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Abstract

My PhD research consists of a series of studies on the application of metagenomic next-
generation sequencing (MNGS) to search for viral etiology in patients presenting with
community-acquired sepsis or central nervous system (CNS) infections. | first developed a
mNGS workflow for the sensitive detection of a broad range of viruses in clinical samples
(Chapter 2). | then used this optimized method to search for viruses in 665 patients presenting
with community-acquired sepsis of unknown origin enrolled in an observational study across
Thailand and Vietnam in 2013-2015. While the mNGS analysis revealed significant insights into
the epidemiology of sepsis in both countries, the analysis also led to the first detection of a
recently discovered flavivirus - human pegivirus 2 (HPgV-2) - in a serum sample of a
Vietnamese patient co-infected with HIV and HCV. This represents the first detection of HPgV-
2 in Vietnam. Therefore, | conducted further research to unravel its epidemiology in Vietnam
(Chapter 4). In Chapter 5, 1 used mMNGS to analyze 204 cerebrospinal fluid (CSF) from patients
with CNS infections of unknown origin enrolled from hospitals across central and southern
Vietnam in 2012-2016. Enteroviruses were the most common viruses detected, especially in
children and young adults. To inform future research directions, | conducted a pilot of 66
consecutive CSF samples collected from patients presenting with CNS infections admitted to the
Hospital for Tropical Diseases in Ho Chi Minh City, Vietnam (Chapter 6). mNGS accurately
detected a wide range of pathogens that were also detected by routine diagnostic methods, but
also increased the diagnostic yield from 22.7% (15/66) to 34.8% (23/66) (Chapter 6). Finally, in
Chapter 7, | provide an overview about my research findings, and propose some future directions

based on the main findings obtained during my PhD research.
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Chapter 1: Introduction

1. Sepsis

Sepsis is the presence of systemic host responses to an infection. It is one of the leading causes
of intensive care units admission of all age groups worldwide, and is considered as a serious
public health problem (1). Sepsis is known as the final common pathway to death from severe
infectious diseases (2).

1.1. Definition:

The definitions of sepsis and its diagnostic criteria have evolved over time. Major milestones
have been the establishment of the first case definition in 1991, and its revised version in 2001,
2012 and 2014. According to the 1991 consensus conference, sepsis was defined based on the
concept of the Systemic Inflammatory Response Syndrome (SIRS). Accordingly, sepsis was
defined by the presence of two or more of SIRS including (1) temperature >38°C or <36°C; (2)
an elevated heart rate (>90 beats/minute); (3) tachypnea (respiratory rate >20 breaths/minute or
PaCO2 <32 mmHg); and (4) an alteration in white blood cell count (>12,000/cu mm, <4,000/cu
mm, or >10% immature forms) (3). Ten years later, the 2001 consensus conference proposed to
expand the list of sepsis diagnostic criteria (4). The expanded diagnostic criteria were then
adopted and recommended by the surviving sepsis campaign in subsequent years, especially in
2012 (Table 1.1). Most recently, the international conference was held in 2014 to deliver a new
consensus definition for sepsis. According to the 2014 Sepsis-3 Task Force, sepsis is defined

life-threatening organ dysfunction caused by a dysregulated host response to infection (5).
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Table 1.1 Diagnostic criteria for sepsis. Table was adapted from “Surviving Sepsis Campaign:
International Guidelines for Management of Severe Sepsis and Septic Shock: 2012” by Dellinger et al,
2013 (5).

General variables
Fever (> 38.3°C)
Hypothermia (Core body temperature < 36°C)
Heart rate > 90 beats per minute or more than 2 SD above the normal value for age
Tachypnea
Altered mental status
Significant edema or positive fluid balance (> 20ml/kg over 24hr)
Hyperglycemia (plasma glucose >140mg/dL or 7.7mmol/L) in absence of diabetes
Inflammatory variables
Leukocytosis (white blood cell count > 12,000/uL)
Leukopenia (white blood cell count < 400/uL)
Normal white blood cell count with greater than 10% immature forms
Plasma C-reactive protein more than 2 SD above the normal value
Plasma procalcitonin >2 SD above the normal value
Hemodynamic variables
Arterial hypotension (systolic blood pressure (SBP) < 90 mmHg, mean arterial pressure < 70 mmHg, or
SBP decrease > 40 mmHg in adults or less than 2SD below normal for age)
Organ dysfunction variables
Arterial hypoxemia (PaO2 / FIO2 < 300)
Acute oliguria (urine output < 0.5 ml/kg/hr for at least 2hrs despite adequate fluid resuscitation)
Creatinine increase > 0.5 mg/dL or 44.2 pmol/L
Coagulation abnormalities (international normalised ratio >1.5 or activated partial thromplastin time >60
seconds)
Ileus (absent bowel sounds)
Thrombocytopenia (Platelet count < cells 100,000/uL)
Hyperbilirubinaemia (plasma total bilirubin > 4 mg/dL or 70 pmol/L)
Tissue perfusion variables
Hyperlactatemia (> 1 mmol/L)
Decreased capillary refill or mottling

The organ dysfunction is assessed by the Sequential Organ Failure Assessment (SOFA) scores
(Table 1.2). A patient with a SOFA score of 2 or more is considered to have sepsis and is
associated with a mortality rate of approximately 10%. The higher SOFA score is associated
with a greater mortality risk. gSOFA (quick SOFA) was introduced by Sepsis-3 as a simple,
quick assessment without the need of laboratory test at bedside for adult patients with suspected

infection, who are likely have poor outcome (6).
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Table 1.2 Sequential Organ Failure Assessment Score. The table was adapted from “The third
international consensus definitions for sepsis and septic shock™ by Singer et al, 2016 (6).

Score
System 0 | 1 ) | 3 4
Respiration
PaO2/FIO2, <200 (26.7) with <100 (13.3) with
>
mmHg (kPa) 2400(33.3) | <400(53.3) <300 (40) respiratory support | respiratory support
Coagulation
Platelet, x 103 /ul >150 | <150 <100 | <50 <20
Liver
Bilirubin, mg/dL 1.2-1.9 2.0-5.9
(umol/L) <1.2 (20) (20-32) (33-101) 6.0-11.9 (102-204) >12.0 (204)
Cardiovascular MAP>70 | MAP <70 | Dopamine <5 | Dopamine 5.1-15 or | Dopamine >15 or
mmHg mmHg or dobutamine | epinephrine <0.1 or | epinephrine >0.1 or
(any dose) norepinephrine <0.1 | norepinephrine >0.1
Central nervous system
Glasfow Coma 15 13-14 10-12 6-9 <6
Scale score
Renal
Creatinine, 1.2-1.9 2.0-3.4 3.5-4.9
mg/dl (umoby | 12O q10470) | (171299 (300-440) >35.0 (440)
Urine output, <500 <200
ml/d

According to Sepsis-3 task force, septic shock is defined as a subset of sepsis in which

underlying circulatory and cellular/metabolic are profound enough to substantially increase

mortality (5). More specifically, septic shock is defined by the clinical criteria of sepsis with the

persistence of hypotension requiring vasopressor to maintain the mean arterial pressure of

65mmHg or above, and a serum lactate greater than 2 mmol/L (18 mg/dL) despite adequate

fluid resuscitation (6). The hospital mortality among patients with a sepsis shock is >40% as

compared to ~10% among those with sepsis.

It should however be noted that the definition of sepsis has largely been based on patients with

bacterial or fungal infection. So far, the definition has not validated for other infections such as

malaria, dengue or other viruses (7).
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1.2. Global burden:

The true global epidemiological burden of sepsis has not been fully documented. Available
epidemiological data have been derived from hospital-treated sepsis data in high-income
countries (8). There is a severe lack of population-based sepsis data globally. The incidence of
sepsis is less well described in the low and middle-income countries (LMCs), where 87% of the
world’s population lives (2). A recent Global Burden of Disease (GBD) study conducted across
195 countries and territories estimates global incidence of sepsis was 48.9 million (38.9-62.9)
cases, and a total of 11 million sepsis-related deaths were reported worldwide in 2017,
representing 19.7% of all deaths that year (Figure 1.1)(9).

The incidence of sepsis peaks in early childhood and again in elderly adults. About 41.5% (20.3
million) of sepsis cases and 26.4% (2.9 million) deaths related to sepsis worldwide are among
children younger than five years (9). According to global age-standardised estimation, in 2017
sepsis incidence was higher among females than males (716.5 cases per 100,000 vs. 642.8 cases
per 100,000), while sepsis-related mortality was higher among males than females (164.2 per
100,000 vs. 134.1 per 100,000). In the same year, diarrheal disease is the largest contributor of
sepsis incidence (9.2 million), whereas the highest number of sepsis-related deaths were caused
by lower respiratory infections (1.8 million) (9). Of these, 70% was community-acquired (CA)
sepsis (8). The intensive care unit (ICU) and hospital mortality rates of patients with sepsis were
significantly higher than those in the general population (25.8% vs. 16.2%; 35.3% vs. 24.2%,

respectively) (10).
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Figure 1.1 Age-standardised sepsis incidence per 100,000 population for both sexes, in 2017 (A), and
percentage of all deaths related to sepsis, age-standardised for both sexes, in 2017 (B) ATG=Antigua
and Barbuda. FSM=Federated States of Micronesia. LCA=Saint Lucia. TLS=Timor-Leste.
TTO=Trinidad and Tobago. VCT=Saint Vincent and the Grenadines. The figure was adapted from
“Global, regional, and national sepsis incidence and mortality, 1990—2017: analysis for the Global
Burden of Disease Study” by Rudd et al, 2020 (9).
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In high income countries (HICs), sepsis accounts for approximately 2% of all hospitalizations
(11). A meta-analysis study of 27 studies from 7 high-income countries estimated that the
incidence rates of hospital-treated sepsis and severe sepsis were 437 and 270 cases per 100,000
people during 2003-2015, respectively. The mortality rates were 17% and 26% for sepsis and
severe sepsis, respectively (12). In the US, the National Center for Health Statistics reported
that over a period of 8 years (2000 — 2008) the annual incidence of sepsis rose by 7 to 8% per
year (13), and more than 200,000 persons died of sepsis in 2007 (14). In Germany, the average
annual incidence of sepsis cases increased by 5.7% over a period of 6 years (2007-2013).
Meanwhile, the hospital mortality of sepsis and severe sepsis fell from 27% to 24.3% and from
49.5% to 43.6%, respectively (15). The reported annual incidence of severe sepsis increased by
8.6% in Spain (16) and 43% in the United Kingdom during 1996-2004 (17). Elsewhere in
Australia and New Zealand, of 12,512 critically sick patients, the reported mortality was 20%
(18).

Scarce data exists regarding the epidemiology of sepsis in LMICs. In these settings, the burden
is apparently higher than that in the developed countries. Notably, the GDB study estimated that
around 85% of sepsis cases and 84.8% of related deaths worldwide occurred in LMICs,
particularly in sub-Saharan Africa and South-East Asia (9). In Malawi, a recent report showed
that the estimated incidence rates of emergency department attending sepsis and severe sepsis
in adults between 2013 and 2016 were estimated to be 1772 and 303 cases per 100,000 person-
years, respectively (19). The highest incidence was observed in the group of oldest patients (>
80 years of age). Meanwhile, the estimates of fatality rates of sepsis and severe sepsis were
23.7% and 28.1%, respectively, and the rate increased with age (19). A prospective
observational study conducted in a tertiary care hospital in Northeast Thailand during 2013-

2017 reported that about 13% (3,716/28,752) of the screened patients had evidence of sepsis
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and 21% of these patients died (20). In Indonesia, a very high mortality rate of sepsis reported
was 58.3% (21).

More than 50% of patients with severe sepsis would require intensive care services (22).
Therefore, sepsis causes significant economic burden as it is costly and tends to consume a lot
of resources. A systematic review of hospital-related costs of sepsis based mostly on data from
HICs showed that the median of the mean hospital-wide cost and ICU costs of sepsis were
approximately more than US$ 32,000 and US$ 27,000 per patient per stay, respectively (23). In
the US, sepsis treatment is listed as the most expensive condition in hospitals (US$ 20 billion
annually) (24). However, measuring the precise costs of sepsis treatment was complicated due
to the heterogeneity in the definition and nature of the disease.

1.3. Etiology:

A broad range of pathogens (bacteria, fungi and viruses) can cause sepsis, while many infections
(respiratory, central nervous system or enteric infections) may lead to sepsis. The causative
organisms of sepsis have evolved over time. This is in part attributable to the emergence of
novel pathogens, such as SARS-CoV-2, and the implementation of vaccination programmes
globally. Available data have shown that respiratory infection is the most common source of
sepsis followed by genitourinary and abdominal sources (25,26). However, nearly 50% of sepsis
patients had no etiological agent identified (26-28).

1.3.1. Bacteria:

Bacteria are the most common causes of sepsis. Historically, sepsis was regarded as a disease
related to gram-negative bacteria infection (29). However, recent studies demonstrated that
gram-positive bacteria were as common as gram-negative bacteria in causing sepsis (30,31).
The most common gram-positive bacteria isolated from sepsis patients were Staphylococcus

aureus and Streptococcus pneumoniae, whereas Escherichia coli, Klebsiella species, and
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Pseudomonas aeruginosa were predominant gram-negative bacterial pathogens of sepsis
(26,32,33). Moreover, the increasing antimicrobial resistance has greatly impacted the
management of sepsis. As a consequence, drug-resistant pathogens cause higher mortality
(34,35). Important emerging multi-drug resistant pathogens include methicillin-resistant S.
aureus, vancomycin-resistant enterococci, extended-spectrum beta-lactamase-producing gram
negatives, and multiresistant strains of P. aeruginosa and Acinetobacter species.

1.3.2. Fungi:

Sepsis associated with fungal infection has been reported with increasing frequency, causing
substantial morbidity and mortality (36). Fungal infections are responsible for around 5% of
sepsis cases (30,31,37). Candida species is the most frequent causative agent of severe sepsis
or septic shock in ICU patients (30,36,37).

1.3.3. Viruses:

Historically, sepsis caused by viral infection was neglected in part due to the lack of diagnostic
capacity. Yet, a wide range of viruses, including emerging viruses such as SARS-CoV-2, can
cause sepsis. Previous studies showed around 1% of sepsis cases were associated with viral
infection (38,39). Most recently, an etiological study of sepsis conducted in Southeast Asia
using a comprehensive panel PCR targeting at multiple viruses demonstrated that viruses were
responsible for 29% of 1582 sepsis patients (26). Of the detected viruses, dengue virus was most
predominant virus, accounting for 7.7% of sepsis cases. Dengue viruses (DENV) belong to the
family Flaviviridae (40), and is a well-known cause of viral infection in tropical countries. The
global estimated incidence of DENV is around 390 million infections per year (41). Reported
data from Thailand showed that about 14% of patients with community acquired (CA) sepsis

were tested positive for dengue viruses by PCR (42).
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Herpes simplex virus and enteroviruses are the most common viral causes of neonatal sepsis
(43). Among young children, enteroviruses and human parechoviruses are the most common
causes of viral sepsis (44).

Respiratory infections are the major source of sepsis. A recent retrospective study included
hospitalised patients showed that sepsis was documented in 61% of the patients presenting with
viral CA pneumonia (45). Respiratory viruses can cause sepsis include influenza virus,
rhinovirus, respiratory syncytial virus, parainfluenza virus types 1-3, and adenovirus. A
retrospective cohort study from the US revealed that the incidence rate of influenza-associated
severe-sepsis was 8.8 per 100,000 person-years (46). Additionally, severe sepsis was
documented in 73% of hospitalizations attributable to influenza-associated critical illness (46).
Infections with novel respiratory viruses such as SARS-CoV-1, avian influenza A virus subtype
H5N1, MERS-CoV, and SARS-CoV-2 can lead to sepsis with high mortality (47—49). A report
from China early this year showed that of 191 patients with confirmed SARS-CoV-2 infection,
59% and 20% had sepsis and septic shock, respectively with the median time from illness onset
to sepsis of 9 days (range: 7.0-13.0 days) (50).

2. Central nervous system infections:

2.1. Definition:

Infectious diseases involving the central nervous system (CNS) have long been recognized as
the most serious diseases with devastating clinical consequences that affect millions of people
around the world. According to the WHO, they constitute the sixth cause of neurological
consultation in primary care services (51). Significant morbidity and mortality often occur if
patients with CNS infection are not recognized and promptly treated (52). The classification of
CNS infections is based on the site of infections, with meningitis and encephalitis being major

clinical entities. Meningitis and encephalitis will be further discussed herein.
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2.1.1. Meningitis:

The term “meningitis” is used to define the inflammation of the leptomeninges and subarachnoid
space, and is a neurologic emergency (53). Bacterial meningitis is an inflammation of the
meninges affecting the pia, arachnoid, and subarachnoid space that happens in response to
bacteria and bacterial products (54). A case of bacterial meningitis is defined with sudden onset
and fever, intense headache, nausea, vomiting, and neck stiffness. In some specific
circumstances, such as meningococcal disease, petechial rash with pink macules can be
observed. A confirmed meningitis case requires a combination of clinical diagnosis and
laboratory evidence demonstrating the presence of the respective pathogen in the cerebrospinal
fluid (CSF) sample (51).

Bacterial meningitis is associated with serious morbidity (55). The outcomes following
meningitis include seizure disorder, and motor and cognitive deficits (51). Bacterial meningitis
is listed as a top 10 leading cause of death among communicable diseases (56).

In contrast to bacterial meningitis, viral meningitis is usually much less severe. It accounts for
the majority of viral CNS infections cases (53). The inflammation occurs when viruses reach
the meninges from the bloodstream or reactivate from a dormant state within the nervous system
(57). Viral meningitis is usually self-limited without sequelae, especially in immunocompetent
patients (58).

A case of viral meningitis is defined with an acute onset of meningeal symptoms, fever and CSF
pleocytosis with no growth on routine bacterial culture (59). In adults, the general clinical
features of viral meningitis include an acute onset of headache, neck stiffness, photophobia, and
often nausea and vomiting, which are similar with those of bacterial meningitis (60,61).
However, clinical features in children are often nonspecific depending on the child’s age and

the duration of illness (57). Seizure disorder is less frequently observed in pediatric patients with
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viral meningitis (62,63). Clinically, bacterial and viral meningitis are often difficult to
distinguish.

2.1.2. Acute encephalitis:

Acute encephalitis is considered a serious neurological condition, of which viruses are the most
important and common pathogens. Encephalitis is an inflammation of the brain parenchyma due
to direct brain invasion of neurotropic viruses through the blood—brain barrier or by retrograde
axonal transport means (64). Sometimes, the inflammation can be caused by an indirect
immunologically mediated injury accounting for approximately one-third of acute encephalitis
cases (65).

Unlike viral meningitis, viral encephalitis can be life threatening and results in permanent
neurological disability in both adults and children (58). Patients with viral encephalitis may
present with a wide range of clinical features include an altered level of consciousness, fever,
headache, psychiatric symptoms, cognitive defects, seizures, and focal neurologic deficits
(66,67). A consensus definition of a viral encephalitis case was suggested by the International
Encephalitis Consortium meeting in Atlanta, US in 2012. The major criterion is the alteration
of mental status (defined as decreased or altered level of consciousness, lethargy or personality
change) lasting for 24 hours or more with no alternative cause identified. Minor criteria (two for
possible and at least three for probable or confirmed) include documented fever >38°C within
72 hours, seizures, new focal neurologic findings, CSF pleocytosis (>5 white blood cells
[WBCs]/uL), neuroimaging with brain parenchymal abnormality or electroencephalogram
(EEG) consistent with encephalitis. A confirmed encephalitis case requires the demonstration
of the presence of an infectious pathogen in brain biopsy or the detection of the pathogen genetic

material or specific antibodies in the CSF (68).
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Autoimmune encephalitis (AIE) is a newly recognized non-infectious encephalitis form. The
principle of AIE is an immune response against neuronal auto antigens with production of
antibodies against neuronal cell-surface or synaptic proteins (69). It is estimated the AIE
accounts for some 21% of all encephalitis cases in England (70). First recognized in 2007 (71),
anti-N-methyl-D-aspartate receptor (NMDAR) encephalitis is considered as the most common
causes of AIE. AIE has a wide variety of clinical manifestations resembling other infectious
encephalitis (72). AlE, especially anti-NMDAR encephalitis, occurs more frequently in children
and young female patients (73).

2.2. Burden, epidemiology and incidence of CNS infections:

CNS infections affect millions of people around the world. The diseases are associated with
high morbidity and mortality, thus posing substantial economic burden for individuals, families
and the health care systems worldwide (51). According to the Global Burden of Disease (GBD)
study 2015, meningitis and encephalitis globally caused 379,000 and 150,000 deaths
respectively in 2015 (74). As a consequence, together with neurologic injuries, and nutritional
deficiencies and neuropathies category, CNS infections are listed as one of the three categories
that have the highest YLD (years lived with disability) in low income countries (51). According
to global age-standardised estimation, CNS infection disorders were the largest cause of DALY's
(disability adjusted life years) at low levels of SDI (Socio-demographic Index) (74).

According to the GBD study of meningitis 2016, the global incidence rates of meningitis
increased from 2.50 million in 1990 to 2.82 million in 2016, while the global death rate
decreased by 21% from 1990 (403,012 deaths) to 2016 (318,400 deaths) (75). Although the
global mortality has declined, substantial disparities in geographical distribution and age groups
persist. The incidence peaked during the neonatal period, and death rate is highest in children

younger than 5 years (75).
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The estimated number of people affected by bacterial meningitis worldwide was 2,907,146 each
year. The highest incidence was observed in Africa, with 65 cases per 100,000 people, and the
lowest incidence was recorded in the US or Canada, with 2/100,000 (76). The overall average
of fatality was 15.9% (76), with the highest rate in Swaziland (32.7%) (77) and the lowest rate
in Singapore (2.4%) (78). In developed countries, bacterial meningitis incidence rate is
approximately 3 cases per 100,000 persons, while this rate is at least 10-times higher in
developing countries (79). The variation of incidence, morbidity and mortality rates depend on
several factors including age, geographical region, causative organism and immunization status
(80). In some countries, bacterial meningitis is common in children younger than four years,
with a peak in those aged 3-8 months (81). Vaccination targeting the major bacterial pathogens
(such as Haemophilus influenzae, Neisseria meningitidis, S. pneumonia) have successfully
reduced the incidence of meningitis in Africa, the Americas, Asia, Australasia, and Europe (75).
However, due to the low or a drop in vaccination coverage in some low-income countries, the
disease still affects a large number of children, especially those in the resource-constrained
settings (82).

The estimated incidence of viral CNS infections is 20-30 per 100,000 per year (62), roughly
three times as common as bacterial infections (83). The incidence of viral meningitis is
estimated to range from 0.26 and 17 cases per 100,000 people (57). The incidence rate tends to
decrease with age, presumably attributable to the immune status. Many studies reported the
highest incidence rate in young children (84,85). In countries where there is a high immunization
coverage for bacterial pathogens, viruses are major causes of meningitis (57). In the US, an
average hospitalization incidence of viral meningitis was around 36,000 persons per year (14
per 100,000 population), which resulted in an annual estimated cost of US$ 234-310 million

during 1988-1999 (86). Viral meningitis commonly presents in the summer and autumn months
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in temperate climates, while it exhibits a year-round incidence in areas with tropical and
subtropical climates (84,87,88).

Despite the high morbidity and mortality, the magnitude of epidemiology of viral encephalitis
is understudied due to the lack of harmonized definition and the variations in diagnostic criteria
(89). The global incidence of viral encephalitis is estimated around 3.5-7.4 cases per 100,000
patient-years. Of these, the incidence of pediatric encephalitis is more than 16 cases per 100,000
patient-year (65,90). The fatality of viral encephalitis ranges from 4.6% to 29% (91). In the
western world, the reported incidence of encephalitis ranges from 0.7 to 13.8 per 100,000 for
all ages; approximately 0.7 — 12.6 per 100,000 in adults, and 0.7 — 12.6 per 100,000 in children
(92). In the US, the average annual hospitalization incidence rate of viral encephalitis was 6.9
per 100,000 persons with the fatal rate of 5.8% during 1998-2010. The median cost of an
encephalitis-associated hospitalization was US$ 23,518 in 1998 and US$ 48,852 in 2010 (93).
In Vietnam, the median incidence of bacteria and non-bacteria CNS infections in children during
2010-2015 were 64.5 and 51.4 per 100,000 district population in southern Vietnam, respectively
(94). High morbidity and mortality were reported in both the north and south of Vietnam;
mortality rate was 8-12% and residual disability rate was 10-30% (95,96).

2.3. Viral etiology of CNS infection:

There are many infectious organisms that have been recognized to cause CNS infections
including broad categories of bacteria, viruses, fungi, mycobacteria and parasites. Yet, around
>60% of patients presenting with CNS infections had no etiology identified (70,93,99-101).
Likewise, previous studies from Vietnam failed to identify a causative agent in more than half
of the patients (91,95,100,101). The non-viral pathogens are listed in Table 1.3 and 1.4. More

than 100 viral pathogens have been recognized to cause CNS infections (65). Because of the
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focus of the present PhD research, here | will focus on common viral causes of CNS infections

(Table 1.5), especially those circulating in Asia.

Table 1.3 Common non-viral pathogens cause meningitis

Bacterial/mycobacterial | Streptococcus pneumonia, Haemophilus influenzae, Neisseria meningitidis, Listeria

pathogens monocytogenes, Group B streptococcus, Escherichia coli, Mycobacterium
tuberculosis.
Fungal pathogens Cryptococcus neoformans, Coccidioides immitis, Blastomyces dermatitidis,

Histoplasma capsulatum, Candida spp, Aspergillus spp, Zygomycetes

Parasites Strongyloides stercoralis, Naegleria fowleri, Angiostrongylus cantonensis

Table 1.4 Other organisms can cause meningitis. Table was adapted from “Epidemiology of Central
Nervous System Infection” by Riddell et al, 2012 (52).

IPathogen Risk Factor Incidence
Borrelia burgdorferi (Lyme) Regional tick exposure Regional
Treponema pallidum (syphilis) Sexual transmission Common with HIV coinfection
Leptospirosis Contaminated fresh water Regional
Rickettsia rickettsii Tick borne Regional
Rickettsia typhi Fleas Regional
Rickettsia prowazekii Lice Regional, epidemic
Rickettsia tsutsugamushi Mites Regional
Ehrlichia spp Tick borne Regional
Bartonella henselae Cat-scratch Rare
Coxiella burnetii Contact with infectious material Rare

from infected animals

Table 1.5 Common viral causes of Central Nervous System infections. Table was adapted from
“Management of Viral Central Nervous System Infections: A Primer for Clinicians” by Bookstaver et
al, 2017 (102).

Viral type Pathogen

dsDNA Herpes simplex virus, Varicella zoster virus, Epstein-Barr virus, Cytomegalovirus, Human
hespervirus 6

(+) ssRNA || Enteroviruses, Dengue virus, Japanese encephalitis virus, West Nile virus, Zika virus, Rubella
virus, tick-borne encephalitis virus, Murray Valley encephalitis virus, St Louis encephalitis
virus.

(-) ssRNA Rabies virus, Measles virus, Mumps virus, Nipah virus, Hendra virus
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2.3.1. Enteroviruses:

Enteroviruses (EVs) are regarded as the most common pathogens of viral meningitis. EVs are
non-enveloped single-stranded RNA viruses of the family Picornaviridae. EVs account for 23%
to 61% of meningitis cases with a pathogen identified, especially in young children (59).

There are more than 110 genetically distinct human EV serotypes that have been identified and
known to cause human infection. Echovirus 6 and 30 are responsible for the majority of
meningitis cases caused by EVs (103-106). Less common causes include enterovirus A71,
echovirus 9, 13, 14 and 16, coxsackievirus A9 and B5 (59). Enterovirus A71 infection can lead
to brain stem encephalitis, which can be fatal. The circulation of enterovirus A71 in Asia has
triggered 2-3 year cycles of hand foot and mouth disease outbreaks associated with severe
condition such as encephalitis and high mortality (107,108). In recent years, enterovirus D68
has emerged and has been linked with CNS infections, especially acute flaccid myelitis in young
children (109).

Infants and young children with no immunity are most susceptible to EVs, and the incidence
decreases with age (110). The peak of EV infections falls in late summer and autumn (111).
Infection occurs by the fecal-oral route, followed by viral replication in the gastrointestinal tract
and subsequent viral dissemination into the blood and occasionally the CNS. Most EVs
meningitis cases are self-limited and have a good prognosis. However, considerable morbidities
could occur with moderate or high fever despite the use of antipyretics and several days of
severe headache warranting opiate analgesia (112).
2.3.2. Herpes simplex virus:

Herpes simplex encephalitis (HSV) is a member of the family Herpesviridae. HSV is the most
important cause of viral encephalitis worldwide. If untreated, the mortality of HSV associated

encephalitis can be up 70%, and a substantial proportion of the survivors still suffer from long
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term severe sequelae (51). Sporadic HSV encephalitis is caused by HSV type 1 (HSV-1),
commonly occurs in patients younger than 20 or those older than 50 years of age (111). In the
US, the annual incidence of HSV encephalitis is 1 case per 250,000 population (113). In
Sweden, the reported incidence is 2.2 cases per million population of HSV-1 related encephalitis
per year (113).

HSV type 2 (HSV-2) is associated with benign recurrent aseptic meningitis and recurrent benign
lymphocytic meningitis. HSV meningitis accounts for 0.5% to 18% of viral meningitis cases
(59). HSV-2 is a common sexually transmitted infection associated with oral and genital
mucocutaneous lesions (114).

Other latent viruses belong to the family Herpesviridae that can cause CNS infections due to
reactivation are Varicella zoster virus (VZV), Epstein-Barr virus (EBV), Cytomegalovirus
(CMV) and Human hespervirus 6 (HHV-6). A previous report showed VZV was responsible
for 8% of meningitis and 12% of encephalitis in adults (84). Although EBV infection were
detected in 25% of meningitis and 43% of encephalitis cases in a retrospective descriptive study
in Qatar from 2011-2015 (115), EBV and CMV may not be directly linked with the ongoing
CNS infections.

2.3.3. Rabies virus:

Rabies is one of the oldest and the most feared diseases documented in the medical literature.
Rabies viruses are single negative-stranded RNA viruses belonging to the genus Lyssavirus of
the family Rhabdoviridae. Rabies is a viral zoonotic disease, with dogs being the most common
reservoir. Infection with the rabies virus can result in severe encephalitis with the mortality of
almost 100%. There has been only one report of a single case surviving from rabies to date who
did not receive any rabies vaccines prior her presentation (116). It is estimated that 59,000

persons die of rabies each year, of which more than 95% occurs in Africa and Asia (117).
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However, rabies virus infection is preventable by vaccination. In the US where canine
vaccination coverage is high, the incidence of rabies has declined substantially from 33 cases in
1943 to 3 cases in 2006 (118).

2.3.4. Flaviviruses:

Flaviviruses are single-stranded RNA viruses, and belong to the family Flaviviridae.
Encephalitis-associated flaviviruses (dengue virus, Japanese encephalitis, West Nile virus, and
Zika virus) are geographic dependent (Figure 1.2). Figure 1.2 shows global distribution of
common flaviviruses causing CNS infections. Flaviviruses are responsible for a significant

proportion of CNS infections worldwide.
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Figure 1.2 Global distribution of common flaviviruses causing CNS infection. Figure was adapted
from “The continued threat of emerging flaviviruses” by Pierson et al, 2020 (119).
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Dengue virus

There are four serotypes of dengue viruses (DENV) (1-4). DENV is transmitted to human via
the bites of Aedes mosquitoes but mostly Ae. Aegypti mosquitoes carrying the virus (119).
According to WHO, the number of reported dengue cases globally in 2019 was 4.9 million
(120). Meningitis or encephalitis is a rare clinical condition of DENV infection, and is more
frequently observed in South, Central America and Southeast Asia where the prevalence of
DENV is high.

Japanese encephalitis virus:

Japanese encephalitis virus (JEV) is transmitted by Culex mosquitoes, particularly Culex
tritaeniorhynchus. Pigs serve as an amplifying host of the zoonotic cycle, of which humans is
the dead end host (119). The estimated annual incidence and death of JE are 67,900 and 13,600—
20,400, respectively with the majority of the cases occurring in Asia (121). JEV is endemic in
Asia with annual peaks occurring during late summer and fall (58). Despite the availability of
effective vaccines, JEV remains an important causes of encephalitis in children in Asia,
including Vietnam (65).

West Nile virus:

West Nile virus (WNV) can caused serious outbreaks of meningoencephalitis and has
established its endemic cycles in the US since its first arrival in there in 1999. WNV is
transmitted to humans by Culex mosquitoes from its natural host, birds. WNV is primarily
transmitted by the Culex species mosquito (111). After the report of the first 59 confirmed cases
in New York city in 1999, WNV caused a widespread epidemics across the US along bird-
migratory routes during the summer of that year (122). In 2002, the reported number of
neuroinvasive cases related to WNV was 2942, accounting for 71% of the cases of viral

meningoencephalitis reported in the US (123). In 2009, there were only 373 cases of encephalitis
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or meningitis reported in the US (124), and over a 10-year period, the fatality rate of WNV
disease was about 10% (58).
Zika virus:
Zika virus (ZIKV) is an emerging virus and is transmitted by daytime-active Aedes mosquitoes.
ZIKV was first discovered in 1947 in Africa. The virus was not detected in the Western
hemisphere until 2015 (58). In 2015, the first case of ZIKV infection was recognized in Brazil.
In subsequent months, the virus rapidly spread through the region and many other parts of the
world. It was estimated that over 1.3 million ZIKV cases were recorded by the end of 2015 in
Brazil alone (125). The geographic distribution of ZIKV has now been expanded to sub-Saharan
Africa, most of Central America, South America, and the Caribbean, and the United States
(125). Infection with ZIKV during pregnancy may lead to microcephaly in the newborn (126).
The risk of ZIKV infection to the fetus has been understudied (127).
2.3.5. Measles viruses:
Measles virus is a single negative-stranded RNA virus of the genus Morbillivirus and the family
Paramyxoviridae. Measles is highly contagious exanthematous viral infection with 20 million
cases reported annually worldwide (128). Clinical features of measles includes a combination
generalized rash lasting in 3 days or more, fever, and cough, coryza, or conjunctivitis (58).
Measles infection occurs by inhalation of aerosolized droplets. Viremia can occur when local
dendritic cells pick up the virions and carry to lymph nodes (129) . Acute meningoencephalitis
caused by measles infection is rare, about 0.1% of the infected cases, with a mortality of
between 10% and 15%, and one-fourth of the survivors suffered permanent neurologic sequelae
(129).
Subacute sclerosing panencephalitis (SSPE) is a fatal neurological complication associated

with persistent measles infection, which might occur from 4 to 10 years after an acute measles
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infection, and the latency period varies from 1 month to 27 years (130). The intracerebral
spread of measles virus leads to destruction of neurons (131). SSPE is common in children and
young adults with high mortality but no specific treatment available (132). The incidence of
SSPE in the US and Israel are from 4 to 11 per 100,000 and 23 per 100,000 measles cases,
respectively (130). Measles can be eliminated by routine vaccination of children, however
outbreak can still occur due to the importation of unvaccinated cases (133) or a drop in
vaccination coverage. A recent outbreak of measles in Vietnam in 2014 caused some 15,033
confirmed cases and 140 deaths (134).

