4 can cause warts.471 Detection of HPV in the blood has previously been reported
at extremely low prevalence in healthy individuals472 and in the blood of sexually
naïve patients with a history of transfusion which suggests the virus may be
transmissible via blood products such as IVIg.473 Whilst uncommon in healthy
individuals, both chronic and symptomatic HPV infection have been reported
previously in immunocompromised populations.369,474,475
Human adenovirus C (HAdV-C) was detected at a single time-point in two CVID
patients, one pre- and one post-IVIg therapy, and no healthy volunteers. HAdV-C
is primarily associated with respiratory disease which is a common presentation
for antibody deficient patients.476 Adenoviruses are also a regular complication
in immunodeficient cohorts such as stem-cell transplant recipients.477
Intriguingly, whilst HAdV is generally cleared by healthy individuals, the virus
has been found to persist in the plasma of immunodeficient patients.478,479 A
number of other, generally acute, viruses including norovirus, rotavirus, and
parechovirus have been shown to chronically infect antibody deficient
patients.480–482 This highlights the possibility of the immunodeficient population
acting as a reservoir for viruses, and potentially as a source of seasonal
outbreaks.
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Combined, the metagenomic and qPCR results suggest that, unlike bacteria, viral
burden does not appear to be reduced by the administration of antibody
replacement therapy. Although, it should be noted that viral burden was not
significantly higher than that of healthy controls to begin with.
5.4.3. Endogenous retrovirus expression levels are not increased in
antibody deficient patients
Finally, it was found that despite reduced levels of IgM, expression of HERV-K
does not appear to be increased in antibody deficient patients and is therefore
unlikely to be responsible for the increased incidence of lymphoma in these
patients. This finding is at odds with the murine model described by Young et
al.461
One likely explanation is that the prophylactic antibiotics given to CVID patients
deplete the gut microbiota. Therefore, despite suffering from IgM deficiency, few
bacteria translocate from the gut into the bloodstream, and the bacteria-driven
mechanism of endogenous retrovirus activation described in IgM deficient mice
is not triggered. Elevated markers of systemic bacterial translocation have
previously been demonstrated in antibody deficient patients prior to the
commencement of immunoglobulin replacement therapy.448 However, other
studies have been unable to detect the same result,445 suggesting the findings in
this current study are not contradictory.
5.5. Conclusion
In conclusion, the findings of this study have demonstrated that a subset of
antibody deficient patients with evidence of additional T-cell dysfunction, suffer
from an increased number of viral infections, particularly by anellovirus.
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However, patients with antibody deficiency alone do not appear to be at a
significantly increased risk of systemic viral infection, and antibody replacement
therapy does not have a significant impact on viral burden. Together, this would
suggest that control of chronic anellovirus infection is primarily reliant on the Tcell response, rather than the humoral response.
Antibody deficient patients with the low CD4+ naïve phenotype have previously
been shown to suffer from high rates of mortality and inflammatory disease.433 It
still remains to be determined whether this phenotype is due to an underlying
genetic defect, the result of environmental factors such as infection, or a
combination of the two. The high proportion of activated cells observed in these
patients suggests a long-term, chronic exposure. Conversely, the fact that
patients do not switch between phenotypes is suggestive of a genetic rather than
environmental basis. Considering this evidence in combination I would
hypothesise the presence of a genetic defect in the CD4+ T-cell compartment of
these patients, which predisposes to both antibody deficiency, as well as viral
persistence due to the inability of CD8+ T-cells to clear infections. CD4+ T-cell
deficiencies are particularly severe compared to deficiencies of the other
lymphocyte subsets, as these cells are responsible for initiating both the B-cell
and cytotoxic T-cell response (see Figure 1.3. of Introduction). Taking AIDS as an
example, CD4+ cell depletion leads to severe immunodeficiency characterised by
frequent opportunistic infections.92
Intriguingly, the naïve CD4+ low, effector CD8+ high phenotype detected in the
antibody deficient cohort resembles that seen in AIDS patients. In AIDS, studies
have shown that low CD4+ naïve cell levels are a result of viral-mediated
destruction, while high effector CD8+ cell levels are driven by viral-specific
activation.483 In the antibody deficient cohorts, it appears that a congenital defect
resulting in a decreased replenishment of new CD4+ T-cells has a similar effect,
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which also results in CD8+ T-cell activation driven by an unknown, antigenic,
stimulus.
The increased presence of anellovirus in patients with high levels of CD8+
effector T-cells suggests that these patients suffer from a lack of immune control
over viruses. Therefore, it is possible that viruses are the drivers of immune
activation in these patients. This remains to be proven, however if this is the
case, anelloviruses may be the responsible agents. However, it is equally feasible
that a yet unidentified pathogen is the cause of this phenotype. This pathogen
may be a novel virus or it may be present at a level below the detection limit of
the metagenomic method.
Furthermore, as antibodies are a major component of mucosal immunity, and
many of the complications experienced by CVID such as gastroenteritis and
granulomatous-lymphocytic interstitial lung disease are associated with mucosal
surfaces, it is quite possible that in antibody deficient patients, viral infections
are more prevalent at mucosal sites. Indeed, it has been shown that enteric
viruses are more common in CVID patients, particularly those with low levels of
IgA, compared to healthy individuals.484 Here, the detection of the respiratory
virus, Human Adenovirus C in the blood lends weight to the hypothesis that the
mucosal virome goes unchecked. Therefore, it would be prudent to extend this
work to ‘mucosa-associated’ samples such as faeces or brocho-alveolar lavages,
before it is concluded that viruses have little impact in the antibody-specific
deficiency setting.
In the AIDS setting, although CD4+ deficiency is the primary cause of disease, the
activated CD8+ phenotype often persists, regardless of CD4+ recovery following
ART.485 Furthermore, persistence of the activated CD8+ phenotype is highly
associated with non-AIDS related inflammatory complications.485 Therefore, it is
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conceivable that a similar phenomenon is also driving idiopathic inflammatory
complications in the antibody deficient group. Considering this, further research
is required to elucidate the stimulus that is driving CD8+ effector cell activation
in these patients, if the inflammatory complications that are responsible for the
majority of morbidity and mortality in antibody deficient patients are to be
resolved.
Overall, further studies are needed to investigate the impact of antibody
deficiency on the viral communities of the mucosal surfaces, the lungs and gut in
particular, in order to elucidate the true burden of viral infections in these
patients. Additionally, studies of a larger cohort may be useful in proving or
disproving the role of anellovirus and determining whether it is causative of
chronic inflammation or merely associated with the activated T-cell phenotype.
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Discussion
6.1. Summary of results
This thesis set out to investigate the prevalence and effects of viral infections in
different

immunocompromised populations. I began

by developing a

metagenomic sequencing methodology to be used for the broad detection of
viruses in clinical blood samples, aiming to minimise sample loss and avoid the
introduction of bias wherever possible. The optimised methodology was then
applied to blood plasma samples taken from three different cohorts of
immunocompromised patients; from both the primary and secondary
immunodeficiency settings.
Overall, the results of this thesis have demonstrated that there are a number of
clinically undiagnosed viruses infecting both healthy and immunocompromised
individuals, and that immunosuppression can lead to a significant increase in the
abundance and diversity of these viruses. These findings correlate well with the
relatively small number of viral metagenomic studies that have previously been
reported for both healthy and immunocompromised cohorts.39,278,307,377
6.2. Comparison of immunodeficient cohorts
A comparison of the three immunodeficient cohorts revealed interesting
differences in terms of viral prevalence. The renal transplant cohort and the
vasculitis cohort showed a distinct increase in viral infections following
therapeutic immunosuppression, whilst the plasma virome of the antibody
deficiency cohort appeared to largely resemble that of healthy individuals.
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Intriguingly, antibody deficient patients with abnormalities in their T-cell
compartment were an exception to this finding.
The foremost difference between the groups lies with the immune
compartments that are suppressed; whilst the systemic administration of
immunosuppressive drugs to vasculitis and renal transplant patients has a
strong and broad effect on all lymphocytes, including NK-, B- and T-cells (see
Figure 1.3), the impact of primary antibody deficiency is generally far more
specific. It has previously been noted that very specific deficiencies rarely result
in a marked increase in susceptibility to infections, as the immune system has
evolved a high degree of redundancy between compartments.486 Therefore, a
possible reason for the disparity between the viromes of cohorts, is that other
arms of the immune system effectively cover the gap in immunity created by
antibody

subclass

deficiency,

whereas

the

suppression

of

multiple

compartments (e.g. B-cells and T-cells) in therapeutically immunosuppressed
patients is broad enough for immune redundancy to be lost.
An alternative interpretation of the results is that T-cells are indeed the immune
cells primarily responsible for efficiently resolving viral infections, and antibody
deficient patients with normal T-cell compartments are at little risk. Both this
theory and the theory above have the potential to explain why viral prevalence is
increased only in those antibody deficient patients with additional evidence of Tcell dysfunction.
Overall, these findings are not consistent with my initial hypotheses that
antibody deficient patients suffer from a number of undiagnosed viral infections.
One potential caveat to this is that metagenomic sequencing was restricted to
blood samples. Antibodies are known to play an important role in immunity at
the mucosal surfaces, and so whilst humoral deficiency appears to not result in
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an increase in blood-borne viral infections, infections at the mucosal surfaces
such as the gut and respiratory tract may still be common. Indeed, the majority
of CVID patients present with recurrent respiratory infections and many of the
clinical complications these patients experience, such as bronchitis and
gastroenteritis, are associated with either the lung or gut.439 Therefore, further
studies performing metagenomic sequencing of samples taken from the mucosal
surfaces of antibody deficient patients may give a more complete picture with
regards to the true prevalence of viral infections in these patients.
Furthermore, by sampling individual time points, this study is likely to have
missed a number of short-lived, acute infections. Therefore, the findings are
skewed towards the detection of chronic infections that are consistently present.
Given that the cytotoxic T-cell response is vital for the clearance of many viral
infections,487–490 it is perhaps obvious that patients with T-cell deficiencies would
consistently yield a greater abundance of viruses. Therefore, it would be prudent
to repeat this study with samples taken at symptomatic time-points and with
shorter periods between sampling in order to better account for acute viral
infections, before fully ruling-out viral infections as a cause of morbidity in
antibody deficient patients.
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6.3. Anelloviruses and their association with immunosuppression and
disease
The major outcome of the work of this thesis was the demonstration that
infection with the highly prevalent anellovirus is associated with specific disease
phenotypes and outcomes in immunocompromised cohorts. However, a specific
relationship between anelloviruses and these diseases was not elucidated.
6.3.1. Anellovirus plasma load as a prognostic indicator for transplant
patients
One of the findings demonstrates that anellovirus load as a prognostic indicator
of future infection could prove an extremely useful tool in the management of
patients under immunosuppressive regimes.
The criteria for determining whether a diagnostic test is sufficiently accurate is
very much dependent on the setting; an area under the curve (AUC) of greater
than 0.70 is generally regarded as a strong effect,491 however for the diagnosis of
specific pathogens a higher AUC is generally required. The qPCR assay used in
this thesis generated an AUC of 0.72, which suggests that its accuracy is
acceptable but there is room for improvement. However, it is also worth
considering that in this scenario, where no assay currently exists, a test with any
form of predictive capability may prove useful.
In order to improve the diagnostic accuracy of the prognostic test, either the
sensitivity or the specificity must be increased. One possibility is that the high
heterogeneity of anellovirus species in each patient, as demonstrated by the
MinION sequencing experiment (see section 4.3.10.), may confound the assay
results. Therefore, one possible method for improving the accuracy of the test is
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by determining whether there is a single, specific anellovirus species or gene
which can be used to predict future infections more accurately than the others.
Sequencing the whole genomes of anelloviruses in patients using the MinION
and looking for correlations could be one way of identifying such a gene or
species. Here, the use of whole genome sequencing is important as it would
negate the need for genome assembly, therefore ensuring that anellovirus
species not included in the viral reference database are considered, as it may be
one of these viruses that is found to correlate best.
Longitudinal studies have already closely examined the dynamics of anellovirus
load following immunosuppression.278,379,492 However, a deeper understanding
of how the viruses are acquired and how individual species and the population
as a whole reacts to immunosuppression in terms of diversity would also be
beneficial when considering how to develop a test applicable to all
immunosuppressed cohorts. Combined, these experiments could contribute to
the