2.3.6. Mumps and Rubella viruses:

Mumps virus (MuV) was first isolated in 1945. It belongs to the genus Orthorubulavirus of the
subfamily Rubulavirinae and the family Paramyxoviridae. Mumps virus is highly contagious
and the infection can lead to meningitis. During the 1940s and 1950s, MuV meningitis
accounted for 15% of cases presenting with viral meningitis (88).

Rubella virus (RuV) is a single positive-stranded RNA virus, which is a member of the genus
Rubivirus and the family Matonaviridae. Neurological complications caused by RuV infection
are known as the congenital rubella syndrome with significant parenchymal volume loss in the
brain and a static encephalopathy (58). In 1996, an estimated 22,000 babies in Asia, 46,000 in
South-East Asia and 13,000 in West Pacific were born with the congenital rubella syndrome
(135).

Both MuV and RuV are preventable through vaccination. As such, the incidence of mumps and
rubella has significantly been reduced over the last decades because of the vaccination
programme worldwide. Meningitis associated with MuV infection is rare, especially in

developed countries nowadays (136). Likewise, acute encephalitis related to RuV is also rare,
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accounting for 0.02% of the reported encephalitis cases but the mortality can be up to 20%
(135).

2.3.7. Nipah and Hendra viruses:

Hendra and Nipah virus are recently discovered zoonotic viruses that can cause encephalitis.
Genetically, they are two closely related paramyxoviruses but have different geographic
distribution. Nipah virus was first discovered during an outbreak of encephalitis of unknown
origin occurring in Malaysia and Singapore in 1998 among abattoir workers (137).
Subsequently, pigs were then recognized as the sources of the transmission, and bats were the
natural reservoirs of Nipah virus (137). After 1998, Nipah virus has been reported to cause
human infections in India and Bangladesh. Hendra virus was discovered in 1994 when it caused
deaths of a horse trainer and many horses in Australia in 1994 (138). To this end, Hendra virus
infection has only been reported in Australia (139).

3. Laboratory diagnosis of sepsis and CNS infections:

Rapid and accurate detection of the causative agents is crucial for timely clinical intervention,
thereby improving outcome in patients with sepsis or CNS infections. Bacterial culture of blood
and CSF samples are considered as the gold standard for sepsis diagnosis and CNS infections.
The method detects viable microbial pathogens in the tested samples, therefore allows for
subsequent antimicrobial susceptibility assessment. The results are critical to initiate appropriate
antimicrobial therapy (140). However, bacterial culture has several limitations including long
turnaround time and low sensitivity, especially in patients with prior use of antimicrobials. A
routine culture procedure could take 6h to 5 days or even longer to complete, including the time
required for species identification (24h) and antimicrobial susceptibility testing (48h) (141).
About 25-50% of sepsis patients had a negative culture result (142). Contributing factors include

blood volume, microbial titers in the tested samples and the prior use of antimicrobial agents
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(143,144)(145). Meanwhile, microscopic examination of CSF or blood samples can tell whether
there is a presence of a gram negative or positive bacterium in the samples under investigation.
The sensitivity of gram stain for diagnosis of bacterial meningitis is also highly dependent on
the bacterial loads and the prior use of antimicrobials of the patients. Under an ideal
circumstance, the diagnostic yields of gram stain can reach 70%-90% in patients without
antimicrobial treatment and 40%-60% in patients with antimicrobial treatment (146). Because
of the focus of the current thesis study, | will focus my literature review more on the methods
commonly used for virus diagnosis.

3.1. Virus culture:

Virus cultures from clinical specimens are usually performed in common cell lines such as
African green monkey kidney (Vero) cells, human amniotic epithelial cells and human
embryonic skin fibroblasts (147). The inoculation is subjected to daily inspection for cytopathic
effect. Immunofluorescence test or nucleic acid based detection methods are often used for
detection of the virus causing cytopathic effect in culture materials. A positive culture result of
brain tissues offers a definitive diagnosis of CNS infections (148). However, collecting biopsies
are highly invasive and are not allowed in most of the settings. CSF is thus the useful sample
for routine diagnosis of CNS infections. While the specificity of virus isolation of CSF samples
can be up to 100%, its sensitivity is usually poor because of late admission and/or the lack of
appropriate culture cell lines that can recover all possible viruses causing CNS infections. The
sensitivity of CSF culture of EVs is however approximately 65-75% (149). The most common
cell lines used for EVs culture are Vero cells. In addition to the low sensitivity, virus culture is
time-consuming. It may take up to 6 days or more to complete a virus culture experiments (150).

This might delay the initiation of appropriate clinical interventions. As such virus isolation is
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no longer a method of choice for routine diagnostics, although it remains an important approach
in research.

3.2. Serology:

The principle of serological diagnostic test is to detect the presence of pathogen specific
antibodies, often IgM/IgG in the tested specimens, including serum and CSF samples. A
seroconversion is often required to establish the diagnosis. This method may be useful for the
diagnosis of viruses such as flaviviruses (JEV, DENV and WNV) because the presence of these
viruses in CSF is often transient (147,151). However, serological tests might fail to diagnose an
infection due to delay in antibody response after symptom onset. Additional limitation is the
high cross-reactivity usually occurring between closely related viruses, especially between JEV
and DENV (152).

3.3. Nucleic acid based detection methods:

Molecular methods based on the detection of viral nucleic acids encompass viral specific
polymerase chain reaction (PCR), pan viral family PCR and pan micro-array. These methods
represent an advance for the diagnosis of viral infection because of its short turnaround, high
sensitivity and specificity. A PCR assay procedure might take about 2-6 hours to complete
(153), and the method can detect the presence of the pathogen genomes in the tested samples as
low as 1-10 copies per PCR reaction. Because of these advantages, molecular methods,
especially PCR are widely used of the diagnosis of viral infections (126,154-158).

In clinical settings, PCR methods are routinely used for the diagnosis of a wide range of viral
pathogens such as HSV, measles, mumps virus, EVSs, rabies viruses and flaviviruses (155,158).
PCR is considered as gold standard for the diagnosis of HSV encephalitis. The reported

sensitivity of CSF HSV PCR was around 98% (159), compared to the sensitivity of 50% of HSV
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culture (160). However, CSF PCR is not useful for flavivirus detection at symptom onset,
whereas the IgM ELISA is the test of choice (151).

A wide range of different PCR assays are often required to allow for the detection of a broad
range of common viral pathogens in patient samples (26). Occasionally, multiplex PCR, which
allow for simultaneous detection of multiple pathogens in a single test can be used, although the
sensitivity can be compromised. Pan viral microarrays could detect several hundred viral species
in a single test. It is however more relevant for research, and is often not available in resource
constrained settings.

4. Sequencing technologies:

After being developed by Sanger in 1977 (161), Sanger sequencing technology quickly became
the method of choice for sequencing because of its high throughput at the time and the
requirement of less toxic chemicals (162). To this end, Sanger sequencing remains a reference
sequencing method. However, due to the increasing demand of sequencing a large number of
human genomes and other organisms, several next generation sequencing (NGS) technologies
have been developed over the last two decades. Figure 1.3 shows the timeline of novel
sequencing technologies that have been introduced over the last decades. The general features
of NGS technologies and their applications in the field of virus detection and discovery are
summarized in Table 1.6. Roche shut down 454 pyrosequencing in 2013; so the technique will
not be discussed further in this thesis. I will be focusing on sequencing technologies developed
by Illumina, lon Torrent, Pacific Biosciences and Oxford Nanopore because these are common
sequencing technologies used in the field of infectious diseases research and diagnostics,

especially for pathogen detection and discovery.
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Figure 1.3 Timeline of introduction of next-generation sequencing technologies during past decades.
SBS, sequencing by synthesis; SMS, single-molecule sequencing; SBL, sequencing by ligation. The
figure was adapted from “DNA sequencing technologies : 2006 — 2016 by Mardis, 2017 (161).
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Table 1.6 Summary of general features and applications of NGS technologies. The table was adapted from “DNA sequencing technologies:

2006 — 2016 by Mardis, 2017 (161)

NGS technologies Sce}f[ellririls(ltir;g Output Read length | Error rates Applications
Sequencing Bacterial and viral genomes, multiplex-PCR products,
454/Roche by 700 MB 400 bp High validation of point mutations, targeted somatic-mutation
synthesis detection
Small and large genomes (humans, mouse, plants, bacteria,
Sequencing 1.9-330 viruses etc) and genome-wide association studies, RNA-seq,
[llumina by ' Gb 150-300 bp Low hybrid capture or multiplex-PCR products, metagenomics,
synthesis somatic-mutation detection, forensics, noninvasive prenatal
testing
Sequencing Complex genomes (human, mouse, plants) and genome-wide
ABI Solid by 2.5-9GB 50-75bp Low NGS applications, RNA-seq, hybrid capture or multiplex-PCR
ligation products, somatic-mutation detection
Sequencing . . . . . .
10-1,000 . Multiplex-PCR products, microbiology and infectious diseases,
lon Torrent synl:lz,esis MB 200-400 bp High somatic-mutation detection, validation of point mutations
. Single- Complex genomes (human, mouse and plants), microbiology
PacBio 70 to 140 . . : . . ; .
. molecule 10-50kbp High and infectious-disease genomes, transcript-fusion detection,
sequencing . MB . .
sequencing methylation detection
Single- . . . .
Oxford Nanopore molecule 10-300 up to 5.4 kbs High Pathogen su.rvelllance., targeteq mutation preparation detection,
. GB metagenomics, bacterial and viral genomes
sequencing
Qiagen Sequtf}lfl e 107bp Targeted mutation detection, liquid biopsy in cancer
GeneReader . ’
synthesis
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4.1. Hlumina:

Next generation sequencing (NGS) is deep, high-throughput, in-parallel DNA sequencing. It
provides a massively parallel analysis with extremely high-throughput from multiple samples.
Illumina technologies are the most commonly used sequencing system worldwide (163).
Illumina purchased the Solexa Genome Analyzer in 2006 and commercialized it in 2007 (163).
Illumina sequencing adopted the technology of reversible-termination sequencing by synthesis
(SBS) with fluorescently labeled nucleotides. Illumina technology uses flow cells consisting of
optically transparent slides with individual lanes. Small oligonucleotide anchors are immobilized
on surface of each lane. The target template DNA is fragmented, phosphorylated at 5’ end and
adenylated at 3’ end. Adaptors are ligated to DNA fragment. The adaptor-ligated
oligonucleotides are complementary and attached to flow cell anchors. Cluster generation is
featured by bridge amplification. DNA fragment flips over and forms a bridge by hybridizing to
an adjacent and complementary anchor. Bound libraries are then extended by polymerase. On
denaturation, double-strand molecules are separated. The original template is washed away. The
newly synthesized strand is covalently attached to the flow cell surface. After multiple
amplification cycles, a single DNA template is amplified as a clonally cluster consist of
thousands of clonal molecules. Millions of clusters of different template molecules can be

generated per flow cell (Figure 1.4).
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Figure 1.4 lllustration of cluster generation procedure of lllumina sequencing. Figure was adapted
from” Explore Illumina sequencing technology: Massively parallel sequencing with optimized SBS
chemistry” in https://sapac.illumina.com/science/technology/next-generation-sequencing/sequencing-

technology.html (164).

Four fluorescently labeled nucleotides are used to sequence millions of clusters on the flow cell
surface in parallel. In each growing chain, a single labeled dideoxynucleoside triphosphate
(ddNTP) is added in each cycle. Due to the incorporation of the labeled nucleotide, DNA
polymerization terminates, and the fluorescent dye is imaged to identify the incorporation. Then
the fluorophore and terminator are enzymatically cleaved to allow for the incorporation of the

next nucleotide (Figure 1.5) (162).
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Figure 1.5 Illustration of sequencing by synthesis procedure of Illumina sequencing. Figure was
adapted from” Explore Illumina sequencing technology: Massively parallel sequencing with optimized
SBS chemistry” in https://sapac.illumina.com/science/technology/next-generation-
sequencing/sequencing-technology.html (164).

Illumina provides five benchtop sequencer platforms (iSeq 100, MiniSeq, MiSeq, NextSeq 550
and NextSeq 1000&2000) with a wide range of output (1.2Gb — 330Gb) with short-length reads
(150-300bp) (Table 1.7). Generating high throughput with low errors (accuracy of over 99%)
(165), Hlumina sequencing has thus becomes the most commonly used technology (including
in the field of virus discovery) (166-170). MiSeq, a compact laboratory sequencer, has an output
of 0.3-15Gb and can provide sequencing results within 2-3 days. It is currently widely used

(165,171-177).
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Table 1.7 Summary of features and application of lllumina benchtop sequencers.

Sequencer
platforms

Maximum
Output
(Gb)

Maximum
read length

(bp)

Run time
(hours)

Applications

iSeq 100

1.2

2 x 150

9.5-19

Small Whole-Genome Sequencing
Targeted Gene Sequencing
Targeted Gene Expression Profiling
miRNA & Small RNA Analysis

MiniSeq

7.5

2x 150

424

Small Whole-Genome Sequencing
Targeted Gene Sequencing
Targeted Gene Expression Profiling

miRNA & Small RNA Analysis

16S Metagenomic Sequencing

MiSeq

15

2 %300

4-55

Small Whole-Genome Sequencing
Targeted Gene Sequencing
Targeted Gene Expression Profiling

miRNA & Small RNA Analysis

16S Metagenomic Sequencing
DNA-Protein Interaction Analysis

NextSeq 550

120

2x150

12-30

Small Whole-Genome Sequencing
Targeted Gene Sequencing
Targeted Gene Expression Profiling

miRNA & Small RNA Analysis

16S Metagenomic Sequencing
DNA-Protein Interaction Analysis
Exome & Large Panel Sequencing
Single-Cell Profiling

Transcriptome Sequencing
Methylation Sequencing

Metagenomic Profiling

Cell-Free Sequencing & Liquid Biopsy
Analysis

NextSeq1000&2000

330

2 x 150

11-48

Small Whole-Genome Sequencing
Targeted Gene Sequencing
Targeted Gene Expression Profiling

miRNA & Small RNA Analysis

16S Metagenomic Sequencing

DNA -Protein Interaction Analysis
Exome & Large Panel Sequencing
Single-Cell Profiling

Transcriptome Sequencing
Methylation Sequencing

Metagenomic Profiling

Cell-Free Sequencing & Liquid Biopsy
Analysis

50



4.2. lon Torrent:

lon Torrent sequencing technology was released by Life Technologies/Thermo Fisher Scientific
in 2010. The principle of this technology is detection of hydrogen ion releasing during
incorporation of new nucleotides into the growing DNA template. Particularly, adapter-ligated
DNA templates are clonally amplified by emulsion-PCR on the surfaces of beads. These beads
are distributed into micro wells where a sequencing-by-synthesis reaction occurs. An ion sensor
is used to detect signal from protons releasing during nucleotide incorporation (Figure 1.6)
(178). Despite of generating low output, lon Torrent offer low cost and short run time.
Therefore, it is a reasonable choice in some cases, such as detection of targeted virus in clinical

samples (179) or viral genome sequencing (180).
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Figure 1.6 Illustration of overall workflow of lon torrent sequencing. (a) library preparation, (b) clonal
amplification of adapter-ligated template on a bead, (c) binding of sequence on chip, sequencing
primers and DNA polymerase to the beads by pipetting into wells on chip, (d) sequencing-by-synthesis
reaction. At each flow, the electrical signal at each well is measured, indicating the number of
incorporations. The figure was adapted from “Using state machines to model the Ion Torrent
sequencing process and to improve read error rates” by Golan, 2013 (178).
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4.3. PacBio sequencing:

The technology was introduced by Pacific Biosciences in 2010, which is a single molecule real
time sequencing platform for generating long reads without bias of clonal amplification. PacBio
sequencing uses Zero Mode Waveguide (ZMW), a nano-hole made in a 100 nm metal film on a
glass surface. In brief, a single DNA polymerase molecule is anchored at the bottom of the ZMW.
Four types of nucleotides labeled with different colored fluorophore are flooded above the
ZMWs. Labeled nucleotides travel down into the ZMW within microseconds. After reaching the
DNA polymerase, they diffuse back up and exit the hole. During polymerization, fluorescent tag
of nucleotides is cleaved off and diffuses out of the observation area of the ZMW and detected
by detector in real time (Figure 1.7). Single molecule sequencing with long read length is ideal
for viral metagenomics (181). However, PacBio sequencing has several limitations including

low throughput with high error rate and high cost per sequenced base.

Phospholinked hexaphosphate nuclectides

Intensity s

Epifluorescence detection

Figure 1.7 Illustration of Pacific Biosciences’ four-color real-time sequencing method. Figure was
adapted from “Sequencing technologies-the next generation” by Metzker, 2009 (182).
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4.4. Oxford Nanopore sequencing:

Oxford Nanopore sequencing or third generation sequencing was developed with the aim to
generate long reads with low cost and simple sample preparation procedures. MinlON, a
portable sequencer of Oxford Nanopore Technologies (Figure 1.8) was first released in 2014. It
is the first handheld device for DNA and RNA sequencing that attaches directly to a

laptop/computer via a USB port.

Figure 1.8 MinION flow cell

Nanopore sequencing works on the principle of measuring minute changes in electric current
across the nanopore immersed in a conducting fluid with voltage applied that are induced when
a moving biological molecule (DNA/RNA) passes through it. Nanopore is a small hole with
internal diameter of 1nm that is made up of certain transmenbrance cellular protein (162). The
sequence of the passing DNA is identified by detecting changes of current generated specific
for passed bases. The advantages of Nanopore are that it is the first device could deliver real-
time sequencing of single molecule, and able to generate very long DNA molecules (up to 5.4
kbs genome) in a single read. The MinlON platform was successfully used to sequence ebola
virus genomes during a recent outbreak in the Democratic Republic of Congo (183). MinlON

was also successfully applied to track the transmission of ZIKV during the outbreak in South
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America in 2015 (184). Most recently, MinlON was used to generate complete genome
sequence of SARS-CoV-2 (185).

High-throughput sequencing benchtop platforms were released including GridlON and
PromethlON. These platform incorporate multi flow cells in one therefore could generate higher
yield with comparable prices (186). However, current limitation of MinlON is its high error rate
of around 10% compared to the low error rate of lllumina sequencing technologies (185).

5. Metagenomic next generation sequencing for virus detection and discovery:
Metagenomic next-generation sequencing (mMNGS) is a generic procedure that can sequence all
type of genetic materials, including those derived from the pathogens present in a sample under
investigation (187). mNGS overcomes the limitations of conventional diagnostic methods such
as PCR and culture, because it does not require prior knowledge/assumptions about the targeted
causative agents present the tested samples (188,189). In principle, in a single assay mMNGS
could detect all viral agents (including known and previously unknown viruses) in any clinical
sample types (188). This strategy could detect wide range of virus pathogens in the tested
samples and offer a new opportunity for virus detection and discovery. From a literature review,
around 35 novel viruses or new viral variants were discovered by mNGS assays from 2008 to
2019. The number of new discovered viruses by mNGS has gradually increased over the last 10

years with peak at 2015 (Figure 1.9).
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Figure 1.9 Number of novel viruses recently detected by mNGS assay during 2008-2019

However, mMNGS based detection of viral infections remains a challenge because viruses are
naturally small in size, genetically highly diverse, and have a low abundance as compared to the
host DNA background in clinical samples. Therefore, various sample pretreatment approaches
have been developed to increase the sensitivity of mNGS. The commonly used approaches are
descried herein.

5.1. Pre-extraction viral enrichment methods:

Pre-extraction viral enrichment methods are based on the physical properties of virions,
including the size of virus particles, their density, and the presence or absence of viral capsid
covering the virus genome (189). Accordingly, three complementary approaches for viral
nucleic acid purification and enrichment have been used: filtration, density gradient

centrifugation and enzymatic removal of non-capsid protected nucleic acids.
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5.1.1. Filtration:

Filtration is a common method used for purifying viral particles from environments or clinical
specimens prior sequencing. The size of most animal viruses ranges from 200 to 300 nm in
diameter. Accordingly, the common pore sizes of filters are often from 0.2 to 0.45 micrometer
(174,190-192).

5.1.2. Ultra centrifugation:

The compact nature of viral particles allows for the use of density gradient centrifugation
method to purify viral nucleic acids. The differences in density of enveloped and non-enveloped
viruses require the collection and subsequent analysis of several gradient fractions. Moreover,
the presence of contaminating nucleic acids in the density gradient solution can lead to
subsequent contamination in target sample (189). Therefore, this method is not widely applied
for the analysis of clinical samples.

5.1.3. Nuclease treatment:

Nuclease treatment prior to viral nucleic acid extraction is an efficient approach to digest naked
host DNA present in clinical samples. The incorporation of DNase | treatment for virus
discovery approach was firstly reported by Allander et al. (193). It was a key step for removal
of host DNA in serum prior amplification of viral nucleic acids. DNase | treatment removes
naked DNA by its exonuclease digestion activity, while viral DNA is protected within viral
capsids. Similarly, RNase treatment is used for removal of exogenous RNA in clinical samples
(194,195).

5.2. Enrichment of viral nucleic acids prior to sequencing:

Viral genomes are much smaller than the human genome. Therefore, the proportion of viral
reads relative to host derived reads in mNGS data would be extremely low. Selective
amplification of viral nucleic acids prior to sequencing is critical to enhance the sensitivity of

MNGS, thereby increasing the chance of detecting a virus in the tested samples (188).
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Commonly used approaches include sequence-independent single primer amplification, random
PCR and PhiX29.

5.2.1. Sequence-independent single primer amplification (SISPA):

SISPA utilized restriction enzymes to first digest the targeted DNA, followed by the ligation of
adaptors complementary to the overhanging ends of the target DNA. For RNA virus, a cDNA
synthesis step followed by double strand DNA (dsDNA) synthesis is required prior to the
restriction enzyme digestion step. Next the ligated products are amplified using adaptor specific
primer. Before NGS becomes available, after the amplification step, the amplified products are
subcloned, then plasmid inserts are sequenced (193). The method was successfully used to
characterized a Norwalk virus from faeces (196) and a human astrovirus from culture
supernatants (197), new parvoviruses in human plasma (198). Nowadays, SISPA products are
subjected to NGS without the cloning step.

5.2.2. Random PCR:

Random PCR (rPCR) utilizes a primer consisting of a random or viral specific hexamer at the
3’ end and a unique second primer sequence at the 5’ end (188). The hexamer part is used for
the synthesis of the cDNA and ds DNA. During this step, the second part of the primer sequence
(5° end sequence) is thus introduced into the resulting double-stranded sequences. It will then
serve as the binding site of the PCR primers during the amplification step. Subsequently the
resulting PCR products, including those derived from viral nucleic acids are sequenced.

rPCR method theoretically could amplify all genetic materials present in the tested sample.
rPCR based approaches have been used to characterize a new parvovirus and numerous viral
agents in respiratory secretions (199), a new gyrovirus in children’s faeces (200), and a new

bunyavirus in serum samples (201).
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5.2.3. PhiX29:

PhiX29 DNA polymerase based amplification method is based on the ability of bacteriophage
PhiX29 DNA polymerase to generate multiple displacement amplification reactions. The DNA
polymerase is primed with a set of modified random hexamer oliogonucleotides, which is
resistant to the 3’-5' exonuclease activity of PhiX29. This method successfully amplifying
circular DNA anellovirus (202,203).

5.3. Bioinformatics:

Advanced bioinformatic methods are required to detect virus sequences from NGS data and to
reconstruct the sequenced viral genomes. Many published computational workflows with a
range of computer tools for taxonomic classification have been developed to analyse
metagenomic data. They could be web-services with a graphical user-interface working fast on
any PC such as Taxonomer (204), Kraken (205) or IDseq (206). Or they can be command line
pipelines such as SURPI (207) or in-house viral bioinformatic pipeline (190). The processing
time per sample ranges from minutes to several days (208). The web-services are friendly to
use, but they often require uploading large output NGS data to a distant server.

In general, a metagenomic workflow basically consists of five steps: pre-processing, filtering
out DNA sequences from the respective hosts, assembly, searching for viral reads and post-
processing (208). The pre-processing step may include: removing adapter sequences, trimming
and low quality reads, removing low complexity reads, short reads, duplicating reads, matching
paired-end reads and unresolved nucleotides. The second step is to filter out non-viral reads.
This step helps to reduce false positive results and prevent assembly of chimearic virus-host
sequences. The third step is to assemble the short mNGS into long contigs. Consensuses may
be generated by mapping individual reads to these obtained contigs. This is also regarded as de
novo assembly. This step allows for remove errors from individual reads and reduce the amount

of data for further analysis. The fourth step is to conduct database searching whereby contigs
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are mapped to a reference database. The searching approach is based on the alignment the reads
or contigs to a reference database (199). The reference database can be retrieved from the NCBI
GenBank, RefSeq or BLAST nucleotide and non-redundant protein databases. Searching at
protein level allow for detecting more remote homology that enhance detection of highly
divergent viruses (188). Finally, the post-processing step is to classify the sequencing reads.
This is the process of finding the most likely or best-supported taxonomic assignment among
reference database. This step can use phylogenetic or other computational methods.

5.4. Application of viral mMNGS in sepsis:

There have been several published papers reporting the use of mNGS for the diagnosis for
bloodstream infection. However, to the best of my knowledge there have been few studies
describing the use of mMNGS to study the etiology, especially bacterial causes in patients
presenting with sepsis or sepsis shock (209-212). mNGS methods successfully detected HSV-
1 sequences in Chinese fatal patients with sepsis of unknown origin (210) and 15 viral pathogens

in 14 blood samples of ICU patients with suspected sepsis (212).
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5.5. Application of viral mMNGS in CNS infection:
A recent literature review showed that there has been an exponential increase in the number of

studies utilizing mMNGS for the detection of CNS pathogens (Figure 1.10) (175).
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Figure 1.10 Temporal trends in the Publication of Encephalitis Cases involving Next-Generation
Sequencing in the last Decade. (Brown et al, 2018)

Although the clinical studies were conducted in many countries worldwide, the laboratories
performing the analysis were mainly based in developed countries such as the US and in Europe
(175).

Often mMNGS is used when the diagnostic work-up based on conventional assays failed to
identify a pathogen (173,177,213-215). The diagnostic yield of mMNGS might be sample
dependent. Indeed, previous studies showed brain biopsies gave a higher yield than CSF did
(175,216). Due to the uncertainty about the specificity of mMNGS, confirmatory testing of MNGS
results is needed. For this purpose, viral-specific PCR assays are commonly used. In contrast to

cell culture, serological assays and immunohistochemistry methods are rarely used.
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6. Global emerging infectious disease hotspots:

Worldwide, there are over 320,000 mammalian viruses remaining uncharacterized (217). Of
note, Asia including Vietnam is one of the major hotspots for the emergence of novel pathogens
as illustrated by the emergence of Nipah in 1998, SARS-CoV-1 in 2003, avian influenza A virus
subtype H5N1 in 2004, enterovirus A71 and influenza A virus subtype H7N9 in 2013. Most
recently, SARS-CoV-2 was first discovered in a patient suffering from community-acquired
pneumonia of unknown origin in China in late 2019 (218). SARS-CoV-2 has now spread
globally and is responsible for the ongoing COVID-19 pandemic. The high density of the human
population and the fact that humans are living in a close proximity to domestic and wildlife

animals in Asia are considered risk factors of disease emergence.

Figure 1.11 Heat maps of predicted relative risk distribution of zoonotic emerging infectious disease
events. Figure was adapted from “Global hotspots and correlates of emerging zoonotic diseases” by
Allen et al, 2017 (219).
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7. Aims:

Collectively, studies to date (including those from Vietnam) have demonstrated a wide range of

causative agents (especially viruses) can cause CNS infections and sepsis. Yet, despite the use

of advanced molecular diagnostic assays (PCR and metagenomics), it remains a challenge to

identify a viral culprit in patients with CNS infections. Few studies however from Vietnam and

Asia reported the use of metagenomics to actively study the etiology in patients with CNS

infections and sepsis. In this region of the world, novel CNS infections pathogens (EV-AT71,

Nipah, hendra and Zika viruses) are however likely to emerge. Therefore, improving our

knowledge about the causes of sepsis and CNS infections, and active surveillance for novel

pathogens in Southeast Asia are of clinical and public health significance. | hypothesize that

next-generation sequencing based viral metagenomics will identify known or unknown viruses

in undiagnosed patients with CNS infections and community-acquired sepsis in Southeast Asia.

Therefore, within my PhD research program, I aimed to:

1. Develop a sensitive viral metagenomic pipeline for sequence-independent detection of a
broad range of viral pathogens in clinical samples

2. Explore viral content in patients with sepsis of unknown cause across Southeast Asia

3. Explore viral content in CSF from patients with acute CNS infections of unknown cause
sampled from provincial hospitals throughout Vietnam

4. (If relevant), demonstrate proof of causation of recently described viruses/novel virus(es)
discovered by metagenomic analysis

5. Explore the utility potential of metagenomics for the diagnosis of central nervous system

infections
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Chapter 2: Development of a sensitive viral metagenomic pipeline for
sequence-independent detection of a broad range of viral pathogens in

clinical samples

1. Background:

Designed by Endoh et al in 2005 (220), non-ribosomal primer consists of a set of 96
hexanucleotides, which are specific for amplification of viral sequences. Using this primer set,
| have recently developed a non-ribosomal random amplification and next-generation
sequencing based assay for sensitive detection and direct whole-genome sequencing of hand,
foot and mouth disease pathogens from throat and rectal swabs (221). For my PhD research, I
further optimized this method for sensitive sequence-independent detection of a broad range of
viral pathogens in patient samples.

Clinical samples may contain low pathogen load but high concentration of contaminating host
and bacterial nucleic acids. To enrich for viral nucleic acid and to reduce the unwanted
background, sample pretreatment steps such as centrifugation and nuclease (DNase and RNase)
digestion are often employed as part of viral metagenomic pipelines. However, few studies have
assessed the efficiency of these pretreatment strategies. To identify to the optimal approach for
viral metagenomic analysis, herein these sample pretreatment steps were compared. For the
purpose of assay comparison, the number of viruses detected and the level of genome coverage

were taken into account.

2. Methods and materials:

2.1. Patient samples and positive controls:

A biological reagent containing 25 different DNA and RNA viral pathogens prepared for viral
metagenomic pipeline evaluation by National Institute for Biological Reagents and Control, UK

(190) was used. Additionally, sera, CSF and zika virus culture spiked in human sera were also
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use. The PCR positive clinical samples included a pooled serum sample derive from sera that
were positve for either hepatitis A/B/C virus (222), and a total of six CSF samples that were
PCR positive for dengue virus (n=3), herpes simplex virus (n=2) and mumps virus (n=1) (223).
The zika virus (strain # MR766) was obtained from the European Virus Archive.

2.2.  Methods:

2.2.1. Sample pretreatments and nucleic acid isolation:

A combination of i) sample pre-centrifugation and/or ii) RNase/DNase digestion was taken into
account for assay development. Consequently, four different combinations of sample
pretreatments were selected for comparison, including 1) simultaneous DNase and RNase
treatment of the original sample without pre-centrifugation, 2) DNase treatment of the original
sample without RNase treatment and pre-centrifugation, 3) sample pre-centrifugation followed
by DNase treatment of the resulting supernatants, and 4) sample pre-centrifugation followed by
simultaneous DNase and RNase treatment of the resulting supernatants. Specifically, prior to
nucleic acid (NA) isolation 110ul of clinical sample was centrifuged for 10 minutes at
13,000rpm and then 100ul supernatant was collected. For both collected supernatant and non-
centrifuged samples, 100ul was treated with 2U/ul of turbo DNase and with/without 0.4U/ul
RNase | (Ambion, Life Technology, Carlsbad, 130 CA, US) at 37 °C for 30 min. The treated
sample was then preceded to a viral NA isolation step using QIAamp viral RNA kit (QlAgen
GmbH, Hilden, Germany), and finally recovered in 50ul of the elution buffer provided with the
extraction Kit.

2.2.2. Double stranded DNA synthesis and Sequencing:

Double stranded DNA was then synthesized from the isolated viral NA using a set of 96 non-
ribosomal random primer (Appendix 1) (220), followed by PCR amplification to enrich for viral
NA prior to sequencing (224,225). Finally the amplified products were sequenced on an

[llumina MiSeq platform (Illumina, San Diego, CA, US) available at OUCRU.
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In details, 10pul of extracted RNA was firstly mixed with 2ul of non-ribosomal random primer
mixture and 1pl of ANTPs (10mM each) (Roche Diagnostics GmbH, Mannheim, Germany).
The mixture was incubated at 65°C for 5 min, and was then immediately chilled on ice for 1
min. Secondly, 7ul of a reaction mix containing 200U of Super Script 11 reverse transcriptase
(Invitrogen, Carlsbad, CA, US), 40U of RNase OUT (Invitrogen), 0.1M DTT (Invitrogen) and
5X first strand buffer (Invitrogen) was added into the first reaction mixture. The reaction was
then continued at 25°C for 10 min, 37°C for 1 min and 94°C for 2 min, and immediately chilled
on ice for 2 min. Next, 5U of exo-Klenow fragment (Ambion) and 10U of Ribonuclease H
(Ambion) were then added into the reaction mixture. The mixture was subjected to a thermal
condition consisting of 25°C for 5 min, 37°C for 1h and 94°C for 2 min. This exo-Klenow
fragment associated step was repeated once more time with the omission of the last incubation
step on ice after the second thermal cycle.

Finally, 5ul of the resulting dsDNA was pre-amplified using FR20RV primer (5°-
GCCGGAGCTCTGCAGATATC-3’). Random amplification (rPCR) was carried out in a total
reaction volume of 50ul consisting of 3ul of dsDNA, 2ul of primer FR20RV at a final
concentration of 40nM and 45ul of Platinum PCR supermix (Invitrogen). The thermal cycling
condition consisted of 94°C for 2 min and followed by 40 cycles of 94°C for 30s, 55°C for 30s
and 72°C for 3min and 1 cycle of 72°C for 2min. List of reagents and thermal conditions used

for these procedures are summarized in Table 2.1.
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Table 2.1 List of reagents and thermal conditions of pretreatment, dsDNA synthesis and random
amplification procedures.

Procedures Reagents Concentration Used VOI[_Jme Thermal cycling condition
(per reaction)
Turbo DNase 20/ul 10ul
Pretreatment | RNase | 100U/ul 1ul 37 °C for 30 min
DNase buffer 10X 12ul
Non-ribosomal 1uM 2ul
primer mixture 85°C for 2 min
dNTPs 10uM 1l
Super Script 111 200U/ul 1l
reverse
Double transcriptase 25°C for 10 min, 37°C for 1 min
strand DNA | RNase OUT 40U/l 1l and 94°C for 2 min
synthesis DTT 0.1M 1l
First strand buffer 5X 4ul
exo-Klenow 50/ul 0.5ul 25°C for 5 min, 37°C for 1h and
fragment 94°C for 2 min
Ribonuclease H 10U/l 0.5ul 25°C for 5 min, 37°C for 1h and
75°C for 10 min
Random FRZ_ORV primer 10uM 1ul 94°C for 2 min, 40 cycles of 94°C
amplification P|at|num PCR 22ul for_305, 55°C for 30s and 72°C fqr
supermix 3min and 1 cycle of 72°C for 2min

The obtained random PCR product was then purified with use of QIAquick PCR purification
kit (QIAgen GmbH, Hilden, Germany) and quantified by Quibit dSDNA HS kit (Invitrogen).
Finally, 1ng of purified product was subjected to library preparation using Nextera XT sample
preparation kit (Illumina, San Diego, CA, US). Prior to sequencing, the quantity of the prepared
library was measured by using KAPA Library Quant Kit (Kapa Biosystems, Wilmington, MA,
US). The prepared library was sequenced by using MiSeq reagent kit v3 (600 cycles) (Illumina,
San Diego, CA, US) in a MiSeq platform (Illumina, San Diego, CA, US). For each run, samples
were multiplexed and differentiated by double indexes using Nextera XT Index Kit (Illumina,
San Diego, CA, US).

2.2.3. Sequence analysis and statistical analysis:

The obtained MiSeq data was analysed using publically available bioinformatic pipelines,
including SURPI and Taxonomer (204,207,226) to identify the presence of viral sequences in
the tested specimens. A reference-based mapping approach (Geneious 8.1.5) was then employed

to assess the level of genome coverage of the sequenced viruses.
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Chi-square test (Prism 9.0.0) was applied to measure the differences in the number of viral used
reads generated by different sample-pretreatment approaches. A p value of less than 0.05 was
considered statistical significance.

2.2.4. Contributions from others:

Clinical samples and data collection were carried out by participating clinicians and research
staff of the respective collaborating hospitals. Although, | led the experiment design and conduct
the most of the laboratory work, | also received support in conducting some of the PCR
confirmatory experiments from Ms Le Nguyen Truc Nhu and Ms Nguyen Thi Thu Hong from
Emerging Infections group, OUCRU.

3. Results:

3.1.  Efficiency of viral metagenomic approaches in detecting a wide range of viruses:
Table 2.2 summarized the results of viral detection by 4 different sample-pretreatment
approaches followed by random PCR amplification and Illumina MiSeq sequencing. In terms
of viral detection, 16-18 out of 25 viruses included in the original biological reagent were
detected by the viral metagenomic approaches under comparison, of which approaches #1
(simultaneous DNase and RNase treatment of the original sample without pre-centrifugation)
and #2 (DNase treatment of the original sample without RNase treatment and pre-
centrifugation) gave the best performances (Table 2.2 and 2.3). Indeed, approaches #1 and #2
generated a higher proportion and number of viral reads mapped to a reference genome than

approaches #3 and #4 did (p<0.0001, Table 2.2).

In terms of genome coverage, of the 18 detected viruses, 5 complete or nearly complete genome
sequences (Appendix 2) were generated by approach #1, while 1-3 complete or nearly complete
genome sequences were generated by the other approaches (Table 2.2). Six out of 7 viruses that

were not detected by my assay, were real-time PCR negative after pooling (190). My assay had

67



a comparable sensitivity with metagenomic pipelines developed by other groups elsewhere

(190,227) (Table 2.3).

Collectively, based on the obtained result, the viral metagenomic approach utilizing a

simultaneous DNase and RNase treatment step of the original sample without pre-centrifugation

was the most sensitive approach and was therefore selected for additional evaluation on clinical

samples.

Table 2.2 Number of total reads and viral reads generated by viral metagenomics using different

samples pretreatment approaches

#1 #2 #3 #4
+DNase+RNase | +DNase-RNase | +DNase-RNase | +DNase+RNase
-Centrifugate -Centrifugate +Centrifugate +Centrifugate

Number of total reads 2,102,000 2,225,000 2,171,000 2,072,000
Number of reads mapped to a 801774 (38) 884507 (39) 72533 (3.5) 62820 (2.8)
reference viral genome (%)
Number of viral species
detected 18 18 16 16
Number of viruses detected
with a complete genome 5 3 1 1
obtained

68



Table 2.3 Summary of viral metagenomics detection results for viral mixture using different sample pretreatment approaches.

Numbers of viral reads detected by my metagenomic approaches

Numbers of viral reads
detected by viral

Ct metagenomic pipelines from
Species values other studies
(190) #1 #2 #3 #4 .
+DNase+RNase | +DNase-RNase | +DNase-RNase | +DNase+RNase U?lztg)dy Zurl(c;g%udy
-Centrifugate -Centrifugate +Centrifugate +Centrifugate
Adenovirus 2 29.71 998 800 140 244 260 299.1
Astrovirus 30.53 1388 761 1003 823 14 8040.6
Coxsackievirus B4 30.72 4765 6219 3946 7735 24 22,707
Human herpesvirus 1 30.59 38 0 0 0 11 81.4
Human herpesvirus 2 32.48 176 120 0 0 7 7
Human herpesvirus 3 29.02 68740* 54414* 19331 14516 330 84.2
Human herpesvirus 4 31.27 1246 662 425 509 34 104.7
Human herpesvirus 5 28.95 21000 14676 7517 3737 447 7028.5
Human . 31.86 10938* 2041* 756 1364 26 0
Metapneunmovirus A
Influenza A virus HIN1 32.02 251 363 0 0 2 0
Parainfluenzavirus 1 34.43 3794* 3129 3085 2215 44 9601.2
Parainfluenzavirus 2 33.87 25286* 477 60 6 253 33.1
Parainfluenzavirus 4 31.83 4508 2696 1929 1404 24 10,089
Parechovirus 3 29.35 637000* 772000* 1073* 1204* 3507 565.22
Respiratory syncytial 34.33 10 18 17 36 4 229.4
virus A2
Rhinovirus A39 31.16 1475 598 340 1011 6 2238.4
Rotavirus A 24.9 20054 25391 32634 27668 2896 8.5
Sapovirus C12 33.37 107 98 275 252 14 62.8
Adenovirus 41 ND 0 0 0 0 4 13.9
Coronavirus 229E 36.48 0 0 0 0 0 0
Influenza A virus H3N2 ND 0 0 0 0 0 0
Influenza B virus ND 0 0 0 0 0 0
Norovirus Gl ND 0 0 0 0 0 0
Norovirus Gl ND 0 0 0 0 0 0
Parainfluenzavirus 3 ND 0 44 2 96 0 0
T_otal number of detected 18 18 16 16 19 17
viruses

Note: ND: not detected by real time PCR after pooling, *complete/nearly complete coding sequence were obtained.
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3.2.  Viral metagenomic assay performance on clinical samples:

The selected viral metagenomic assay (approach #1) was further evaluated on clinical samples
(including CSF and serum) that were PCR positive, or zika virus culture spiked in human sera.
Subsequently, the assay was able to detect the expected viral pathogens in the corresponding

tested materials (Table 2.3).

Table 2.3 List of viral pathogens used for further evaluation of the viral metagenomic assay

Virus Sample type Viral type Clinical Diagnostic Number of P:frczgg?gzs
pietyp typ presentation Ctvalue viral reads g
coverage
Hepatitis A virus (+) ssRNA Hepatitis 3 NA
Hepatitis B virus Pooled serum* dsDNA Hepatitis 3,256 100%
Hepatitis C virus (+) ssRNA Hepatitis 10 NA
virus culture
Zika virus (107-1)# | spiked inahuman | (+) ssRNA NA 20 252,732 99%
serum sample
virus culture
Zika virus (107-3)* spiked inahuman | (+) sSRNA NA 27 2,135 80%
serum sample
. Cerebrospinal CNS 32
$ 0
Dengue virus 1 fluid (+) ssSRNA infections 13,813 96%
Dengue virus 15 Cerebrospinal |,y cona | CNS 32 1,467 50.4%
fluid infections
. Cerebrospinal CNS 39
Dengue virus 2 fluid (+) ssSRNA infections 4 NA
Herpes simplex virus Cerebro_splnal dsDNA . CN.S 24 8 NA
fluid infections
Herpes simplex virus Cerebrqsplnal dsDNA . CN.S 27 2 NA
fluid infections
Cerebrospinal CNS 34
Mumps fluid (-) SSRNA infections 14 NA

Note: * derived from three different sera positive for one of these three viruses, *dilution ratio of viral culture in serum samples, NA: none
applicable, ® two different specimens.

4. Discussion and Conclusion:

In this chapter, I set out to develop a viral metagenomic pipeline for broad-range detection of
viral pathogens in clinical samples. The obtained results showed that the metagenomic assay
employing a DNase/RNase treatment step of the specimen without sample pre-centrifugation is
a sensitive method for sequence-independent detection of a wide range of viral pathogens
(including both DNA and RNA viruses), especially emerging virus such as zika virus, in clinical
samples. Its sensitivity is comparable with pipelines developed by other research groups from

the US (190) and Switzerland (227) when evaluation was carried out on the reference biological
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reagent. In addition to providing the diagnostic information, the method can also generate viral
pathogen genome sequences that can be used for additional investigation about the origin and

spread of the pathogen.

Herpes simplex viruses are large DNA viruses and are a cell-associated virus. As such they can
be partially deposited in the pellets during centrifugation. This explains why the centrifugation
associated procedures (approach #3 and #4) failed to detect both HSV-1 and HSV-2 in the virus

mixture.

In summary, here | show that a metagenomic approach incorporating nuclease (DNase and
RNase) treatment without centrifugation is a sensitive method for sequence-independent
detection of a wide range of viruses in clinical samples. This method will be used for analysis

of clinical samples. The results of these analyses are presented in subsequent chapters.
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Chapter 3: Viruses in patients presenting with community-acquired sepsis

of unknown cause in Thailand and Vietnam

1. Introduction:

A recent etiological study of 1578 patients with CA sepsis, conducted by the Southeast Asia
Infectious Diseases Clinical Research Network, reported that the etiology (viruses, bacteria and
parasites) was established in only 48% (26). Improving our knowledge about the causative
agents of CA sepsis can inform clinical management, whilst active surveillance for novel
pathogens in this region is of public health significance. Herein, | use mMNGS to characterize the
viral contents in clinical samples collected from patients enrolled in the aforementioned
etiological study of sepsis of unknown etiology across Southeast Asia between 2013 and 2015
(26).

2. Materials and Methods:

2.1. Clinical specimens and patient data:

Clinical specimens and patient data used for mNGS analysis were derived from an etiological
study of CA sepsis conducted at multiple hospitals across Indonesia (n=3, Dr. Cipto
Mangunkusumo Hospital, Jakarta; Dr. Sardjito Hospital, Yogyakarta; and Dr. Wahidin
Soedirohusodo Hospital, Makassar), Thailand (n=4, Queen Sirikit National Institute of Child
Health and Siriraj Hospital, Bangkok; Chiang Rai Prachanukroh Hospital, Chiang Rai; and
Sappasithiprasong Hospital, Ubon Ratchathani) and Vietnam (n=6, National Hospital of
Paediatrics and National Hospital of Tropical Diseases, Hanoi; Hue Central Hospital, Hue;
Children’s Hospital 1, Children’s Hospital 2 and Hospital for Tropical Diseases, Ho Chi Minh

City) between 2013 and 2015 (Figure 3.1) (26).
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Indonesia

Figure 3.1 Maps of study sites of the original studies. (1) Jakarta, (2) Yogyakarta and (3) Makassar in
Indonesia; (4) Bangkok, (5) Chiang Rai and (6) Ubon Ratchathani in Thailand; and (7) Hanoi, (8) Ho
Chi Minh City and (9) Hue in Viet Nam. The figure was adapted from “Causes and outcomes of sepsis
in southeast Asia: a multinational multicentre cross-sectional study” by Southeast Asia Infectious
Disease Clinical Research Network, 2017 (26).

Hospitalized patients with suspected or documented CA infection, fulfilling the diagnostic
criteria for sepsis of the 2012 Surviving Sepsis Campaign (adults) (5) or the Pediatric Sepsis
Consensus Conference definitions (228) and within 24 h of admission were enrolled (Table 3.1

and 3.2) (26).

Table 3.1 Inclusion criteria used by the original study for patient enrollments

Age >30 days old and weighing at least 3 kg or more on the day of enrollment into the study
Required hospitalization as decided by the attending physician
Documented by attending physician that an infection is the primary cause of illness leading to the
hospitalization. These can be infections due to any pathogens (bacteria, viruses, fungi and parasites).
Presence of Systemic Inflammatory Response Syndrome (SIRS)#
Informed Consent has been obtained

Note: #Systematic response syndrome is described in detail in Table 3.2
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Table 3.2 Presence of systematic response syndrome used in the original study

For adults (> 18 years old), any combination of a
minimum of any 3 of the following 20 parameters

o Fever or hypothermia (Core body temperature
defined as >38.3°C or <36.0°C)

o Tachycardia (heart rate >90 beats per minute)

e Tachypnea (respiratory rate >20 per minute)

o Avrterial hypotension (systolic blood pressure (SBP)
<90 mmHg, mean arterial pressure (MAP)
<70mmHg, or SBP decrease >40 mmHQ)

¢ White blood cell (WBC) >12,000 u/L or <4000 u/L
or immature forms >10%

¢ Platelet count <100,000 u/L

Altered mental status with Glasgow Coma Score

(GCS) <15

Hypoxemia (Pulse Oximetry Level <95)

lleus

Significant edema or positive fluid balance

Decreased capillary refill or mottling

Hyperglycemia (plasma glucose >140 mg/dL) in

the absence of diabetes

¢ Plasma C-reactive protein >2 SD above the normal
value

¢ Plasma procalcitonin > 2 SD above the normal
value

o Arterial hypoxemia (PaO2 / FI02 <300)

o Acute oliguria (urine output <0.5 mL/kg/hr or
45mmol/L for 2 hours)

o Creatinine increase >0.5 mg/dL

¢ INR>1.50raPTT >60 seconds

e Plasma total bilirubin >4 mg/dl or 70 mmol/L

For pediatric patients (>30 days old and <18 years old),
all of the 3 following symptoms:

o Fever or hypothermia (rectal temperature defined
as >38.5°C or <35.0°C [or equivalent])

e Tachycardia (heart rate >2 SD above the normal
value for age). This could be absent in hypothermic
subject.

e Tachypnea (respiratory rate >2 SD above the
normal value for age)

AND at least one of the following parameters:

o Altered mental status (e.g., drowsiness, poor quality
of cry, poor reaction to parent stimuli, and poor
response to social overtures)

o Systolic blood pressure <2 SD below the normal
value for age OR narrow pulse pressure (<20
mmHg) OR poor perfusion (capillary refill >2 sec)

o Hypoxemia (Pulse Oximetry Level <95)

o White blood cell >15,000 u/L or <5,000 u/L or
immature forms >10%.

A total of 1582 patients were enrolled (n=750 each from Vietnam and Thailand, and 82 from

Indonesia) (Figure 3.2). Per the study protocol, sera samples were collected from all patients;

additional samples including pooled nasal and throat swabs, cerebrospinal fluid and stools were

collected when clinically indicated. After collection, all clinical samples were stored at -80°C.

Additionally, information about demographics, clinical entities and outcome of the patients was

retrieved from a publically available dataset of the original study which was deposited at

https://figshare.com/articles/Data set

Causes and outcomes of sepsis in southeast Asia

a_multinational multicentre cross-sectional study NCT02157259 /3486866/1.
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1582 community acquired sepsis patients enrolled in the etiological study
816 adults: 375 from Thailand, 375 from Vietnam and 66 from Indonesia
766 children: 375 from Thailand, 375 from Vietnam and 16 from Indonesia

1578 patients (815 adults and 763 children) with available clinical
materials included for etiological investigations

36,853 diagnostic tests were done per protocol*

No etiology identified in 765 (48%) Etiology identified in 813 (52%)#
(427 (52%) adults and 338 (44%) children) (388 (48%) adults and 425 (56%) children)
42 from Indonesian sites 402 from Vietnam sites 321 from Thai sites
386 patients® 279 patients®

665 patients with available clinical
materials for mNGS analysis

Figure 3.2 Flowchart showing an overview about the diagnostic output of the original study

Notes: *see the original study and Appendix 3 for more details; “the causative agents detected were detailed in the report of the original study;
$more details about the analysis of those patients can be found in Figure 3.3.

Clinical samples available for mNGS:

Of 749 Vietnamese patients included in the original study, 402 (54%) had no etiology identified
via extensive clinical and reference laboratory work-up (Figure 3.2 and Appendix 3); of whom,
386 (96%) had clinical materials available for additional etiological investigation, and were thus

included for viral metagenomic analysis in this study (Figure 3.2) (26). In total, 492 samples (6
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CSF, 92 pooled nasal and throat swabs, 384 sera, and 10 stool samples from these 386 patients
of unknown etiology were included for analysis.

Of 321 patients from Thailand, there were 279 (87%) patients in whom there was no etiology
identified by the original study (Figure 3.2). In total, 351 samples were collected from these 279
patients of unknown origin, including 258 sera, 70 pooled nasal and throat swabs, 22 stools and
1 CSF samples.

Settings

The analysis of samples from Vietnam was conducted at the laboratory of Oxford University
Clinical Research Unit in Ho Chi Minh City, Vietnam where | am based. Meanwhile, for the
analysis of samples from Thailand, | made two visits with two weeks each to the Mahidol
Oxford Tropical Medicine Research Unit in Bangkok, Thailand. Due to the availability of the
materials and resources, most samples from Vietnam sites were analyzed individually (n=458)
or in pools of multiple samples (n=8) (Figure 3.3). In contrast, because of the resource and time
constraints most of samples from Thailand sites were analyzed in pools samples; the only one
CSF sample available was analyzed individually (Figure 3.3). Because of these heterogeneities,

the results were combined or separately presented when appropriate.
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492 samples from 386 Vietnamese patients
sera= 384; nasal-throat swabs= 92; stools= 10;
CSF=6

351 samples from 279 Thai patients
sera = 258; nasal-throat swabs= 70;
stools= 22; CSF=1

1

\ 4

Number of samples analyzed individually: n=458
(100ul of each)
Number of samples analyzed as pools: n=8

+ Pools of 5: n=4 (20ul of each)

+ Pools of 4: n=3 (25ul of each)

+ Pool of 2: n=1 (50ul of each)

Number of samples analyzed individually: n=1 CSF
(100ul)
Number of samples analyzed as pools: n=87

+ Pools of 4: n= 82 (100ul of each)

+ Pools of 3: n=3 (133l of each)

+ Pools of 5: n=2 (80ul of each)

!

DNase and RNase treatment

!

A\ 4

QIAamp viral RNA extraction kit for nucleic acid
isolation

MagMAXTM viral RNA extraction kit for nucleic
acid isolation

1

Random amplification using a non-ribosomal primer set

Deep sequencing

Viral sequence detection using an in-house bioinformatic pipeline

Viral PCR confirmatory testing of mNGS results

Figure 3.3 Flow chart illustrating how samples were analyzed.
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2.2. MNGS assay:

The procedure of MNGS incorporating sample pre-treatment approach #1 (simultaneous DNase
and RNase treatment of the original sample without pre-centrifugation) described in Chapter 2
was used to analyse the selected samples, with some modifications for samples from Thailand.
Specifically, 400ul of pooled sample was treated with 2U/ul of turbo DNase and 0.4U/ul RNase
one (Ambion, Life Technology, Carlsbad, 130 CA, US) at 37 °C for 30 min. The viral NA of
treated sample was then isolated by using MagMAX™ viral RNA kit (Ambion, Life
Technology, Carlsbad, CA, US), and finally recovered in 50ul of elution buffer. The following
dsDNA synthesis, random amplification and sequencing steps are exactly same as described in
Chapter 2.

2.3. mNGS data analysis:

Potential viral reads were identified using an in-house viral metagenomic pipeline running on a
36-node Linux cluster as described in detail elsewhere (229). In brief, after duplicate reads and
reads belonging to human or bacterial genomes were filtered out, the remaining reads were
assembled de novo. The resulting contigs and singlet reads were then aligned against a
customized viral proteome database using a BLAST (Basic Local Alignment Search Tool)-
based approach. Next, the candidate viral reads were aligned against a non-redundant non-virus
protein database to remove any false-positive reads (i.e., reads with expected [E] values higher
than those against viral protein databases). Any virus-like sequence with an E value of <10
was considered a significant hit. Finally, a reference-based mapping approach (Geneious 8.1.5)
was employed to assess the levels of identity and genome coverage of the corresponding viruses.
2.4. PCR confirmation of viral reads:

Because of the focus of the present study, specific PCRs were used to confirm the mNGS hits
for viral species that are known to be infectious to humans and for recently discovered viruses

that have previously been reported in human tissues but remain of uncertain clinical
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significance. Depending on the availability of the clinical materials, viral specific PCRs were
either carried out on leftover NA after mNGS experiments or on newly extracted NA. A mNGS
result was only considered positive if it was subsequently confirmed by a corresponding viral
PCR analysis of original NA materials derived from corresponding individual samples. All PCR
primers and probes used were either derived from previous publications or newly designed
based on the sequences generated by mNGS (Table 3.3).

For Thailand specimens, confirmatory PCR was firstly performed on leftover NA of pooled
samples. And if positive, individual samples of positive pools were then analysed. Accordingly,
NA was isolated from the corresponding individual samples using QIAamp viral RNA kit

(Qiagen GmbH, Hilden, Germany) for subsequent confirmatory PCR analysis.
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Table 3.3 List of primers and probes used for subsequent PCR confirmation experiments

Viruses Oligo sequence (5'-3") Sources
Forward Reverse Probe

Measles ATTACATCAGGATCCGG GTATTGGTCCGCCTCATC (230)
HBV GGACCCCTGCTCGTGTTACA GAGAGAAGTCCACCMCGAGTCTAGA FAM-TGTTGACAARAATCCTCACAATACCRCAGA-TAMRA d':s%vnli |
Rotavirus ACC ATC TWC ACR TRA CCC TC GGT CAC ATA ACG CCC CTATA EQX_‘Q}:&AGC ACAATA GTT AAA AGC TAA CACTGT (231)
Enterovirus CCCTGAATGCGGCTAAT ATTGTCACCATAAGCAGCC CY5-ACCCAAAGTAGTCGGTTCCG -BHQ3 (232)
Dengue AAGGACTAGAGGTTAGAGGAGACCC CGTTCTGTGCCTGGAATGATG FAM- AACAGCATATTGACGCTGGGAGAGACCAGA-BHQL (233)
Dengue 2 CCATACACGCCAAACATGAA GGGATTTCCTCCCATGATTCC FAM-AGGGTGTGGATTCGAGAAAACCCATGG-BHOL (234)
VL GGTGCGAGAGCGTC ATGCTRTCATCATYTCTTC -

ATGGGTRAARGTARTAGAAGAAAAGGG | CTGCCTGRTGYCCYCCCACTA (235)
HCV AGACTGCTAGCCGAGTAGYGTTGG TGCTCATGDTGCACGGTCTACGA FAM-TTGTGGTACTGCCTGATAGGGTGCTT -BHOL d':;‘é\’r:z |
oV 1 ATCTCATTATTACCYGGACCAAGTCTAC | CATCCTTGAGTGATTAAGTTTGATGAAT | CYANS00- 236

T A AGGATGTGTTAGAYTACCTTCATTATCAATTGGTGATG-DB (236)
PIV2 CTGCAGCTATGAGTAATC TGATCGAGCATCTGGAAT LCRED610-AGCCATGCATTCACCAGAAGCCAGC-BBQ (236)
PIV3 ACTCTATCYACTCTCAGACC TGGGATCTCTGAGGATAC LCRED670-AAGGGACCACGCGCTCCTTTCATC-BBQ (236)
PIV4 GATCCACAGCAAAGATTCAC GCCTGTAAGGAAAGCAGAGA HEX-TATCATCATCTGCCAAATCGGCAA-BHQL (236)
Coronavirus OC43 GGTGGYTGGGAYGATATGTTACG KRTTTGGCATAGCACGATCACA &';AB'\Q'FAQTGTTGACAAYCCTGTWCTTATGGGTTGGG' (236)
Coronavirus NL63 GCTRAGCATGATTTCTTTACTTGG CARTYTTKTTCATCAAAGTTACGCA ﬁ/l";Aé’n;:%AGARTCATTTATGGTAATGTTAGTAGACA' (236)
v GGGTGGCAGATGGCGTGCCATAA CCTRCGGGTACCTTCTGGGCATCC 237)

YCACACAGCCATCCTCTAGTAAG GTGGGCCTTACAACTAGTGTTTG
Rhinovirus AGSCTGCGTGGCKGCC ACACGGACACCCAAAGTAGT CYAN500-TCCTCCGGCCCCTGAATGYGGCTAAYC-DB (236)
MPV AGCTTCAGTCAATTCAACAGAAG CCTGCAGATGTYGGCATGT LCRED670-TGTTGTGCGGCAGTTTTCAGACAATGC-BBQ (236)
FA GACAAGACCAATCCTGTCACYTCTG AAGCGTCTACGCTGCAGTCC LCRED610-TTCACGCTCACCGTGCCCAGTGAGC-BBQ (236)
FB TCGCTGTTTGGAGACACAAT TTCTTTCCCACCGAACCA CYAN500-AGAAGATGGAGAAGGCAAAGCAGAACT-DB (236)

ATGAACAGTTTAACATTACCAAGT GTTTTGCCATAGCATGACAC LCRED610-TGACT TCAAAAACAGATGTAAGCAGCTCC-BBO
RSV LCRED610- (236)

TTATGACATCAAAAACAGACATAAGCAGCTCAG-BBQ
ADV CAGGACGCCTCGGRGTAYCTSAG GGAGCCACVGTGGGRTT LCRED670-CGGGTCTGGTGCAGTTTGCCCGC-BBQ (236)
saffold vir CTAATCAGAGGAAAGTCAGCAT GACCACTTGGTTTGGAGAAGCT (239)
aroldvirus CAGCATTTTCCGGCCCAGGCTAA GCTATTGTGAGGTCGCTACAGCTGT

CCCTGCAACCATTACGCTTA CACACCAACCTTACCCCACC (239)
Salivirus ATTGAGTGGTGCAYGTGTTG ACAAGCCGGAAGACGACTAC dzlsei‘évr:z g
Wu-polyomavirus TGTTACAAATAGCTGCAGGTCAA GCTGCATAATGGGGAGTACC (240)
Human herpesvirus 6 | TTTGCAGTCATCACGATCGG AGAGCGACAAATTGGAGGTTTC (241)
Human herpesvirus 4 | GAGGAATTGCCCTTGCTATT CCTTAGTGGGCCAGGTTGT FAM -TCGTCTCCCCTTTGGAATGGC-TAMRA d':s?\évr:g |
Human herpesvirus 5 | CCAAGCGGCCTCTGATAACCA GGTCATCCACACTAGGAGAGCAGA FAM-ATGAAGCGCCGCATTGAGGAGATCT-TAMRA (242)

GTGGTAATGGTCGTCGGTATTC CCTCATCATTCGTAGTAAGCAATCTCA (243)
Gemycircularvi

emycirculanvirus AGTCCTGAATGTTTCCACTCG CAAGCGTTCCCTCGAAAATGAC d?s?‘g’]\’r:g |

Cyclovirus VN GAGCGCACATTGAAAGAGCTAAA TCTCCTCCTTCAATGACAGAAACAAC FAM-CGADAATAAGGMATACTGCTCTAAAGSTGGCG-BHOL (244)
Human pegivirus 2 CGCTGATCGTGCAAAGGGATG GCTCCACGGACGTCACACTGG CY5-GCACCACTCCGTACAGCCTGAT-BHQ? (245)
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2.5. Phylogenetic analysis:

Sequence alignment and phylogenetic tree reconstructions of the obtained sequences were
carried out using ClustalW alignment and Maximum Likelihood methods available within
Geneious 8.1.5 (Biomatters) and I1Q tree (246), respectively.

2.6. GenBank accession numbers:

Metagenomics data was deposited to NCBI (GenBank) under the accession number
PRINA526981.

2.7. Ethics:

The study was reviewed and approved by the Institutional Review Boards of collaborating
hospitals in Vietnam and Thailand, and the Oxford Tropical Research Ethics Committee
(OXTREC), University of Oxford, Oxford, United Kingdom. Written informed consent was
obtained from either the participant. Or the participant’s patents or legal guardian.

2.8. Contributions from others:

Clinical samples and data collection were carried out by participating clinicians and research
staff of the respective collaborating hospitals. Although, I led the experiment design and conduct
the most of the laboratory work of the laboratory work, I also received support in conducting
some of the PCR confirmatory experiments from Ms Le Nguyen Truc Nhu and Ms Nguyen Thi
Thu Hong from Emerging Infections group, OUCRU. The in-house viral metagenomic pipeline
was conducted at the lab of Prof Eric Delwart at Blood Systems Research Institute, San

Francisco, California, United State, with help from Dr Xutao Deng.
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3. Results:
3.1. Demographics, clinical features and outcomes for patients with sepsis of unknown
origin:

Baseline characteristics and 28-day mortality of all patients (including those of unknown origin
from both Vietnam and Thailand) are presented in Table 3.4. Retrospectively, 180 adult patients
(including 25% (54/213) and 73.3% (126/172) of the adult patients from Vietnam and Thailand,
respectively) had a SOFA score of >2, fulfilling the presently used diagnostic criteria for sepsis
in adults as defined by sepsis-3 (6). Unlike sepsis in adults, similar harmonized criteria for
pediatric sepsis have not been established (247).

There was considerable homogeneity between groups of patients included and not included for
MNGS analysis (Table 3.4). Of the patients with unknown cause and included for mNGS, the
most frequent clinical entity was acute respiratory infection followed by systemic infection,
diarrhea, and central nervous system (CNS) infection (Table 3.4). Thirty-nine patients (37 adults

and 2 children) were recorded as deceased by day 28, accounting for 5.9% of the total patients.
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Table 3.4 Demographics and clinical data of CA sepsis patients with unknown origin

Vietnamese patients

Thailand patients

Patients of unknown etiologies

Patients not included for mNGS

Patients of unknown etiologies included

Patients not included for mNGS

) . included for mNGS analysis” analysis for mNGS analysis analysis

Baseline characteristics - - - -

Total Adults Children Total Adults Children Total Adults Children Total Adults Children

(n=386) (n=213) (n=173) (n=363) | (n=162) (n=201) (n=279) (n=172) (n=107) (n=471) (n=203) (n=268)
Gender (male) 224 (58) 122 (57.3) | 102 (59) 204 (56) | 84 (41) 120 (59) 156 (56) 100 (58) 56 (52.3) 265 (56.3) 117 (57.6) | 148 (55.2)
Age
<12 months NA NA 45 (26) NA NA 75 (37.3) NA NA 8(7.5) NA NA 38 (14.2)
>=] — <5 years NA NA 100 (57.8) | NA NA 106 (52.7) | NA NA 41(383) | NA NA 133 (49.6)
>=5 — <18 years NA NA 28 (16.2) NA NA 20 (10) NA NA 58 (54.2) NA NA 97 (36.2)
>=18 — <40 years NA 94 (44.1) NA NA 68 (42) NA 30(17.4) NA 50 (24.6) NA
>=4(0 — <60 years NA 67 (31.5) NA NA 60 (37) NA 55(32) NA 64 (31.5) NA
>=6() years NA 52 (24.4) NA NA 34 (21) NA 87 (50.6) NA 89 (43.8) NA
Geographic location
North Vietnam 123(32) 68 (32) 55(32) 127 (35) | 57 (35) 70 (34)
Central Vietnam 141(37) 79 (37) 62 (36) 108 (30) | 46 (28) 62 (31)
South Vietnam 122(32) 66 (31) 56 (32) 128 (35) | 59 (37) 69 (34)
Chang Rai 83 (29.7) 68 (39.5) 29 (27.1) 167 (35.5) | 80(39.4) 87 (32.5)
Bangkok 97 (34.8) 45 (26.2) 38 (35.5) 153 (32.5) | 57 (28.1) 96 (35.8)
Ubon Ratchathani 99 (35.5) 59 (34.3) 40 (37.4) 151 (32) 66 (32.5) 85 (31/7)
SOFA score®
<=1 NA 159 (75) NA NA 87(53.7) | NA NA 46 (26.7) NA NA 51(25.1) NA
>=) NA 54 (25) NA NA 75(46.3) | NA NA 126 (73.3) NA NA 152 (74.9) | NA
Clinical presentation*®
Respiratory infection 158(41) 97 (45) 61 (36) 212 (58) | 70 (43) 142 (71) 109 (39.1) | 72 (41.9) 37 (34.6) 204 (43.3) | 81(39.9) 123 (45.9)
Diarrhea 36 (9) 25 (12) 11 (6) 15 (4) 10 (6) 5(2) 36 (12.9) 20 (11.6) 16 (15) 62 (13.2) 30 (14.8) 32(11.9)
CNS infection 40 (10.5) 8 (4) 32 (18) 42 (12) 14 (9) 28 (14) 46 (16.5) 24 (14) 22 (20.6) 66 (14) 32 (15.8) 34 (12.7)
Systemic infection 152 (39.5) | 83 (39) 69 (40) 94 (26) 68 (42) 26 (13) 59 (21.1) 35(20.3) 24 (22.4) 72 (15.3) 39 (19.2) 33 (12.3)
Respiratory and diarrhea 29 (10.4) 21(12.2) 8(7.5) 67 (14.2) 21 (10.3) 46 (17.2)
28-day mortality
Yes 10 (2.6) 8(3.7) 2(1) 16 (4) 9(5) 703 29 (10.4) 29 (16.9) 0 32 (6.8) 32 (15.8) 0
No 373 (96.6) | 203 (95.3) | 170 (98) 337 (93) | 149 (92) 188 (94) 236 (84.6) | 140 (81.4) 96 (89.7) 424 (90) 170 (83.7) | 254 (94.8)
Unknown 3(<1) 2(1) 1(<1) 10 (3) 4(3) 6(3) 14 (5) 3(L.7) 11(103) | 153.2) 1(0.5) 14 (5.2)

Notes to Table 3.3: “Data were presented as n (%); NA: not applicable; *only available for adult patients; *defined based on major clinical symptom: Acute respiratory infection was defined as
manifestation of at least one respiratory symptom for no longer than 14 days. Acute diarrhea was defined as diarrhea for no longer than 14 days. Acute CNS infection was defined as manifestation of
CNS symptoms for no longer than 14 days or presence of signs of CNS infection on admission. Systemic infection was defined as absence of acute respiratory infection, acute diarrhea and acute

CNS infection
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3.2. An overview of viral-like sequences detected by mMNGS:

Six MiSeq runs (5 for samples from Vietnam and 1 for samples from Thailand) were conducted.
Subsequently, a total of over 26 million reads; median (reads/sample): 432,682; range: 540 —
1,916,73 (Appendix 4A) were obtained from 8 pools and 458 individual samples from Vietnam.
As for Thai patients, over 24 million reads (median number of reads per samples (range):
139,142 (6,508 — 999,198)) was generated from 87 pools and one single sample (Appendix 4B).
Despite the inclusion of a nuclease digestion step prior to NA isolation, viral reads only
accounted for a small proportion of total reads, ranging from 168,028 (2.5%) to 287,307 (8.4%)
reads/run for Vietnamese samples, and 109,472 (0.44%) reads/run for Thai samples.