development

of

a

clinically

useful

test

for

the

monitoring

immunosuppressive regimes, applicable to a wide-range of cohorts who, at
present, are managed based on a retrospective reaction to symptoms rather than
an understanding of the underlying mechanisms which could help prevent these
symptoms ever occurring.
6.3.2. Proof of causality in the metagenomic era
Somewhat conversely, anellovirus was also found to be associated with evidence
of chronic T-cell activation in primary immunodeficiency patients. There are
several possible explanations for this correlation, including that presence of the
virus can instigate an inflammatory response. However, given the viruses
abundance in individuals without these symptoms, it is clear that the mechanism
would have to be more convoluted than straightforward ‘presence equals
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causation’. Indeed, the discovery of the first anellovirus, Torque-Teno Virus,
generated great excitement in the scientific community, as it was rapidly isolated
from hepatitis patients worldwide.493–495 However, claims implicating the virus
as an agent of liver disease were abandoned just as quickly, following the
revelation that it was in fact prevalent in asymptomatic, healthy blood
donors.496–498
Historically, proof that an infectious agent is responsible for a disease has been
based on the postulates established by Robert Koch,499 which state that the
putative pathogen must first be isolated and cultured from patients suffering
from disease, but absent in all healthy individuals. Inoculation of the isolated,
cultured pathogen into a healthy host must then cause the disease to manifest
anew. Finally, the pathogen should be re-isolated from the newly diseased host.
These strict guidelines were important in ensuring that the isolated pathogen
was responsible for causing the disease, and not merely a contaminant, or an
opportunist taking advantage of the diseased state.
However, a number of recent studies have demonstrated that whether or not
disease develops can depend on the composition of the wider community of
microbes present in a host, rather than the presence or absence of a single
pathogen. For example, the bacteria Clostridium difficile, which has been
previously verified by Koch’s postulates as responsible for antibiotic-induced
diarrhoea, was found to no longer cause disease in the presence of another
bacterial species: Clostridium scindens.500 A further study has reported similar
results based on entire communities of bacteria, eventually identifying a
combination of six species that best protected against C. difficile colonisation.501
Similar findings have also been demonstrated for viruses, where the presence of
murine norovirus led to germ-free mice generating a more potent immune
response following infection with Citrobacter rodentium.502 Overall, the results of
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these studies suggest that it is perhaps time to adjust Koch’s postulates, in order
to better represent our understanding of disease as a consequence of multiple,
inter-related factors rather than the presence of a single pathogen. Importantly,
metagenomics now provides us with the tools to address this issue.
Several groups have discussed how best to adapt Koch’s postulates for use in the
metagenomic era.503,504 They suggest that metagenomic investigations into
agents of disease should first begin by sequencing the microbiome in both
diseased and healthy individuals, followed by informatic analysis to identify
common markers, such as sequencing reads or particular genes, that contribute
to uniquely distinguishing between diseased and healthy subjects. Importantly,
this approach should consider the possibility of multiple marker sequences,
rather than sequences derived from a single pathogen. To prove causation, the
identified markers can then be monitored in healthy individuals or at-risk
cohorts. Alternatively, model organisms could be used through the inoculation of
a healthy individual with a sample from the diseased and later by the isolated
agents alone, in order to confirm that infection by the identified agents results in
a diseased state. Importantly, this metagenomic approach accounts for the
possibility of multiple agents combining to result in disease, and also foregoes
the need for virus culture, which is a limiting and often confounding factor when
testing for a number of virus species.
In this thesis, the initial two steps of these new postulates have been performed
for two small cohorts of patients, renal transplant recipients and primary
antibody deficient patients, both of whom experience unexplained symptoms of
ill-health or disease. The resulting analysis of the two cohorts identified the
presence of anellovirus as both a marker of chronic immune activation and
susceptibility to infection. However, further work is required to determine how
the virus is related to either of these symptoms.
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6.3.3. Anellovirus and immune activation
In light of our understanding of how entire communities can impact whether
infection by a single agent will or will not result in disease, I argue that the
evidence implicating anellovirus in a number of diseases such as inflammation,
should not be disregarded based purely on its presence in non-symptomatic
individuals. The virus has been isolated from the site of inflammation in a
number of diseases,505–507 and in vitro experiments have demonstrated that the
virus is capable of initiating an immune response.465 The work of this thesis
further adds to this evidence by demonstrating associations between increased
presence of the virus and immune related health problems, including
inflammatory disease and immune-mediated rejection episodes.
Potential parallels can be drawn between anelloviruses and the well-studied
Cytomegalovirus (CMV), in terms of a highly prevalent virus, causing disease in
only some individuals. Whilst the clinical impact of CMV is thought to be
relatively minor in healthy individuals, the virus is a major health issue for
immunosuppressed patients, in whom it is able to reactivate and cause active
disease. However, active CMV infection in both immunosuppressed patients and
previously healthy individuals has been reported as responsible for the
induction of a range of autoimmune-like phenomena, including vasculitis and
lupus,508–510 despite no such symptoms appearing in the majority of the healthy,
yet infected, population. Furthermore, a large study investigating the burden of
CMV has revealed that even in apparently healthy individuals, life-long,
asymptomatic infection is associated with a 3.7 year average reduction in lifespan.29 The reason for this is unknown, however one hypothesis put forward
states that the reduction in life span is due to the toll taken by a lifetime of the
subclinical reactivation events, engaging the immune system and gradually
leading to an exhausted immune state.511
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If anelloviruses are revealed to be responsible for generating a similar chronic
immune response, it may be having the same effect, decreasing life span without
necessarily generating overt symptoms except in certain cases, making it a far
greater issue than currently thought. This particular hypothesis is difficult to test
in humans as anellovirus is acquired essentially from birth and exists at a very
high prevalence in the healthy population making recruitment of a virus-free
comparison group difficult.43,45 Furthermore, a report of murine anelloviruses at
a high prevalence in laboratory-bred rats suggests that finding any mammalian
model system to test anellovirus pathogenicity could be difficult.512 However
some hope remains, as a number of anelloviruses detected in wild UK mice
appear to be absent from their laboratory counterparts.513
In order to further investigate the correlation between anellovirus and immune
activation in primary antibody deficiency patients, it is important to first
determine whether increased viral load and diversity is a product of immune
activation or whether the virus is directly responsible (discussed in section
4.4.2). One potential method for testing this would be to isolate the cytotoxic
effector T-cells from these patients and test whether the cells 1) proliferate, or 2)
release pro-inflammatory cytokines, in the presence of the virus or virally
infected cells. Evidence of this would suggest that they are specific for
anellovirus and that the virus is indeed driving at least part of the proinflammatory response.
If this experiment is able to establish a strong association between the virus,
activated T-cells and inflammation, a wider metagenomic study can begin in
order to work out why the virus causes inflammation in some individuals and
not others, based on the newly proposed update to Koch’s postulates. The
identification of potential correlates of immune activation would then
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necessitate further studies requiring the inoculation of antibody-deficient mice
with virus isolated from patients experiencing chronic inflammation in order to
determine whether it is capable of eliciting the same T-cell activation and
inflammatory profiles.
6.4. Limitations to this study
6.4.1. Limitations to the methodology
There were several limitations to the way that this metagenomic study was
performed, which may have had an impact on the results. One factor to be
considered is that, in order to sequence a large number of samples over a
relatively short time period, a high-throughput sequencing facility was used for
parts of this study. This resulted in some disparity, in terms of library
preparation and sequencing, between the carefully optimised approach
developed in the first chapter of this thesis, and the method used for the latter
two chapters. The workflow of high-throughput sequencing facilities is primarily
set-up for whole genome sequencing of samples containing abundant material
from a single organism, rather than metagenomic sequencing of low abundance,
clinical samples. Therefore, the samples sequenced in chapters two and three,
were not necessarily prepared with the same care that they received during the
validation experiments of chapter one. This is likely to account for the various
cross-contamination issues described in the results section of each of the
chapters, as well as the generation of fewer reads compared to those one would
expect based on the results of chapter one.
The effect of varied sequencing output on the sensitivity of metagenomic
sequencing is unclear. Previous studies performing rarefaction analyses of
bacterial metagenomic data have suggested that the number of species detected
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should increase with read number up to a point, before reaching a plateau once
all possible species have been identified and additional reads provide no extra
information.514 Unfortunately, the rarefaction approach relies on the generation
of a large number of target-specific reads from a diverse community of species.
Therefore, it is not applicable to viral metagenomics, where generally only one or
two species are detected at a time, and viral reads typically account for less than
1% of the total sequences produced. Regardless, it would be reasonable to
assume that the detection of low abundance viral species is more likely in
samples that generate a greater number of reads. To account for this, the average
number of sequences generated from samples at each time point was compared
within cohorts. No statistically significant difference was detected, suggesting
that any disparity in read number between time-points did not play a
confounding role in the results of this study.
The exact number of reads produced per sample cannot be controlled directly.
For a multiplex sequencing run, producing an equal number of reads for each
sample relies on the extremely precise quantification of DNA to enable accurate
equimolar pooling. This step is made more difficult when dealing with low
abundance samples such as those used in this study, as small disparities can
result in a large variation in read number. There are two potential solutions to
the issue: the first is to artificially control the read number by randomly selecting
and analysing a given number of reads from the total. This is an excellent method
for comparing fairly between samples when the read count is high. However, the
approach seems wasteful if the samples with the smallest number of reads must
be matched or excluded from the analysis entirely. In the interests of not
reducing the size of the cohorts, I opted for a second approach: normalising the
number of viral reads based on the number of reads that map to the host
genome. This value was shown to correlate strongly with virus load as measured
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by qPCR, suggesting that it is a valid method for normalising viral read count
between samples.
Overall, it appears that the discrepancy between expected and actual read
number did not prevent the effective comparison between groups in this study.
However, it is possible that this study missed out on some information with
regards to subclinical viral prevalence as the deficit in reads may have prevented
the detection of some low level viral infections.
6.4.2. Cohort size and clinical information
The size of the primary immunodeficiency cohort is another factor which may
have restricted the power of this study. However, it should be noted that any
study attempting to prospectively recruit primary immunodeficiency patients is
somewhat at a disadvantage owing to the rarity of these diseases. This is, in part,
why it was decided to study CVID, the most common of the PIDs, despite the fact
that studying this disease is somewhat hindered by its heterogeneity.
Paradoxically, the divergent phenotypes of this cohort also raised interesting
questions regarding the impact of viruses and the cause of chronic idiopathic
inflammation. Even with this small cohort I was able to successful detect
meaningful differences which shed light on answers to these questions.
Obtaining the clinical records of the renal transplant cohort made it possible to
detect some interesting associations between disease and the virome.
Unfortunately, the same was not possible for the primary immunodeficiency or
vasculitis cohorts owing to lack of available clinical information at present.
However, a similar analysis to that which was performed for the transplant
cohort is an important aspect of this study that I hope to follow-up on once the
information becomes available.
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6.4.3. Bias in the informatics approach
The restriction of the informatic analysis to the identification of viruses of
vertebrates means that, for all the work put into developing an unbiased
approach, the final methodology was somewhat impartial. Identification of
sequences based on any form of reference database automatically limits findings
to the pathogens present in that database, i.e. those that have been previously
reported to the scientific community. This method therefore precludes the
detection of novel, unrelated viruses. As mentioned in the introduction to this
thesis, attempts have been made to develop viral metagenomics methods
capable of foregoing the reliance on alignment to databases of viral reference
genomes.311,515 However, at present, none of these methods have proven
themselves capable of replacing the alignment-based method in terms of
sensitivity.
Furthermore, the exclusion of sequences generated from bacteriophage,
invertebrate and plant virus, bacteria, fungi, archaea and eukaryotes leaves us
with a somewhat incomplete picture in terms of the overall microbial
community within each patient. Variations in this community have been shown
to have a dramatic impact on the health of its host, as well an ability to alter the
virulence of pathogens.500–502 A similar relationship certainly exists been the host
transcriptome and genetic background, and the microbiome, as we already know
that differences in how an individual’s immune system reacts to a microbe can
determine the microbe’s pathogenic impact on its host.
The decision to exclude this information was based on two points: 1) The issue
of contamination is difficult enough to control for, without considering
additional microbes that are sure to be highly abundant in the environment; 2)
Consideration of all of these factors would require additional sequencing to
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specifically generate the required depth of information, which is expensive, and
would also result in loss of statistical power if I was to attempt to consider every
variable in our small cohorts. For these reasons, it was decided best to consider
only viruses that are known to infect vertebrate species as they have a greater
likelihood of directly infecting and causing disease in humans.
6.4.4. Consideration of novel viruses
As well as known pathogens, no consideration was made by this study for the
presence of novel viruses which could be responsible for many of the
manifestations of disease in these patients. Indeed, immunocompromised
patients’ increased susceptibility to infection makes them an ideal cohort in
which to search for novel viruses capable of infecting humans. However,
discovering new viruses unrelated to any known species is extremely difficult.
In particular, viral discovery methods tend to rely on the de novo assembly of
contiguous sequences, which can then be interrogated in a number of ways. In
this study, generally low coverage of known viruses would suggest that
attempting a de novo assembly of unknown viruses would be highly optimistic.
One method for increasing the potential of assembling viral contigs, could be if
the reads of unknown origin, which remain following mapping to the human and
virus genome databases, were taken from all patients and combined. Figure 3 in
chapter one of this thesis gives an example of the high proportion of reads that
go unidentified. Many of these sequences are likely to represent bacteriophages
and bacteria that were not tested for by this study. However, these can be
subtracted through additional mapping steps and, based on my own and others
experiences, I would expect many sequences to remain, which do not match any
of those in the entire nucleotide database.516,517 The assembled contigs could
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then be tested for similarity to known viruses by amino acid rather than
nucleotide sequence alignment, and further by searching for viral ‘signatures’
using the methods discussed in the introduction.311,515
Finally, viral discovery is limited by the fact that the majority of viral infections
result in only short periods of viremia before they are cleared, making detection
of these viruses very difficult without sampling from multiple time-points. In this
thesis, only a single, pre-treatment time-point was taken from each cohort,
providing us with a ‘snap-shot’ rather than a clear view of viral prevalence.
Therefore, the method employed here is far more suited to detecting viruses
capable of persistent infection, such as TTV and Human Pegivirus, rather than
acute viral infections or those that reside in specific tissues. To improve upon the
results of this study, repeated sampling over multiple time-points would be
necessary to improve estimates of viral prevalence. Interestingly, Anthony et al
demonstrated a method of using repeated measurements to estimate the total
number of viruses that exist in a host species,518 which may provide an
additional insight into the rate of subclinical infections in immunosuppressed
patients.
6.5. Towards metagenomic sequencing as a clinical tool
In this thesis I have demonstrated that metagenomic sequencing can be a useful
tool for the detection of viruses in clinical samples. However, at present, it is
rarely used for this purpose in the clinical setting. Metagenomics has the
potential to supplement routine clinical diagnostics by being used to search for
the aetiologic agent in cases of idiopathic disease; and by aiding the detection of
co-infections, as well as infections that are unsuspected or sub-clinical. However,
before metagenomic sequencing can be effectively utilised in the clinical setting a
number of hurdles must be overcome.
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The complexity of the metagenomic process means that each step, from sample
collection and nucleic extraction, to the identification of viral sequences must be
validated. However, as discussed in the first chapter of this thesis, there is
currently no standard method for viral metagenomic sequencing protocols. To
compare a number of these protocols, a panel of 25 reference viruses was
developed and sent to 15 laboratories, to be extracted, prepared, sequenced and
analysed.519 Whilst the majority of techniques were extremely successful,
detecting at least 20 of the 25 viruses, many yielded divergent results,
highlighting the difficulty in comparing the results of studies employing different
methodologies. It should however, be noted that the benefits of metagenomics
were exemplified by this study, as multiple laboratories also reported the
detection of additional viruses not known to have been included in the sample
panel. One review of the informatics pipelines that are currently available for
viral metagenomics showed that the difficulties of standardization are not
limited to wet-lab protocols. The review concluded that although various tools
have been made available for this purpose, their quality is highly variable and an
insufficient number of benchmarking studies have been performed to test
them.520 Clearly more work is required in optimising and standardising the
sequencing procedure, to meet the standards of robustness required by a clinical
assay.
Contamination, such as that highlighted by this thesis, is one major issue that can
have drastic consequences for diagnostics. For metagenomic sequencing to be
used in the clinical setting, extreme care must be taken to avoid contamination at
every stage, from sample collection onwards in order to avoid a potentially
costly misdiagnosis. To minimize environmental contamination, facilities should
be set-up specifically for the purpose of clinical-grade sequencing and cleaned
thoroughly and regularly. Additionally, as with all diagnostic assays, careful
handling of samples and a linear workflow should be used to reduce the risk of
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contamination between samples. Perhaps most importantly, use of internal
controls is vital in order to detect any possible contamination events and the use
of confirmatory PCR assays may be warranted.
Aside from the need to validate the methodology itself, use of metagenomic
sequencing for diagnosis of pathogens in the clinical setting must consider
additional factors such as: in what instances it should be used; how to report
only relevant findings; and what medical action should be taken based on these
findings. Studies such as this thesis have shown that metagenomics can give
important insights into subclinical viral infections and help to direct future
diagnostics. However, the additional information generated is unnecessary for
diagnosis in the majority of cases. As such, it is difficult to justify the use of
sequencing when the same medically useful information can be generated by the
current methods, which are generally quicker and less expensive. Therefore, if
NGS is to become a useful clinical tool in infectious disease diagnostics, it will
require guidelines regarding a clear clinical reason for performing the test, and
empirically determined criteria regarding the medical actions to be taken based
on the results.
For now, use of NGS in the clinical diagnosis of infectious disease is restricted to
improving techniques which were previously reliant on Sanger sequencing, such
as virus genotyping, where the output is improved but the clinical indication is
unchanged. I expect future opportunities for the application of NGS to lie in areas
where current assays are not sufficient. This primarily includes those that are
required to target idiopathic diseases with multiple possible causes such as
gastrointestinal disease, hepatitis, fever and respiratory disease. Overall, NGS has
the potential to improve upon our current approach to clinical diagnosis of
infectious disease, however many aspects must first be addressed and, with a
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range of highly efficient assays already available, we should be careful to not
attempt to progress merely for progresses sake.
6.6. Concluding remarks
Overall, this thesis has demonstrated the utility of next generation metagenomic
sequencing for the detection of viruses in understudied, highly susceptible,
populations of patients. The results of this work have taken an important first
step