Evidence of sequences related to 47 viral species belonging to 21 families were detected in the
samples included for analysis (details below). The detected viruses included those known to
cause human infections, those with unknown pathogenicity, and viruses that have previously
been reported to be contaminants found in MNGS datasets or have not been reported in human
samples as detailed below. Additionally, co-detection of >2 viruses in the same samples/patients
was recorded in 16 patients (Table 3.5). None of the 10 Vietnamese fatal cases had a viral
etiology identified by mNGS. Two of 29 Thailand fatal cases were detected with EBV

sequences.
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Table 3.5 Co-detection of >2 viruses in the same samples/patients

Detie:ted Serum Pooled nasal-throat swabs Stool
1 Adult HBV HBV and Measles
virus
| Child Enterovirus, Ipﬂuenza A and ND
Cytomegalovirus
1 Child CyClOV.lms VN. and Cytomegalovirus ND
Gemycircularvirus
. Enterovirus and
I Child Human rhinovirus A ND
| Child Entergwrus anq ND
Epstein Barr virus
1 Child Enterovirus Cytomegalov1ms and ND
Epstein Barr virus
Vietnamese Human immunodeficiency
. 1 Adult virus, Hepatitis C virus and ND ND
patients .
Human Pegivirus 2
1 Adult HBYV and Dengue ND ND
I Adult | ND ND Measles and
Salivirus A
Cytomegalovirus and
1 Child ND Human respiratory syncytial | ND
virus
| Child ND Cytomegaloylrus and Human ND
mastadenovirus
| Child ND Human hferpesvu'us 6 and ND
Saffold virus
| Child ND Enterovirus and . ND
Human metapneumovirus
1 Adult Humap alphah.erpesvm.ls 1,
Epstein Barr virus
Thglland 1 Child Epstein Barr virus Human .
patients mastadenovirus
1 Child Human mastadenovirus Human .
mastadenovirus

3.2.1. Detection of viruses known to cause human infection:

Samples from Vietnam:

Of 466 samples including 458 single samples and 8 pools, NA sequences of 21 viral species
known to be infectious to humans were detected in 137 (137/466, 29%) clinical samples from
125 (125/386, 32%) individuals by viral metagenomics. The detection rate was reduced to
12.8% (60/466) samples from 13.4% (52/386) of 386 patients included for mNGS after specific
PCR confirmatory testing. There was a significant difference in the number of viral reads

generated by mNGS between the groups of samples that were subsequently PCR positive and
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negative (Appendix 5), while the total number of reads obtained was similar between the two
groups (median (range): 493,794 (11,076 — 1,203,206) vs. 461,486 (16,470 — 1,770,372),
p=0.58). The number of reads per samples in the group of samples in which a virus was found
by mNGS and subsequently confirmed by PCR was significantly higher than that in the group
without a virus found (median (range): 493,794 (11,076 — 1,203,206) vs. 365,974 (540 —
1916732), p=0.004), suggesting that the diagnostic yield of mNGS is dependent on the
sequencing depth (i.e. the number of reads generated per sample).

Of the detected viruses, EV was the most common virus (14/386, 3.6%) followed by HBV
(9/386, 2.3%), CMV (9/386, 2.3%), human rhinovirus (HRV) (5/386, 1.3%), EBV (5/386,
1.3%), rotavirus (3/386, 0.7%) (Figure 3.4A). The detailed information about the number of

viral reads and genome coverage is summarized in Appendix 6.
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Figure 3.4 Bar chart showing the number of viruses known to be infectious to humans or previously
reported in human tissues detected by mNGS followed by PCR confirmation testing. (A) Vietnamese
samples, (B) Thailand samples.

Samples from Thailand

Samples were grouped into 87 pools and one single sample for analysis (Figure 3.3.) Evidence
of sequences related to 13 human viral species belonging to 6 different families was documented
in 63 (71.6%) pools (Figure 3.4B). Only one CSF had no evidence of viral sequences detected
by mNGS. After virus-specific PCR confirmatory testing, the detection rate was reduced from
71.6% (63/88) to 34% (30/88) (Figure 3.4B). Subsequent PCR testing of individual specimens
of pools with positive PCR results confirmed the presence of 11 virus species in 39/351 (11.1%)
of samples from 36/279 (13%) of patients with CA sepsis of unknown cause in Thailand. Among
detected viruses, EBV (10/279, 3.6%) and DENV (9/279, 3.2%) were the most common virus
detected, followed by HCV (4/279, 1.4%), CMV (4/279, 1.4%), ADV (3/279, 1%), HBV (3/279,

1%) and HIV (2/279, 0.7%) (Figure 3.5).
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Figure 3.5 Bar chart showing viruses detection by PCR confirmation on individual samples collected
from Thailand patients with suspected CA sepsis.

3.2.2. Detection of sequences related to viruses with unknown pathogenicity:

Of 386 Vietnamese patients included for mMNGS analysis, sequences related to four recently
discovered viruses (gemycircularviruses, WU-polyomavirus, human pegivirus 2 (HPgV-2) and
cyclovirus-VN), whose pathogenicity or tropism remains unknown, but genetic materials have
previously been reported in human samples, were identified by mNGS in 3.4% of samples. After
specific PCR testing, the confirmed number of positive patients was reduced to 2.1% (including
gemycircularvirus (5/386, 1.3%), WU-polyomavirus (1/386, 0.26%), HPgV2 (1/386, 0.26%)
and cyclovirus-VN (1/386, 0.26%)) (Figure 3.5A). For data generated from Thailand samples,
no sequences related to such viruses of unknown pathogenicity was found.

Annellovirus-like sequences were found in the majority of the tested samples, 362/466 (77%)
and 62/88 (70%) in Vietnam and Thailand samples, respectively. While sequences related to
GB virus C were found in 5 tested samples (4/466 (<1%) individual samples from Vietnam and

1/87 (1%) pooled sample from Thailand), human papillomavirus sequences were found in 1/466
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(<1%) Vietnamese sample. Because these viruses are common non-pathogenic infections, they
were not subjected to subsequent PCR confirmatory testing.
3.2.3. Detection of sequences related to contaminants and or viruses not previously
reported in human samples:
Sequences related to common contaminants of mMNGS datasets (including parvo-like hybrid
virus (248), and kadipiro virus (249)) were detected in 96 and 5 samples, respectively
(Appendix 7). Additionally, sequences related to numerous viruses that have not previously
been reported in human tissues were also found (Appendix 7).
3.3. Virus detection by mNGS followed by PCR confirmatory testing in different sample
types:
After confirmatory testing, results of individual samples were available for informative pool
analysis (i.e. combining data from both sites). The detection rates for human viruses or viruses
reported in human tissues were 8% (52/642) for sera/EDTA plasma, 34% (55/162) for pooled
nasal-throat swabs and 25% (8/32) for stool samples, while all 7 CSF samples were all negative.
More viruses were found in pooled nasal-throat swabs than in other sample types (Figure 3.6A).
Of the tested sera, 12 different viral species were detected (including well-established human
pathogens; HBV (n=12), DENV (n=11), EV (n=9), HCV (n=6), rotavirus A (n=3), HIV (n=3),
human parechovirus (n=1), HRV (n=1) and EBV (n=1) (Figure 3.6A).
Overall, viral richness documented in Vietnamese patient samples was higher than that of Thai
patient samples. For instance, influenza A and B viruses were detected in respiratory samples
of Vietnamese patients but in none of Thai samples. While HBV and EVs together made up the
majority of viruses detected in sera of Vietnamese patients (Figure 3.6B), DENV dominated

among viruses detected in sera/EDTA plasma of Thailand patients (Figure 3.6C).
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Figure 3.6 The number of viruses detected by mNGS, which were then confirmed by viral specific PCR, in different clinical sample types. (A)
Combined data from Vietnam and Thailand samples, (B) Vietnamese samples, (C) Thailand samples.
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3.4. Viral detection in different patient groups and clinical entities by mNGS followed by
PCR confirmatory testing:
Regardless of clinical sample types, pooled analysis for combined data from both sites showed
that the highest number of distinct viral infections was recorded in patients presenting with CNS
infection (18/86, 21%), followed by patients with respiratory infection (57/306, 18.6%), and
patients with diarrhea (10/74, 13.5%) (Figure 3.7A and 3.8A). A similar trend was observed for
data from Vietnam (Figure 3.7B and 3.8B). However, of the patients from Thailand, those with
virus respiratory infections had more viral species detected and highest diagnostic yield

compared to other clinical entities (Figure 3.7C and 3.8C).

Of the Vietnamese patients presenting with CNS infection, picornaviruses were the most
common viruses detected (Figure 3.8B), including enterovirus accounting for 7/15 (47%)
detected viruses (6 in sera and 1 in a pooled nasal-throat swab), and HRV detected in a serum
sample. Of the diarrhea patients, rotavirus, a well-known cause of diarrhea, was detected in
blood of three patients (2 children and one adult). Meanwhile, EBV was the predominant virus
detected in Thai patients presenting with respiratory illness. Otherwise, the remaining viruses

were sporadically detected in samples of patients from both sites.

In terms of age groups, EV, CMV and other respiratory viruses (e.g. respiratory syncytial virus
(RSV) and HRV) were more frequently detected in children than in adults (Figure 3.7C).
Meanwhile, blood-borne viruses (HIV, HCV and HBV) were more often found in adults than
in children (Figure 3.7B). DENV and EBV were commonly found in both age groups.
Parechovirus, an established cause of pediatric infections, was detected in one Vietnamese adult

presenting with systemic infection.
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Figure 3.8 Viral detection by mNGS, which were then confirmed by viral specific PCR, in different clinical entities. (A) Combined data from

100



Of the 180 adults with a SOFA score of >2, 6 Vietnamese and 13 Thailand patients had a
potential viral etiology identified. The detected viruses included EBV (n=6), HBV (n=4), DENV
(n=4), measles (n=3), HCV (n=3), rotavirus A (n=2), Gemycircularvirus, Salivirus A and HSV

(1 each)) (Table 3.6).

Table 3.6 Viral species found in adult patients with a SOFA score of >2

Pati Sera/EDTA Pooled nasal and throat
atients Stool
plasma swabs
1 Rotavirus A ND ND
2 Hepatitis B virus ND Measles and hepatitis B
. virus
V';’;?izmise 3 | Dengue — D ND
4 Gemycircularvirus | ND ND
5 ND Epstein-Barr virus ND
6 ND ND Measles and Salivirus A
7 Hepatitis C virus ND ND
8 Hepatitis C virus ND ND
9 Hepatitis C virus ND ND
10 Hepatitis B virus ND ND
11 Hepatitis B virus ND ND
12 Dengue virus ND ND
Thailand 13 Dengue virus ND ND
patients 14 Dengue virus ND ND
15 ND Epstein-Barr virus ND
16 ND Huma_n alphah_erpesvirus 1, ND
Epstein-Barr virus
17 ND Epstein-Barr virus ND
18 ND Epstein-Barr virus ND
19 ND Epstein-Barr virus ND

Note to Table 3.6: ND: not detected

3.5. Genetic characteristics of detected human viruses in samples of CA sepsis patients
from Vietnam and Thailand:

Excluding anellovirus related sequences; mNGS generated sufficient sequence data for

informative genetic characterization and phylogenetic inference of EVs, HBV, Dengue virus in

19 samples of CA sepsis patients from Vietnam (n=15) and Thailand (n=4).

All seven complete viral capsid protein 1 (VP1) sequences of EVs were isolated from

Vietnamese samples. Phylogenetically, all were classified into six different serotypes of

enterovirus A or B (echovirus 3, echovirus 6, echovirus 9, echovirus 16, coxsackievirus A2 and
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coxsackievirus A6) (Figure 3.9), supporting previous reports about circulating EVs in Vietham
(250,251).

Seven complete HBV genomes isolated from Vietnam (n=6) and Thailand (n=1) samples. While
Vietnamese strains belonged to genotypes HBV-B (n=5) and HBV-C (n=1), Thailand strain
belonged to genotype HBV-C (Figure 3.10). Within genogroup HBV-C lineages, Vietnamese
and Thailand strains located in two distinct clusters. However, Vietnamese strain showed
closely related with previously reported strains from Thailand.

For DENV, the reconstructed tree derived from six complete E gene sequences obtained by
mNGS and global representatives (Figure 3.11) showed that the Thailand sequences belonged
to serotypes 3 and 4, while Vietnamese sequences were classified into serotype 2. As for other
viruses, due to the small number of genomic sequences recovered (Vietham: gemycircularvirus
(2), RSV, influenza B virus, HCV, measles, WU-polyomavirus and cyclovirus-VN (1 each);

Thailand: ADV (2), HIV (1)), similar phylogenetic inference was deemed uninformative.
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mNGS (blue triangles) and representative EV serotypes.
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4. Discussion:

| present the results of MNGS to explore the human virome in 665 patients presenting with CA
sepsis of unknown cause enrolled in a multicenter observational study across Vietnam (n=386)
and Thailand (n=279) from 2013 to 2015. | identified 22 viral species known to be infectious to
humans in 90 (13.5%) of 665 patients presenting with CA sepsis of unknown cause. Similar
diagnostic yields were also obtained for samples from each site. The study, however, cannot
directly impute sepsis causation involving the viruses identified. More specifically, on several
occasions, viral detection in non-sterile materials such as respiratory (including EBV and CMV)
and stool samples may simply reflect the carriage of such viruses in those bodily compartments
rather than a clinical association. Similarly, viral detection (e.g. enterovirus) in blood of cases
with asymptomatic infection has previously been reported (252). Additionally, the detection of
blood-borne viruses such as HBV, HIV and HCV in sera samples might represent underlying
diseases and not the causative pathogens leading to the hospital admission, although the
detection of HIV RNA in a serum sample of patients presenting with systemic infection and
CNS infection may suggest acute HIV infection. However, together with the clinical and
epidemiologic data, the results present a provocative argument for a wide range of viral

pathogens that might be associated with CA sepsis in Southeast Asia.

Epidemiologically, my results support previous findings regarding the frequent detection of
common viruses in corresponding clinical entities and age groups. For examples, | only found
rotavirus in patients with acute diarrhea and RSV, and detected viruses of the Picornaviridae
family (HRV and EV) mostly in children, while HBV, HCV and HIV mainly are detected in
adults. Additionally, I detected parechovirus in blood of an adult presenting with acute systemic
infection. Parechoviruses are a well-known cause of disease in children, ranging from acute
gastrointestinal/respiratory infections to meningitis, but have increasingly been reported to

cause infections in adults (253).
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Additionally, my analysis also demonstrated the levels of viral richness and diversity were
slightly different between Thailand and Vietnam. For instance, more viral species were found
in Vietnamese patients than in Thai patients, despite similar diagnostic yields for both patient
groups. Additionally, I found more samples positive for Dengue in Thai patients than in
Vietnamese patient, while influenza viruses were only detected Vietham. Both Thailand and
Vietnam are endemic countries for Dengue, whilst influenza viruses are circulating globally.
Thus, the differences might simply reflect the association with the fluctuation in prevalence of
these viruses in respective countries during the study period.

Non-polio enteroviruses like EV-A71 and EV-D68 have become serious global threats. In fact,
EV-AT1 has overwhelmed countries of the Asia-Pacific region (including Vietnam) with large
outbreaks of severe hand, foot and mouth disease since 1997 (254,255). Recently, EV-D68 has
emerged and caused large outbreaks of respiratory infections in the U.S. and is
epidemiologically linked with acute flaccid myelitis (109). Collectively, the data presented here
combined with results of the original report (26) expand our knowledge about the clinical burden
posed by non-polio enteroviruses (HRV and particularly diverse EV serotypes) and
parechoviruses in Vietnam.

MNGS detected several recently discovered viruses (saffold virus, salivirus A, Wu-
polyomavirus, gemyecircularvirus and HPgV-2), representing the first detection of these viruses
in Vietnam and Thailand, and adding to the growing literature about the geographic distribution
of these newly identified viruses. Saffold virus and salivirus A have been linked to
gastrointestinal and/or respiratory infection, respectively (238,256-258), while the former has
also been reported to be associated with myocarditis and aseptic meningitis (259,260).
Additionally, using a mouse model, studies have shown the neurotropic potential of saffold virus
(260-262). The pathogenicity of Wu-polyomavirus, gemycircularvirus and HPgV-2 remains

unresolved. Likewise, it is imperative to conduct follow-up studies to determine whether the
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detected sequences related to viruses that have not previously been reported in human tissues
are derived from other sources, and whether the respective viruses are infectious to humans.

The results of the present investigation also emphasize the utility of sera samples for assessing
the etiology of sepsis. Indeed, viruses of the family Picornaviridae (enterovirus, rhinovirus, and
parechovirus), Flaviviridae (DENV) and Caliciviridae (rotavirus) were detected by mNGS in
the included sera. Notably, as per the design of the original etiological study, sera were not
tested for these viruses by PCR (26). Likewise, while it remains unknown why the original study
failed to detect common causes of respiratory/enteric infections (influenza A/B virus, EV, etc.)
in pooled-nasal swabs by multiplex PCR assays and substantial cases of DENV in serum/plasma
samples (26), a slight decrease in sensitivity of the multiplex PCR assays used as compared to

that of respective monoplex PCR assays has been reported elsewhere (236).

Virus detection by mNGS is based on the detection of matching viral reads regardless of their
number or resulting genome coverage. While few metagenomic studies published to date
reported the use of specific PCR to subsequently verify metagenomic results, the failure of viral
specific PCR to confirm the original mNGS detections for many patients in the present study
may be a consequence of cross-talk (bleed over) contamination occurring as part of the
sequencing procedure, a well-documented phenomenon (263-265). An alternative explanation
is the low sensitivity, likely attributed to nucleotide mismatches, of some of PCR primers used
to confirm infection.

The analytical approaches were slightly different for samples from Vietnam (mostly individual
samples were analysed) and Thailand (mostly samples were analysed in pools). Despite these
variations, comparable detection rates by mNGS were obtained, 13.4% (52/368) for Vietnamese
patients and 13.6% (38/279) for Thai patients. Thus, the data suggest that the absence of human
viral pathogens in 87% of 665 patients may be attributed to some possibilities. It might be the

case that the sensitivity of current mNGS approach was not sufficient to detect pathogens
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presenting in the tested samples with low viral load. This is even more prominent in cases where
the number of reads obtained were supposedly insufficient (Supplementary Figure 1), as
suggested by the difference in the number of obtained reads between the groups of samples with
and without a virus identified. Clearly, future research should address at what level of
sequencing depth mNGS based approaches need to achieve in order to reach the required
sensitivity, while maintaining the cost effectiveness. Of equal importance is to identify the
factors (e.g. sample types and library preparation/sequencing methods) that may affect the
sequencing depth (i.e. the number of reads obtained) and the assay sensitivity. Additional
possibilities include the presence of sepsis pathogen in non-analyzed tissues, the presence of
non-viral pathogens (e.g. bacteria and parasites) in tested specimens, and/or the inclusion of
patients with non-infection (e.g. those caused by toxicity with clinical presentations mimicking
infections) in the study.

In summary, | report the application of mMNGS in patients presenting with CA sepsis of unknown
etiology. My results highlight challenges in identifying possible viral culprits in patients with
CA sepsis, and that diverse viral agents might be responsible for such devastating conditions in
tropical settings like Southeast Asia. Therefore, rigorous testing for a wide range of viral
pathogens in samples from different body compartments collected early after symptom onset
when viral loads are usually highest is likely to have the greatest yield. Under these
circumstances, mMNGS is a promising approach because of its capacity to simultaneously detect
and genetically characterize viral pathogens in patient samples without the need of prior
knowledge about genomic information of the targeted pathogens, thereby enhancing the ability

to identify infectious etiologies of sepsis, and facilitating optimal targeted management.
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Chapter 4: Detection and Characterization of Human Pegivirus 2 in

Vietnam

1. Introduction:

Recently, a new pegivirus species, namely human pegivirus 2 (HPgV-2) or human hepegivirus
1 (herein | use the term HPgV-2), of the genus Pegivirus and the family Flaviviridae was
discovered by two independent research groups in the United States (266,267).

HPgV-2 genome is positive single-stranded RNA with about 9,8kb in length. It consists of a
single open reading frame encoding for a multifunctional polyprotein (266). Genetically, the
level of nucleotide identity between individual HPgV-2 strains identified to date ranges from
93% to 94.4%, while it shares <32% amino acid similarity with the other pegivirus species (266).
Existing evidence suggests that HPgV-2 is a blood-borne virus and is more frequently detected
in patients with HCV infections, particularly HCV and human HIV co-infection, although
detection rates vary between studies and patient groups. In the U.S. study by Berg et al, HPgV-
2 was detected in 11/982 (1.1%) of patients with active HCV infections, while HPgV-2 RNA
was absent in patients with HIV or HBV infections (n=494 and 488, respectively) as well as in
volunteer blood donors, who were HIV, HBV and HCV negative, (n=476) (266). Most recently,
HPgV-2 RNA was detected in 0.29% (7/2440) and 3.47% (7/202) of HCV mono-infected
patients and HCV/HIV co-infected subjects in China, respectively (268). Among injection drug
users, HPgV-2 RNA was detected in 10.9% (17/156) of individuals who were either HCV or
anellovirus SEN virus D positive, in the U.S. (269), and in 5.7% (4/70) and 3% (8/270) of HCV
and HIV co-infected subjects in Guangdong and Sichuan, respectively, in China (270).
HPgV-2 viremia has been shown to persist for up to 6158 days (267,269) suggesting that HPgV-

2 can establish chronic infection. Although factors predisposing to chronic infection are unclear,
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codependence between HPgV-2 other viruses, particularly HCV, may play a role analogous to
that of HBV and hepatitis delta virus (271).
Given the high burden of HCV and HIV infections worldwide, and the potential clinical
significance of HPgV-2, in this chapter | further characterized the HPgV-2 sequences detected
in a HIV and HCV co-infected patient by mNGS in Chapter 3. | also aimed to investigate the
geographic distribution, genetic diversity, and prevalence of this virus to help prioritize the
development and implementation of appropriate intervention strategies.
2. Methods and materials:
2.1. Patients and clinical samples for initial viral metagenomic analysis:
Patient information and clinical samples were derived from a multicenter observational study
designed to evaluate the causes of CA sepsis in children and adults in Southeast Asia, as
described in Chapter 3 (26). All patients enrolled at sites in Vietnam who did not have an
etiology identified via extensive clinical and reference laboratory work-up in the original study
were selected for additional viral metagenomic analysis in this study, as described in Chapter 3.
2.2. Clinical samples and viral metagenomic datasets for subsequent human pegivirus 2
screening:
After the initial detection of HPgV-2 in plasma of one patient of the CA sepsis infection cohort,
| expanded the testing to other clinical studies and metagenomic datasets to further investigate
its prevalence and genetic diversity. These consisted of patients with HCV (n=394), HBV
(n=103), hepatitis A virus (HAV) (n=71), HIV (n=78) and healthy control subjects (n=80)
(Table 4.1). These patients participated in a clinical trial evaluating the hepatic safety of
raltegravir/efavirenz-based therapies in antiretroviral-naive HIV- infected subjects co-infected

with HCV.
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Table 4.1 Samples and viral metagenomic datasets used for screening of HPgV-2, and screening

results
Disease No. | Screening approach Det_ected Enrol_ment Setting
in period
. HPgV-2 specific
He_patltls c PCRgand re?erence-
virus and . 2010 -
HIV 79 based mapping of 5 2013 _ _ _
coinfection® obtained ylral Hospltal_ for_ Trop_lcal D_|seases, Ho
metagenomics data Chi Minh City, Vietnam
HIV mono- 78 HPgV-2 specific 0 2010 -
infection PCR 2013
Hepatitis A 71 HPgV-2 specific 0 2012 -
virus PCR 2016
Hepatitis B 103 HPgV-2 specific 0 2012 - Hospital for Tropical Diseases, Ho
virus PCR 2016 Chi Minh City, Dong Thap General
Reference-based Ho§pit_al, Dong_ Thap, Khanh Hoa
Hepatitis C mapping of obtained 2012 — Provincial .Ho.spltal, N_ha Trang, Dac
virus* 394 viral metagenomics 0 2016 Lac Proylnmal Ho§p|tal, Dac Lac,
data Hue National I—_|osp|tal, Hue; All in
Vietnam
Healthy 80 HPgV-2 specific 0 2010 - Hospital for Tropical Diseases, Ho
volunteers PCR 2013 Chi Minh City, Vietnam

Note: *Whole-genome sequences of hepatitis C virus were obtained using a viral metagenomics approach (221). The resulting
metagenomics datasets were then subjected to a reference-based mapping approach to search for the presence of HPgV-2 sequences.

2.3. HPgV-2 PCR:

A previously described multiplex real time PCR (RT-PCR) targeting two different conserved
regions of the HPgV-2 genome (5’ untranslated region (5’UTR) and non-structural 2-3 coding
region (NS2/3)) were employed to screen for HPgV-2 in clinical samples (245). In details, the
multiplexed RT-PCR was carried out using the SuperScript 111 One-Step gRT-PCR System with
Platinum Tag DNA Polymerase (Invitrogen, Carlsbad, CA, US) and performed in a LightCycler
480 Il machine (Roche Diagnostics GmbH, Mannheim, Germany). The PCR reaction contained
5ul of viral RNA, 12.5ul of 2x reaction mix, appropriate concentrations of primers and probes
(245) and 0.5pl of enzyme mix. The thermal cycling condition consisted of one cycle of 60°C
for 30 min, 95°C for 1min followed by 40 cycles of 95°C for 30s, 60°C for 1min (including
fluorescence acquisition) and 72°C for 30s. Details of used reagents and thermal condition were

listed in Table 4.2.
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Table 4.2 List of reagents, primer sequences and thermal cycling condition used for multiplex HPg-V2
RT PCR assay.

. s 2 . Used volume Thermal cycling
Reagents Oligo sequences 5°-3 Concentration (per reaction) condition
Reaction mix NA 2X 12.5ul
Enzyme mix NA 10U/l 0.5ul
HpgV-2 5UTR
forward primer CGCTGATCGTGCAAAGGGATG 10uM 0.4ul 60°C for 30 min.
95°C for 1 min,
';'e?/ge\r/sf i?gg GCTCCACGGACGTCACACTGG 10uM 1.6ul followed by 40cycles
P &5 of 95°C for 30s and
- - 0, -
HpgV-2 SUTR | <o) ccacTecaTACAGCCTGA 10pM 1.6ul 60°C for 1 min (read),
probe T-BHO2 and 72°C for 30s, and
HoaV-2-NS2 37°C for 40s
PgV-2-N GTGGGACACCTCAACCCTGAA 10uM 0.3ul
forward primer | G
HpgV-2NS3 | CATTGACCGACCTGTCAGGGA 10uM 0.3ul
reverse primer | AGA
] FAM-
HpgV ZbNSZ/ 3 | ccteeTTTCCAGCTEAGTGCT 10uM 0.5ul
probe CC-BHQ1

Note: NA: not applicable

2.4. Whole genome sequencing of HPgV-2:

To recover the whole-genome sequences of HPgV-2, HPgV-2 positive samples were re-
sequenced using the viral metagenomics assay described above. However, to increase the
chance of obtaining more HPgV-2 sequences from each individual samples, the sequencing
depth was increased by reducing the total number of samples multiplexed in one run (i.e. from
96 to 6 samples).

To close the remaining gaps (when relevant), several overlapping PCR primers designed based
on the obtained HPgV-2 sequences were employed. For each PCR amplification, Super Script
I11 one-step RT PCR with platinum Taq high fidelity DNA polymerase (Invitrogen) was used
together with the corresponding PCR primer sets. The obtained PCR products were directly
Sanger-sequenced using corresponding PCR primers. PCR primers and PCR conditions are

listed in Table 4.3.
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Table 4.3 List of primers used to close the gaps of HPgV-2 genomes

Name of primers

Oligo sequences (5°-3°)

Thermal cycling conditions

HPgV-2-3491F2 CTTTACTGAGGTCGTGGATG I cycle of 30min at 55°C, 2min at 94°C and
40 cycles of 15s at 94°C, 30s at 55°C and 1
HPgV-2-4924R2 CAACACCCGCAGTCGATGAC min at 68°C and 7 min at 68°C

HPgV-2-5874F4

GTCTGCTCTGTGCTGGTTGTC

1 cycle of 30min at 60°C, 2min at 94°C and
40 cycles of 15s at 94°C, 30s at 60°C and 1

HPgV-2-681 1R4 TGCCATTTGTCGCCCCGCCG min at 68°C and 7 min at 68°C
HPgV-2-3491F2 CTTTACTGAGGTCGTGGATG 1 cycle of 30min at 50°C, 2min at 94°C and
) 40 cycles of 15s at 94°C, 30s at 50°C and 1
HPgV-2-R-inAmp2 GAGTATGTTGGTGTCACAGC min at 68°C and 7 min at 68°C
HPgV-2-F-inAmp2 GCTGTGACACCAACATACTC 1 cycle of 30min at 50°C, 2min at 94°C and
40 cycles of 15s at 94°C, 30s at 50°C and 1
HPgV-2-4924R2 CAACACCCGCAGTCGATGAC min at 68°C and 7 min at 68°C

HPgV-2-7759F-ref

GAGTCTGTGACGTCAATGGAG

HPgV-2-9284R-3UTR

CATATCAGTCCTGATGGCGCG

1 cycle of 30min at 55°C, 2min at 94°C and
40 cycles of 15s at 94°C, 30s at 55°C and 1
min at 68°C and 7 min at 68°C

HPgV-2-F2-S62 GAACTAACGCAGCAGCTCTC 1 cycle of 30min at 55°C, 2min at 94°C and
40 cycles of 15s at 94°C, 30s at 55°C and 1
HPgV-2-R2-S62 CATAAAAGACCATGGCGCTC min at 68°C and 7 min at 68°C
HPgV-2-F2-S65&278 | CTGACCCAATACTCAGTGTG 1 cycle of 30min at 52°C, 2min at 94°C and
40 cycles of 15s at 94°C, 30s at 52°C and 1
HPgV-2-R3UTR-S278 | GTAAACGCGCGATGTGTCTG min at 68°C and 7 min at 68°C
HPgV-2-1368F1 CCACCAGCACCGATTTCCGC 1 cycle of 30min at 55°C, 2min at 94°C and
40 cycles of 15s at 94°C, 30s at 60°C and 1
HPgV-2-R1-1 CATATACATGGCGCACGCTC min at 68°C and 7 min at 68°C
HPgV-2-F1-1-S62 GGCGAGTATTTGGTCTAGAG 1 cycle of 30min at 52°C, 2min at 94°C and
40 cycles of 15s at 94°C, 30s at 55°C and 1
HPgV-2-R1-S62 CATCCACGACCTCAGTAAAG min at 68°C and 7 min at 68°C
HPgV-2-F2-2-S65 GTTGAGCTGCTGGAAGAAAC 1 cycle of 30min at 52°C, 2min at 94°C and
40 cycles of 15s at 94°C, 30s at 55°C and 1
HPgV-2-R2-2-S65 CTGTAGGATTGCATGCATGG min at 68°C and 7 min at 68°C
HPgV-2-S278-F CTTGGTATTCGTGCAGTGAG 1 cycle of 30min at 45°C, 2min at 94°C and
40 cycles of 15s at 94°C, 30s at 45°C and 1
HPgV-2-S278-R CTGGAGTAGTTGTGTAGTAC min at 68°C and 7 min at 68°C
HPgV-2-S62-F GGTATGTCCGAAATCTATGC 1 cycle of 30min at 48°C, 2min at 94°C and
40 cycles of 15s at 94°C, 30s at 50°C and 1
HPgV-2-S62-R GGTACAGTATTTGAGGTAGC min at 68°C and 7 min at 68°C
HPgV-2—S65—F GTGATCACGGTCATGCATAC 1 cycle of 30min at 520C, 2min at 94°C and
40 cycles of 15s at 94°C, 30s at 55°C and 1
HPgV-2-S65-R CATAGGTCATATACGCCAAG min at 68°C and 7 min at 68°C

2.5. MiSeq sequence data processing:

Paired-end reads generated by Illumina MiSeq platform, were then processed to remove adapter
sequences using lllumina vendor software (Illumina). The resulting sequence data was analyzed
by an in-house viral metagenomic analysis pipeline running on a 36-nodes Linux cluster as
previously described (190). Subsequently any suspected viral hits were mapped to the
corresponding viral genome sequences using Geneious 8.1.5 (Biomatters, San Francisco, CA,

us).
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2.6. Genetic characterization and Phylogenetic analysis:

Multiple sequence alignment of HPgV-2 sequences available in GenBank and from the present
study (Vietnam: n = 5, China: n=2, UK: n = 2 and US: n = 20) and other pegivirus species
(n=83) was generated using the ClustalW alignment tool available in Geneious (Biomatters).
Maximum likelihood phylogenetic trees based on amino acid sequences of nonstructural regions
(NS3 and NS5B) and entire region of coding sequences (CDS) were reconstructed using 1Q
TREE software (v1.4.3)(246). The LG matrix with empirical amino acid frequencies, a gamma-
distribution (4 rates) and invariant sites (LG+F+1+G4) as suggested by 1Q TREE was employed
to re-construct the phylogenetic trees. Support for individual nodes was assessed using a
bootstrap procedure of 10,000 replicates.

Codon-based method (HyPhy) available in MEGAS (272) was used for measure natural
selection pressure on evolution of HPgV-2.

Screening for minor variants was performed using the single nucleotide polymorphism (SNP)
tool available in Geneious (Biomatters). A sequencing depth of 300 and minimum variant

frequency of >2.5% were chosen as cut-off values.

2.7. Sequence accession numbers:

The HPgV-2 sequences generated in this study were submitted to NCBI GenBank under
accession number MH194408-MH194413.

2.8. Ethics

The studies were approved by the corresponding institutional review board of the local hospitals
in Viet Nam where patients were enrolled, and the Oxford Tropical Research Ethics Committee.
Written informed consent was obtained from either the participant, or the participant’s parent or
legal guardian.

2.9. Contributions from others:

Clinical samples and data collection were carried out by participating clinicians and research
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staff of the respective collaborating hospitals.

3. Results:

3.1. Metagenomic detection of human pegivirus 2 sequences in a serum sample of an adult
patient with CA sepsis infection:

As described in Chapter 3, the analysis of metagenomic data revealed that in one serum sample,

of 98,344 obtained reads, 5,342, 430 and 273 reads were of HCV, HIV and HPgV-2 sequences,

respectively, which was then confirmed by corresponding HCV/HIV/HPgV-2 specific RT-

PCRs (Table 3.3). Additional HPgV-2 sequence screening and HPgV-2 RT-PCR testing did not

detect HPgV-2 in any of the remaining serum, swab or stool samples of the undiagnosed patients

included in metagenomic analysis.

3.2. Prevalence and persistence of HPgV-2 in HCV infected subjects:

In order to explore the prevalence of HPgV-2 in HCV infected patients in Vietnam, a reference-

based mapping strategy was applied to screen for HPgV-2 sequences in available viral

metagenomic datasets, which were generated from 394 plasma samples of HCV mono-infected

patients and 79 plasma samples from patients with HIV/HCV coinfection using the same viral

metagenomic procedure employed in the present study (Table 4.1). Subsequently, HPgV-2

genomic sequences were detected in five of 79 HIV/HCV co-infected individuals, but in none

of 394 HCV mono-infected subjects from Vietnam (Table 4.1).

To confirm the result of the metagenomic screening, HPgV-2 multiplex RT-PCR was then

employed to test the extracted RNA samples from all 79 HCV/HIV co-infected subjects. HPgV-

2 RNA was detectable in all five patients whose viral metagenomic results contained HPgV -2

sequences, whilst no additional HPgV-2 was detected in the remaining 74 samples.

Multiplex RT-PCR screening of HPgV-2 RNA in plasma samples of matched controls (78 HIV

infected patients and 80 healthy volunteers) of the 79 HCV/HIV co-infected patients revealed
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no evidence of HPgV-2. Additionally, HPgV-2 RNA was detected in none of plasma samples
from patients with HAV (n=71) and HBV (n=103) infection (Table 4.1).

In order to study the persistence of HPgV-2, the HPgV-2 multiplex RT-PCR was utilized to
detect HPgV-2 RNA in follow-up plasma samples collected from six patients (one from the
sepsis cohort and five from the HCV trial) whose first samples were HPgV-2 positive (Table
4.4). These six patients were also positive for HIV, HCV and HPgV-2 PCR at enrollment.
HPgV-2 RNA was detectable for up to 18 months in three out of five patients who were
HCV/HIV co-infected. In one patient, HPgV-2 RNA, but not HCV RNA became undetectable
at two follow-up time points (month 6 and 12). HPgV-2 RNA was not detected in the available

follow-up serum collected 14 days after enrolment from the sepsis patient.

Table 4.4 Detection of HPgV-2 in longitudinal samples

. Serum samples collected at
Patient

# 14 days after 6 months after 12 months after 18 months after
enrolment enrolment enrolment enrolment

1 negative* NA NA NA

2 NA positive positive positive

3 NA positive positive positive

4 NA positive positive positive

5 NA positive* positive* negative*

6 NA positive negative negative

Note: *HCV viral load undetectable, NA: not available. *All prior collected samples were PCR positive for HCV, HIV and HPgV-2.

3.3. Demographics and clinical characteristics of HPgV-2 infected patients:

Demaographic details and clinical presentations of the six HPgV-2 infected patients are presented
in Table 4.5. All infected patients were male. The patient with CA sepsis infection was recorded
as surviving to 28 days of follow up. All 5 HCV/HIV co-infected patients had CD4 counts >200
cells/ul at baseline and at 6, 12 and 18 months follow up (Table 4.5), but none received specific
anti-HCV drugs, which was attributed to drug unavailability/unaffordability during the time of
the study period. Only one patient (ID.6) had abnormal alpha-fetoprotein (AFP) levels and

fibroscan results (Table 4.5) at baseline and during follow up. During follow up, hepatitis and
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splenic abnormalities were detected in 4/5 patients, which were likely attributable to HCV

infection (Table 4.5).
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Table 4.5 Demographic and clinical features of HPgV-2 infected patients

Time HCV HPgV2 Total Direct FibroScan
Patient | Gender Age point RNA RSA Bilirubin Bilirubin AST ALT D4 count ';!IV RNA AFP result Note
(years) (months) *) *) (umol/L) (umol/L) (UIlL) (UIlL) (cells/ uL) | (x1073 copies/pL) | (mg/ml) (kPa)
1* Male >=18-<40 NA NA NA NA NA NA NA NA NA NA NA NA
baseline yes yes 9.8 0.7 30 24 331 120 1.7 11.8
1 NA NA 4.2 3 91 89 NA NA NA NA
2 NA NA 5.5 3 81 79 NA NA NA NA
3 NA NA 4.7 2.8 44 47 NA NA NA NA
2 Male 47 6 Yes yes 4.7 1.6 81 83 518 0.07 2.3 NA
9 NA NA 5.8 2.1 47 67 NA NA NA NA
12 yes yes 6.9 3.4 55 61 364 0.04 2.6 11.8 hepatitis
15 NA NA 4.7 2.3 41 43 NA NA NA NA
18 yes Yes 4.8 2.8 37 40 428 undetectable 2.14 6.1 hepatomegaly
baseline yes Yes 4.7 3.4 39 10 288 0.198 0.999 6.5
1 NA NA 13.7 5.9 63 19 NA NA NA NA
2 NA NA 9.1 3.4 33 13 NA NA NA NA
3 NA NA 9 3.8 34 12 NA NA NA NA
3 Male 3 6 yes yes 12.8 4.7 50 19 510 0.04 1.68 NA
9 NA NA 6.7 4 48 21 NA NA NA NA
12 yes yes 9.5 53 63 25 622 undetectable 1.88 6.2 liver fibrosis,
hepatomegaly
15 NA NA 7.8 24 42 26 NA NA NA NA
18 yes yes 7.6 3.8 42 23 622 undetectable 1.53 7.2 hepatitis
baseline yes yes 7.8 49 67 55 290 61.1 2.96 6.4
1 NA NA 6.7 24 54 51 NA NA NA NA
2 NA NA 13.2 6.5 66 62 NA NA NA NA
3 NA NA 9.7 3.6 44 52 NA NA NA NA
6 yes yes 10.7 6.3 77 80 411 undetectable 3.1 NA
4 Male 35 9 NA NA 8.8 4.6 66 65 NA NA NA NA
12 yes yes 8.8 3.9 76 72 337 undetectable 4 8.5 Egg;?g;gz(;?;
15 NA NA 9.2 4.3 50 46 NA NA NA NA
18 yes yes 13 6.3 108 129 455 undetectable 4.1 8.1 Sp'e“(’frirt‘,‘:g:i'g" liver
baseline no yes 4.3 2.8 33 43 291 70.2 3.67 6.1
1 NA NA 2.6 2.2 28 27 NA NA NA NA
2 NA NA NA NA NA NA NA NA NA NA
3 NA NA 9.63 4.15 40.18 32.58 NA NA NA NA
5 Male 34 6 no yes 6.5 2.1 35 43 287 undetectable 3.83 NA
9 NA NA 3.1 23 68 82 NA NA NA NA
12 no No 5.4 2.6 33 40 484 undetectable 4.48 45
15 NA NA 5.7 2.7 33 59 NA NA NA NA
18 no No 6.6 2.6 73 85 546 undetectable 3.9 3
baseline yes yes 4.5 24 52.2 36.5 295 96.8 12.7 22.8
1 NA NA 7.2 15 58 42 NA NA NA NA
6 Male 31 2 NA NA 14.8 7.2 45 24 NA NA NA NA
3 NA NA 115 3.8 44 33 NA NA NA NA
6 yes No 17.1 12.9 64 62 579 undetectable 16.74 NA
9 NA NA 10.2 8.2 114 103 NA NA NA NA
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12
15
18

mild liver fibrosis,

yes No 12.3 4.3 114 121 711 undetectable 46.3 26.3 -

mild splenomegaly
NA NA 13.6 7.3 95 o1 NA NA NA NA
yes No 10.6 49 82 89 816 undetectable 61.01 NA hepatomegaly,

splenomegaly
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3.4. Genetic characterization of Vietnamese HPgV-2 strains:

Utilizing a combination of deep sequencing and overlapping PCR approaches, five nearly
complete genomes (coverage of >92%) were obtained, whilst in one case a genome coverage of
69.1% was achieved. The results of whole genome sequencing efforts are summarized in Table

4.6.

Table 4.6 Whole genome sequencing results

Patient Genome coverage % Mean of Depth
(bp) (number of reads per nucleotide)
1 93.3% (8,897 of 9,538) 146 + 296.6
2 99.0% (9,446 of 9,538) 2060 + 2453
3 69.1% (6,590 of 9,538) 174 + 313.3
4 98.0% (9,346 of 9,538) 32531.7 + 37335.6
5 92.9% (8,857 of 9,538) 34+75
6 95.2% (9,076 of 9,538) 2022.2 + 3188.3

Pairwise comparison of 5 HPgV-2 polyprotein coding regions obtained in this study showed
overall sequence identities at the nucleotide and amino acid level of >94.6% and >95.3%,
respectively. Similar genetic distances were observed while comparing Vietnamese sequences
with global sequences as well as between global sequences (Appendix 8), suggesting a close
relatedness between Vietnamese HPgV-2 and global HPgV-2 strains. Phylogenetic analyses
revealed a tight cluster between Vietnamese viruses and global strains sampled from China, the

US and the UK (Figure 4.1).
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Figure 4.1 Phylogenetic tree of amino acid sequences of global HPgV-2 strains and other pegiviruses.

Trees were based on amino acid sequences of CDS (A), NS3 (B) and NS5B (C) proteins, respectively.

Vietnamese HPgV-2 strains were denoted in red, and those from the U.S., UK, and China are in green,
yellow and blue, respectively. Scale bars indicate number of amino acid substitutions per site.

3.5. Intra-host variants and natural selection:

The depth of deep sequencing results was sufficient for intra-host diversity investigation in 2/6
samples under-investigation. In total, there were 26 and 37 positions carrying minor variations
detected in each corresponding dataset, of which 38% (10/26) and 35% (13/37), respectively,
were nonsynonymous (Table 4.7).

The estimated ratios of nonsynonymous/synonymous of polyprotein coding and individual
protein coding genes of HPgV-2 were well below 1 (Appendix 9), suggesting that the evolution

of HPgV-2 was driven by purifying selection.
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Table 4.7 List of nonsynonymous minor variations

Patient Change Mutation Site Gene Minor variant frequency
(%)
A->G T>A 540 S 2.9
A->G S>G 159 E2 6.2
T->C S>G 1592 E2 2.8
G->A K>R 1786 E2 23.8
T->C L>P 2542 X 3.3
A->G S>G 2664 X 18.5
2 C>T L>F 5391 NS3 24.8
A->C I>L 5529 NS4A 25
A->G R>K 5752 NS4B 12.3
C>G P>A 6690 NS5A 20.7
C>T R>C 8682 NS5B 10.2
G->A R>H 8893 NS5B 6.4
T->G W>G 9294 NS5B 2.6
G->A N>S 1039 El 36
G->A T>A 1188 E2 34.5
G->A K>R 1786 E2 19.6
A->G T>A 2271 X 33.3
4 C>T F>L 2433 X 49.9
C>T I>T 3244 NS2 20.8
T->C P>S 5225 NS3 48
A->G R>K 6304 NS4B 13
G->A A>T 7968 NS5B 28.4
G->A H>R 8386 NS5B 12

4. Discussion:

| report the detection and genetic characterization of HPgV-2 in Vietnam, and describe the
observed demographic and clinical characteristics of HPgV-2 infected patients.

Together with previous reports from China, Iran, Cameroon and the U.S. (266—
268,270,273,274), my findings further emphasize the strong association between HPgV-2 and
HCV, especially HCV/HIV co-infection. The absence of HPgV-2 in 394 HCV infected patients
may have been attributed to the small sample size and the fact that the reported prevalence of
HIV among HCV-infected patients was <6.5% (275,276). Of note, HPgV-2 was detected in only
0.29% of HCV mono-infected patients in China.

Previous reports have shown that HPgV-2 viremia can either be transient or persistent. Likewise,

in the present study, HPgV-2 RNA became undetectable after 14 days in a HCV/HIV co-
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infected patient presenting with community-acquired infection of unknown origin, but remained
detectable in other HCV/HIV patients through up to 18 months of follow-up.

The pathogenic potential of HPgV-2 remains unknown. However, given its low detection rates
in blood donors in the U.S. and China (266,268), and absence in healthy subjects (present study),
but tight association with HCV/HIV infection, its role in the natural history of HCV/HIV
disease/response to treatment warrants further research.

In the era of sequence-based virus discovery, a key question is whether the detected genome
represents live virus or a non-replication competent genome. Addressing this question would
require recovery of virus in cell culture. However, the detection of minor variations across two
HPgV-2 genomes in this study suggests that possibly viral replication had occurred in the
infected patients.

Phylogenetically, the close relatedness between Vietnamese HPgV-2 strains and global strains
suggests HPgV-2 has a wide geographic distribution.

My study has some limitations. First, | only retrospectively tested available archived samples
without formal sample size estimation, which may have explained the absence of HPgV-2 in the
remaining 394 HCV patients. Second, a serological assay was not employed to screen for HPgV-
2 specific antibodies in patients’ plasma. Third, only multiplex PCR with primers based on a
limited number of available HPgV-2 sequences were utilized. Therefore, genetically diverse
HPgV-2 strains may have been missed. Collectively, the prevalence of HPgV-2 infections in
Vietnam may have been underestimated.

Collectively, the results expand our knowledge about geographic distribution, demographics
and genetic diversity of HPgV-2. Because HCV and HIV infections are major global public
health issues, the extent to which HPgV-2 may interact with HCV/HIV in co-infected patients

with possible clinical consequences, warrants further research.
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Chapter 5: Viral metagenomic analysis of cerebrospinal fluid from
Vietnamese patients with acute central nervous system infections of

unknown origin

1. Introduction:

Here | focused on using a mNGS approach to search for known and unknown viruses in CSF
samples collected from Vietnamese patients with CNS infections of unknown causes who were
enrolled in a hospital-based surveillance study conducted during 2012—2016.

2. Materials and methods:

2.1. The clinical study and selection of cerebrospinal fluid samples for mNGS analysis:
The study used CSF samples collected from patients with suspected CNS infection enrolled in
a hospital based surveillance program conducted in Vietnam from December 2012 to October
2016 (277). The study was conducted as part of the VIZIONS (Vietnam Initiative on Zoonotic
Infections) project (277), and patient recruitment was carried out at seven provincial hospitals
across Vietnam. After collection, as per the study protocol, all CSF samples were tested for a
range of pathogens by using the diagnostic work-up of the clinical study (Appendix 3). The
remaining volume of the CSF samples were stored at -80°C for further testing.

Here, | focused on samples collected from patients of unknown origin from 4 provincial
hospitals in central (Hue and Khanh Hoa), highland (Dak Lak), and southern (Dong Thap)
Vietnam (Figure 5.1), representing 3 distinct geographic areas in Vietnam. To increase the
chance of detecting a virus in the CSF samples, only patients with CSF leukocyte counts >5

cells/mm?2 and an illness duration <5 days were selected.
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841 CNS infection patients (from December 2012 to October 2016)

424 Adults: 114 from Hue, 158 from DakLak, 70 from KhanhHoa and 82 from DongThap
417 Children: 113 from Hue, 154 from DakLak, 91 from KhanhHoa and 59 from DongThap

¢ Hue

Routine diagnosis: 841

+ Bacterial subculture: 749 Daklak '
+ Bacterial/Viral PCR: 812

+ JEV/DEN ELISA: 799 DongThap.

s KhanhHoa

232 (28%) cases with an etiology identified 609 (72%) cases with unknown origin

204 cases selected for mNGS
(WBC >=5, illness day <= 5)

Figure 5.1 Flowchart showing an overview of diagnostic results of the original study of patients with
suspected CNS infections admitted to one of the study settings in Vietnam from December 2012 to
October 2016. The map indicates places (red dot) where samples were collected.

2.2. mNGS and sequence data analysis:

The optimised mNGS assay described in Chapter 2 was used to analyse the selected CSF
samples. To identify potential viral hits, the obtained sequences were analysed using an in-house
viral metagenomic pipeline running on a 36-node Linux cluster as described in Chapter 3.

2.3. PCR confirmatory testing of mNGS results:

PCR assays were carried out to confirm mNGS hits for each specific virus identified from the
viral metagenomic pipeline. Depending on availability of CSF, the PCR confirmations were
performed either on leftover NA or newly extracted NA. A viral mMNGS result was considered
positive only if it was subsequently confirmed by PCR analysis of the original NA samples. The
nucleotide sequences of primers and probes used for PCR confirmatory testing in the current

study were presented in Table 5.1 (278).
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Table 5.1 List of primers and probes used for PCR confirmatory

Viruses Oligo sequence (5-3) Sources
Forward Reverse Probe
FAM-
HBV (TEEQECCCTGCTCGTGT %gﬁgﬁé?;gg’*cc TGTTGACAARAATCCTCACAAT d";‘;"‘gg ;
ACCRCAGA-TAMRA g
FAM-
Rotavirus PR ICTWCACRTRA | GETEASATAACGCC | ATGAGCACAATAGTTAAAAGCT | (231)
AACACTGT CAA-BHQL
CY5-
Enterovirus CCCTGAATGCGGCTAA | ATTGTCACCATAAG | ACCCAAAGTAGTCGGTTCCG - (232)
T CAGCC
BHQ3
GGTGCGAGAGCGTC g?gTRTCATCATYT
HIV1 ATGGGTRAARGTARTA | CTGCCTGRTGYCCY (235)
GAAGAAAAGGG CCCACTA
GTGGTAATGGTCGTCG | CCTCATCATTCGTAG (243)
GTATTC TAAGCAATCTCA
Gemycircularvirus
AGTCCTGAATGTTTCC | CAAGCGTTCCCTCG Newly
ACTCG AAAATGAC designed
GAGCGCACATTGAAAG | TCTCCTCCTTCAATG | FAM-
Cyclovirus VN privee: ACAGAAACAAR CGADAATAAGGMATACTGCTCT |  (244)
AAA AAA AAAGSTGGCG-BHQL
Molluscum AACCTACGCTACCTGA | CAGGCTCTTGATGG 279)
contagiosum virus | AGMTGGA TCGARATGGA

2.4. Serotype identification and phylogenetic analysis:

For EV serotype determination based on the obtained sequences generated by viral mMNGS, a
publically available genotyping tool was used (280). To determine the relationship between EV
strains sequenced in the present study and global strains, I first performed pairwise alignment
using ClustalW tool available in Geneious 8.1.5 (Biomatters), and then reconstructed a
maximum likelihood phylogenetic tree using 1Q tree (v1.4.3) (246). Similar phylogenetic
approach was utilized for other viruses.

2.5. Sequence accession number:

The generated sequences of this study were submitted to GenBank (PRINA561465).

2.6. Ethics:

The study was approved by the corresponding institutional review broad of local hospitals in
Vietnam, where the patients were enrolled, and the Oxford Tropical Ethics Committee. Written

informed consent was obtained from each study participant or a legal guardian.
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2.7. Contributions from others:

Clinical samples and data collection were carried out by participating clinicians and research
staff of the respective collaborating hospitals. Although, I led the experiment design and conduct
the most of the laboratory work of the laboratory work, | also received support in conducting
some of the PCR confirmatory experiments from Ms Le Nguyen Truc Nhu and Ms Nguyen Thi
Thu Hong from Emerging Infections group, OUCRU. The in-house viral metagenomic pipeline
was conducted at the lab of Prof Eric Delwart at Blood Systems Research Institute, San
Francisco, California, United State, with help from Dr Xutao Deng.

3. Results:

3.1. CSF samples available for mNGS analysis:

From the aforementioned clinical study, a total of 841 patients with suspected CNS infection
were enrolled from Hue, Khanh Hoa, Dak Lak or Dong Thap provincial hospitals. Of these
609/841 (72%) patients had no etiology identified. The etiological profiles of the patients in
whom a pathogen was detected will be separately reported. Of the patients in whom a pathogen
was not identified, 204 met the selection criteria and their CSF samples were included for viral
MNGS analysis (Figure 5.1).

3.2. Baseline characteristics of included patients:

The baseline characteristics and outcome of the 204 study patients are presented in Table 5.2.
Male patients were predominant. A substantial proportion of the patients were seriously ill; fatal
outcome was recorded in 22 (11%), while incomplete recovery or deterioration (reflected by
being transferred to other hospitals) were recorded in 17% (n=35) and 16.5% (n=34) of the

patients, respectively.
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Table 5.2 Baseline characteristics and clinical data of patients with acute central nervous system
infections enrolled for mMNGS analysis of CSF samples, Vietnam, December 2012—October 2016*

Patients with
Enterovirus

Patients with unknown

Patients with mNGS
cause enrolled for

Characteristics

i = i
mNGS (n = 204) negative (n = 174) detected (n = 23) value
Sex
Male 135 (66) 114 (65.5) 15 (65)
Female 69 (34) 60 (34.5) 8 (35)
Age, y, median (range) 20.5 (0-92) 24 (0-92) 13 (2-27) 0.005
Location
Hue 37 (18) 28 (16) 9(39)
Dak lak 98 (48) 87 (50) 10 (43.5)
Khanh Hoa 28 (14) 22 (13) 4 (17.5)
Dong Thap 41 (20) 37 (21) 0
3-d fever (at enrollment or preceding 3 d)
Fever 148 (72.5) 126 (72.4) 17 (74) 0.054
Temperature, C°, median (range) 39 (37.5-42.0) 39 (37.5-42.0) 38.5 (38.0-40.5)
Fever with unknown temperature 29 (14.2) 22 (12.6) 6 (26)
No fever 20 (9.8) 19 (11) 0
Unknown 7 (3.5) 74 0
Outcome
Death or discharge to die 22 (11) 22 (12.6) 0
Discharge with complete recovery 108 (53) 86 (49.4) 18 (78.3)
Discharge with incomplete recovery 35(17) 31(17.8) 2(8.7)
Transfer to another hospital 34 (16.5) 30(17.2) 3(13)
Other (patient request) 3(1.5) 3(1.7) 0
Unknown 2(1) 2(1.3) 0
CSF white cells, cells/mm?, (median (min-max) 88.5 (5-40,000) 71.5 (5-40,000) 110 (8-1200)  0.343

Note:*Values are no. (%) unless indicated, CSF, cerebrospinal fluid; mNGS, metagenomic next-generation sequencing.
Statistic comparisons were performed for groups of patients with mNGS-negative results and enterovirus detected, by Mann-Whiney
test.

3.3. mNGS results: a general description

Two hundred and four CSF samples were subjected to three NGS runs. A total of 108 million
reads (median number of reads per samples (range): 445,412 (430 — 908,890)) were obtained.
Of these, viral reads accounted for 0.64% (n=692,731, median number of reads per sample
(range): 2,001 (4-268,933)). Excluding common contaminants and commensal viruses such as
TTV, which are not reported here, sequences related to a total of eight distinct viral species were
identified in 107/204 (52.4%) patients. These are viruses that are either known to be infectious
to humans (EVs, rotavirus, molluscum contagiosum virus, human papillomavirus, HIV and
HBYV), or without evidence of human infections beside prior detection in “sterile” human

samples (cyclovirus-VN, gemycircularvirus) (Figure 5.2).
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Human_papillomavirus# g 4

Mumps_virus g 1

B mNGS results confirmed by PCR
Gemyecircularvirus_SL1 I 1

B mNGS results
Cyclovirus_ VN gm »

Hepatitis_B_virus 34

Human_immunodeficiency_virus 6

Rotavirus s 8

1
Molluscum_contagiosum_virus _ 13
23
Enterovirus A/B _ 90

Figure 5.2 Number of cerebrospinal fluid samples with detected viruses by metagenomic next-
generation sequencing and then confirmed by virus-specific PCR or reverse-transcription PCR,
Vietnam, December 2012-October 2016. Samples were collected from patients with suspected central
nervous system infection. Note: #: Confirmatory testing was not performed due to unavailable of PCR
assay

3.4. mNGS result assessment by specific PCR analysis:

After viral specific PCR confirmatory testing, the proportion of patients in whom a virus was
found by mNGS was reduced from 53% (108/204) to 14.7% (30/204). Accordingly, the number
of viral species was reduced from eight to five (Figure 5.2) with EVs being the most common
virus detected, accounting for 11.3% (23/204) of the included patients, followed by HBV (n=3),
HIV (n=2), gemycircularvirus and MCV (1 each) (Figure 5.2). Because of the focus of the
present study and the availability of PCR assays, confirmatory testing for papillomavirus was
not carried out.

3.5. Characteristics of the 23 enterovirus infected patients

All 23 EVs infected patients were admitted to hospitals from the central or highland areas (Table
5.3), and none were from Dong Thap province. Male patients were slightly predominant,
accounting for 56%. Notably, the EVs infected patients were younger than those who were
MNGS negative (Table 5.2). At discharge, incomplete recovery or transfer to other hospitals due
to disease deterioration were recorded in 21.7% (Table 5.2).
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Temporarily, EVs cases were not detected between January 2015 and December 2016. During
2013 and 2014, there were two main peaks observed from March to July and September to
December (Figure 5.3A), with cases from Dak Lak and Khanh Hoa contributing to the first peak
(Figure 5.3B&C) and cases from Khanh Hoa and Hue contributing to the second (Figure
5.3C&D).

HBV, HIB, gemycircularvirus and MCV were detected in a total of six patients. Their general

baseline characteristics are presented in Table 5.3.
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Figure 5.3 Temporal distribution of enterovirus cases detected from CSF samples of patients with

suspected CNS infection by mNGS and RT-PCR. Enterovirus RT-PCR results were obtained from the

original study.
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Table 5.3 Baseline characteristics, and CSF white cell count of patients with viruses detected by

mNGS.
Hepatitis Human Molluscum Gemycircularvirus
Characteristics B virus immunodeficiency  contagiosum (n=1)
(n=3) virus (n=2) virus (n=1)

Male, n(%) 3(100) 2(100) 1(100) 1(100)
Age (median; min-max) 42(16-63) 57.5(49-66) 7 12
Location

Hue, n(%) 0 0 0 0

Dak lak, n(%) 0 0 1(100) 0

Khanh Hoa, n(%) 2(75) 0 0 0

Dong Thap, n(%) 1(25) 2(100) 0 1(100)
3-day fever (at enrollment or last three days)

Fever, n(%) 3(100) 1(50) 1(100) 0

Temperature, C°, median (range) 38(38-39) 39 385

Fever with unknown temp, n(%) 0 0 0 1(100)

No fever, n(%) 0 1(50) 0 0

Unknown, n(%) 0 0 0 0
Outcome
Death or discharged to die, n(%) 0 0 0 0
Discharge with complete recovery, n(%) 2(75) 0 1(100) 1(100)
IrI]D(lojoc)harged with incomplete recovery, 1(25) 1(50) 0 0
Transferred to another hospital, n(%) 0 1(50) 0 0
Other (patient request), n(%) 0 0 0 0
Unknown, n(%) 0 0 0 0
CSF white cells, cells/mm?, 1530
(median (min-max) (7-2590) 835(340-1330) 0 60

3.6. Genetic characterization of enteroviruses and gemycircularvirus

MNGS generated sufficient sequence information for EVs serotyping assessment in 11/23 cases.
Subsequently, results of serotyping analysis based on the NGS sequences showed that E30 was
the most common serotype detected (n=9, 39% of EVs), followed by EV-AT71 and enterovirus
B80 (1 each, 4.3%). Phylogenetically, the nine E30 strains sequenced in the present study
belonged to two distinct genogroups, V and VIIb, and showed close relationship with E30
strains circulating in Russia and elsewhere in Asian countries (including China) (Figure 5.4).
In additional to EV sequences, a gemycircularvirus genome was obtained from a 12 year-old-
boy. Phylogenetic analysis revealed that this gemycircularvirus strain was closely related to a
gemycircularvirus species previously found in CSF sample from a patient with CNS infections
of unknown origin in Sri Lanka (243), with the level of amino acid identities between the two

strains being 98.79% for Rep and 99.3% for Cap protein sequences.
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Figure 5.4 Phylogenetic tree of complete vpl sequences of echovirus 30 (E30) (876 nt) (n = 298)
isolated from CSF samples of patients with suspected CNS infection. The inner color-strip indicates for
different countries of E30 isolates included in the tree. The outer color-strip indicates 7 genogroups,
including genogroup I, 11, II1, 1Va, IVb, V, VI, Vlla and VIIb. The E30 sequences generated by mNGS

were highlighted in red color. The outgroup is echovirus 21 Farina.
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4. Discussion:

| present a viral mNGS investigation characterizing the human virome in CSF of 204
Vietnamese patients with suspected CNS infection of unknown origin. | successfully detected
four human viral pathogens (EVs, HIV, HBV and MCV) and one virus species
(gemycircularvirus) of unknown tropism and pathogenicity in a total of 30 of 204 (14.7%)
patients. The majority of patients therefore remained without a known etiology. It therefore
remains a challenge to identify a plausible viral pathogen in CSF of patients with CNS
infections.

EVs were the most common viruses found in 11.3% (23/204) of all analyzed patients (Figure
5.2), the majority being children and young adults. This observation on the age distribution of
EVs infected patients was in agreement with observational data from a previous report from
Vietnam (95) while the median of age was slightly higher compared with data from other
countries (281,282). Geographically, all the EVs infected patients were admitted to hospitals
from central and highland Vietnam, and none was from southern Vietnam. The underlying
mechanism determining this observed spatial pattern of EVs positive cases in this study
remained unknown. It might have been that the sampling time scale was not long enough to
capture the circulation of EVs in Dong Thap province. Indeed, EV's were previously reported as
one of leading cause of CNS infection in across central and southern Vietnam (91,95,96).
Collectively, RT-PCR testing for EVs should therefore be considered in children and young
adults presenting with CNS infections.

Of the detected EVs, E30 was the most common serotype. E30 is a well-known pathogen of
pediatric aseptic meningitis worldwide (283). Phylogenetically, at global scale E30 belongs to
two different lineages with distinct patterns of circulation and spread; one with a global
distribution and the other one with geographic restriction within Asia (283). The co-circulation

of two E30 lineages in Vietnam suggests that E30 was imported into Vietnam on at least two
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occasions. My analyses thus also contributed to the body of knowledge about the genetic
diversity of E30 strains circulating in Vietnam.

The detection of blood borne viruses such as HBV and HIV is unlikely to have a direct link with
patients’ neurological symptoms, although HBV has previously been reported in CSF of patients
with CNS infections of unknown origin (284). The detection of HIV in CSF might have been a
consequence of traumatic tap occurring during the lumbar puncture as reflected by the presence
of a high number of red blood cells in one of two HIV positive CSF (data not shown). However,
neuro-invasion of HIV has also been reported (285). Likewise, the pathogenic potential of a
gemycircularvirus genome requires further investigation, although the detection of the
gemycircularvirus genome in CSF has been reported in several papers in CSF (243,284,286).
The detection of MCV and papillomavirus in CSF may result from contamination of viral skin
flora during lumbar puncture.

Similar to results of Chapter 3 about discrepancy between mNGS and conventional diagnostic
testing (278,284,287), | observed that the majority of mNGS positive results were not confirmed
by subsequent viral (RT-) PCRs, especially the sensitive EVs RT-PCR with a limit of detection
of around 9 copies per reaction (232). Such results could be a result of bleed over (also called
index hopping) of indices from reads of one sample into reads of another co-sequenced on the
same Illumina run (288). Notably, the application of double indexes, which was not utilized in
the present study, has been shown to significantly reduced although not eliminate the cross-
contamination phenomenon between samples in the same run.

My study has some limitations. Firstly, as outlined above, | did not employ double unique index
combination strategy per sample as part of the sequencing procedure. The well-known index
hoping phenomenon possibly explains the high discrepancy between confirmatory PCR and
MNGS results F(53,79,81), and emphasizes the usefulness of dual indexing and including no

template controls. As such, | pragmatically chose to verify my mNGS by performing specific

137



PCR on original materials. Secondly, the DNase treatment step in my assay meant to reduce
cellular DNA concentration in CSF, which may reduce the sensitivity of mMNGS for the detection
of DNA viruses such as HSV (172,289). Thirdly, some of the non-PCR confirmed viral
sequences likely originated from contamination of reagents a lingering problem for mNGS
(290,291).

In summary, my results emphasize mMNGS can detect a broad range of viral nucleic acids in
CSF. In spite of extensive investigation, it remains a challenge to establish the etiology in many
patients with CNS infections. EVs are important causes of viral CNS infections in Vietnam, and
thus should be considered as a differential diagnosis among young patients presenting with CNS

infections.
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Chapter 6: The utility potential of metagenomics for the diagnosis of central

nervous system infections

1. Introduction:

From the diagnostic perspective, a recent prospective study in the United States compared the
diagnostic performance of routine diagnostic tests with metagenomic next-generation
sequencing (MNGS) and showed that mMNGS detected a bacteria or virus in the CSF of 13 of 58
patients presenting with meningoencephalitis that were negative or not assessed for with routine
diagnostic tests (287). Otherwise, studies to date were either case reports or retrospectively
performed with small sample sizes (175,216), but few have been carried out in limited resource
settings like Vietnam. Such studies would have significant implications for both disease
surveillance and patient management. Herein, | report the results of a pilot assessing the utility

potential of mMNGS for the diagnosis of CNS infections.