towards

increasing

the

consideration

of

viruses

in

the

immunocompromised setting: generating promising early insights into the true
abundance of viruses in the asymptomatic host as well as highlighting potentially
important associations between the anelloviruses and disease.
The power of un-biased metagenomic sequencing has the potential to reveal
much, including the answers to questions we have not yet thought to ask.
Therefore, it is important to consider how best to utilise and interpret the vast
amounts of information being generated. In this study alone, sequences from the
host, bacteria and bacteriophages were left unanalysed, and potential novel
viruses were not sought. No research group is capable of performing the work
necessary to analyse all of these factors alone, and therefore making this data
freely available to the research community is the best way to ensure that the full
potential of next generation sequencing is reached.
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Appendices

Appendix 1. Database of vertebrate virus genomes used for the identification of viral reads by sequence alignment
Accession Number

Virus Name

Accession Number

Virus Name

NC_001499.1
NC_002077.1
NC_001401.2
NC_001729.1
NC_001829.1
NC_006152.1
NC_006260.1
NC_006261.1
NC_007548.1
NC_007549.1
NC_007550.1
NC_007551.1
NC_007552.1
NC_007553.1
NC_007554.1
NC_007555.1
NC_007556.1
NC_007557.1
NC_007558.1
NC_004763.2
NC_006021.1
NC_005996.1
NC_006017.1
NC_006012.1
NC_006020.1
NC_006018.1
NC_006011.1
NC_006016.1
NC_006019.1
NC_006009.1
NC_001659.1
NC_001918.1
NC_018465.1
NC_018459.1
NC_018460.1
NC_009894.1
NC_009895.1
NC_009896.1
NC_001662.1
NC_004355.1
NC_010249.1
NC_010253.1
NC_010251.1
NC_010247.1
NC_005832.1
NC_003468.2
NC_003467.2
NC_003466.1
NC_003676.1
NC_007582.1
NC_007583.1
NC_007584.1
NC_007585.1
NC_007592.1
NC_007588.1
NC_007589.1
NC_007590.1
NC_007591.1
NC_020808.1
NC_016752.1
NC_014320.1
NC_011400.1
NC_016155.1
NC_019028.1
NC_013060.1
NC_018669.1
NC_019026.1
NC_019027.1
NC_016896.1
NC_019853.1
NC_007654.1
NC_003900.1
NC_003243.1
NC_004828.1
NC_006263.1
NC_001402.1
NC_003990.1
NC_005947.1

Abelson murine leukemia virus
Adeno-associated virus 1
Adeno-associated virus 2
Adeno-associated virus 3
Adeno-associated virus 4
Adeno-associated virus 5
Adeno-associated virus 7
Adeno-associated virus 8
Adult diarrheal rotavirus strain J19
Adult diarrheal rotavirus strain J19
Adult diarrheal rotavirus strain J19
Adult diarrheal rotavirus strain J19
Adult diarrheal rotavirus strain J19
Adult diarrheal rotavirus strain J19
Adult diarrheal rotavirus strain J19
Adult diarrheal rotavirus strain J19
Adult diarrheal rotavirus strain J19
Adult diarrheal rotavirus strain J19
Adult diarrheal rotavirus strain J19
African green monkey polyomavirus
African horsesickness virus segment 1
African horsesickness virus segment 2
African horsesickness virus segment 3
African horsesickness virus segment 4
African horsesickness virus segment 5
African horsesickness virus segment 6
African horsesickness virus segment 7
African horsesickness virus segment 8
African horsesickness virus segment 9
African horsesickness virus segment 10
African swine fever virus
Aichi virus
Aino virus segment L
Aino virus segment M
Aino virus segment S
Akabane virus segment L
Akabane virus segment M
Akabane virus segment S
Aleutian mink disease virus
Alkhurma virus
Allpahuayo virus segment L
Allpahuayo virus segment S
Amapari virus segment L
Amapari virus segment S
Ambystoma tigrinum virus
Andes virus segment L
Andes virus segment M
Andes virus segment S
Apoi virus
Aquareovirus A segment 1
Aquareovirus A segment 2
Aquareovirus A segment 3
Aquareovirus A segment 4
Aquareovirus A segment 6
Aquareovirus A segment 8
Aquareovirus A segment 9
Aquareovirus A segment 10
Aquareovirus A segment 11
Aravan virus
Artibeus jamaicensis parvovirus 1
Astrovirus MLB1 HK05
Astrovirus MLB1
Astrovirus MLB2
Astrovirus MLB3
Astrovirus VA1
Astrovirus VA2
Astrovirus VA3
Astrovirus VA4
Astrovirus wild boar
Ateles paniscus polyomavirus 1
Atlantic salmon swim bladder sarcoma virus
Aura virus
Australian bat lyssavirus
Avian adeno-associated virus
Avian adeno-associated virus
Avian carcinoma virus
Avian encephalomyelitis virus
Avian endogenous retrovirus

NC_015396.1
NC_001451.1
NC_015116.1
NC_001408.1
NC_007652.1
NC_001866.1
NC_015126.1
NC_015127.1
NC_015128.1
NC_015129.1
NC_015130.1
NC_015131.1
NC_015132.1
NC_015133.1
NC_015134.1
NC_015135.1
NC_019531.1
NC_003043.1
NC_006553.1
NC_015877.1
NC_015878.1
NC_015879.1
NC_015880.1
NC_015881.1
NC_015882.1
NC_015883.1
NC_015884.1
NC_015886.1
NC_015885.1
NC_012534.1
NC_010107.1
NC_010817.1
NC_015399.1
NC_013458.1
NC_013459.1
NC_011063.1
NC_011064.1
NC_001786.1
NC_014468.1
NC_015932.1
NC_016895.1
NC_021206.1
NC_008315.1
NC_010437.1
NC_010436.1
NC_014470.1
NC_022103.1
NC_009988.1
NC_009019.1
NC_009020.1
NC_010438.1
NC_009021.1
NC_020881.1
NC_018382.1
NC_015940.1
NC_015941.1
NC_015934.1
NC_017936.1
NC_001944.1
NC_010255.1
NC_010256.1
NC_016962.1
NC_007803.1
NC_010646.1
NC_019843.2
NC_014143.1
NC_001538.1
NC_005982.1
NC_005983.1
NC_018506.1
NC_006023.1
NC_006013.1
NC_006014.1
NC_006024.2
NC_006025.1
NC_006010.1
NC_006022.1
NC_006007.1