2. Materials and Methods:

2.1. Setting, patient enrolment and data collection

The study was conducted in a brain infection ward of the Hospital for Tropical Diseases (HTD)
in Ho Chi Minh City, Vietnam between January 2015 and September 2016. One of the aims of
the study was to improve the diagnosis in patients with meningoencephalitis using mNGS. The
study enrolled consecutive adult patients (>18 years) with an indication for lumbar puncture
admitted to the study site during the study period. Patients were excluded if pyogenic bacterial
meningitis (cloudy or pus-like CSF) was suspected, lumbar puncture was contra-indicated, or
no written informed consent was obtained from the patient or their relatives.

As per the study protocol, CSF samples were collected alongside demographic and clinical data
(including discharge outcome), and the results of routine diagnostic testing. After collection, all

clinical specimens were stored at -80°C for subsequent analyses, including assessment of MNGS
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performance against that of routine diagnostic assays. Here | focused on patients with
meningoencephalitis regardless of the results of routine diagnosis. Additionally, as negative
controls, | used one CSF from a patient presenting with cerebral hemorrhage and one from a
patients with laboratory confirmed anti-N-methyl-D-aspartate receptor (292).

2.2. Routine diagnosis:

As part of routine care at HTD, CSF specimens of patients presenting with brain infections were
examined using standard methods when appropriate (Appendix 10). More specifically, all CSF
were cultured and/or examined by microscopy for detection of bacterial/fungal/M. tuberculosis
infection. HSV PCR was carried out on patients presenting with clinically suspected
meningoencephalitis. VZV PCR, serological testing for IgM against DENV, JEV or Mump virus
was performed if clinically indicated and testing for other pathogens (HSV) was negative (91).
2.3. mNGS assay:

A recent report showed that the DNase treatment step utilized as part of mMNGS procedure to
reduce the host DNA could hinder the detection of HSV in CSF samples (293). This is because
CSF is likely to contained naked DNA of HSV rather mature viral particles. Therefore, to allow
for the detection of both RNA and DNA viruses, each CSF sample was subjected to two different
metagenomic approaches, namely RNA-virus and viral DNA-virus workflows (Figure 6.1). For
RNA-virus workflow, the procedure of mNGS assay optimized in Chapter 2 with sample pre-
treatment approach #1 (simultaneous DNase and RNase treatment of the original sample without
pre-centrifugation) was used. For viral DNA-virus workflow, viral DNA was directly isolated
from 200l of CSF samples without the nuclease treatment step using DNeasy blood and tissue
kit (QIAgen GmbH) and was recovered in 50ul of elution buffer. Both random PCR products
and isolated viral DNA were separately sequenced on an Illumina MiSeq platform. The

sequencing procedure was described in Chapter 2.
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Tuberculous meningitis Meningoencephalitis Other diagnosis (n=37) and no
n=187 n=79 data (n=1)

RNA library DNA library
DNase + RNase treatment Viral DNA extraction
l
Viral RNA extraction
dsDNA + rPCR

Sequencing analysis by bioinformatic pipeline

l

Figure 6.1 Flowchart illustrating an overview about the DNA and RNA virus workflows.
Abbreviations: CSF, cerebrospinal fluid; DENV, dengue virus; ds, double-stranded; JEV, Japanese
encephalitis virus; mNGS, metagenomic next-generation sequencing; PCR, polymerase chain reaction
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2.4. mNGS data analysis:

The mNGS data generated by Illumina MiSeq platform was analysed using an in-house viral
metagenomic pipeline running on a 36-nodes Linux cluster as described in Chapter 3.

2.5. PCR confirmation of viral hits detected by mNGS and expanded PCR testing:
Because of the uncertainty in the diagnostic performance of mMNGS, and the focus of the present
study, specific PCRs were performed to confirm mNGS hits matching to the genomes of
neurotropic viruses. Viruses of unknown neurotropic property and well-known contaminants of
MNGS dataset were not pursued further by subsequent PCR analysis. The PCR experiments for
neurotropic viruses were either carried out on leftover extracted RNA/DNA after the mNGS
library preparation experiments or on newly extracted NA. An mNGS result was only
considered positive if it was subsequently confirmed by a corresponding viral PCR analysis of
original NA materials derived from corresponding individual samples. All PCR primers and
probes used were derived from previous publications (231,232,294) (Appendix 11).

2.6. GenBank accession numbers:

Metagenomics data were deposited to NCBI (GenBank) under the SRA accession:
PRINAS58865.

2.7. Ethics:

The clinical study received approvals from the Institutional Review Board of the HTD and the
Oxford Tropical Research Ethics Committee of the University of Oxford. Written informed
consent was obtained from each study participant or relative (if the patient was
unconsciousness).

2.8. Contributions from others:

Clinical samples and data collection were carried out by participating clinicians and research
staff of the respective collaborating hospitals. Although, I led the experiment design and conduct

the most of the laboratory work of the laboratory work, | also received support in conducting
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some of the PCR confirmatory experiments from Ms Le Nguyen Truc Nhu and Ms Nguyen Thi
Thu Hong from Emerging Infections group, OUCRU. The in-house viral metagenomic pipeline
was conducted at the lab of Prof Eric Delwart at Blood Systems Research Institute, San
Francisco, California, United State, with help from Dr Xutao Deng.

3. Results:

3.1. Baseline characteristics of the patients included for mNGS

During the study period, a total of 304 patients were enrolled in the clinical study, including
tuberculous meningitis (n=187), meningoencephalitis (n=79), other diagnosis (n=37) and no
data (n=1). The results of the tuberculous meningitis diagnostic arm have been published
elsewhere (295). Of the 79 patients with a discharge diagnosis of meningoencephalitis, 66 (84%)
had CSF samples available for mNGS analysis (Figure 6.1). These patients were the focus of
the present study regardless of the results of routine diagnosis.

The baseline characteristics of the 66 patients included in the study are presented in Table 6.1.
HIV testing was carried out on 24 patients but none was positive. Male patients were
predominant. On admission, 35% of the patients were comatose (Glasgow Coma Score <13).
Routine diagnostic tests identified a virus in 15/66 (22.7%) the patients (Figure 6.2 and
Appendix 12), with HSV being the commonest cause (n=7), followed by Mump virus (n=4),
DENV (n=2), JEV (n=1) and VZV (n=1) (Figure 6.2). One patient died, and almost all (n=58)

has some neurological deficit at discharge from hospital (Table 6.1).
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Table 6.1 Baseline characteristics of the study patients and patients infected with herpes simplex virus,

enterovirus or mumps virus

Characteristics Total (n=66)* HSV(n=7)** EVs (n=7)* Mumps virus
(n=5)*
Demographics
Gender (male), n(%) 39 (59) 4 (57) 5/7 (71) 5 (100)
Age in years 35 (15-84) 45 (25-53) 32 (22-57) 39 (32-61)
IlIness day on admission (days) 5 (1-30) 5 (2-14) 3.5 (2-6) 3 (2-5)
Duration of hospital stay (days) 5 (1-76) 5 (3-67) 2 (1-4) 4 (3-35)
HIV status, n (%)
Positive 0 0 0 0
Negative 24 (36) 1(14) 4 (57) 1 (20)
Unknown 42 (64) 6 (86) 3(43) 4 (80)
Clinical signs and symptoms, n(%)
Fever 58 (88) 7/7 (100) 6 /7 (86) 5 (100)
Headache 58 (88) 7/7 (100) 6 /7 (86) 5 (100)
Irritability 15 (23) 1/7 (14) 1/7 (14) 0
Lethargy 18 (28) 3/6 (50) 1/7 (14) 0
Vomiting 34 (52) 4/6 (67) 5/7 (71) 3(60)
Seizures 23 (36) 2/6 (33) 0/7 2 (40)
Conscious 46 (70) 6/7 (86) 1/7 (14) 2 (40)
Skin rash 6 (9) 017 0/7 0
Hemiplegia 5 (8) 2/7 (29) 0/7 0
Paraplegia 1(2) 0/7 1/7 (14) 0
Tetraplegia 1(2) 0/6 0/7 0
Neck stiffness 45 (68) 6/7 (86) 5/7 (71) 3 (60)
Glasgow coma score of <8 7 (12) 3/7 (43) 0/7 1(20)
Glasgow coma score of 9-12 16 (24) 217 (29) 1/7 (14) 1 (20)
Glasgow coma score of 13-15 43 (65) 2/7 (29) 6 /7 (86) 3 (60)
CSF cells and biochemistry
White cells (cells/uL) 101 708 503 683
(0-4183) (38-1571) (20-961) (27-2146)
Neutrophils (%) 13 9 24 18
(0-96) (2-61) (0-47) (3-23)
Lymphocytes (%) 86.5 91 76 82
(1-100) (39-98) (53-99.9) (77-97)
Protein (g/L) 0.7 1.36 0.71 0.67
(0.2-8.9) (0.75-2.17) (0.47-1.18) (0.45-2.42)
CSF/Blood glucose ratio 0.61 0.55 0.71 0.52
(0.34-1.04) (0.47-0.61) (0.59-0.85) (0.49-0.81)
Lactate (mmol/L) 2.65 3.52 25 29
(1.4-14.03) (2.02-4.83) (1.9-3.8) (1.9-4.3)
Antiviral treatment, n(%)
Oral acyclovir 2(3) NA NA NA
Intravenous acyclovir 8 (13) 6/6 (100) NA NA
Oral valacyclovir 44 (72) NA NA 1 (20)
Modified Rankin Scale at discharge®, n (%)
0 8 (13) 1/7 (14) 1/7 (14) 1 (20)
1 12 (19) 0 1/7 (14) 3(60)
2 10 (15) 0 4/7 (58) 0
3 25(39) 3/7 (43) 1/7 (14) 1(20)
4 4 (6) 0 0 0
5 4 (6) 3/7 (43) 0 0
6 1(2) 0 0 0

Note: Continuous variables are presented as medina (range); *Denominators may vary slightly, **diagnosed by current standard tests of the
routine diagnosis, “diagnosed by mNGS followed by PCR confirmatory testing; *diagnosed by current standard tests, expanded PCR testing
and mNGS combined; #0: full recovery with no symptoms, 1: No significant disability, 2: Slight disability, 3: Moderate disability, 4:

Moderately severe disability, 5: Severe disability, and 6: Dead.
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Routine diagnostics DNA library

90.9% (60)
77.3% (51)

RNA library RNA + DNA library, expanded PCR and
routine diagnostics combined

1.5% (1)

87.9% (58)
65.2% (43)

7.6% (5)
\ 1.5% (1)
1.5% (1)

3.0% (2)

BHSV ®EVs "MuV ®VZV ®JEV ®DENV ¥ Unknown

Figure 6.2 Results of mNGS investigations using DNA/RNA workflows and routine diagnostics as
well as expanded PCR testing. Abbreviations: DENV, dengue virus; EV, enterovirus; HSV, herpes
simplex virus; JEV, Japanese encephalitis virus; MuV, mumps virus; PCR, polymerase chain reaction;
VZV, varicella zoster virus.

3.2. An overview of mNGS:

The 68 included CSF samples (including two negative controls) were separately sequenced
using both DNA- and RNA-virus workflows in a blinded fashion. Subsequently, a total of
62,565,802 and 49,233,869 reads were obtained from the DNA and RNA libraries, respectively
(Appendix 13). Sequences related to 29 viral species were detected, with 23 found in the RNA
and seven found in the DNA library (Figure 6.2 and Figure 6.3). The detected viruses included
viruses known to cause CNS infections, and those with unknown neurotropic property (TTV
(n=14) and herpes virus 8 (n=4)). Additionally, previously reported common contaminants of
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mNGS dataset were also found (290,296), almost exclusively found in the RNA-virus library

(Figure 6.3).
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Figure 6.3 Bar chart showing the frequency of common contaminants and viruses of unknown
neurotropic property (human herpes virus 8 and Torque teno virus) found in cerebrospinal fluid (CSF)
samples by both DNA (M2) and RNA (M1) workflows and viruses in negative control (NC) CSF.
Abbreviations: ds, double-stranded,; ss, single-stranded.

3.3. Detection of viruses in CSF samples positive by routine diagnosis

Of the 15 CSF samples positive either by PCR or serological testing as part of routine care,
MNGS was able to detect a viral pathogen in 5/7 HSV, 1/1 VZV, 1/4 Mump virus, 0/2 DENV
and 0/1 JEV positive samples (Figure 6.2). None of the HSV and VZV sequences were found

in the library of the RNA-virus workflow (Table 6.2).
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Table 6.2 Results of viral PCR and metagenomic analysis

CSE _ Real-time PD gs(ﬁ%gg’t Total _ Num_ber of (%) of mMNGS
number Virus PCR of routine metagenomic _unique viral library
Ct value reads viral reads reads*
care (Y/N)
1 HSV 25.01 Y 326,396 49 0.015 DNA
2 HSV 28.01 Y 588,504 184 0.031 DNA
3 HSV 30.36 Y 996,348 6 0.001 DNA
4 HSV 23.77 Y 1,145,710 243 0.021 DNA
5 HSV 28.71 Y 346,166 11 0.003 DNA
6 HSV unavailable Y 1,345,954 0 0.000 DNA
7 HSV 31 Y 891,566 0 0.000 DNA
8 VZV 22.7 Y 1,335,288 152 0.011 DNA
9 Mumps 35.2 ND 975,714 6 0.001 RNA
10 Enterovirus 33.36 ND 539,752 21 0.004 RNA
11 Enterovirus 34.25 ND 635,310 38 0.006 RNA
12 Enterovirus 34.79 ND 765,564 10152 1.326 RNA
13 Enterovirus 34.78 ND 732,634 89 0.012 RNA
14 Enterovirus 31.23 ND 988,668 2415 0.244 RNA
15 Enterovirus 32.3 ND 594,964 100 0.017 RNA
16 Enterovirus 35.65 ND 543,912 21 0.004 RNA
17 Enterovirus Negative ND 579,486 2 0.000 RNA
18 Enterovirus Negative ND 571,902 2 0.000 RNA
19 Enterovirus Negative ND 720,042 4 0.001 RNA
20 Enterovirus Negative ND 511,608 1 0.000 RNA
21 Enterovirus Negative ND 818,654 2 0.000 RNA
22 Enterovirus Negative ND 513,428 5 0.001 RNA
23 Enterovirus Negative ND 1,197,290 13 0.001 RNA
24 Enterovirus Negative ND 923,908 4 0.000 RNA
25 Enterovirus Negative ND 993,918 1 0.000 RNA
26 Enterovirus Negative ND 1,302,784 20 0.002 RNA
27 Enterovirus Negative ND 1,628,722 7 0.000 RNA
28 Enterovirus Negative ND 1,181,716 24 0.002 RNA
29 Enterovirus Negative ND 926,462 22 0.002 RNA
30 Enterovirus Negative ND 938,524 20 0.002 RNA
31 Enterovirus Negative ND 1,028,194 12 0.001 RNA
32 Enterovirus Negative ND 1239458 4 0.000 RNA
33 Rotavirus Negative ND 1176486 24 0.002 RNA

Note: *denominators are the total reads of the corresponding samples, ND: not done, Y:yes, N:no

3.4. Detection of sequences related to human pathogenic viruses in CSF negative by
routine diagnosis and results of PCR assessment of mNGS results

Of the 51 CSF samples that were negative by routine diagnosis, sequences related to neurotropic

viruses were found in 24 (48%) by mNGS (Table 6.2). The detected viruses included EVs

(n=23) and rotavirus (n=1). Additionally, of the two CSF samples from non-CNS affected

patients, one had four sequences related to enterovirus detected by mNGS.

After PCR confirmation testing of CSF samples in which a viral hit was detected by mNGS, the

rotavirus case and the negative control CSF, in which EVs related sequences were detected

became negative (Table 6.2). The number of EVs positive CSF was reduced from 23 to seven,
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with more enteroviral sequences being recorded in PCR confirmed than in the un-confirmed
group (Table 6.2). Of these, three had genome coverage of 61%, 78% and 90%, including one
echovirus 6 and two E30. Notably, the majority (12/16, 75%) of EV PCR negative samples had
EV reads identical to those obtained from samples with a high abundance of EV sequences
(including samples #12 and #14), with which they shared an index (Appendix 14). The data this
suggested the potential of barcode bleed through during the sequencing procedure.

3.5. Results of expanded PCR testing and sensitivity assessment of mNGS using PCRs as

reference assays:

Because PCR testing for viruses (EVs and Mump virus) was not performed as part of routine
diagnosis, to further assess the prevalence of these viruses in the study patients, PCR testing was
expanded to CSF samples that were negative by mNGS analysis. Subsequently, only Mump
virus was detected by PCR in three CSF samples, including two positive by serological testing
as part of standard care (Ct values: 36 and 40), and one negative by mNGS (Ct value: 40).
Serological testing for Mump virus in this patient was not done as part of routine care. Thus a
combination of serology and molecular assays (PCR and mNGS) increased the diagnostic yield
from 22.7% (15/66) to 34.8% (23/66) (Figure 6.2).

mNGS identified a viral pathogen in 14/19 CSF samples that were positive by PCR analysis
(including routine diagnosis and expanded testing). Additionally, mNGS detected EVs in 16/47
CSF samples that were negative by PCR in subsequent analysis. Using PCRs as reference
assays, the sensitivity and specificity of mNGS were 74% (14/19) and 66% (31/47),
respectively. Of the PCR positive samples, there was no difference in the leukocyte counts
between the mNGS negative and positive groups (median (range): 331 (27-2146) vs. 356 (22-

4183), p=0.82)).
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4. Discussion:

| report the results of an investigation assessing the utility of mNGS approach for the diagnosis
of viral etiology in the CSF of 66 consecutively treated patients with meningoencephalitis. The
patients were admitted to a tertiary referral hospital in Ho Chi Minh City, Vietnam, and the
majority (51%) had moderate/severe disability at discharge. The results showed that in a single
test, metagenomics could accurately detect NA of a wide range of neurotropic viruses in CSF
of the 66 participants, whose diagnoses were only established by extensive PCR testing targeted
at a broad range of pathogens. Notably, of these 66 patients, seven (11%) EVs infected patients
were initially left undiagnosed at hospital discharge because physicians did not consider EVs
diagnosis as part of routine care. EVs infection should therefore be considered as an important
differential diagnosis in adults presenting with meningoencephalitis (97), and should be
excluded (e.g. by PCR testing) prior to mNGS analysis.

Although antivirals are currently not available for most encephalitis causing viruses, rapid and
accurate detection of viral etiology in patient samples remains critical to inform clinical
management, such as avoiding unnecessary antibiotic prescription, and public health policy
makers. Thus, testing for a wide spectrum of pathogens is essential to maximize the diagnostic
yield in patients presenting with meningoencephalitis. Under this circumstance, single pan-
pathogen assay such as mMNGS is a useful approach, given the limited amount of CSF samples
and resources available for microbial investigation, especially in low- and middle-income
countries like Vietnam. However, the failure of MNGS to detect nucleic acids of JEV and DENV
in serologically positive CSF samples emphasize that testing for pathogen specific antibodies
remains an important diagnostic pathway in patients presenting with meningoencephalitis as
viral nucleic acids of some viruses (e.g. flaviviruses) may not be present in the collected CSF.
The sensitivity of my mNGS workflows is comparable with that of recent mNGS studies

(214,287). Low viral load may be a factor explaining the failure of mNGS to detect HSV and
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Mump virus in CSF samples with real time PCR Ct values of 31 (HSV), and 36, 40 and 40
(Mump virus). Because viral reads only accounted for a small proportion of total mMNGS reads,
increasing the sequencing depth per samples would likely increase the sensitivity of mNGS.
However, this increases the sequencing costs. The failure of the RNA workflow, which
incorporated the DNase digestion step to detect HSV VZV in all the tested CSF samples,
supported the finding from a recent report regarding the impact the nuclease treatment step prior
to nucleic acid isolation for metagenomics (172).

Currently, there have been no established robust criteria that can reliably define a true mNGS
positive without the requirement of confirmatory testing. Criteria such as the presence of at least
three reads mapped to three different genomic region of a virus genome or the absence of viral
reads in negative controls have recently been proposed (175,287,297). Such approaches are
hindered by the well-known cross-talk contamination phenomenon, occurring as part of mNGS
procedure (297), which however can be dramatically reduced through the use of dual barcoding
strategy recently developed (264). Because the dual barcoding strategy was not employed,
cross-talk contamination may explain for the obtained specificity of 66%, which is lower than
the reported data from a previous study (214). Alternatively, the low specificity may have been
attributed to the degradation of stored viral RNA and/or the low abundance of viral RNA in the
tested samples, leading to the failure of EV PCR to replicate some of the mNGS findings.
Retrospectively, the specificity of mMNGS would have increased to 83% if a threshold of six
reads or above was considered as positive (Table 6.2), suggesting a correlation between the
number of MNGS reads and PCR confirmatory results. Collectively, the specificity of mMNGS
based diagnostic approach could potentially be improved through the use of proper barcoding
strategy and/or criteria such as those based on the number of unique viral reads obtained from a

sample under investigation, which merit further research.
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Similar to previous reports (290,296), numerous common contaminants of mNGS dataset (e.g.
parvovirus, densovirus) were found in both DNA- and RNA virus libraries in our study.
Although it is likely that those contaminants are derived from laboratory reagents (e.g.
extraction kits) (290), their potential impacts on the performance of mNGS, especially in terms
of sensitivity and specificity, remains unknown.

The strengths of my study include that it was conducted on consecutive cases, minimizing
selection bias. CSF samples were analyzed individually, and mNGS hits were re-confirmed by
specific PCR, allowing for back-to-back comparison between mNGS and viral PCR. However,
my study has some limitations. First, it was conducted on stored CSF samples. Second, I only
focused on viruses, while meningoencephalitis can be caused by non-viral agents such as
intracellular bacteria (rickettsiae) (298). Third, I did not test other clinical samples. Of note, JEV
has recently been detected in urine of patients presenting with meningoencephalitis (299,300).
Last but not least, the inclusion no template controls in addition to the two non-infectious CSF
samples would have better captured the spectrum of contaminations of the mMNGS procedure.
To summarize, | report pioneering data on the performance of mNGS for the diagnosis of
meningoencephalitis patients in Vietnam; a resource limited setting. The results shows that in a
single assay, mNGS could detect a wide spectrum of neurotropic viruses in CSF samples of
meningoencephalitis patients, and thus could potentially replace conventional nucleic acid based
diagnostic assays as PCR. The study needed is to determine the clinical implication that real-
time metagenomic sequencing may contribute to the diagnosis and management of
meningoencephalitis patients, especially in resource-limited settings where pathogen specific

assays are limited in number.
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Chapter 7: Summary and Future Direction

Despite extensive diagnostic work-up, a significant proportion of patients with CA sepsis or
CNS infection have no etiology identified by conventional diagnostic assays such as routine
culture, serology and PCR (26-28,173,177,213-215). Additionally, Asia is recognised as a hot
spot of emerging infectious diseases, especially those caused by novel viruses, as illustrated by
the emergence of Nipah virus in 1997, SARS-CoV-1 in 2002-2003, H5N1 in 2004, and most
recently SARS-CoV-2. Moreover, it is estimated that there are more than 320,000 mammalian
viruses that have not been characterised (217). Therefore, improving our knowledge about the
causes of sepsis and CNS infections and early recognition of emerging pathogens are critical to
inform clinical management and outbreak response. Over last decade, mMNGS has emerged as a
sensitive assay for sequence-independent detection of infectious agents, especially (novel) viral
pathogens in clinical samples. Yet, few mNGS associated studies have been conducted in Asia,
where the burden of infectious disease is exceptional high. Therefore, my PhD research aimed
to:
1. Develop asensitive viral metagenomic pipeline for sequence-independent detection
of a broad range of viral pathogens in clinical samples
2. Explore viral content in patients with sepsis of unknown cause across Southeast
Asia
3. Explore viral content in CSF from patients with acute CNS infections of unknown
cause sampled from provincial hospitals throughout Vietnam
4. (If relevant), demonstrate proof of causation of recently described viruses/novel
virus(es) discovered by metagenomic analysis
5. Explore the utility potential of metagenomics for the diagnosis of patients with

central nervous system infections
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Herein, | will provide an overview and discussion about my research findings. | also aim to
discuss some future directions based on the results | obtained during my PhD research.

1. Findings of the thesis:

In Chapter 2, | set out to develop a sensitive metagenomic assay for detection of a broad range
of viral pathogens in clinical samples. After evaluating four possible combinations of sample
pretreatment steps, a metagenomic workflow employing a DNase/RNase treatment step of the
specimen without sample pre-centrifugation was selected for subsequent metagenomic analysis
described in Chapters 3 and 5. Based on data obtained from a reference viral mixture consisting
of 20 different viral pathogens (190), my mNGS assay had a comparable sensitivity with that of
pipelines developed by my collaborator in the US, Professor Eric Delwart, and a group in
Switzerland (190,227). My mNGS assay was also able to detect different viral pathogens
including Zika virus, HAV, HBV, HSV DENV and mumps virus in serum or CSF samples. In
addition to the detection of viral sequences, the assay mMNGS could generate nearly/complete
genome sequences of 5/25 and 4/11 viruses in the viral mixture and in the tested clinical
samples, respectively. Collectively, within this chapter, | successfully developed a metagenomic
pipeline for sensitive detection of a broad range of viral pathogens in clinical samples.

In chapter 3, | applied the mNGS assay developed in Chapter 2 to search for viral agents in
samples collected from patients presenting with CA sepsis of unknown origin enrolled in
multiple hospitals across Vietnam (n=6) and Thailand (n=4) during 2013-2015. Notably, these
patients were examined for a wide range of common causes of CA sepsis using a combination
of conventional assays (routine culture, serology, rapid tests, ELISA and PCR) (26), but had no
etiology identified. The mNGS detected 26 viral species in 137/466 (29%) and 63/88 (71.6%)
samples collected from Vietnam and Thailand, respectively. After viral specific PCR
confirmatory testing, the detection rate was reduced to 12.8% (66/466) for Viethamese samples

and 34% (30/88) for samples from Thailand. In total, | successfully identified 22 viral species
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known to be infectious to humans in 90 (13.5%) of 665 patients presenting with CA sepsis of
unknown cause from both countries. Notably, my analysis demonstrated that the levels of viral
richness and diversity were different between Thailand and Vietnam, with more viral species
found in Vietnamese patients. In terms of prevalence, EVs (3.6%, 14/386) were more often
detected in samples collected from Vietnamese patients, while EBV (10/279, 3.6%) and DENV
(3.2%, 9/279) made up the majority of viruses detected in samples collected from patients from
Thailand.

Of the viruses detected in patients with CA sepsis, | found sequences of a newly discovered
flavivirus species namely HPgV-2 in a serum sample of a patient co-infected with HCV and
HIV. Since this represents the first detection of HPgV-2 in Vietham | conducted further
experiment to genetically characterize HPgV-2 and to determine its prevalence, especially
among patients with HIV/HCV co-infection. | presented the results of these investigations in
Chapter 4. Notably, using real time RT-PCR, | found HPgV-2 RNA in 5/79 HCV/HIV co-
infected patients. HPgV-2 RNA however was not detected in other patients’ groups, including
those with HAV, HBV or HIV mono-infection, and healthy donors. Therefore, my findings
support previous work regarding the association between HPgV-2 and HCV/HIV co-infection
(269,270,274). To explore the persistence of HPgV-2 in HCV/HIV co-infected people, | used
real time PCR to test available longitudinal samples. Subsequently, HPgV-2 RNA was
detectable for up to 18 months in 3/5 patients with HCV/HIV co-infection, but was not detected
in an available follow-up serum sample collected 14 days after enrollment from a patient with
CA infection. These data suggest that HPgV-2 viremia can be transient or persistent for up to
18 months, supporting previous reports (268,269). Whole-genome based phylogenetic analysis
revealed that all Vietnamese HPgV-2 isolates were closely related to HPgV-2 strains isolated

from the United States and elsewhere, suggesting a global dispersal of HPgV-2. Thus, my
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findings have expanded data about the geographic distribution, long-term persistence in patients
with HCV/HIV coinfection and genetic diversity of HPgV-2.

The search for viral pathogens in patients with severe infection of unknown origin continued in
chapter 5. In this chapter, | used mNGS to define the viral causes in 204 patients presenting with
CNS infections of unknown origin. The patients were enrolled from four provincial hospitals
across central and southern Vietnam from December 2012 to October 2016. Eight distinct viral
species were detected in 107/204 (52.4%) of CSF samples by mNGS. After viral specific PCR
confirmatory testing, the detection rate was lowered to 30/204 (14.7%), with enteroviruses being
the most common viruses detected (n=23, 11.3%), followed by hepatitis B virus (n=3, 1.5%),
human immunodeficiency virus (n=2, 1%), molluscum contagiosum virus and
gemycircularvirus (n=1 each, 0.5%). Analysis of available enterovirus sequences generated by
MNGS revealed the predominance of echovirus 30 (n=9) followed by enterovirus A71 and
enterovirus B80 (1 each). Phylogenetically, the echovirus 30 strains belonged to genogroup V
and VIIb.

However, it remains a challenge to identify a viral culprit in patients presenting with
community-acquired infections such as sepsis and CNS infections. Indeed, over 80% of the
included patients remain undiagnosed after mNGS analysis. Possible contributing factors
include the sensitivity of mNGS based diagnosis approach (301-303), the viability of the
clinical samples after being stored, albeit at -80°C, for some years (26,277), the presence of the
virus in un-analyzed samples (e.g. brain biopsy), and non-viral causes (such as bacteria), which
were not the focus of my PhD.

It should however be noted that in several circumstances the mNGS findings described in
chapter 3 and 5 cannot directly impute sepsis or CNS causation involving the viruses identified.
For example, the detection of blood-borne viruses such as HBV, HIV and HCV in sera samples

of CA sepsis patients might represent underlying diseases. Likewise, the detection of these
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blood-borne viruses in CSF samples of CNS infections patients might have been a consequence
of traumatic tap occurring during the lumbar puncture. Additionally, the detection of CMV,
EBV and HHV-6 in respiratory and stool samples may simply reflect the carriage of these
viruses in those bodily compartments. Finally, common contaminants such as those listed in
Figure 6.3, of which some are likely introduced during the sample collection and/or derived
from laboratory reagents, also challenge the interpretation of metagenomic results.

Together with recent reports (175,177,210,212-214) findings from chapters 3 and 4 demonstrate
that mNGS could offer a new diagnostic pathway for infectious diseases, especially those caused
by diverse pathogens such as CNS infections and sepsis. Therefore, to further inform future
research directions, in chapter 6 | explored the utility of mNGS for the diagnosis of CNS
infections. To achieve this, | used acute CSF from 66 consecutively treated patients with
meningoencephalitis admitted to my hospital, the Hospital for Tropical Diseases in Ho Chi Minh
City, Vietnam. For the sensitivity and specificity validation purpose, | included all CSF from
the selected patients regardless of routine diagnostic results. To allow for the sensitive detection
of a broad range of viral pathogens (DNA and RNA viruses), | used two separate mMNGS
workflows; one for DNA viruses and one for RNA viruses. Routine diagnosis could identify a
virus in 15 (22.7%) patients, including HSV (n=7) and VZV (n=1) by PCR, and mumps virus
(n=4), DENV (n=2) and JEV (n=1) by serological diagnosis. MNGS detected HSV, VZV and
mumps virus in 5/7, 1/1 and 1/4 of the CSF positive by routine assays, respectively, but DENV
and JEV in none of the positive CSF. Additionally, mNGS detected enteroviruses in seven
patients of unknown cause. Subsequent expanded PCR testing revealed one additional CSF
sample positive mumps virus, which was negative by mNGS assay. Therefore, a combination
of routine diagnostic testing, mMNGS assays and expanding PCR increased the diagnostic yield
from 22.7% (15/66) to 34.8% (23/66). Using PCRs as reference assays, the sensitivity and

specificity of mMNGS were 74% (14/19) and 66% (31/47), respectively. Collectively, in this final
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result chapter, | showed that in a single assay, MNGS could accurately detect a wide spectrum
of neurotropic viruses in CSF of meningoencephalitis patients. The study showed the value that
real-time sequencing may contribute to the diagnosis and management of meningoencephalitis
patients, especially in resource-limited settings where pathogen-specific assays are limited in
number.

2. Future direction:

As summarized above, my PhD research has provided significant insights into the epidemiology
of CNS infections and CA sepsis in Vietnam and Thailand. It has also advanced our knowledge
about the utility potential of mMNGS as a single assay for pathogen discovery and infectious
disease diagnosis, critical to inform future directions about emerging infections in the region
and globally. Heading to the future, my aim is to address some key questions arising as part of
my PhD research findings, which I outline below.

2.1. Metagenomics for routine diagnosis and novel pathogen surveillance:

In terms of the utility potential of mNGS for routine diagnosis, the critical question now is to
define the extent to which mNGS may influence the management of patients with severe
infectious diseases such as CA sepsis, CNS infections and pneumonia. Given the current
turnaround time of 2-4 days of MNGS based diagnostic approach, albeit less with MinlON based
workflow, and the high cost, it is likely that mNGS would be most useful in the scenario where
routine diagnosis could not define a causative agent. As such a prospective hospital-based study
on patients with CA sepsis, CNS infection or pneumonia who are left undiagnosed after routine
diagnostics would be of clinical significance and public health importance to pursue. In doing
so, we might be able to detect novel causes of severe infections in hospitalized patients as they
emerge. Notably, metagenomic analysis of culture materials and bronchoalveolar lavage fluid
from a cluster of hospitalized patients presenting with CA pneumonia of unknown origin in

Wuhan, China in late 2019 had led to the discovery of SARS-CoV-2 (47,304). Such prospective
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metagenomic studies can now be facilitated by the availability of publically available
bioinformatic pipelines (e.g. IDseq (206)), and the in-house mMNGS pipeline | have set up during
my PhD research.

2.2. Human pegivirus 2:

There are still many unanswered questions about the epidemiology, clinical significance
potential, tissue tropism, pathogenesis and evolutionary biology of HPgV-2. Addressing these
research questions requires extensive investigation and efforts. | will thus focus on expanding
our knowledge about the prevalence and evolutionary biology of HPgV-2. | will base my
analysis on patients enrolled in a Wellcome funded clinical trial namely VIETNarms (A
strategic post-licensing trial of oral direct-acting antiviral hepatitis C treatment in VIETNam
incorporating a novel design with multiple ARMS) (305). The trial sample size is 1000
Vietnamese patients. Using longitudinal samples collected from the study participants, I will
focus my analysis on:

Exploring the prevalence and persistence of HPgV-2 in patients with HCV mono-infection
and HCV/HIV coinfection:

A combination of RT-PCR and serology will be used to screen for HPgV-2 RNA and antibodies
in baseline and longitudinal samples to determine the prevalence of HPgV-2 in patients with
HCV mono-infection or HCV/HIV co-infection. The antibody based screening approach could
identify individuals with past exposure to HPgV-2 (268,270,274), whereas PCR could help
identify those with ongoing viremia.

Sofosbuvir is an effective inhibitor of RNA polymerases from a range of RNA viruses.
Therefore, in the absence of an in vitro culture system for HPgV-2, by testing longitudinal
samples, there might be an opportunity to assess the impact of direct acting antigens treatment

on the duration of HPgV-2 detection in blood of the study participants.
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Genetically characterizing HPgV-2:

I will use next-generation based whole-genome deep sequencing approaches available at
OUCRU to recover HPgV-2 genomes from positive sera (including baseline and follow-up
samples) collected from the study participants. Appropriate phylogenetic approaches (e.g.
BEAST) will be utilized to help unravel the evolution and spread of HPgV-2 within Vietnam
and beyond. Since deep sequencing enables the detection of thousands of viral haplotypes within
any given sample, |1 will then use this data to re-construct transmission networks where possible,
determine the relative rate of evolution of HPgV-2 within individuals and at the population level,
and characterize the intra-host evolutionary dynamics of HPgV-2 infection.

3. Summary:

In summary, as part of my PhD research | have successfully set up and implemented an in-house
MNGS workflow for the sensitive detection of a broad range of viruses in clinical samples at
the clinical laboratory of Oxford University Clinical Research and the Hospital for Tropical
Diseases in HCMC, Vietnam. Using this method, | have revealed significant insights into the
epidemiology of CA sepsis and CNS infections in Thailand and Vietnam. Yet, it remains a
challenge to identify a plausible viral pathogen in patients presenting with these devasting
clinical conditions. The results have also contributed expanded data about the epidemiology and
genetic diversity of HPgV-2, a recently discovered flavivirus. Additionally, my data
demonstrated that mNGS can be as a pan-viral assay for infectious disease diagnosis and novel
virus surveillance. Therefore, heading to the future it is critical to conduct further research to
assess the extent to which real-time mNGS could influence the management of patients with
severe infections such as pneumonia, sepsis and CNS infections. This would in turn allow for
early detection of novel viral pathogens as they emerge, critical to inform outbreak response.
As for HPgV-2, given the global burden of HCV and HIV infections, it is of equal importance

to gain further insights into the prevalence and, evolutionary biology of this novel virus.
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Primer

Appendices

Appendix 1: List of 96 non-ribosomal random primers and FR20RV primer sequences

Sequence of primer (5'-3")

FR20RV|GCCGGAGCTCTGCAGATATC

© 0o N o g W NP
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GCCGGAGCTCTGCAGATATCGATATC
GCCGGAGCTCTGCAGATATCTAGTAT
GCCGGAGCTCTGCAGATATCTATAGT
GCCGGAGCTCTGCAGATATCTATATA
GCCGGAGCTCTGCAGATATCATACTA
GCCGGAGCTCTGCAGATATCATATAT
GCCGGAGCTCTGCAGATATCGTGCAC
GCCGGAGCTCTGCAGATATCACTATA
GCCGGAGCTCTGCAGATATCCGTAAT
GCCGGAGCTCTGCAGATATCCTATAC
GCCGGAGCTCTGCAGATATCTATACG
GCCGGAGCTCTGCAGATATCTATGCG
GCCGGAGCTCTGCAGATATCGATACT
GCCGGAGCTCTGCAGATATCCGTATA
GCCGGAGCTCTGCAGATATCGTATAG
GCCGGAGCTCTGCAGATATCCGGTTA
GCCGGAGCTCTGCAGATATCAATAGT
GCCGGAGCTCTGCAGATATCCGCATA
GCCGGAGCTCTGCAGATATCATTACG
GCCGGAGCTCTGCAGATATCTTAACA
GCCGGAGCTCTGCAGATATCAGTATC
GCCGGAGCTCTGCAGATATCTGTTAA
GCCGGAGCTCTGCAGATATCACTATT
GCCGGAGCTCTGCAGATATCTAACCG
GCCGGAGCTCTGCAGATATCCGATAT
GCCGGAGCTCTGCAGATATCGTATAC
GCCGGAGCTCTGCAGATATCAATCCA
GCCGGAGCTCTGCAGATATCTAGCAC
GCCGGAGCTCTGCAGATATCATATCG
GCCGGAGCTCTGCAGATATCAATATT
GCCGGAGCTCTGCAGATATCTATAGC
GCCGGAGCTCTGCAGATATCCTTGTA

Primer
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

Sequence of primer (5'-3")
GCCGGAGCTCTGCAGATATCTAGTCG
GCCGGAGCTCTGCAGATATCGTAGAC
GCCGGAGCTCTGCAGATATCCTATAG
GCCGGAGCTCTGCAGATATCTAGCTA
GCCGGAGCTCTGCAGATATCACTACT
GCCGGAGCTCTGCAGATATCTAACGA
GCCGGAGCTCTGCAGATATCCGACTA
GCCGGAGCTCTGCAGATATCTACTAG
GCCGGAGCTCTGCAGATATCAGTAGT
GCCGGAGCTCTGCAGATATCGTTAAC
GCCGGAGCTCTGCAGATATCGTCTAC
GCCGGAGCTCTGCAGATATCTACAAG
GCCGGAGCTCTGCAGATATCTACCAG
GCCGGAGCTCTGCAGATATCTGGATT
GCCGGAGCTCTGCAGATATCTCGTTA
GCCGGAGCTCTGCAGATATCATAGTA
GCCGGAGCTCTGCAGATATCATAGTC
GCCGGAGCTCTGCAGATATCCTAGTA
GCCGGAGCTCTGCAGATATCGTACTA
GCCGGAGCTCTGCAGATATCTAAGTT
GCCGGAGCTCTGCAGATATCATATCC
GCCGGAGCTCTGCAGATATCTCGATA
GCCGGAGCTCTGCAGATATCGTACCA
GCCGGAGCTCTGCAGATATCGTATCA
GCCGGAGCTCTGCAGATATCATACTC
GCCGGAGCTCTGCAGATATCACATTA
GCCGGAGCTCTGCAGATATCATATTG
GCCGGAGCTCTGCAGATATCCGTCTA
GCCGGAGCTCTGCAGATATCCTTAGT
GCCGGAGCTCTGCAGATATCCTTACA
GCCGGAGCTCTGCAGATATCTTATGC
GCCGGAGCTCTGCAGATATCATACGC
GCCGGAGCTCTGCAGATATCCGCTTA

Primer
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96

Sequence of primer (5'-3")
GCCGGAGCTCTGCAGATATCTAACGC
GCCGGAGCTCTGCAGATATCGGTCAT
GCCGGAGCTCTGCAGATATCCTCATA
GCCGGAGCTCTGCAGATATCAATTTG
GCCGGAGCTCTGCAGATATCCTGGTA
GCCGGAGCTCTGCAGATATCTTCATG
GCCGGAGCTCTGCAGATATCGCGATA
GCCGGAGCTCTGCAGATATCACTAAG
GCCGGAGCTCTGCAGATATCGCATAC
GCCGGAGCTCTGCAGATATCCAATAT
GCCGGAGCTCTGCAGATATCACCGTA
GCCGGAGCTCTGCAGATATCGTGCTA
GCCGGAGCTCTGCAGATATCACGCTA
GCCGGAGCTCTGCAGATATCATGTCG
GCCGGAGCTCTGCAGATATCAGCTTA
GCCGGAGCTCTGCAGATATCCGACAT
GCCGGAGCTCTGCAGATATCGCTATA
GCCGGAGCTCTGCAGATATCGCTATG
GCCGGAGCTCTGCAGATATCTGTAAG
GCCGGAGCTCTGCAGATATCAACTTA
GCCGGAGCTCTGCAGATATCATAACG
GCCGGAGCTCTGCAGATATCATGTTA
GCCGGAGCTCTGCAGATATCTGGTAT
GCCGGAGCTCTGCAGATATCTGCGTA
GCCGGAGCTCTGCAGATATCGGATAT
GCCGGAGCTCTGCAGATATCCATAGC
GCCGGAGCTCTGCAGATATCCATACT
GCCGGAGCTCTGCAGATATCCGGATA
GCCGGAGCTCTGCAGATATCTTACTA
GCCGGAGCTCTGCAGATATCACTCGT
GCCGGAGCTCTGCAGATATCTAAGGT
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Appendix 2: Screen snapshots showing coverage of mapping viral reads recovered by mNGS with
pretreatment approach #1. Only viruses with nearly/complete genome sequences were showed. The

genome coverage/sequencing depth is indicated by the Y axis and orange lines highlight the
sequencing depth of 2 or more.
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Appendix 3: Diagnostic work-up carried out as per the study protocol of the original reports of CA
sepsis and CNS infection studies.

Pathogens™ ** Assay #1 and Assay #2 and References
samples samples
Leptospirosis Whole-blood PCR Mlcroaggl_utmatlon (306,307)
tests of paired sera

Scrub typhus Whole-blood PCR | IFA of paired sera (308,309)

Rickettsiosis and Whole-blood PCR (309,310)

murine typhus

Murine typhus IFA of paired sera (308)

Bacteraemia Whole-blood PCR (311,312)

Hantavirus Serum PCR (313)

Je_lpanese encephalitis CSE ELISA (314)

virus

Dengue virus CSF ELISA (314)

Mumps CSF ELISA Mumps_wrus (Parotitis) IgM ELISA Kit (IBL
International, Germany)

Measles CSE ELISA Measles_ virus IgM micro-capture ELISA (IBL
International, Hamburg, Germany)
Rubella virus IgM micro-capture ELISA

Rubella CSF ELISA (Novatec Immundiagnostica Technologie &
Waldpark, Germany)

Dengue CSF PCR (234)

Herpes simplex virus

1and 2 CSF PCR (315)

Varicella-zoster virus | CSF PCR (316)

Enterovirus CSF PCR (317)

Parechovirus CSF PCR (236)

N. meningitidis CSF PCR (318)

S. pneumoniae CSF PCR (318)

H. influenza type b CSF PCR (318)

S. suis CSF PCR (319

. . Pooled nasal-
Respiratory viruses throat swab PCR (236)
. . Pooled nasal-

Respiratory bacteria throat swab PCR (320-322)

Adenovirus Stool PCR (323)

Astrovirus Stool PCR (324)

Norovirus Stool PCR (231)

Rotavirus Stool PCR (231)

Notes:

“Diagnostic tests performed in every case as part of standard of care at participating hospitals including complete blood count, blood culture,
urine culture, gram/ZN smears, and sputum culture if patients have respiratory symptoms, stool examination and stool culture if patients have
diarrheal symptoms and CSF examination and CSF culture if patients have neurological symptoms and CNS infection is suspected.
**Diagnostic tests performed in every case per study protocol including dengue RDT (NS1 and IgM, Standard Diagnostics, South Korea),
influenza RDT (QuickVue, Quidel Corporation, USA), only for paediatric patients age < 7 years old and leptospirosis RDT (Leptospira
1gM/IgG, Standard Diagnostics), only for paediatric patients age > 7 years old and all adult patients

*Four multiplex real-time PCR assays detecting 15 virus subtypes of 10 viruses; Influenza (A & B), Adenovirus, Enterovirus, Respiratory
syncytial virus (A & B), Metapneumovirus, Rhinovirus, Parainfluenza virus (1, 2, 3 & 4), Coronavirus, Bocavirus (subtype OC43 & NL63),
and Parechovirus

%5 real-time assays detecting 5 bacteria; Legionella pneumophila, Mycoplasma pneumoniae, Chlamydophila pneumoniae, Chlamydophila
psittaci and Bordetella pertussis
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Appendix 4: Bar chart showing the number of reads obtained from individual samples. Each vertical
bar represents one sample. (A) Vietnam, (B) Thailand
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Appendix 5: Boxplots showing the difference in the numbers of viral hits between PCR positive and

negative groups
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Appendix 6: The number of viral reads and genome coverage in individual samples from Vietnamese

patients
Virus Sample Number of Number of E-value Percentage of genome
type total reads viral reads coverage (contig
length/genomic size, bp)
Cyclovirus VN Serum 442730 17 1.43937E-53 | 90.0% (1,671/1,856)
Cytomegalovirus Swabs 493794 9 2.51E-38 >1% (624/235,403)
Cytomegalovirus Swabs 211254 25 4.4231E-66 >1% (1,046/235,272)
Cytomegalovirus Swabs | 504418 200 1.4765E-109 | 1.3% (2,861/223,782)
Cytomegalovirus Swabs 591732 12 2.90191E-52 | >1% (900/235717)
Cytomegalovirus Swabs 855702 4 5.94419E-25 | >1% (309/235,272)
Cytomegalovirus Swabs 1101990 1629 0 20.1% (44,960/223,782)
Cytomegalovirus Swabs 1203206 53 3.20843E-51 | 1.9% (4,517/236,032)
Cytomegalovirus Swabs 533616 86 8.87413E-53 | 2.2% (5,402/235,834)
Cytomegalovirus Swabs 126026 204 4.7457E-111 | 7.1% (15,891/223,782)
Dengue virus Serum 427286 3828 0 94.9% (10,174/10,723)
Dengue virus Serum 560500 4721 0 95.0% (10,188/10,723)
Enterovirus Serum 565748 405 0 42.0% (3,077/7,328)
Enterovirus Serum 861012 6536 8.5729E-57 | 97.8% (6,795/6,946),
26.4% (1,941/7,345)

Enterovirus Serum 348940 22 9.1753E-53 27.9% (1,841/6,606)
Enterovirus Swabs 711594 329 0 31.4% (2,318/7,345)
Enterovirus Swabs 493794 11 8.23215E-53 | 8% (579/7,345bp)
Enterovirus Swabs | 876786 29 1.5706E-155 | 61.8% (4,390/7,104)
Enterovirus Serum 443284 170 5.827E-180 | 45.5% (3,379/7,434)
Enterovirus Swabs 904408 6 2.31739E-22 | 2% (146/7,206)
Enterovirus Swabs 825274 787 0 48.5% (3,204/6,612)
Enterovirus Serum 172824 131 1.5905E-169 | 19.1% (1,421/7,432)
Enterovirus Serum 200880 14 7.2996E-36 7.2% (537/7,427)
Enterovirus Serum 349020 166 0 13.2% (980/7,433)
Enterovirus Serum 205366 184 0 10.7% (703/6,591)
Enterovirus Swabs 102766 5 1.30753E-39 | 2% (127/7,368)
Epstein-Barr virus Serum 755526 4 2.59398E-36 | <1% (336/169,864)
Epstein-Barr virus Swabs 604874 3 1.98845E-32 | 1.6% (2,789/169,864)
Epstein-Barr virus Swabs 904408 2 4.13442E-11 | 1.6% (2,795/169,864)
Epstein-Barr virus Swabs 732950 2 1.18234E-12 | 1.5% (2,607/169,864)
Epstein-Barr virus Swabs 126026 6 3.45686E-24 | 1.7% (2,905/169,864)
Gemycircularvirus SL1 Serum 381902 1668 3.06932E-60 | 100% (2,199)
Gemycircularvirus SL1 Swabs 883776 23 1.4508E-112 | 77.2% (1,697/2,199)
Gemycircularvirus SL1 Serum 442730 41 1.49764E-60 | 3.8% (85/2,199)
Gemycircularvirus SL1 Serum 281200 11 1.649E-102 52.5% (1,156/2,199)
Gemycircularvirus SL1 Swabs 219956 2 1.79015E-49 | 22.5% (494/2,199)
Hepatitis B virus Serum 11076 183 5.56485E-51 | 94.7% (3,044/3,215)
Hepatitis B virus Stool 441248 127 1.074E-142 | 78.7% (2,529/3,215)
Hepatitis B virus Serum 560500 2 2.66806E-54 | 9.3% (299/3,215)
Hepatitis B virus Serum 649082 2 1.08203E-30 | 5% (175/3,215)
Hepatitis B virus Serum 298130 22918 7.56657E-56 | 100% (3,215)
Hepatitis B virus Serum 352212 982 6.7019E-158 | 95.6% (3,074/3,215)
Hepatitis B virus Serum 438146 18364 3.42494E-56 | 100% (3,215)
Hepatitis B virus Serum 54750 1732 5.6804E-124 | 100% (3,215)
Hepatitis B virus Serum 374364 477 6.3359E-179 | 90.6% (2,914/3,215)
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Hepatitis B virus Serum 320784 75 0 84% (2,709/3,215)
Hepatitis C virus Serum 293316 5342 1.40256E-56 | 98.6% (9,171/9,297)
Hepatitis C virus Serum 231960 307 2.06237E-50 | 74.6% (6,984/9,358)
Human coronavirus Swabs 1203206 4 1.86221E-28 | 1.1% (328/30,521)
Human herpesvirus 6 Swabs 1050246 16 8.72727E-53 | 0.8% (1,309/161,296)
Human immunodeficiency virus Serum 293316 355 8.4618E-102 | 55.1% (4,883/8,860)
Human mastadenovirus Swabs 855702 6 5.02331E-30 | 1.6% (582/35,831)
Human mastadenovirus Swabs 975450 287 0 36.2% (12,774/35,265)
Human metapneumovirus Swabs 825274 522 0 74.5% (9,932/13,327)
Human parainfluenza virus Swabs 701436 3 8.16848E-51 | 2.5% (393/15,502)
Human parainfluenza virus Swabs 111152 427 0 59.0% (9,047/15,335)
Human parechovirus Serum 331722 58 0 15.8% (1,155/7,320)
Human parechovirus Stool 608352 52 7.29444E-96 | 16.2% (1,186/7,320)
Human pegivirus 2 Serum 293316 273 0 33.9% (3,237/9,538)
Human respiratory syncytial virus | Swabs 504418 28422 0 99.3% (15,165/15,276)
Human respiratory syncytial virus | Swabs 452112 9 3.04048E-35 | 3% (467/15,232)
Human rhinovirus Serum 513280 483 0 59.4% (4,217/7,099)
Human rhinovirus Swabs 811032 401 0 14.6% (974/6,692bp)
Human rhinovirus Swabs | 408734 8 3.66242E-55 | 5.4% (387/7,208bp)
Human rhinovirus Swabs 489110 39 5.99188E-55 | 25.0% (1,761/7,047)
Human rhinovirus Swabs 876786 67 0 61.8% (4,390/7,104)
Influenza A virus Swabs 493794 23 3.39944E-53 | 5.2% (710/13,500)
Influenza B virus Swabs | 479434 594 6.7272E-145 | 58.4% (1,025/1,755)
Measles virus Stool 441248 19530 0 96.6% (15,360/15,894)
Measles virus Stool 435356 4 2.60588E-49 | 3.8% (602/15,894)
Rotavirus A Serum 960504 2 5.84582E-25 | <1% (155/18,550)
Rotavirus A Serum 590870 2 1.59659E-12 | <1% (100/18,550)
Rotavirus A Serum 491942 366 0 83.0% (2,731/3,292)
Saffold virus Swabs 1050246 29 4.5541E-138 | 9.2% (737/8,054)
Salivirus A Stool 435356 4 1.95271E-37 | 7.3% (582/8,021)
WU Polyomavirus Swabs | 459132 164 1.1621E-129 | 45.3% (2,367/5,229)
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Appendix 7: List of common contaminants and viruses not reported in human samples

Number Related species
Viral family . of Best BLASTX . Other virus Patient p
Species Genome . Detected in (n) was previously References
matching E value found group -
reported in
reads
Adenoviridae Bovine mastadenovirus C | dsDNA | 4 3.47E-12 Serum (1) Adults Cattle (325)
Coronaviridae El:(lgplllcoronawrus SSRNA 2 2.92E-06 Serum (1) Adults Wild bird (326)
. Penaeus monodon Pooled swabs (1) Children Numerous
Coronaviridae circovirus VN11 SSRNA | 25&15 9-46E-05 Serum (2) and Adults | including pigs (327)
Nodaviridae Nodamura virus SSRNA 2 9.13E-11 Stool (1) ;T:j:?g/?fus 1 Adults Insects (328)
Picornaviridae Boone cardiovirus sSRNA 17 5.45E-07 Serum (1) Children Rats (329)
Picobirnaviridae | Dromedary picobirnavirus | dsSRNA | 8 4.90E-87 Pooled swabs (1) Adults Camels (330)
Picobirnaviridae | Otarine_picobirnavirus dsRNA | 589&2 0 Pooled sera (1) Adult Sea lion (331)
Pooled swabs (1)
Parvoviridae Bat parvovirus ssDNA 3 1.22E-08 Serum (2) Children Bat (332)
Papillomaviridae | Human papillomavirus glsrlgli\lli 4 2.86217E-42 Serum (1) Adult
Pooled swabs (12) Children
Parvoviridae Densovirus sSDNA | <559 5.31243E-96 Serum (38) Mosquitoes (333)
and Adults
CSF (1)
S s Pooled swabs (4) Children .
Partitiviridae Partitivirus dsRNA | <152 2.0824e-103 Serum (22) and Adults Fungi (334)
Pooled swabs (4)
.. . i ) Serum (87) Children Qiagen column
Parvoviridae Parvovirus NIH-CQV sSDNA | <104 2.43E-52 Stool (1) and Adults | contaminant (248)
CSF (3)
Reoviridae Kadipiro virus dsRNA | 3 7.87E-32 Serum (5) éﬁﬁgfeannd Contaminant (249,335)
Reoviridae Lutzomyia reovirus 1 dsRNA | 24 5.54E-07 Serum (1) Adults Sand flies (336)
Tilligerr Marsupials, cattle,
Reoviridae Eubenangee virus dsRNA | 1 9.23E-05 Serum (1) virusg y Adults mosquitoes and (337)
Culicoides
Reoviridae Cypovirus dsRNA | 1,47 4.03196E-40 Serum (3) Children 1 coct (339)
4 . and Adults
Rhabdoviridae Curionopolis virus sSRNA | 6 4.45E-05 Serum (1) Children Culicoides (339)
Siphoviridae Streptococcus_virus_MS1 | DNA 12&22 7.2616E-54 Pooled swabs (1) (340)
Pooled stool (1)
A Saccharomyces cerevisiae : Pooled swabs (1) Children .
Totiviridae virus L-BC (La) dsRNA | 9 7.45478E-21 Serum (3) and Adults Fungi (341)
Saccharomyces_cerevisia .
Totiviridae e virus_L-A dsRNA | 8 151379E-23 | piled sera (1) cntlcren | veast
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https://viralmetagenomics.net/viral/170222_Anh_miseq24th/aln/73_blast_filter.txt_Bulbul_coronavirus_HKU11.html
https://viralmetagenomics.net/viral/170112_Tan_Vietnam21st/aln/74_blast_filter.txt_Nodamura_virus.html
https://viralmetagenomics.net/viral/170222_Anh_MiSeq23rd/aln/37_blast_filter.txt_Boone_cardiovirus.html
https://viralmetagenomics.net/viral/170112_Tan_Vietnam21st/aln/8_blast_filter.txt_Dromedary_picobirnavirus.html
https://viralmetagenomics.net/viral/170222_Anh_miseq24th/aln/90_blast_filter.txt_Eubenangee_virus.html
https://viralmetagenomics.net/viral/170112_Tan_Vietnam22nd/aln/79_blast_filter.txt_Curionopolis_virus.html

Pooled swabs (5)

L Scheffersomyces : Serum (22) Children .
Totiviridae segobiensis virus L dsRNA | <857 3.50723E-118 Stool (2) and Adults Fungi (342)
CSF (1)
Unclassified l\/_Iagnaporthe oryzae RNA RNA 9.14,15& 1.06135E-39 Serum (4) Children Fungi (343)
virus 21 and Adults
- Mosquito VEM virus ) . - Unpublishe
Unclassified SDRBAJ ssDNA | 3 1.40E-07 Serum (1) CRESS virus | Adults red snapper tissue d paper
Unclassified Nepavirus ssSDNA 2 6.44E-06 Serum (1) Children Untreated Sewage | (344)

188



https://viralmetagenomics.net/viral/170112_Tan_Vietnam22nd/aln/51_blast_filter.txt_Mosquito_VEM_virus_SDRBAJ.html

Appendix 8:

Genetic distances of different genes of HPgV-2 at nucleic acid level (%). Note: VN: Vietnam, CHN: China, U.S.: United States,
UK: United of Kingdom