Avian gyrovirus 2
Avian infectious bronchitis virus
Avian leukemia virus
Avian leukosis virus
Avian metapneumovirus
Avian myelocytomatosis virus
Avian orthoreovirus segment L1
Avian orthoreovirus segment L2
Avian orthoreovirus segment L3
Avian orthoreovirus segment M1
Avian orthoreovirus segment M2
Avian orthoreovirus segment M3
Avian orthoreovirus segment S1
Avian orthoreovirus segment S2
Avian orthoreovirus segment S3
Avian orthoreovirus segment S4
Avian paramyxovirus 4
Avian paramyxovirus 6
Avian sapelovirus
Baboon orthoreovirus segment L1
Baboon orthoreovirus segment L2
Baboon orthoreovirus segment L3
Baboon orthoreovirus segment M1
Baboon orthoreovirus segment M2
Baboon orthoreovirus segment M3
Baboon orthoreovirus segment S1
Baboon orthoreovirus segment S2
Baboon orthoreovirus segment S3
Baboon orthoreovirus segment S4
Bagaza virus
Bandicoot papillomatosis carcinomatosis virus type 1
Bandicoot papillomatosis carcinomatosis virus type 2
Barbel circovirus
Barfin flounder nervous necrosis virus RNA 1
Barfin flounder nervous necrosis virus RNA 2
Barfin flounder virus RNA1
Barfin flounder virus RNA2
Barmah Forest virus
Bat adeno-associated virus
Bat adenovirus 2
Bat adenovirus TJM
Bat circovirus isolate XOR7
Bat coronavirus (BtCoV/133/2005)
Bat coronavirus 1A
Bat coronavirus 1B
Bat coronavirus BM48-31/BGR/2008
Bat coronavirus CDPHE15/USA/2006
Bat coronavirus HKU2
Bat coronavirus HKU4-1
Bat coronavirus HKU5-1
Bat coronavirus HKU8
Bat coronavirus HKU9-1
Bat hepatitis virus
Bat hepevirus
Bat picornavirus 1
Bat picornavirus 2
Bat picornavirus 3
Bat sapovirus
Beak and feather disease virus
Bear Canyon virus segment L
Bear Canyon virus segment S
Bebaru virus
Beilong virus
Beluga Whale coronavirus
Betacoronavirus England 1
Bettongia penicillata papillomavirus 1
BK polyomavirus
Blotched snakehead virus
Blotched snakehead virus
Bluegill picornavirus
Bluetongue virus segment 1
Bluetongue virus segment 2
Bluetongue virus segment 3
Bluetongue virus segment 4
Bluetongue virus segment 5
Bluetongue virus segment 6
Bluetongue virus segment 7
Bluetongue virus segment 8

Accession Number

Virus Name

Accession Number

Virus Name

NC_006008.1
NC_006015.1
NC_014358.1
NC_003679.1
NC_001607.1
NC_005889.1
NC_020074.1
NC_006324.1
NC_001876.1
AC_000002.1
NC_002685.2
NC_003045.1
NC_001859.1
NC_002526.1
NC_001831.1
NC_018668.1
NC_001413.1
NC_004421.1
NC_001414.1
NC_001522.1
NC_004197.1
NC_004195.1
NC_007612.1
NC_005337.1
NC_002161.1
NC_001540.1
NC_006259.1
NC_001442.1
NC_012948.1
NC_012949.1
NC_001989.1
NC_010354.1
NC_001461.1
NC_002032.1
NC_012812.1
NC_007447.1
NC_014236.1
NC_014237.1
NC_014238.1
NC_014239.1
NC_014240.1
NC_014241.1
NC_014242.1
NC_014243.1
NC_014244.1
NC_014245.1
NC_004764.2
NC_014373.1
NC_001925.1
NC_001926.1
NC_001927.1
NC_009026.2
NC_006875.1
NC_012699.1
NC_004064.1
NC_012126.1
NC_013796.1
NC_003391.1
NC_015267.1
NC_015268.1
NC_003410.1
NC_017085.1
NC_005309.1
NC_015374.1
NC_015373.1
NC_015375.1
AC_000003.1
AC_000020.1
NC_001734.1
NC_020499.1
NC_004542.1
NC_020904.1
NC_001921.1
NC_004442.1
NC_001619.1
NC_006564.1
NC_008297.1
NC_010226.1
NC_013237.1

Bluetongue virus segment 9
Bluetongue virus segment 10
Bocavirus gorilla
Border disease virus
Borna disease virus
Bovine adeno-associated virus
Bovine adenovirus 6
Bovine adenovirus A
Bovine adenovirus B
Bovine adenovirus B
Bovine adenovirus D
Bovine coronavirus
Bovine enterovirus
Bovine ephemeral fever virus
Bovine foamy virus
Bovine hungarovirus
Bovine immunodeficiency virus
Bovine kobuvirus
Bovine leukemia virus
Bovine papillomavirus 1
Bovine papillomavirus 3
Bovine papillomavirus 5
Bovine papillomavirus 7
Bovine papular stomatitis virus
Bovine parainfluenza virus 3
Bovine parvovirus
Bovine parvovirus 2
Bovine polyomavirus
Bovine respiratory coronavirus
Bovine respiratory coronavirus
Bovine respiratory syncytial virus
Bovine rhinitis B virus
Bovine viral diarrhea virus 1
Bovine viral diarrhea virus 2
Bovine viral diarrhea virus 3
Breda virus
Broome virus segment L1
Broome virus segment L2
Broome virus segment L3
Broome virus segment M1
Broome virus segment M2
Broome virus segment M3
Broome virus segment S1
Broome virus segment S2
Broome virus segment S3
Broome virus segment S4
Budgerigar fledgling disease virus 1
Bundibugyo ebolavirus
Bunyamwera virus L segment
Bunyamwera virus M segment
Bunyamwera virus segment S
Bussuquara virus
Calicivirus isolate TCG
Calicivirus pig/AB90/CAN
Calicivirus strain NB
California sea lion anellovirus
California sea lion polyomavirus 1
Camelpox virus
Camelus dromedarius papillomavirus type 1
Camelus dromedarius papillomavirus type 2
Canary circovirus
Canary polyomavirus
Canarypox virus
Candiru virus segment L
Candiru virus segment M
Candiru virus segment S
Canine adenovirus 1
Canine adenovirus type 2
Canine adenovirus
Canine bocavirus
Canine calicivirus
Canine circovirus
Canine distemper virus
Canine minute virus
Canine oral papillomavirus
Canine papillomavirus 2
Canine papillomavirus 3
Canine papillomavirus 4
Canine papillomavirus 6

NC_016014.1
NC_016074.1
NC_016075.1
NC_019852.1
NC_001539.1
NC_021178.1
NC_016964.1
NC_008032.1
NC_011051.1
NC_001463.1
NC_020067.1
NC_011530.1
NC_018484.1
NC_018481.1
NC_019854.1
NC_001564.1
NC_020065.1
NC_020805.1
NC_010563.1
NC_010562.1
NC_001427.1
NC_003790.1
NC_004162.2
NC_017825.1
NC_014743.1
NC_007586.1
NC_007587.1
NC_005990.1
NC_005995.1
NC_005986.1
NC_005989.1
NC_005991.1
NC_005993.1
NC_005987.1
NC_005988.1
NC_005994.1
NC_005992.1
NC_013020.1
NC_013028.1
NC_013029.1
NC_013023.1
NC_013024.1
NC_013025.1
NC_013026.1
NC_013027.1
NC_013030.2
NC_013018.1
NC_002657.1
NC_015692.1
NC_004181.1
NC_004182.1
NC_004183.1
NC_004184.1
NC_004185.1
NC_004186.1
NC_004187.1
NC_004188.1
NC_004180.1
NC_004189.1
NC_004191.1
NC_004190.1
NC_002361.1
NC_016996.1
NC_012800.1
NC_014372.1
NC_016924.1
NC_001541.1
NC_003663.2
NC_005301.3
NC_005300.2
NC_005302.1
NC_018575.1
NC_007922.1
NC_008604.2
NC_010252.1
NC_010254.1
NC_015521.1
NC_014929.1
NC_014930.1

Canine papillomavirus 8
Canine papillomavirus 9
Canine papillomavirus 10
Canine papillomavirus 14
Canine parvovirus
Canine picodicistrovirus
Canine picornavirus
Capra hircus papillomavirus type 1
Capreolus capreolus papillomavirus 1
Caprine arthritis encephalitis virus
Cardioderma polyomavirus
Caretta caretta papillomavirus 1
CAS virus segment L
CAS virus segment S
Cebus albifrons polyomavirus 1
Cell fusing agent virus
Chaerephon polyomavirus 1
Chandipura virus
Chapare virus segment L
Chapare virus segment S
Chicken anemia virus
Chicken astrovirus
Chikungunya virus
Chimpanzee adenovirus Y25
Chimpanzee polyomavirus
Chum salmon reovirus CS segment 5
Chum salmon reovirus CS segment 7
Chuzan virus segment 1
Chuzan virus segment 10
Chuzan virus segment 2
Chuzan virus segment 3
Chuzan virus segment 4
Chuzan virus segment 5
Chuzan virus segment 6
Chuzan virus segment 7
Chuzan virus segment 8
Chuzan virus segment 9
Circovirus-like genome BBC-A
Circovirus-like genome CB-A
Circovirus-like genome CB-B
Circovirus-like genome RW-A
Circovirus-like genome RW-B
Circovirus-like genome RW-C
Circovirus-like genome RW-D
Circovirus-like genome RW-E
Circovirus-like genome SAR-A
Circovirus-like genome SAR-B
Classical swine fever virus
Colobus guereza papillomavirus type 2
Colorado tick fever virus segment 1
Colorado tick fever virus segment 2
Colorado tick fever virus segment 3
Colorado tick fever virus segment 4
Colorado tick fever virus segment 5
Colorado tick fever virus segment 6
Colorado tick fever virus segment 7
Colorado tick fever virus segment 8
Colorado tick fever virus segment 9
Colorado tick fever virus segment 10
Colorado tick fever virus segment 11
Colorado tick fever virus segment 12
Columbid circovirus
Common-moorhen coronavirus HKU21
Cosavirus A strain HCoSV-A1 polyprotein gene
Cote d'Ivoire ebolavirus
Cotia virus
Cottontail rabbit papillomavirus
Cowpox virus
Crimean-Congo hemorrhagic fever virus segment L
Crimean-Congo hemorrhagic fever virus segment M
Crimean-Congo hemorrhagic fever virus segment S
Crocuta crocuta papillomavirus 1
Crow polyomavirus
Culex flavivirus
Cupixi virus segment L
Cupixi virus segment S
Cutthroat trout virus
Cyclovirus bat/USA/2009
Cyclovirus NGchicken15/NGA/2009

Accession Number

Virus Name

Accession Number

Virus Name

NC_014928.1
NC_014927.1
NC_021707.1
NC_016154.1
NC_001523.1
NC_006967.1
NC_006966.1
NC_001477.1
NC_001474.2
NC_001475.2
NC_002640.1
NC_005234.1
NC_005233.1
NC_005235.1
NC_005283.1
NC_001813.1
AC_000004.1
NC_012437.1
NC_007220.1
NC_008250.2
NC_001344.1
NC_004159.1
NC_004158.1
NC_004157.1
NC_020810.1
NC_003899.1
NC_002549.1
NC_004105.1
NC_016744.1
NC_020068.1
NC_001479.1
NC_008718.1
NC_021220.1
NC_010415.1
NC_013695.1
NC_004994.2
NC_004137.1
NC_004136.1
NC_013396.1
NC_013397.1
NC_013398.1
NC_013399.1
NC_013400.1
NC_013401.1
NC_013402.1
NC_013403.1
NC_013404.1
NC_013405.1
NC_002532.2
NC_010327.1
NC_002201.1
NC_001450.1
NC_012123.1
NC_017862.1
NC_020500.1
NC_020902.1
NC_017982.1
NC_003982.1
NC_003983.1
NC_003748.1
NC_020085.1
NC_020084.1
NC_020501.1
NC_006951.1
NC_011765.1
NC_009527.1
NC_009528.1
NC_002615.1
NC_001524.1
NC_017940.1
NC_003696.1
NC_003697.1
NC_003698.1
NC_003699.1
NC_003700.1
NC_003701.1
NC_003702.1
NC_003703.1
NC_003704.1

Cyclovirus PKgoat11/PAK/2009
Cyclovirus PKgoat21/PAK/2009
Cyclovirus VN isolate ds3 capsid protein gene
Cynomolgus macaque cytomegalovirus strain Ottawa
Deer papillomavirus
Deerpox virus W
Deerpox virus W
Dengue virus 1
Dengue virus 2
Dengue virus 3
Dengue virus 4
Dobrava virus segment M
Dobrava virus segment S
Dobrava-Belgrade virus
Dolphin morbillivirus
Duck adenovirus A
Duck adenovirus A
Duck astrovirus C-NGB
Duck circovirus
Duck hepatitis A virus
Duck hepatitis B virus
Dugbe virus segment L
Dugbe virus segment M
Dugbe virus segment S
Duvenhage virus
Eastern equine encephalitis virus
Ebola virus --- Mayinga
Ectromelia virus
Eidolon helvum parvovirus 1
Eidolon polyomavirus 1
Encephalomyocarditis virus
Entebbe bat virus
Enterovirus F strain BEV---261 polyprotein gene
Enterovirus J strain 1631
Enterovirus J strain N203
Enzootic nasal tumour virus of goats
Epinephelus tauvina nervous necrosis virus RNA 1
Epinephelus tauvina nervous necrosis virus RNA 2
Epizootic hemorrhagic disease virus serotype 1 segment 1
Epizootic hemorrhagic disease virus serotype 1 segment 2
Epizootic hemorrhagic disease virus serotype 1 segment 3
Epizootic hemorrhagic disease virus serotype 1 segment 4
Epizootic hemorrhagic disease virus serotype 1 segment 5
Epizootic hemorrhagic disease virus serotype 1 segment 6
Epizootic hemorrhagic disease virus serotype 1 segment 7
Epizootic hemorrhagic disease virus serotype 1 segment 8
Epizootic hemorrhagic disease virus serotype 1 segment 9
Epizootic hemorrhagic disease virus serotype 1 segment 10
Equine arteritis virus
Equine coronavirus
Equine foamy virus
Equine infectious anemia virus
Equine papillomavirus 2
Equine papillomavirus 3
Equine papillomavirus type 6
Equine Pegivirus 1 isolate C0035
Equine polyomavirus
Equine rhinitis A virus
Equine rhinitis B virus 1
Equus caballus papillomavirus --- 1
Equus ferus caballus papillomavirus type 4
Equus ferus caballus papillomavirus type 5
Equus ferus caballus papillomavirus type 7
Erethizon dorsatum papillomavirus type 1
Erinaceus europaeus papillomavirus
European bat lyssavirus 1
European bat lyssavirus 2
European brown hare syndrome virus
European elk papillomavirus
European sheatfish virus
Eyach virus segment 1
Eyach virus segment 2
Eyach virus segment 3
Eyach virus segment 4
Eyach virus segment 5
Eyach virus segment 6
Eyach virus segment 7
Eyach virus segment 8
Eyach virus segment 9

NC_003705.1
NC_003706.1
NC_003707.1
NC_022249.1
NC_017823.1
NC_001481.2
NC_001871.1
NC_001482.1
NC_002306.3
NC_001940.1
NC_016156.1
NC_021472.1
NC_004765.1
NC_005084.2
NC_022253.1
NC_008522.1
NC_007923.1
NC_010759.1
NC_010757.1
NC_004004.1
NC_013528.1
NC_021221.1
NC_001720.1
AC_000014.1
NC_015323.1
NC_000899.1
AC_000013.1
NC_014969.1
NC_002188.1
NC_013117.1
NC_001362.1
NC_004068.1
NC_002501.1
NC_005946.1
NC_001403.1
NC_014469.1
NC_001710.1
NC_006558.1
NC_001885.2
NC_010306.1
NC_004003.1
NC_018482.1
NC_018483.1
NC_005166.1
NC_005167.1
NC_005168.1
NC_005169.1
NC_005170.1
NC_005171.1
NC_005172.1
NC_005173.1
NC_005174.1
NC_005175.1
NC_005176.1
NC_017979.1
NC_003054.1
NC_004800.1
NC_005036.1
NC_001701.1
NC_014522.1
NC_014523.1
NC_014524.1
NC_014525.1
NC_014526.1
NC_014527.1
NC_014528.1
NC_014529.1
NC_014530.1
NC_014531.1
NC_001484.1
NC_005082.1
NC_005077.1
NC_008521.1
NC_018401.1
NC_017091.1
NC_016418.1
NC_001663.1
NC_005222.1
NC_005218.1

Eyach virus segment 10
Eyach virus segment 11
Eyach virus segment 12
Feline astrovirus 2 strain 1637F
Feline bocavirus
Feline calicivirus
Feline foamy virus
Feline immunodeficiency virus
Feline infectious peritonitis virus
Feline leukemia virus
Feline picornavirus
Felis catus papillomavirus 3
Felis domesticus papillomavirus type 1
Fer-de-lance virus
Ferret papillomavirus isolate MpPV1
Finch circovirus
Finch polyomavirus
Flexal virus segment L
Flexal virus segment S
Foot-and-mouth disease virus
Fort Morgan virus
Fowl adenovirus 5 strain 340
Fowl adenovirus A
Fowl adenovirus A
Fowl adenovirus C
Fowl adenovirus D
Fowl adenovirus D
Fowl adenovirus E
Fowlpox virus
Francolinus leucoscepus papillomavirus 1
Friend murine leukemia virus
Fringilla coelebs papillomavirus
Frog adenovirus 1
Frog virus 3
Fujinami sarcoma virus
Gammapapillomavirus HPV127
GB virus C/Hepatitis G virus
Getah virus
Gibbon ape leukemia virus
Gill---associated virus
Goatpox virus Pellor
Golden Gate virus segment L
Golden Gate virus segment S
Golden shiner reovirus segment 1
Golden shiner reovirus segment 2
Golden shiner reovirus segment 3
Golden shiner reovirus segment 4
Golden shiner reovirus segment 5
Golden shiner reovirus segment 6
Golden shiner reovirus segment 7
Golden shiner reovirus segment 8
Golden shiner reovirus segment 9
Golden shiner reovirus segment 10
Golden shiner reovirus segment 11
Goose adenovirus 4
Goose circovirus
Goose hemorrhagic polyomavirus
Goose paramyxovirus SF02
Goose parvovirus
Great Island virus segment 1
Great Island virus segment 2
Great Island virus segment 3
Great Island virus segment 4
Great Island virus segment 5
Great Island virus segment 6
Great Island virus segment 7
Great Island virus segment 8
Great Island virus segment 9
Great Island virus segment 10
Ground squirrel hepatitis virus
Guanarito virus segment L
Guanarito virus segment S
Gull circovirus
Gyrovirus 4
Gyrovirus GyV3
Halastavi arva RNA virus
Hamster polyomavirus
Hantaan virus segment L
Hantaan virus

Accession Number

Virus Name

Accession Number

Virus Name

NC_005219.1
NC_006435.1
NC_006433.1
NC_006437.1
NC_001906.3
NC_001489.1
NC_003977.1
NC_004102.1
NC_009823.1
NC_009824.1
NC_009825.1
NC_009826.1
NC_009827.1
NC_001653.2
NC_001434.1
NC_001837.1
NC_001655.1
NC_001486.1
NC_012561.1
NC_005093.1
NC_013443.1
AC_000007.1
AC_000008.1
NC_012959.1
AC_000005.1
NC_001460.1
NC_011203.1
NC_011202.1
NC_001405.1
NC_010956.1
AC_000006.1
NC_003266.2
NC_001454.1
AC_000017.1
AC_000019.1
AC_000018.1
NC_001943.1
NC_012042.1
NC_012564.1
NC_012729.2
NC_007455.1
NC_002645.1
NC_006577.2
NC_005831.2
NC_005147.1
NC_012801.1
NC_012802.1
NC_012798.1
NC_021568.1
NC_012950.1
NC_001612.1
NC_001472.1
NC_001430.1
NC_004295.1
NC_015630.1
NC_001806.1
NC_001798.1
NC_001348.1
NC_007605.1
NC_009334.1
NC_006273.2
NC_001664.2
NC_000898.1
NC_001716.2
NC_009333.1
NC_001802.1
NC_001722.1
NC_004148.2
NC_022095.1
NC_001356.1
NC_001352.1
NC_001457.1
NC_001531.1
NC_001355.1
NC_001595.1
NC_001596.1
NC_001576.1
NC_001526.2
NC_001357.1

Hantaan virus
Hantavirus Z10 chromosome L
Hantavirus Z10 chromosome S segment
Hantavirus Z10 segment M
Hendra virus
Hepatitis A virus
Hepatitis B virus
Hepatitis C virus genotype 1
Hepatitis C virus genotype 2
Hepatitis C virus genotype 3
Hepatitis C virus genotype 4
Hepatitis C virus genotype 5
Hepatitis C virus genotype 6
Hepatitis delta virus
Hepatitis E virus
Hepatitis GB virus A
Hepatitis GB virus B
Heron hepatitis B virus
Highlands J virus
Hirame rhabdovirus
HMO Astrovirus A
Human adenovirus 2
Human adenovirus 5
Human adenovirus 54
Human adenovirus A
Human adenovirus A
Human adenovirus B1
Human adenovirus B2
Human adenovirus C
Human adenovirus D
Human adenovirus D
Human adenovirus E
Human adenovirus F
Human adenovirus type 1
Human adenovirus type 35
Human adenovirus type 7
Human astrovirus
Human bocavirus 2
Human bocavirus 3
Human bocavirus 4
Human bocavirus
Human coronavirus 229E
Human coronavirus HKU1
Human coronavirus NL63
Human coronavirus OC43
Human cosavirus B1
Human cosavirus D1
Human cosavirus E1
Human cyclovirus VS5700009
Human enteric coronavirus strain 4408
Human enterovirus A
Human enterovirus B
Human enterovirus D
Human erythrovirus V9
Human gyrovirus type 1
Human herpesvirus 1
Human herpesvirus 2
Human herpesvirus 3
Human herpesvirus 4 type 1
Human herpesvirus 4
Human herpesvirus 5
Human herpesvirus 6A
Human herpesvirus 6B
Human herpesvirus 7
Human herpesvirus 8
Human immunodeficiency virus 1
Human immunodeficiency virus 2
Human metapneumovirus
Human papillomavirus complete genome
Human papillomavirus type 1
Human papillomavirus type 2
Human papillomavirus type 4
Human papillomavirus type 5
Human papillomavirus type 6b
Human papillomavirus type 7
Human papillomavirus type 9
Human papillomavirus type 10
Human papillomavirus type 16
Human papillomavirus type 18

NC_001583.1
NC_001586.1
NC_001587.1
NC_001354.1
NC_001690.1
NC_001591.1
NC_001691.1
NC_001593.1
NC_001676.1
NC_001694.1
NC_001693.1
NC_001458.1
NC_010329.1
NC_004104.1
NC_004500.1
NC_005134.2
NC_008189.1
NC_008188.1
NC_012213.1
NC_012485.1
NC_012486.1
NC_013035.1
NC_014185.1
NC_016157.1
NC_014952.1
NC_014953.1
NC_014954.1
NC_014955.1
NC_014956.1
NC_017993.1
NC_017994.1
NC_017995.1
NC_017996.1
NC_017997.1
NC_021483.1
NC_019023.1
NC_003461.1
NC_003443.1
NC_001796.2
NC_021928.1
NC_001897.1
NC_007018.1
NC_000883.2
NC_007026.1
NC_007027.1
NC_020890.1
NC_015150.1
NC_001781.1
NC_001490.1
NC_001617.1
NC_009996.1
NC_021545.1
NC_021544.1
NC_021548.1
NC_021547.1
NC_021550.1
NC_021549.1
NC_021546.1
NC_021543.1
NC_021542.1
NC_021541.1
NC_021551.1
NC_001436.1
NC_001488.1
NC_011800.1
NC_010810.1
NC_018629.1
NC_004178.1
NC_004179.1
NC_001652.1
NC_002190.2
NC_001915.1
NC_001916.1
NC_003494.1
NC_007358.1
NC_007362.1
NC_007363.1
NC_007361.1
NC_007364.1

Human papillomavirus type 26
Human papillomavirus type 32
Human papillomavirus type 34
Human papillomavirus type 41
Human papillomavirus type 48
Human papillomavirus type 49
Human papillomavirus type 50
Human papillomavirus type 53
Human papillomavirus type 54
Human papillomavirus type 61
Human papillomavirus type 60
Human papillomavirus type 63
Human papillomavirus type 88
Human papillomavirus type 90
Human papillomavirus type 92
Human papillomavirus type 96
Human papillomavirus type 101
Human papillomavirus type 103
Human papillomavirus type 108
Human papillomavirus type 109
Human papillomavirus type 112
Human papillomavirus type 116
Human papillomavirus type 121
Human papillomavirus type 126
Human papillomavirus type 128
Human papillomavirus type 129
Human papillomavirus type 131
Human papillomavirus type 132
Human papillomavirus type 134
Human papillomavirus type 135
Human papillomavirus type 136
Human papillomavirus type 137
Human papillomavirus type 140
Human papillomavirus type 144
Human papillomavirus type 154
Human papillomavirus type 166
Human parainfluenza virus 1
Human parainfluenza virus 2
Human parainfluenza virus 3
Human parainfluenza virus 4
Human parechovirus
Human parvovirus 4
Human parvovirus B19
Human picobirnavirus RNA segment 1
Human picobirnavirus RNA segment 2
Human polyomavirus 12
Human polyomavirus 9
Human respiratory syncytial virus
Human rhinovirus 14
Human rhinovirus 89
Human rhinovirus C
Human rotavirus B strain Bang373 VP2 gene
Human rotavirus B strain Bang373 VP6 gene
Human rotavirus B strain Bang373 NSP2 gene
Human rotavirus B strain Bang373 NSP3 gene
Human rotavirus B strain Bang373 NSP4 gene
Human rotavirus B strain Bang373 NSP5 gene
Human rotavirus B strain Bang373 NSP1 gene
Human rotavirus B strain Bang373 VP4 gene
Human rotavirus B strain Bang373 VP7 gene
Human rotavirus B strain Bang373 VP1 mRNA
Human rotavirus B strain Bang373 VP3 mRNA
Human T-lymphotropic virus 1
Human T-lymphotropic virus 2
Human T-lymphotropic virus 4
Human TMEV-like cardiovirus
Ikoma lyssavirus
Infectious bursal disease virus segment A
Infectious bursal disease virus segment B
Infectious hematopoietic necrosis virus
Infectious hypodermal and hematopoietic necrosis virus
Infectious pancreatic necrosis virus segment A
Infectious pancreatic necrosis virus segment B
Infectious spleen and kidney necrosis virus
Influenza A virus (Goose/Guangdong/96(H5N1)) segment 2
Influenza A virus (Goose/Guangdong/96(H5N1)) segment 4
Influenza A virus (Goose/Guangdong/96(H5N1)) segment 7
Influenza A virus (Goose/Guangdong/96(H5N1)) segment 6
Influenza A virus (Goose/Guangdong/96(H5N1)) segment 8

Accession Number

Virus Name

Accession Number

Virus Name

NC_007357.1
NC_007359.1
NC_007360.1
NC_004910.1
NC_004911.1
NC_004912.1
NC_004908.1
NC_004909.1
NC_004907.1
NC_004906.1
NC_004905.2
NC_007378.1
NC_007375.1
NC_007376.1
NC_007374.1
NC_007381.1
NC_007382.1
NC_007377.1
NC_007380.1
NC_007373.1
NC_007372.1
NC_007366.1
NC_007369.1
NC_007368.1
NC_007367.1
NC_007370.1
NC_007371.1
NC_002023.1
NC_002021.1
NC_002022.1
NC_002017.1
NC_002019.1
NC_002018.1
NC_002016.1
NC_002020.1
NC_002204.1
NC_002207.1
NC_002208.1
NC_002209.1
NC_002210.1
NC_002211.1
NC_002205.1
NC_002206.1
NC_006307.1
NC_006308.1
NC_006309.1
NC_006310.1
NC_006311.1
NC_006312.1
NC_006306.2
NC_007906.1
NC_007905.1
NC_020809.1
NC_020806.1
NC_007454.1
NC_001494.1
NC_015123.1
NC_001437.1
NC_001699.1
NC_005080.1
NC_005081.1
NC_004210.1
NC_004212.1
NC_004213.1
NC_004214.1
NC_004215.1
NC_004216.1
NC_004209.1
NC_004208.1
NC_004207.1
NC_004206.1
NC_004205.1
NC_004199.1
NC_005064.1
NC_006947.1
NC_012533.1
NC_009238.1
NC_021704.1
NC_009029.2

Influenza A virus (Goose/Guangdong/96(H5N1)) segment 1
Influenza A virus (Goose/Guangdong/96(H5N1)) segment 3
Influenza A virus (Goose/Guangdong/96(H5N1)) segment 5
Influenza A virus (Hong Kong/1073/99(H9N2)) segment 1
Influenza A virus (Hong Kong/1073/99(H9N2)) segment 2
Influenza A virus (Hong Kong/1073/99(H9N2)) segment 3
Influenza A virus (Hong Kong/1073/99(H9N2)) segment 4
Influenza A virus (Hong Kong/1073/99(H9N2)) segment 6
Influenza A virus (Hong Kong/1073/99(H9N2)) segment 7
Influenza A virus (Hong Kong/1073/99(H9N2)) segment 8
Influenza A virus (Hong Kong/1073/99(H9N2)) segment 5
Influenza A virus (Korea/426/68(H2N2)) segment 1
Influenza A virus (Korea/426/68(H2N2)) segment 2
Influenza A virus (Korea/426/68(H2N2)) segment 3
Influenza A virus (Korea/426/68(H2N2)) segment 4
Influenza A virus (Korea/426/68(H2N2)) segment 5
Influenza A virus (Korea/426/68(H2N2)) segment 6
Influenza A virus (Korea/426/68(H2N2)) segment 7
Influenza A virus (Korea/426/68(H2N2)) segment 8
Influenza A virus (New York/392/04(H3N2)) segment 1
Influenza A virus (New York/392/04(H3N2)) segment 2
Influenza A virus (New York/392/04(H3N2)) segment 4
Influenza A virus (New York/392/04(H3N2)) segment 5
Influenza A virus (New York/392/04(H3N2)) segment 6
Influenza A virus (New York/392/04(H3N2)) segment 7
Influenza A virus (New York/392/04(H3N2)) segment 8
Influenza A virus (New York/392/04(H3N2)) segment 3
Influenza A virus (A/Puerto Rico/8/34(H1N1)) segment 1
Influenza A virus (A/Puerto Rico/8/34(H1N1)) segment 2
Influenza A virus (A/Puerto Rico/8/34(H1N1)) segment 3
Influenza A virus (A/Puerto Rico/8/34(H1N1)) segment 4
Influenza A virus (A/Puerto Rico/8/34(H1N1)) segment 5
Influenza A virus (A/Puerto Rico/8/34(H1N1)) segment 6
Influenza A virus (A/Puerto Rico/8/34(H1N1)) segment 7
Influenza A virus (A/Puerto Rico/8/34(H1N1)) segment 8
Influenza B virus RNA 1
Influenza B virus RNA 4
Influenza B virus RNA 5
Influenza B virus RNA 6
Influenza B virus RNA 7
Influenza B virus RNA 8
Influenza B virus RNA-2
Influenza B virus RNA-3
Influenza C virus (C/Ann Arbor/1/50) segment 1
Influenza C virus (C/Ann Arbor/1/50) segment 2
Influenza C virus (C/Ann Arbor/1/50) segment 3
Influenza C virus (C/Ann Arbor/1/50) segment 4
Influenza C virus (C/Ann Arbor/1/50) segment 5
Influenza C virus (C/Ann Arbor/1/50) segment 6
Influenza C virus (C/Ann Arbor/1/50) segment 7
Ippy virus segment L
Ippy virus segment S
Irkut virus
Isfahan virus N gene
J-virus
Jaagsiekte sheep retrovirus
Japanese eel endothelial cells-infecting virus
Japanese encephalitis virus
JC polyomavirus
Junin virus segment L
Junin virus segment S
Kadipiro virus segment 1
Kadipiro virus segment 2
Kadipiro virus segment 3
Kadipiro virus segment 4
Kadipiro virus segment 5
Kadipiro virus segment 6
Kadipiro virus segment 7
Kadipiro virus segment 8
Kadipiro virus segment 9
Kadipiro virus segment 10
Kadipiro virus segment 11
Kadipiro virus segment 12
Kamiti River virus
Karshi virus
Kedougou virus
KI polyomavirus
Koala retrovirus
Kokobera virus

NC_017714.1
NC_004108.1
NC_004109.1
NC_004110.1
NC_001639.1
NC_020807.1
NC_001608.3
NC_003690.1
NC_004297.1
NC_004296.1
NC_010760.1
NC_010758.1
NC_007736.1
NC_007737.1
NC_007738.1
NC_007739.1
NC_007740.1
NC_007741.1
NC_007742.1
NC_007743.1
NC_007744.1
NC_007745.1
NC_007746.1
NC_007747.1
NC_003976.2
NC_016144.1
NC_021242.1
NC_021243.1
NC_021244.1
NC_001809.1
NC_004713.1
NC_012777.1
NC_012776.1
NC_003027.1
NC_016153.1
NC_016152.1
NC_018711.1
NC_018710.1
NC_005902.1
NC_001824.1
NC_004291.1
NC_004294.1
NC_015691.1
NC_019851.1
NC_010819.1
NC_005079.1
NC_005078.1
NC_016993.1
NC_013225.1
NC_004282.4
NC_013226.1
NC_004275.1
NC_013229.1
NC_004274.1
NC_013227.1
NC_004280.1
NC_013228.1
NC_004278.1
NC_013230.1
NC_004281.1
NC_013231.1
NC_004277.1
NC_013232.1
NC_004279.1
NC_013233.1
NC_004283.1
NC_013234.1
NC_004276.1
NC_009489.1
NC_001550.1
NC_008519.1
NC_001605.1
NC_003417.1
NC_001498.1
NC_020439.1
NC_020447.1
NC_020440.1
NC_020441.1
NC_020442.1

Kotonkan virus
La Crosse virus segment L
La Crosse virus segment M
La Crosse virus segment S
Lactate dehydrogenase-elevating virus
Lagos bat virus
Lake Victoria marburgvirus
Langat virus
Lassa virus segment L
Lassa virus segment S
Latino virus segment L
Latino virus segment S
Liao ning virus segment 1
Liao ning virus segment 2
Liao ning virus segment 3
Liao ning virus segment 4
Liao ning virus segment 5
Liao ning virus segment 6
Liao ning virus segment 7
Liao ning virus segment 8
Liao ning virus segment 9
Liao ning virus segment 10
Liao ning virus segment 11
Liao ning virus segment 12
Ljungan virus
Lloviu virus
Lone Star virus isolate TMA 1381 segment L
Lone Star virus isolate TMA 1381 segment M
Lone Star virus isolate TMA 1381 segment S
Louping ill virus
LuIII virus
Lujo virus segment L
Lujo virus segment S
Lumpy skin disease virus NI-2490
Luna virus segment L
Luna virus segment S
Lunk virus NKS-1 segment L
Lunk virus NKS-1 segment S
Lymphocystis disease virus
Lymphocystis disease virus 1
Lymphocytic choriomeningitis virus segment L
Lymphocytic choriomeningitis virus segment S
Macaca fascicularis papillomavirus type 2
Macaca fascicularis polyomavirus 1
Macaque simian foamy virus
Machupo virus segment L
Machupo virus segment S
Magpie---robin coronavirus
Mammalian orthoreovirus 3 segment L1
Mammalian orthoreovirus 3 segment L1
Mammalian orthoreovirus 3 segment L2
Mammalian orthoreovirus 3 segment L2
Mammalian orthoreovirus 3 segment L3
Mammalian orthoreovirus 3 segment L3
Mammalian orthoreovirus 3 segment M1
Mammalian orthoreovirus 3 segment M1
Mammalian orthoreovirus 3 segment M2
Mammalian orthoreovirus 3 segment M2
Mammalian orthoreovirus 3 segment M3
Mammalian orthoreovirus 3 segment M3
Mammalian orthoreovirus 3 segment S1
Mammalian orthoreovirus 3 segment S1
Mammalian orthoreovirus 3 segment S2
Mammalian orthoreovirus 3 segment S2
Mammalian orthoreovirus 3 segment S3
Mammalian orthoreovirus 3 segment S3
Mammalian orthoreovirus 3 segment S4
Mammalian orthoreovirus 3 segment S4
Mapuera virus
Mason---Pfizer monkey virus
Mastomys coucha papillomavirus 2
Mastomys natalensis papillomavirus
Mayaro virus
Measles virus
Melaka orthoreovirus segment L1
Melaka orthoreovirus segment L2
Melaka orthoreovirus segment L3
Melaka orthoreovirus segment M1
Melaka orthoreovirus segment M2

Accession Number

Virus Name

Accession Number

Virus Name

NC_020443.1
NC_020448.1
NC_020444.1
NC_020445.1
NC_020446.1
NC_007620.1
NC_020900.1
NC_010277.1
NC_012702.1
NC_020069.1
NC_004579.1
NC_019712.1
NC_007904.1
NC_007903.1
NC_003635.1
NC_006429.1
NC_001731.1
NC_001501.1
NC_001502.1
NC_003310.1
NC_004119.1
NC_006572.1
NC_006573.1
NC_006574.1
NC_006575.1
NC_016013.1
NC_013058.1
NC_013057.1
NC_021069.1
NC_005339.1
NC_015935.1
NC_015936.1
NC_001503.1
NC_001630.1
NC_008186.1
NC_008185.1
NC_011619.1
NC_011618.1
NC_005053.1
NC_002200.1
NC_011550.1
NC_014899.1
NC_012584.1
NC_000942.1
AC_000012.1
NC_018702.1
NC_001846.1
NC_006852.1
NC_008311.1
NC_001506.1
NC_001505.2
NC_001515.1
NC_001702.1
NC_000943.1
NC_014326.1
NC_006561.1
NC_006147.2
NC_018102.1
NC_011310.1
NC_001132.2
NC_017937.1
NC_016963.1
NC_007916.1
NC_002617.1
NC_013955.1
NC_016994.1
NC_008030.1
NC_002728.1
NC_001959.2
NC_018705.1
NC_012703.1
NC_001512.1
NC_008582.1
NC_010250.1
NC_010248.1
NC_005062.1
NC_013439.1
NC_005336.1
NC_005776.1

Melaka orthoreovirus segment M3
Melaka orthoreovirus segment S1
Melaka orthoreovirus segment S2
Melaka orthoreovirus segment S3
Melaka orthoreovirus segment S4
Menangle virus
Meno virus
Merkel cell polyomavirus
Midway virus
Miniopterus polyomavirus isolate KY369
Mink astrovirus
Mink calicivirus
Mobala virus segment L
Mobala virus segment S
Modoc virus
Mokola virus
Molluscum contagiosum virus subtype 1
Moloney murine leukemia virus
Moloney murine sarcoma virus
Monkeypox virus Zaire-96-I-16
Montana myotis leukoencephalitis virus
Mopeia Lassa reassortant 29 segment L
Mopeia Lassa reassortant 29 segment S
Mopeia virus AN20410 segment L
Mopeia virus AN20410 segment S
Morelia spilota papillomavirus 1
Morogoro virus segment L
Morogoro virus segment S
Mosquito flavivirus isolate LSFlaviV-A20-09
Mossman virus
Mouse astrovirus M-52/USA/2008
Mouse kobuvirus M-5/USA/2010
Mouse mammary tumor virus
Mouse parvovirus 1
Mouse parvovirus 2
Mouse parvovirus 3
Mouse parvovirus 4
Mouse parvovirus 5
Mulard duck circovirus
Mumps virus
Munia coronavirus HKU13-3514
Murine adenovirus 2
Murine adenovirus 3
Murine adenovirus A
Murine adenovirus A
Murine astrovirus
Murine hepatitis virus strain A59
Murine hepatitis virus strain JHM
Murine norovirus 1
Murine osteosarcoma virus
Murine pneumotropic virus
Murine polyomavirus
Murine type C retrovirus
Murray Valley encephalitis virus
Mus musculus papillomavirus type 1
Muscovy duck circovirus
Muscovy duck parvovirus
MW polyomavirus
Myotis polyomavirus VM---2008
Myxoma virus
Nariva virus
New World begomovirus associated satellite DNA
Newbury agent 1 virus
Newcastle disease virus B1
Ngaingan virus
Night-heron coronavirus HKU19
Nile crocodilepox virus
Nipah virus
Norwalk virus
Ntaya virus isolate IPDIA
Nyamanini virus
O'nyong-nyong virus
Old World harvest mouse papillomavirus
Oliveros virus segment L
Oliveros virus segment S
Omsk hemorrhagic fever virus
Orangutan polyomavirus
Orf virus
Oropouche virus segment L

NC_005775.1
NC_005777.1
NC_020071.1
NC_020066.1
NC_002513.1
AC_000001.1
NC_004037.2
NC_002469.1
NC_007015.1
NC_001511.1
NC_001789.1
NC_019858.1
NC_019855.1
NC_019856.1
NC_019857.1
NC_017716.1
NC_006430.1
NC_010761.1
NC_010756.1
NC_016561.1
NC_001358.1
NC_022089.1
NC_020803.1
NC_007748.1
NC_007749.1
NC_007750.1
NC_007751.1
NC_007755.1
NC_007752.1
NC_007756.1
NC_007754.1
NC_007753.1
NC_007757.1
NC_006383.2
NC_003678.1
NC_018713.1
NC_018074.1
NC_018075.1
NC_018076.1
NC_003348.1
NC_006439.1
NC_006447.1
NC_017916.1
NC_015626.1
NC_019850.1
NC_005897.1
NC_005894.1
NC_015639.1
NC_006579.1
NC_002058.3
NC_014406.1
NC_014407.1
NC_005869.1
NC_002702.1
AC_000009.1
NC_018617.1
NC_019494.1
NC_016031.1
NC_016032.1
NC_016647.1
NC_001792.2
NC_005148.1
NC_013774.1
NC_016990.1
NC_022233.1
NC_003059.1
NC_000940.1
NC_004441.1
NC_003436.1
NC_007732.1
NC_016769.1
NC_011829.1
NC_022104.1
NC_014665.1
NC_001718.1
NC_001961.1
NC_009640.1
NC_003987.1
NC_021203.1

Oropouche virus segment M
Oropouche virus segment S
Otomops polyomavirus 1 isolate KY157
Otomops polyomavirus 2 isolate KY156
Ovine adenovirus A
Ovine adenovirus A
Ovine adenovirus D
Ovine astrovirus
Ovine enzootic nasal tumour virus
Ovine lentivirus
Ovine papillomavirus 1
Pan troglodytes schweinfurthii polyomavirus 2
Pan troglodytes verus polyomavirus 3
Pan troglodytes verus polyomavirus 4
Pan troglodytes verus polyomavirus 5
Papio hamadryas papillomavirus type 1
Parainfluenza virus 5
Parana virus segment L
Parana virus segment S (small)
Parrot hepatitis B virus
Parvovirus H1
Parvovirus NIH-CQV putative 15kDa protein
Perch rhabdovirus isolate PRV nucleocapsid (N)
Peruvian horse sickness virus segment 1
Peruvian horse sickness virus segment 2
Peruvian horse sickness virus segment 3
Peruvian horse sickness virus segment 4
Peruvian horse sickness virus segment 5
Peruvian horse sickness virus segment 6
Peruvian horse sickness virus segment 7
Peruvian horse sickness virus segment 8
Peruvian horse sickness virus segment 9
Peruvian horse sickness virus segment 10
Peste-des-petits-ruminants virus
Pestivirus Giraffe-1
Pestivirus strain Aydin/04-TR
Phocoena phocoena papillomavirus 1
Phocoena phocoena papillomavirus 2
Phocoena phocoena papillomavirus 4
Phocoena spinipinnis papillomavirus
Pichinde virus L RNA
Pichinde virus
Pig stool associated circular ssDNA virus GER2011
Pigeon picornavirus B
Piliocolobus rufomitratus polyomavirus 1
Pirital virus segment L
Pirital virus segment S
Piscine myocarditis virus AL V---708
Pneumonia virus of mice J3666
Poliovirus
Polyomavirus HPyV6
Polyomavirus HPyV7
Porcine adenovirus A
Porcine adenovirus C
Porcine adenovirus C
Porcine associated stool circular virus
Porcine astrovirus 3 isolate US-MO123
Porcine bocavirus 3
Porcine bocavirus 4-1
Porcine bocavirus 5/JS677
Porcine circovirus 1
Porcine circovirus 2
Porcine circovirus type 1/2a
Porcine coronavirus HKU15
Porcine cytomegalovirus strain BJ09
Porcine endogenous retrovirus E
Porcine enteric sapovirus
Porcine enterovirus B
Porcine epidemic diarrhea virus
Porcine hemagglutinating encephalomyelitis virus
Porcine kobuvirus SH-W-CHN/2010/China
Porcine kobuvirus S-1-HUN/2007/Hungary
Porcine partetravirus strain FMV10---1437266
Porcine parvovirus 4
Porcine parvovirus
Porcine respiratory and reproductive syndrome virus
Porcine rubulavirus
Porcine sapelovirus 1
Porcine stool-associated circular virus 2

Accession Number

Virus Name

Accession Number

Virus Name

NC_021204.1
NC_003985.1
NC_008714.1
NC_008715.1
NC_003687.1
NC_007150.1
NC_013804.1
NC_003973.1
NC_020070.1
NC_005225.1
NC_005223.1
NC_005224.1
NC_016403.1
NC_011704.1
NC_017083.1
NC_001266.1
NC_001543.1
NC_002232.1
NC_008580.1
NC_001542.1
NC_021930.1
NC_015455.1
NC_012936.1
NC_001819.1
NC_008375.1
NC_001803.1
NC_004161.1
NC_006934.1
NC_001678.1
NC_014397.1
NC_014396.1
NC_014395.1
NC_006296.2
NC_003675.1
NC_021153.1
NC_021154.1
NC_001544.1
NC_005888.1
NC_011507.2
NC_011506.2
NC_011508.2
NC_011510.2
NC_011500.2
NC_011509.2
NC_011501.2
NC_011502.2
NC_011503.2
NC_011504.2
NC_011505.2
NC_007547.1
NC_007546.1
NC_007572.1
NC_007574.1
NC_007570.1
NC_007543.1
NC_007544.1
NC_007571.1
NC_007545.1
NC_007569.1
NC_007573.1
NC_014511.1
NC_014512.1
NC_014513.1
NC_014514.1
NC_014515.1
NC_014516.1
NC_014517.1
NC_014518.1
NC_014519.1
NC_014520.1
NC_014521.1
NC_021625.1
NC_021626.1
NC_021631.1
NC_021630.1
NC_021632.1
NC_021635.1
NC_021633.1
NC_021628.1

Porcine stool-associated circular virus 3
Porcine teschovirus 1
Possum enterovirus W1
Possum enterovirus W6
Powassan virus
Procyon lotor papillomavirus 1
Pseudocowpox virus
Psittacus erithacus timneh papillomavirus
Pteronotus polyomavirus
Puumala virus segment L
Puumala virus segment M
Puumala virus segment S
Quail picornavirus
Rabbit calicivirus Australia 1 MIC-07
Rabbit coronavirus HKU14
Rabbit fibroma virus
Rabbit hemorrhagic disease virus-FRG
Rabbit oral papillomavirus
Rabbit vesivirus
Rabies virus
Rangifer tarandus papillomavirus 2
Raptor adenovirus A
Rat coronavirus Parker
Rauscher murine leukemia virus
Raven circovirus
Respiratory syncytial virus
Reston ebolavirus
Reticuloendotheliosis virus
Rhesus monkey papillomavirus
Rift Valley fever virus segment L
Rift Valley fever virus segment M
Rift Valley fever virus segment S
Rinderpest virus (strain Kabete O)
Rio Bravo virus
Rodent hepacivirus isolate RHV---339
Rodent pegivirus isolate CC61
Ross River virus
Ross's goose hepatitis B virus
Rotavirus A segment 1
Rotavirus A segment 2
Rotavirus A segment 3
Rotavirus A segment 4
Rotavirus A segment 5
Rotavirus A segment 6
Rotavirus A segment 7
Rotavirus A segment 8
Rotavirus A segment 9
Rotavirus A segment 10
Rotavirus A segment 11
Rotavirus C segment 1
Rotavirus C segment 2
Rotavirus C segment 3
Rotavirus C segment 4
Rotavirus C segment 5
Rotavirus C segment 6
Rotavirus C segment 7
Rotavirus C segment 8
Rotavirus C segment 9
Rotavirus C segment 10
Rotavirus C segment 11
Rotavirus D chicken/05V0049/DEU/2005 segment 1
Rotavirus D chicken/05V0049/DEU/2005 segment 2
Rotavirus D chicken/05V0049/DEU/2005 segment 3
Rotavirus D chicken/05V0049/DEU/2005 segment 4
Rotavirus D chicken/05V0049/DEU/2005 segment 5
Rotavirus D chicken/05V0049/DEU/2005 segment 6
Rotavirus D chicken/05V0049/DEU/2005 segment 7
Rotavirus D chicken/05V0049/DEU/2005 segment 8
Rotavirus D chicken/05V0049/DEU/2005 segment 9
Rotavirus D chicken/05V0049/DEU/2005 segment 10
Rotavirus D chicken/05V0049/DEU/2005 segment 11
Rotavirus F chicken/03V0568/DEU/2003 segment 1
Rotavirus F chicken/03V0568/DEU/2003 segment 2
Rotavirus F chicken/03V0568/DEU/2003 segment 3
Rotavirus F chicken/03V0568/DEU/2003 segment 4
Rotavirus F chicken/03V0568/DEU/2003 segment 5
Rotavirus F chicken/03V0568/DEU/2003 segment 6
Rotavirus F chicken/03V0568/DEU/2003 segment 7
Rotavirus F chicken/03V0568/DEU/2003 segment 8

NC_021627.1
NC_021629.1
NC_021634.1
NC_021590.1
NC_021580.1
NC_021581.1
NC_021589.1
NC_021583.1
NC_021588.1
NC_021585.1
NC_021584.1
NC_021582.1
NC_021586.1
NC_021587.1
NC_001407.1
NC_008298.1
NC_018871.1
NC_001545.2
NC_006313.1
NC_006317.1
NC_009448.2
NC_012986.1
NC_012957.1
NC_003930.1
NC_015412.1
NC_015411.1
NC_015413.1
NC_004718.3
NC_018461.1
NC_018466.1
NC_018462.1
NC_011659.1
NC_009657.1
NC_012094.1
NC_015212.1
NC_009891.1
NC_021482.1
NC_003215.1
NC_001552.1
NC_011349.1
NC_005237.1
NC_005236.1
NC_005238.1
NC_008719.1
NC_018136.1
NC_018138.1
NC_018137.1
NC_018463.1
NC_018467.1
NC_018464.1
NC_004002.1
NC_005890.1
NC_018476.1
NC_018478.1
NC_018477.1
NC_006879.1
NC_022266.1
NC_020485.1
AC_000010.1
AC_000011.1
NC_006144.1
NC_015225.1
NC_021168.1
NC_003988.1
NC_010820.1
NC_001364.1
NC_003092.1
NC_004455.1
NC_001549.1
NC_014474.1
NC_004451.1
NC_011546.1
NC_000858.1
NC_001815.1
NC_003323.1
NC_007611.1
NC_001669.1
NC_006428.1
NC_005217.1

Rotavirus F chicken/03V0568/DEU/2003 segment 9
Rotavirus F chicken/03V0568/DEU/2003 segment 10
Rotavirus F chicken/03V0568/DEU/2003 segment 11
Rotavirus G chicken/03V0567/DEU/2003 segment 1
Rotavirus G chicken/03V0567/DEU/2003 segment 2
Rotavirus G chicken/03V0567/DEU/2003 segment 3
Rotavirus G chicken/03V0567/DEU/2003 segment 4
Rotavirus G chicken/03V0567/DEU/2003 segment 5
Rotavirus G chicken/03V0567/DEU/2003 segment 6
Rotavirus G chicken/03V0567/DEU/2003 segment 7
Rotavirus G chicken/03V0567/DEU/2003 segment 8
Rotavirus G chicken/03V0567/DEU/2003 segment 9
Rotavirus G chicken/03V0567/DEU/2003 segment 10
Rotavirus G chicken/03V0567/DEU/2003 segment 11
Rous sarcoma virus
Rousettus aegyptiacus papillomavirus type 1
Rousettus bat coronavirus HKU10
Rubella virus
Sabia virus segment L
Sabia virus
Saffold virus
Salivirus A isolate 02394-01
Salivirus NG-J1
Salmon pancreas disease virus
Sandfly Sicilian Turkey virus segment L
Sandfly Sicilian Turkey virus segment M
Sandfly Sicilian Turkey virus segment S
SARS coronavirus
Sathuperi virus segment L
Sathuperi virus segment M
Sathuperi virus segment S
Schlumbergera virus X
Scotophilus bat coronavirus 512
Sea turtle tornovirus 1
Seal anellovirus TFFN/USA/2006
Seal picornavirus type 1
Sebokele virus 1 ORF1 gene for polyprotein
Semliki forest virus
Sendai virus
Seneca valley virus
Seoul virus segment M
Seoul virus strain 80-39 segment S
Seoul virus strain Seoul 80-39 clone 1
Sepik virus
SFTS virus HB29 segment L
SFTS virus HB29 segment M
SFTS virus HB29 segment S
Shamonda virus segment L
Shamonda virus segment M
Shamonda virus segment S
Sheeppox virus 17077-99
Sheldgoose hepatitis B virus
Simbu virus segment L
Simbu virus segment M
Simbu virus segment S
Simian adenovirus 1
Simian adenovirus 18
Simian adenovirus 20 strain ATCC VR-541
Simian adenovirus 21
Simian adenovirus 25
Simian adenovirus 3
Simian adenovirus 49
Simian adenovirus C isolate BaAdV-2
Simian enterovirus A
Simian foamy virus 3
Simian foamy virus
Simian hemorrhagic fever virus
Simian immunodeficiency virus SIV-mnd 2
Simian immunodeficiency virus
Simian retrovirus 4
Simian sapelovirus 1
Simian T-cell lymphotropic virus 6
Simian T-lymphotropic virus 1
Simian T-lymphotropic virus 2
Simian T-lymphotropic virus 3
Simian virus 12
Simian virus 40
Simian virus 41
Sin Nombre virus segment L

Accession Number

Virus Name

Accession Number

Virus Name

NC_005215.1
NC_005216.1
NC_001547.1
NC_006549.1
NC_008514.1
NC_003433.1
NC_007013.1
NC_007014.1
NC_009989.1
NC_006148.1
NC_001724.1
NC_000903.1
NC_005950.1
NC_016437.1
NC_016960.1
NC_016992.1
NC_001500.1
NC_002803.1
NC_009951.1
NC_001514.1
NC_007580.2
NC_008033.1
NC_011050.1
NC_020106.1
NC_006432.1
NC_011280.1
NC_018226.1
NC_003389.1
NC_004292.1
NC_004293.1
NC_003996.1
NC_010702.1
NC_010701.1
NC_009888.1
NC_008291.1
NC_015843.2
NC_001366.1
NC_006495.1
NC_006496.1
NC_006508.1
NC_006507.1
NC_006504.1
NC_006506.1
NC_010707.1
NC_010708.1
NC_010704.1
NC_011549.1
NC_020804.1
NC_001672.1
NC_013460.1
NC_013461.1
NC_004074.1
NC_020487.1
NC_014071.1
NC_014087.1
NC_014072.1
NC_009225.1
NC_014093.1
NC_014097.1
NC_014086.1
NC_014088.1
NC_014090.1
NC_014089.1
NC_014095.1
NC_014082.1
NC_014068.1
NC_002195.1
NC_014070.1
NC_014092.2
NC_014085.1
NC_002076.2
NC_014076.1
NC_014075.1
NC_014077.1
NC_014096.1
NC_014091.1
NC_014078.1
NC_014480.2
NC_014083.1
NC_014079.1

Sin Nombre virus segment M
Sin Nombre virus segment S
Sindbis virus
Singapore grouper iridovirus
Siniperca chuatsi rhabdovirus
Sleeping disease virus
Small anellovirus 1
Small anellovirus 2
Snake adenovirus
Snake parvovirus 1
Snakehead retrovirus
Snakehead rhabdovirus
Snow goose hepatitis B virus
South polar skua adenovirus-1
Southern elephant seal virus
Sparrow coronavirus HKU17
Spleen focus-forming virus
Spring viraemia of carp virus
Squirrel monkey polyomavirus
Squirrel monkey retrovirus - HLB
St. Louis encephalitis virus
Starling circovirus
Steller sea lion vesivirus
STL polyomavirus strain MA138
Sudan ebolavirus
Sus scrofa papillomavirus type 1
Swine pasivirus 1
Swinepox virus
Tacaribe virus segment L
Tacaribe virus segment S
Tamana bat virus
Tamiami virus segment L
Tamiami virus segment S (small)
Tanapox virus
Taterapox virus
Tembusu virus strain JS804
Theilovirus
Thogoto virus
Thogoto virus
Thogoto virus segment 1
Thogoto virus segment 5
Thogoto virus segment 6
Thogoto virus
Thottapalayam virus segment L
Thottapalayam virus segment M
Thottapalayam virus segment S
Thrush coronavirus HKU12-600
Tibrogargan virus strain CS132
Tick---borne encephalitis virus
Tiger puffer nervous necrosis virus RNA 1
Tiger puffer nervous necrosis virus RNA2
Tioman virus
Titi monkey adenovirus ECC-2011
Torque teno canis virus
Torque teno douroucouli virus
Torque teno felis virus
Torque teno midi virus 1
Torque teno midi virus 2
Torque teno mini virus 1
Torque teno mini virus 2
Torque teno mini virus 3
Torque teno mini virus 4
Torque teno mini virus 5
Torque teno mini virus 6
Torque teno mini virus 7
Torque teno mini virus 8
Torque teno mini virus 9
Torque teno sus virus 1
Torque teno sus virus k2 isolate 2p
Torque teno tamarin virus
Torque teno virus 1
Torque teno virus 10
Torque teno virus 12
Torque teno virus 14
Torque teno virus 15
Torque teno virus 16
Torque teno virus 19
Torque teno virus 2
Torque teno virus 25
Torque teno virus 26

NC_014074.1
NC_014073.1
NC_014081.1
NC_014069.1
NC_014094.1
NC_014080.1
NC_014084.1
NC_015783.1
NC_006319.1
NC_006320.1
NC_006318.1
NC_004453.1
NC_006563.1
NC_016898.1
NC_014361.1
NC_020498.1
NC_005226.1
NC_005228.1
NC_005227.2
NC_002199.1
NC_007020.1
NC_014411.1
NC_014412.1
NC_014413.1
NC_014564.2
NC_001958.1
AC_000016.1
NC_005790.1
NC_002470.1
NC_010800.1
NC_018400.1
NC_021201.1
NC_008184.1
NC_011109.1
NC_001618.1
NC_010739.1
NC_006551.1
NC_006998.1
NC_001611.1
NC_001449.1
NC_019844.1
NC_002551.1
NC_001560.1
NC_000855.1
NC_001452.1
NC_001867.1
NC_004541.1
NC_012735.1
NC_009942.1
NC_001563.2
NC_003908.1
NC_016961.1
NC_016991.1
NC_010703.1
NC_010700.1
NC_016995.1
NC_011639.1
NC_004107.1
NC_009424.4
NC_009539.1
NC_008094.1
NC_005179.1
NC_002642.1
NC_002031.1
NC_004168.1
NC_004176.1
NC_015960.1
NC_005039.1
NC_007656.1
NC_007665.1
NC_007657.1
NC_007658.1
NC_007659.1
NC_007660.1
NC_007661.1
NC_007662.1
NC_007663.1
NC_007664.1
NC_015325.1
NC_012532.1

Torque teno virus 27
Torque teno virus 28
Torque teno virus 3
Torque teno virus 4
Torque teno virus 6
Torque teno virus 7
Torque teno virus 8
Torque teno virus
Toscana virus segment L
Toscana virus segment M
Toscana virus segment S
Tree shrew adenovirus
Trichechus manatus latirostris papillomavirus 1
Trichechus manatus latirostris papillomavirus 2
Trichodysplasia spinulosa-associated polyomavirus
TTV-like mini virus isolate TTMV_LY1
Tula virus segment L
Tula virus segment M
Tula virus segment S
Tupaia paramyxovirus
Tupaia virus
Turdivirus 1
Turdivirus 2
Turdivirus 3
Turkey adenovirus 1
Turkey adenovirus A
Turkey adenovirus A
Turkey astrovirus 2
Turkey astrovirus
Turkey coronavirus
Turkey gallivirus
Turkey hepatitis virus 2993D polyprotein gene
Tursiops truncatus papillomavirus 2
Tursiops truncatus papillomavirus type 1
UR2 sarcoma virus
Ursus maritimus papillomavirus 1
Usutu virus
Vaccinia virus
Variola virus
Venezuelan equine encephalitis virus
Vervet monkey polyomavirus 1 DNA
Vesicular exanthema of swine virus
Vesicular stomatitis Indiana virus
Viral hemorrhagic septicemia virus Fil3
Visna/Maedi virus
Walleye dermal sarcoma virus
Walrus calicivirus
Wesselsbron virus
West Nile virus
West Nile virus
Western equine encephalomyelitis virus
Whataroa virus
White-eye coronavirus HKU16
Whitewater Arroyo virus segment L
Whitewater Arroyo virus segment S
Wigeon coronavirus HKU20
Wongabel virus
Woodchuck hepatitis virus
Woolly monkey sarcoma virus
WU Polyomavirus
Y73 sarcoma virus
Yaba monkey tumor virus
Yaba-like disease virus
Yellow fever virus
Yellowtail ascites virus segment A
Yellowtail ascites virus segment B
Yoka poxvirus
Yokose virus
Yunnan orbivirus segment 1
Yunnan orbivirus segment 10
Yunnan orbivirus segment 2
Yunnan orbivirus segment 3
Yunnan orbivirus segment 4
Yunnan orbivirus segment 5
Yunnan orbivirus segment 6
Yunnan orbivirus segment 7
Yunnan orbivirus segment 8
Yunnan orbivirus segment 9
Zalophus californianus papillomavirus 1
Zika virus

Appendix 2. Josh Quick’s low input native barcoding library preparation for
MinION sequencing protocol
•
•
•
•
•
•
•
•
•
•
•

Dilute 100 ng pooled amplicons into 30 ul for each sample
Add 4.2 ul Ultra II buffer and 1.8 ul Ultra II enzyme mix (0.6x reaction size)
Incubate at 20°C for 5 minutes and 65°C for 5 minutes
Perform SPRI clean-up and elute in 22.5 ul
Continue without quantification
Perform native barcode ligation as per protocol
Heat denature ligase at 65°C for 10 minutes
Combine all samples giving a total of 600 ul
Perform 1x SPRI clean-up and elute in 58 ul
Complete adapter ligation and pull-down as per protocol
Quantify library add 80-100ng total into MinION flowcell

Available at: http://www.zibraproject.org/blog/protocol-low-input-native-barcodingprotocol/