S uUs. uUs. VN VN VN u.s us u.s us u.s us u.s us u.s us us us us u.s us u.s us u.s UK UK us CHN | CHN
Us. 94.93 | 96.77 97.7 | 98.04 | 96.77 | 96.77 97.7 97.7 | 94.47 | 9447 | 94.47 | 96.31 97.7 97.7 97.7 | 97.93 | 97.24 97.7 97.7 97.7 97.7 | 96.54 | 96.31 | 96.31 | 96.54 100 | 94.93
Us. 94.93 95.39 | 96.31 | 96.08 | 94.47 | 94.47 | 96.31 | 96.31 | 94.01 | 94.01 | 94.01 | 96.77 | 96.31 | 95.39 | 95.39 | 96.54 | 96.77 | 96.31 | 96.31 | 96.31 | 96.31 | 96.54 | 95.85 | 94.93 97 | 94.93 100
VN 96.77 | 95.39 98.16 | 98.04 | 97.24 | 97.24 | 98.16 | 98.16 | 95.85 | 95.85 | 95.85 97.7 | 99.08 | 96.31 | 96.31 | 98.39 | 98.62 | 99.08 | 99.08 | 99.08 | 99.08 97 | 96.77 97.7 97 | 96.77 | 95.39
VN 97.7 | 96.31 | 98.16 98.04 | 97.24 | 97.24 | 98.16 | 98.16 | 95.85 | 95.85 | 95.85 97.7 | 99.08 97.7 97.7 | 98.39 97.7 | 99.08 | 99.08 | 99.08 | 99.08 | 96.54 | 96.77 97.7 97 97.7 | 96.31
VN 98.04 | 96.08 | 98.04 | 98.04 96.08 | 96.08 | 99.02 | 99.02 | 93.14 | 93.14 | 93.14 | 96.08 | 99.02 | 98.04 | 98.04 | 99.51 100 | 99.02 | 99.02 | 99.02 | 99.02 | 99.51 | 98.04 | 96.08 | 96.57 | 98.04 | 96.08
Us. 96.77 | 94.47 | 97.24 | 97.24 | 96.08 100 | 97.24 | 97.24 | 9493 | 94.93 | 94.93 | 96.77 | 98.16 | 9539 | 95.39 | 97.47 | 96.77 | 98.16 | 98.16 | 98.16 | 98.16 | 96.08 | 95.85 | 96.77 | 96.08 | 96.77 | 94.47
uUs. 96.77 | 94.47 | 97.24 | 97.24 | 96.08 100 97.24 | 97.24 | 94.93 | 9493 | 94.93 | 96.77 | 98.16 | 95.39 | 95.39 | 97.47 | 96.77 | 98.16 | 98.16 | 98.16 | 98.16 | 96.08 | 95.85 | 96.77 | 96.08 | 96.77 | 94.47
us. 97.7 | 96.31 | 98.16 | 98.16 | 99.02 | 97.24 | 97.24 100 | 95.85 | 95.85 | 95.85 97.7 | 99.08 | 97.24 | 97.24 | 99.31 | 98.62 | 99.08 | 99.08 | 99.08 | 99.08 | 97.47 97.7 97.7 | 97.93 97.7 | 96.31
uUs. 97.7 | 96.31 | 98.16 | 98.16 | 99.02 | 97.24 | 97.24 100 95.85 | 95.85 | 95.85 97.7 | 99.08 | 97.24 | 97.24 | 99.31 | 98.62 | 99.08 | 99.08 | 99.08 | 99.08 | 97.47 97.7 97.7 | 97.93 97.7 | 96.31
us. 94.47 | 94.01 | 95.85 | 95.85 | 93.14 | 94.93 | 94.93 | 95.85 | 95.85 100 100 | 96.31 | 96.77 | 94.47 | 94.47 | 96.54 | 95.39 | 96.77 | 96.77 | 96.77 | 96.77 94.7 | 9539 | 97.24 97 | 94.47 | 94.01
UsS. 94.47 | 94.01 | 95.85 | 95.85 | 93.14 | 94.93 | 9493 | 95.85 | 95.85 100 100 | 96.31 | 96.77 | 94.47 | 94.47 | 96.54 | 95.39 | 96.77 | 96.77 | 96.77 | 96.77 94.7 | 95.39 | 97.24 97 | 94.47 | 94.01
us. 94.47 | 94.01 | 95.85 | 95.85 | 93.14 | 94.93 | 94.93 | 95.85 | 95.85 100 100 96.31 | 96.77 | 94.47 | 94.47 | 96.54 | 95.39 | 96.77 | 96.77 | 96.77 | 96.77 94.7 | 9539 | 97.24 97 | 94.47 | 94.01
uUs. 96.31 | 96.77 97.7 97.7 | 96.08 | 96.77 | 96.77 97.7 97.7 | 96.31 | 96.31 | 96.31 98.62 | 95.85 | 95.85 | 97.93 | 97.24 | 98.62 | 98.62 | 98.62 | 98.62 | 96.08 | 96.31 | 97.24 | 98.39 | 96.31 | 96.77
uUs. 97.7 | 96.31 | 99.08 | 99.08 | 99.02 | 98.16 | 98.16 | 99.08 | 99.08 | 96.77 | 96.77 | 96.77 | 98.62 97.24 | 97.24 | 99.31 | 98.62 100 100 100 100 | 97.47 97.7 | 98.62 | 97.93 97.7 | 96.31
us. 97.7 | 9539 | 96.31 97.7 | 98.04 | 9539 | 9539 | 97.24 | 97.24 | 94.47 | 94.47 | 94.47 | 95.85 | 97.24 100 | 97.47 | 96.77 | 97.24 | 97.24 | 97.24 | 97.24 | 96.08 | 96.31 | 96.31 | 96.08 97.7 | 95.39
uUs. 97.7 | 9539 | 96.31 97.7 | 98.04 | 95.39 | 95.39 | 97.24 | 97.24 | 94.47 | 94.47 | 94.47 | 95.85 | 97.24 100 9747 | 96.77 | 97.24 | 97.24 | 97.24 | 97.24 | 96.08 | 96.31 | 96.31 | 96.08 97.7 | 95.39
us. 97.93 | 96.54 | 98.39 | 98.39 | 9951 | 9747 | 97.47 | 99.31 | 99.31 | 96.54 | 96.54 | 96.54 | 97.93 | 99.31 | 97.47 | 97.47 98.85 | 99.31 | 99.31 | 99.31 | 99.31 | 97.93 | 97.93 | 97.93 | 98.39 | 97.93 | 96.54
Us. 97.24 | 96.77 | 98.62 97.7 100 | 96.77 | 96.77 | 98.62 | 98.62 | 95.39 | 95.39 | 95.39 | 97.24 | 98.62 | 96.77 | 96.77 | 98.85 98.62 | 98.62 | 98.62 | 98.62 | 98.39 | 97.24 | 97.24 | 97.47 | 97.24 | 96.77
us. 97.7 | 96.31 | 99.08 | 99.08 | 99.02 | 98.16 | 98.16 | 99.08 | 99.08 | 96.77 | 96.77 | 96.77 | 98.62 100 | 97.24 | 97.24 | 99.31 | 98.62 100 100 100 | 97.47 97.7 | 98.62 | 97.93 97.7 | 96.31
uUs. 97.7 | 96.31 | 99.08 | 99.08 | 99.02 | 98.16 | 98.16 | 99.08 | 99.08 | 96.77 | 96.77 | 96.77 | 98.62 100 | 97.24 | 97.24 | 99.31 | 98.62 100 100 100 | 97.47 97.7 | 98.62 | 97.93 97.7 | 96.31
Us. 97.7 | 96.31 | 99.08 | 99.08 | 99.02 | 98.16 | 98.16 | 99.08 | 99.08 | 96.77 | 96.77 | 96.77 | 98.62 100 | 97.24 | 97.24 | 99.31 | 98.62 100 100 100 | 97.47 97.7 | 98.62 | 97.93 97.7 | 96.31
us. 97.7 | 96.31 | 99.08 | 99.08 | 99.02 | 98.16 | 98.16 | 99.08 | 99.08 | 96.77 | 96.77 | 96.77 | 98.62 100 | 97.24 | 97.24 | 99.31 | 98.62 100 100 100 97.47 97.7 | 98.62 | 97.93 97.7 | 96.31
uUs. 96.54 | 96.54 97 | 96.54 | 99.51 | 96.08 | 96.08 | 97.47 | 97.47 94.7 94.7 94.7 | 96.08 | 97.47 | 96.08 | 96.08 | 97.93 | 98.39 | 97.47 | 97.47 | 97.47 | 97.47 97 | 96.08 | 96.54 | 96.54 | 96.54
UK 96.31 | 95.85 | 96.77 | 96.77 | 98.04 | 95.85 | 95.85 97.7 97.7 | 9539 | 95.39 | 95.39 | 96.31 97.7 | 96.31 | 96.31 | 97.93 | 97.24 97.7 97.7 97.7 97.7 97 96.31 | 96.54 | 96.31 | 95.85
UK 96.31 | 94.93 97.7 97.7 | 96.08 | 96.77 | 96.77 97.7 97.7 | 97.24 | 97.24 | 97.24 | 97.24 | 98.62 | 96.31 | 96.31 | 97.93 | 97.24 | 98.62 | 98.62 | 98.62 | 98.62 | 96.08 | 96.31 97.47 | 96.31 | 94.93
Us. 96.54 97 97 97 | 96.57 | 96.08 | 96.08 | 97.93 | 97.93 97 97 97 | 98.39 | 97.93 | 96.08 | 96.08 | 98.39 | 97.47 | 97.93 | 97.93 | 97.93 | 97.93 | 96.54 | 96.54 | 97.47 96.54 97
CHN 100 | 94.93 | 96.77 97.7 | 98.04 | 96.77 | 96.77 97.7 97.7 | 94.47 | 94.47 | 94.47 | 96.31 97.7 97.7 97.7 | 97.93 | 97.24 97.7 97.7 97.7 97.7 | 96.54 | 96.31 | 96.31 | 96.54 94.93
CHN | 94.93 100 | 9539 | 96.31 | 96.08 | 94.47 | 94.47 | 96.31 | 96.31 | 94.01 | 94.01 | 94.01 | 96.77 | 96.31 | 9539 | 95.39 | 96.54 | 96.77 | 96.31 | 96.31 | 96.31 | 96.31 | 96.54 | 95.85 | 94.93 97 | 94.93
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El VN VN VN VN VN us u.s us u.s us u.s uU.s u.s uU.s us u.s us u.s u.s u.s us u.s us UK UK us CHN | CHN
VN 95.99 | 96.68 | 94.24 | 93.02 | 95.11 | 95.11 | 9529 | 9529 | 95.29 | 95.29 | 95.29 | 96.34 | 97.21 | 94.85 | 9485 | 9511 | 95.81 | 9529 | 95.29 | 95.29 | 95.29 | 95.29 | 93.02 | 94.94 | 95.64 | 92.32 | 93.72
VN 95.99 96.51 | 94.04 | 92.18 | 94.24 | 94.24 | 94.24 | 94.24 | 93.54 | 93.54 | 93.54 | 95.81 | 95.99 | 93.98 | 93.98 | 94.42 | 9459 | 9459 | 94.59 | 94.59 | 94.59 | 9354 | 91.97 | 94.07 | 9529 | 92.67 | 92.67
VN 96.68 | 96.51 94.44 | 92.39 | 9459 | 9459 | 9494 | 9494 | 93.89 | 93.89 | 93.89 | 96.16 | 96.34 93.8 93.8 | 9459 | 94.24 | 95.64 | 95.64 | 95.64 | 95.64 | 93.89 | 91.97 | 94.24 | 95.29 | 93.72 | 92.84
VN 94.24 | 94.04 | 94.44 93.34 | 9424 | 9424 | 9545 | 9545 | 9545 | 9545 | 9545 | 96.46 | 96.67 | 94.14 | 94.14 | 94.04 | 94.44 | 94.85 | 94.85 | 94.85 | 94.85 | 93.84 | 9242 | 9384 | 9586 | 92.42 | 93.64
VN 93.02 | 92.18 | 92.39 | 93.34 94.08 | 94.08 | 94.29 | 94.29 | 93.45 | 93.45 | 9345 | 94.93 | 95.14 | 92.07 | 92.07 | 93.23 | 95.14 | 93.02 | 93.02 | 93.02 | 93.02 | 92.81 | 91.54 | 91.97 | 94.29 | 91.12 | 93.23
us. 9511 | 9424 | 9459 | 94.24 | 94.08 100 | 95.29 | 9529 | 95.81 | 95.81 | 95.81 | 96.34 | 97.21 | 94.68 | 94.68 | 94.76 | 9529 | 9529 | 9529 | 9529 | 95.29 | 93.72 | 93.72 | 95.11 | 96.16 | 93.72 | 93.89
UsS. 95.11 | 94.24 | 9459 | 94.24 | 94.08 100 95.29 | 95.29 | 95.81 | 95.81 | 95.81 | 96.34 | 97.21 | 94.68 | 94.68 | 94.76 | 95.29 | 95.29 | 9529 | 95.29 | 95.29 | 93.72 | 93.72 | 95.11 | 96.16 | 93.72 | 93.89
us. 9529 | 9424 | 9494 | 9545 | 9429 | 95.29 | 95.29 100 | 95.29 | 95.29 | 95.29 | 97.03 | 97.38 95.2 95.2 | 9581 | 9564 | 9546 | 9546 | 9546 | 9546 | 9529 | 93.54 | 94.24 | 96.68 | 94.07 | 94.59
us. 9529 | 94.24 | 9494 | 9545 | 94.29 | 95.29 | 95.29 100 95.29 | 9529 | 95.29 | 97.03 | 97.38 95.2 95.2 | 9581 | 95.64 | 9546 | 95.46 | 9546 | 95.46 | 95.29 | 93.54 | 94.24 | 96.68 | 94.07 | 94.59
uUs. 95.29 | 93.54 | 93.89 | 9545 | 9345 | 95.81 | 9581 | 95.29 | 95.29 100 100 | 96.68 | 97.56 | 94.33 | 94.33 | 94.59 | 94.76 | 94.76 | 94.76 | 94.76 | 94.76 | 95.46 | 93.89 | 95.11 | 96.34 | 93.02 | 93.02
us. 95.29 | 9354 | 9389 | 9545 | 9345 | 95.81 | 95.81 | 95.29 | 95.29 100 100 | 96.68 | 97.56 | 94.33 | 94.33 | 9459 | 94.76 | 94.76 | 94.76 | 94.76 | 94.76 | 9546 | 93.89 | 9511 | 96.34 | 93.02 | 93.02
uUs. 95.29 | 93.54 | 93.89 | 9545 | 9345 | 95.81 | 95.81 | 95.29 | 95.29 100 100 96.68 | 97.56 | 94.33 | 94.33 | 9459 | 94.76 | 94.76 | 94.76 | 94.76 | 94.76 | 95.46 | 93.89 [ 95.11 | 96.34 | 93.02 | 93.02
us. 96.34 | 9581 | 96.16 | 96.46 | 94.93 | 96.34 | 96.34 | 97.03 | 97.03 | 96.68 | 96.68 | 96.68 98.78 95.2 95.2 | 96.16 | 96.68 | 97.56 | 97.56 | 97.56 | 97.56 | 96.34 | 94.24 | 9599 | 97.73 | 94.94 | 95.11
Us. 97.21 | 95.99 | 96.34 | 96.67 | 95.14 | 97.21 | 97.21 | 97.38 | 97.38 | 97.56 | 97.56 | 97.56 | 98.78 96.42 | 96.42 | 96.16 | 97.21 | 97.21 | 97.21 | 97.21 | 97.21 | 96.51 | 95.11 | 96.16 | 98.08 | 94.76 | 95.11
us. 94.85 | 93.98 93.8 | 94.14 | 92.07 | 94.68 | 94.68 95.2 95.2 | 94.33 | 94.33 | 94.33 95.2 | 96.42 99.91 | 93.28 | 94.33 945 94.5 94.5 945 | 9433 | 9258 | 95.03 | 9555 | 92.76 | 93.63
uUs. 94.85 | 93.98 93.8 | 94.14 | 92.07 | 94.68 | 94.68 95.2 95.2 | 94.33 | 94.33 | 94.33 95.2 | 96.42 | 99.91 93.28 | 94.33 945 94.5 945 945 | 94.33 | 9258 | 95.03 | 95.55 | 92.76 | 93.63
Us. 95.11 | 9442 | 9459 | 94.04 | 93.23 | 94.76 | 94.76 | 95.81 | 95.81 | 94.59 | 94.59 | 94.59 | 96.16 | 96.16 | 93.28 | 93.28 94.76 | 9529 | 95.29 | 95.29 | 95.29 | 93.89 | 92.84 | 93.89 | 96.16 | 93.19 | 93.02
us. 95.81 | 9459 | 9424 | 9444 | 95.14 | 9529 | 95.29 | 95.64 | 95.64 | 94.76 | 94.76 | 94.76 | 96.68 | 97.21 | 94.33 | 94.33 | 94.76 95.11 | 95.11 | 9511 | 95.11 | 95.11 | 93.89 | 94.07 | 95.99 | 93.37 | 94.76
uUs. 95.29 | 94.59 | 95.64 | 94.85 | 93.02 | 95.29 | 95.29 | 9546 | 95.46 | 94.76 | 94.76 | 94.76 | 97.56 | 97.21 94.5 945 [ 9529 | 95.11 100 100 100 | 94.24 | 93.37 | 94.76 | 96.86 | 94.42 | 93.37
us. 95.29 | 9459 | 95.64 | 94.85 | 93.02 | 9529 | 9529 | 9546 | 9546 | 94.76 | 94.76 | 94.76 | 97.56 | 97.21 945 945 | 9529 | 95.11 100 100 100 | 94.24 | 93.37 | 94.76 | 96.86 | 94.42 | 93.37
Us. 95.29 | 9459 | 95.64 | 94.85 | 93.02 | 9529 | 95.29 | 9546 | 9546 | 94.76 | 94.76 | 94.76 | 97.56 | 97.21 94.5 94.5 | 95.29 | 95.11 100 100 100 | 94.24 | 93.37 | 94.76 | 96.86 | 94.42 | 93.37
Us. 95.29 | 9459 | 95.64 | 94.85 | 93.02 | 9529 | 95.29 | 9546 | 9546 | 94.76 | 94.76 | 94.76 | 97.56 | 97.21 94.5 94.5 | 9529 | 95.11 100 100 100 94.24 | 93.37 | 94.76 | 96.86 | 94.42 | 93.37
Us. 95.29 | 9354 | 93.89 | 93.84 | 9281 | 93.72 | 93.72 | 9529 | 95.29 | 9546 | 95.46 | 95.46 | 96.34 | 96.51 | 94.33 | 94.33 | 93.89 | 95.11 | 94.24 | 94.24 | 94.24 | 94.24 93.02 | 95.11 | 94.94 | 91.97 | 93.89
UK 93.02 | 91.97 | 9197 | 9242 | 9154 | 93.72 | 93.72 | 9354 | 93.54 | 93.89 | 93.89 | 9389 | 9424 | 95.11 | 92.58 | 92.58 | 92.84 | 93.89 | 93.37 | 93.37 | 93.37 | 93.37 | 93.02 92.84 | 93.72 | 92.32 | 93.02
UK 94.94 | 94.07 | 9424 | 9384 | 9197 | 9511 | 9511 | 9424 | 9424 | 9511 | 95.11 | 95.11 | 95.99 | 96.16 | 95.03 | 95.03 | 93.89 | 94.07 | 94.76 | 94.76 | 94.76 | 94.76 | 95.11 | 92.84 95.29 | 93.54 | 93.89
uUs. 95.64 | 95.29 | 95.29 | 95.86 | 94.29 | 96.16 | 96.16 | 96.68 | 96.68 | 96.34 | 96.34 | 96.34 | 97.73 | 98.08 | 95.55 | 9555 | 96.16 | 95.99 | 96.86 | 96.86 | 96.86 | 96.86 | 94.94 | 93.72 | 95.29 94.42 | 94.76
CHN | 9232 | 92.67 | 93.72 | 9242 | 91.12 | 93.72 | 93.72 | 94.07 | 94.07 | 93.02 | 93.02 | 93.02 | 94.94 | 94.76 | 92.76 | 92.76 | 93.19 | 93.37 | 94.42 | 94.42 | 9442 | 94.42 | 91.97 | 92.32 | 93.54 | 94.42 91.97
CHN | 93.72 | 92.67 | 92.84 | 93.64 | 93.23 | 93.89 | 93.89 | 9459 | 9459 | 93.02 | 93.02 | 93.02 | 95.11 | 95.11 | 93.63 | 93.63 | 93.02 | 94.76 | 93.37 | 93.37 | 93.37 | 93.37 | 93.89 | 93.02 | 93.89 | 94.76 | 91.97
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E2 VN VN VN VN VN u.s us u.s us u.s us us us u.s u.s us u.s us u.s u.s uU.s u.s u.s UK UK uUs CHN | CHN
VN 95.75 95.9 | 93.77 94.2 93.4 93.4 | 93.77 | 93.77 | 9255 | 9255 | 9255 | 95.38 | 94.36 | 93.07 | 93.07 | 92.08 | 93.58 | 94.53 | 94.53 | 9453 | 9453 | 91.79 | 92.36 | 93.09 | 92.92 | 91.98 | 94.72
VN 95.75 97.31 | 9453 | 95.14 | 93.58 | 93.58 | 94.72 | 94.72 | 93.21 | 93.21 | 93.21 | 95.75 | 94.46 | 93.25 | 93.25 | 92.26 | 94.06 | 94.43 | 94.43 | 94.43 | 94.43 | 92.55 | 92.92 93 | 93.02 | 93.02 | 95.57
VN 959 | 97.31 94.67 | 9519 | 94.58 | 94.58 | 94.48 | 94.48 | 93.35 | 93.35 | 93.35 | 96.18 | 95.35 | 94.15 | 94.15 | 92.78 | 94.86 | 95.42 | 9542 | 9542 | 9542 | 93.21 | 93.35 93.7 | 93.82 | 92.78 | 95.33
VN 93.77 | 9453 | 94.67 94.67 | 9321 | 9321 | 9434 | 94.34 | 92.64 | 92.64 | 92.64 | 9575 | 94.17 | 93.73 | 93.73 | 9189 | 94.06 | 93.77 | 93.77 | 93.77 | 93.77 | 92.74 | 93.02 | 92.81 93.3 | 92.83 | 94.43
VN 94.2 | 95.14 | 95.19 | 94.67 93.96 | 93.96 | 94.95 | 94.95 | 93.63 | 93.63 | 93.63 | 96.18 | 94.88 95 95 | 92.59 | 94.48 | 94.76 | 94.76 | 94.76 | 94.76 | 93.63 | 93.44 | 93.89 | 93.92 | 93.16 | 95.14
Us. 934 | 9358 | 9458 | 93.21 | 93.96 99.15 | 93.77 | 93.77 | 93.11 | 93.11 | 93.11 | 9528 | 98.04 | 9392 | 9392 | 9189 | 9349 | 97.83 | 97.83 | 97.83 | 97.83 | 93.11 | 92.83 | 92.38 | 93.35 | 92.26 | 93.73
U.S. 934 | 9358 | 94.58 | 93.21 | 93.96 | 99.15 93.77 | 93.77 | 93.11 | 93.11 | 93.11 | 95.28 | 98.04 | 93.92 | 93.92 | 91.89 | 93.49 | 97.83 | 97.83 | 97.83 | 97.83 | 93.11 | 92.83 | 92.38 | 93.35 | 92.26 | 93.73
uUs. 93.77 | 9472 | 9448 | 9434 | 94.95 | 93.77 | 93.77 100 | 93.21 | 93.21 | 93.21 | 96.13 | 9455 | 94.81 | 94.81 | 9245 | 9434 | 9396 | 93.96 | 93.96 | 93.96 | 93.58 | 93.58 | 93.28 | 94.15 | 93.49 | 9528
Us. 93.77 | 94.72 | 9448 | 94.34 | 94.95 | 93.77 | 93.77 100 93.21 | 9321 | 93.21 | 96.13 | 94.55 | 94.81 | 94.81 | 92.45 | 94.34 | 93.96 | 93.96 | 93.96 | 93.96 | 93.58 | 93.58 | 93.28 | 94.15 | 93.49 | 95.28
uU.s. 92.55 | 93.21 | 93.35 | 92.64 | 93.63 | 93.11 | 93.11 | 93.21 | 93.21 100 100 | 94.34 | 94.65 | 92.78 | 92.78 | 92.08 | 92.45 | 93.58 | 93.58 | 93.58 | 93.58 | 92.64 | 92.08 | 92.24 | 92.92 | 92.83 | 92.45
Us. 9255 | 9321 | 93.35 | 9264 | 93.63 | 93.11 | 93.11 | 93.21 | 93.21 100 100 | 94.34 | 94.65 | 92.78 | 92.78 | 92.08 | 9245 | 9358 | 93.58 | 93.58 | 93.58 | 92.64 | 92.08 | 92.24 | 9292 | 92.83 | 92.45
uU.s. 92.55 | 93.21 | 93.35 | 92.64 | 93.63 | 93.11 | 93.11 | 93.21 | 93.21 100 100 94.34 | 94.65 | 92.78 | 92.78 | 92.08 | 92.45 | 9358 | 93.58 | 93.58 | 93.58 | 92.64 | 92.08 | 92.24 | 92.92 | 92.83 | 92.45
Us. 95.38 | 95.75 | 96.18 | 95.75 | 96.18 | 95.28 | 9528 | 96.13 | 96.13 | 94.34 | 94.34 | 94.34 96.34 | 9524 | 95.24 93.3 | 9557 | 9585 | 9585 | 95.85 | 95.85 | 94.43 | 95.19 945 | 9538 | 94.15 | 96.04
UsS. 94.36 | 9446 | 95.35 | 94.17 | 94.88 | 98.04 | 98.04 | 94.55 | 94.55 | 94.65 | 94.65 | 94.65 | 96.34 95.35 | 95.35 | 9248 | 94.27 | 98.61 | 98.61 | 98.61 | 98.61 | 93.61 93.8 93.3 | 94.17 | 93.51 | 94.46
Us. 93.07 | 9325 | 94.15 | 93.73 95 | 9392 | 93.92 | 9481 | 9481 | 92.78 | 92.78 | 92.78 | 95.24 | 95.35 99.76 | 92,59 | 93.92 94.2 94.2 94.2 94.2 | 93.63 | 92.69 | 92.95 | 93.82 934 | 93.73
Us. 93.07 | 93.25 | 94.15 | 93.73 95 | 93.92 | 93.92 | 94.81 | 9481 | 92.78 | 92.78 | 92.78 | 95.24 | 95.35 | 99.76 92.59 | 93.92 94.2 94.2 94.2 94.2 | 93.63 | 92.69 | 92.95 | 93.82 934 | 93.73
uU.s. 92.08 | 92.26 | 92.78 | 91.89 | 92.59 | 91.89 | 91.89 | 92.45 | 92.45 | 92.08 | 92.08 | 92.08 93.3 | 92.48 | 9259 | 92.59 92.26 | 92.17 | 92.17 | 92.17 | 92.17 | 92.17 | 91.42 | 91.39 91.7 91.6 | 92.17
Us. 93.58 | 94.06 | 94.86 | 94.06 | 94.48 | 93.49 | 93.49 | 94.34 | 94.34 | 92.45 | 9245 | 92.45 | 9557 | 94.27 | 93.92 | 93.92 | 92.26 94.15 | 94.15 | 94.15 | 94.15 934 | 9292 | 93.75 | 94.34 | 92.26 | 95.09
uU.s. 94.53 | 94.43 | 9542 | 93.77 | 94.76 | 97.83 | 97.83 | 93.96 | 93.96 | 93.58 | 93.58 | 93.58 | 95.85 | 98.61 94.2 94.2 | 9217 | 94.15 100 100 100 | 93.11 | 93.11 | 93.66 93.4 | 92.83 | 94.53
Us. 94.53 | 9443 | 9542 | 93.77 | 94.76 | 97.83 | 97.83 | 93.96 | 93.96 | 93.58 | 93.58 | 93.58 | 95.85 | 98.61 94.2 94.2 | 92.17 | 94.15 100 100 100 | 93.11 | 93.11 | 93.66 934 | 92.83 | 94.53
UsS. 94.53 | 9443 | 9542 | 93.77 | 94.76 | 97.83 | 97.83 | 93.96 | 93.96 | 93.58 | 93.58 | 93.58 | 95.85 | 98.61 94.2 94.2 | 92.17 | 94.15 100 100 100 | 93.11 | 93.11 | 93.66 934 | 92.83 | 94.53
UsS. 94.53 | 9443 | 9542 | 93.77 | 94.76 | 97.83 | 97.83 | 93.96 | 93.96 | 93.58 | 93.58 | 93.58 | 95.85 | 98.61 94.2 94.2 | 92.17 | 94.15 100 100 100 93.11 | 93.11 | 93.66 93.4 | 92.83 | 94.53
UsS. 91.79 | 9255 | 93.21 | 92.74 | 93.63 | 93.11 | 93.11 | 93.58 | 93.58 | 92.64 | 92.64 | 92.64 | 9443 | 93.61 | 93.63 | 93.63 | 92.17 934 | 9311 | 93.11 | 93.11 | 93.11 92.26 | 92.15 | 93.96 | 91.98 | 92.64
UK 9236 | 9292 | 93.35 | 93.02 | 93.44 | 92.83 | 92.83 | 93.58 | 93.58 | 92.08 | 92.08 | 92.08 | 95.19 93.8 | 92.69 | 92.69 | 9142 | 92.92 | 93.11 | 93.11 | 93.11 | 93.11 | 92.26 9243 | 9292 | 9264 | 93.11
UK 93.09 93 93.7 | 92.81 | 93.89 | 92.38 | 92.38 | 93.28 | 93.28 | 92.24 | 92.24 | 92.24 945 93.3 | 92.95 | 92.95 | 91.39 | 93.75 | 93.66 | 93.66 | 93.66 | 93.66 | 92.15 | 92.43 92.81 | 92.43 | 94.03
uU.s. 92.92 | 93.02 | 93.82 93.3 [ 93.92 | 93.35 | 93.35 | 94.15 | 94.15 | 9292 | 92.92 | 92.92 | 95.38 | 94.17 | 93.82 | 93.82 91.7 | 94.34 93.4 93.4 93.4 93.4 | 93.96 | 92.92 | 92.81 92.64 | 93.58
CHN | 91.98 | 93.02 | 92.78 | 92.83 | 93.16 | 92.26 | 92.26 | 93.49 | 93.49 | 92.83 | 92.83 | 92.83 | 94.15 | 93.51 93.4 934 91.6 | 9226 | 92.83 | 92.83 | 92.83 | 92.83 | 91.98 | 92.64 | 92.43 | 92.64 93.11
CHN | 94.72 | 9557 | 95.33 | 94.43 | 95.14 | 93.73 | 93.73 | 95.28 | 95.28 | 92.45 | 92.45 | 92.45 | 96.04 | 94.46 | 93.73 | 93.73 | 92.17 | 95.09 | 9453 | 94.53 | 94.53 | 94.53 | 92.64 | 93.11 | 94.03 | 9358 | 93.11
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CHN | CHN | VN VN VN VN VN uU.s us u.s u.s u.s u.s u.s u.s u.s u.s u.s us u.s u.s us u.s us u.s UK UK u.s

CHN 89.9 | 89.34 | 89.76 | 90.11 91.8 | 90.11 | 91.16 | 91.16 | 91.73 | 91.73 | 92.15 | 92.15 | 92.15 | 92.85 | 92.53 | 89.13 | 89.13 | 90.46 | 90.32 | 9144 | 9144 | 9144 | 91.44 | 91.16 | 92.15 | 91.02 | 91.37
CHN 89.9 91.87 | 91.73 | 91.94 | 92.64 | 91.94 91.3 91.3 | 91.02 | 91.02 | 92.71 | 92.71 | 92.71 | 92.85 | 93.23 | 90.95 | 90.95 | 90.88 | 91.73 | 92.01 | 92.01 | 92.01 | 92.01 | 91.87 | 92.15 | 91.58 | 92.43
VN 89.34 | 91.87 94.95 95.3 | 90.39 | 91.09 | 90.18 | 90.18 | 91.58 | 91.58 | 90.32 | 90.32 | 90.32 | 92.15 | 92.53 | 90.32 | 90.32 | 89.76 91.3 | 92.01 | 92.01 | 92.01 | 92.01 | 90.18 | 90.74 | 90.74 | 91.23
VN 89.76 | 91.73 | 94.95 95.16 | 91.09 | 90.81 | 90.88 | 90.88 913 913 | 9144 | 9144 | 9144 | 92.71 | 92,95 | 89.76 | 89.76 89.9 | 9144 | 9158 | 9158 | 9158 | 9158 | 90.88 | 91.44 | 91.16 | 90.81
VN 90.11 | 91.94 95.3 | 95.16 91.73 | 91.58 | 91.23 | 91.23 | 92,57 | 92.57 91.8 91.8 91.8 93.2 | 93.58 | 90.53 | 90.53 | 89.97 | 92.08 | 92.08 | 92.08 | 92.08 | 92.08 | 91.23 | 91.51 | 91.65 | 92.01
VN 91.8 | 92.64 | 90.39 | 91.09 | 91.73 92.01 | 93.34 | 93.34 932 93.2 93.9 93.9 93.9 | 9488 | 95.13 | 90.46 | 90.46 93.2 | 92.64 | 9334 | 93.34 | 9334 | 93.34 | 93.34 | 93.62 | 93.06 | 93.13
VN 90.11 | 91.94 | 91.09 | 90.81 | 91.58 | 92.01 91.8 91.8 | 91.51 | 9151 | 9151 | 9151 | 9151 93.2 | 93.02 | 89.41 | 89.41 | 91.23 | 92.22 91.8 91.8 91.8 91.8 | 91.09 | 91.51 | 92.22 | 92.01
us. 91.16 913 | 90.18 | 90.88 | 91.23 | 93.34 918 99.58 | 9327 | 93.27 | 9271 | 92.71 | 92.71 | 94.11 95.2 | 90.46 | 90.46 | 91.16 | 91.23 | 9257 | 9257 | 9257 | 92.57 913 | 91.87 | 91.87 | 92.08
us. 91.16 91.3 | 90.18 | 90.88 | 91.23 | 93.34 91.8 | 99.58 93.27 | 9327 | 92.71 | 92.71 | 92.71 | 94.11 95.2 | 90.46 | 90.46 | 91.16 | 91.23 | 9257 | 92,57 | 92,57 | 92.57 91.3 | 91.87 | 91.87 | 92.08
uUs. 91.73 | 91.02 | 91.58 91.3 | 92.57 93.2 | 9151 | 93.27 | 93.27 100 | 93.83 | 93.83 | 93.83 | 94.39 | 94.78 | 90.46 | 90.46 | 92.85 | 92.29 | 9355 | 93.55 | 9355 | 93.55 | 92.85 | 92.71 | 92.71 | 92.36
us. 91.73 | 91.02 | 91.58 913 | 92,57 93.2 | 9151 | 93.27 | 93.27 100 93.83 | 93.83 | 93.83 | 94.39 | 94.78 | 90.46 | 90.46 | 92.85 | 92.29 | 9355 | 93.55 | 9355 | 93.55 | 92.85 | 92.71 | 92.71 | 92.36
uUs. 92.15 | 92.71 | 90.32 | 91.44 91.8 93.9 | 9151 | 92.71 | 92.71 | 93.83 | 93.83 100 100 | 96.49 | 96.74 | 92.29 | 92.29 | 93.13 | 93.13 | 9453 | 94.53 | 9453 | 94.53 | 93.69 | 94.39 | 93.83 | 93.62
us. 92.15 | 92.71 | 90.32 | 91.44 918 939 | 9151 | 92.71 | 92.71 | 93.83 | 93.83 100 100 | 96.49 | 96.74 | 92.29 | 92.29 | 93.13 | 93.13 | 9453 | 94.53 | 9453 | 94.53 | 93.69 | 94.39 | 93.83 | 93.62
Us. 92.15 | 92.71 | 90.32 | 91.44 91.8 93.9 | 9151 | 92.71 | 92.71 | 93.83 | 93.83 100 100 96.49 | 96.74 | 92.29 | 92.29 | 93.13 | 93.13 | 94.53 | 94.53 | 94.53 | 94.53 | 93.69 | 94.39 | 93.83 | 93.62
us. 92.85 | 92.85 | 92.15 | 92.71 932 | 94.88 932 | 9411 | 9411 | 9439 | 94.39 | 96.49 | 96.49 | 96.49 97.72 | 92,71 | 92.71 | 9439 | 95.65 | 9593 | 9593 | 9593 | 9593 | 95.37 | 95.79 | 95.65 | 94.74
uUs. 92.53 | 93.23 | 9253 | 92.95 | 93.58 | 95.13 | 93.02 95.2 952 | 94.78 | 94.78 | 96.74 | 96.74 | 96.74 | 97.72 94.57 | 9457 | 94.07 | 94.64 | 96.74 | 96.74 | 96.74 | 96.74 | 94.78 95.2 95.2 | 94.42
Us. 89.13 | 90.95 | 90.32 | 89.76 | 90.53 | 90.46 | 89.41 | 90.46 | 90.46 | 90.46 | 90.46 | 92.29 [ 92.29 | 92.29 | 92.71 | 94.57 99.79 | 90.32 | 91.73 | 92.22 | 92.22 | 92.22 | 92.22 | 90.18 | 90.74 | 91.87 | 90.25
us. 89.13 | 90.95 | 90.32 | 89.76 | 90.53 | 90.46 | 89.41 | 90.46 | 90.46 | 90.46 | 90.46 | 92.29 | 92.29 | 92.29 | 92.71 | 94.57 | 99.79 90.32 | 91.73 | 9222 | 9222 | 9222 | 92.22 | 90.18 | 90.74 | 91.87 | 90.25
uUs. 90.46 | 90.88 | 89.76 89.9 | 89.97 93.2 | 91.23 | 91.16 | 91.16 | 92.85 | 92.85 | 93.13 | 93.13 | 93.13 | 94.39 | 94.07 | 90.32 | 90.32 92.57 | 93.27 | 93.27 | 93.27 | 93.27 | 93.27 | 93.55 | 92.85 | 93.13
us. 90.32 | 91.73 913 | 9144 | 9208 | 9264 | 9222 | 91.23 | 91.23 | 92.29 | 92.29 | 93.13 | 93.13 | 93.13 | 9565 | 94.64 | 91.73 | 91.73 | 92.57 93.13 | 93.13 | 93.13 | 93.13 | 93.13 | 93.55 | 92.99 | 93.06
Us. 91.44 | 92.01 | 92.01 | 91.58 | 92.08 | 93.34 91.8 | 9257 | 92.57 | 9355 | 93.55 | 94.53 | 94.53 | 94.53 | 95.93 | 96.74 | 92.22 | 92.22 | 93.27 | 93.13 100 100 100 | 93.83 | 94.11 | 93.69 | 93.34
Us. 91.44 | 92.01 | 92.01 | 91.58 | 92.08 | 93.34 91.8 | 9257 | 9257 | 9355 | 93.55 | 94.53 | 94.53 | 94.53 | 95.93 | 96.74 | 92.22 | 92.22 | 93.27 | 93.13 100 100 100 | 93.83 | 94.11 | 93.69 | 93.34
Us. 91.44 | 92.01 | 92.01 | 91.58 | 92.08 | 93.34 91.8 | 9257 | 92.57 | 9355 | 93.55 | 94.53 | 94.53 | 94.53 | 95.93 | 96.74 | 92.22 | 92.22 | 93.27 | 93.13 100 100 100 | 93.83 | 94.11 | 93.69 | 93.34
us. 9144 | 92.01 | 92.01 | 9158 | 92.08 | 93.34 918 | 9257 | 9257 | 9355 | 93.55 | 94.53 | 94.53 | 94.53 | 95.93 | 96.74 | 92.22 | 9222 | 9327 | 93.13 100 100 100 93.83 | 94.11 | 93.69 | 93.34
uUs. 91.16 | 91.87 | 90.18 | 90.88 | 91.23 | 93.34 | 91.09 913 91.3 | 92.85 | 92.85 | 93.69 | 93.69 | 93.69 | 9537 | 94.78 | 90.18 | 90.18 | 93.27 | 93.13 | 93.83 | 93.83 | 93.83 | 93.83 94.11 | 93.69 | 92.36
UK 92.15 | 92.15 | 90.74 | 91.44 | 9151 | 9362 | 91.51 | 91.87 | 91.87 | 92.71 | 92.71 | 94.39 [ 94.39 | 94.39 | 95.79 95.2 | 90.74 | 90.74 | 93.55 | 9355 | 94.11 | 94.11 | 94.11 | 9411 | 94.11 93.55 | 93.27
UK 91.02 | 91.58 | 90.74 | 91.16 | 91.65 | 93.06 | 92.22 | 91.87 | 91.87 | 92.71 | 92.71 | 93.83 | 93.83 | 93.83 | 95.65 95.2 | 91.87 | 91.87 | 92.85 | 92.99 | 93.69 | 93.69 | 93.69 | 93.69 | 93.69 | 93.55 93.2
uUs. 91.37 | 92.43 | 91.23 | 90.81 | 92.01 | 93.13 | 92.01 | 92.08 | 92.08 | 92.36 | 92.36 | 93.62 | 93.62 | 93.62 | 94.74 | 94.42 | 90.25 | 90.25 | 93.13 | 93.06 | 93.34 | 93.34 | 93.34 | 93.34 | 92.36 | 93.27 93.2
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NS2 CHN | CHN | VN VN VN VN VN us u.s us u.s uU.s us uU.s us u.s u.s u.s u.s u.s us uU.s us u.s uU.s UK UK us
CHN 92.64 | 92.92 | 93.47 | 92.78 | 93.54 | 91.67 | 92.71 | 92.71 | 94.17 | 94.17 | 93.19 | 93.19 | 93.19 | 93.89 | 94.17 | 93.61 | 93.61 | 93.06 | 94.17 | 92.64 | 92.64 | 92.64 | 92.64 | 93.19 | 93.33 | 93.89 | 92.64
CHN 92.64 95.14 | 9556 | 94.31 | 94.79 | 94.03 | 94.24 | 94.24 | 9556 | 95.56 | 95.97 | 95.97 | 95.97 | 96.25 | 96.67 | 95.21 | 95.21 | 95.14 | 96.53 | 94.86 | 94.86 | 94.86 | 94.86 | 94.72 | 95.69 | 95.56 | 94.17
VN 92.92 | 95.14 97.36 | 96.67 | 94.93 | 94.03 | 93.96 | 93.96 | 96.53 | 96.53 | 95.28 | 95.28 | 95.28 | 96.53 | 96.25 | 95.49 | 95.49 | 95.56 | 96.39 | 94.86 | 94.86 | 94.86 | 94.86 | 95.14 | 9556 | 95.83 | 94.31
VN 93.47 | 9556 | 97.36 97.08 | 95.07 | 94.17 | 95.07 | 95.07 | 96.39 | 96.39 | 9542 | 9542 | 9542 | 96.53 | 96.39 95.9 95.9 | 9542 | 96.25 95 95 95 95 | 9556 | 95.69 | 9542 | 94.58
VN 92.78 | 94.31 | 96.67 | 97.08 95.21 | 92.78 934 934 | 9556 | 9556 | 94.31 | 94.31 | 94.31 | 95.28 | 95.28 | 94.79 | 94.79 | 94.44 | 9556 | 94.17 | 94.17 | 94.17 | 94.17 | 94.72 | 94.72 95 | 93.75
VN 9354 | 94.79 | 9493 | 95.07 | 95.21 94.1 | 9444 | 9444 | 96.46 | 96.46 | 95.76 | 95.76 | 95.76 | 96.32 | 96.18 95 95 | 95.49 96.6 | 95.07 | 95.07 | 95.07 | 95.07 | 9535 | 95.35 | 96.53 | 94.65
VN 91.67 | 94.03 | 94.03 | 94.17 | 92.78 94.1 93.96 | 93.96 | 94.17 | 94.17 | 94.03 | 94.03 | 94.03 | 95.28 | 95.28 94.1 94.1 | 94.31 | 95.28 | 93.89 | 93.89 | 93.89 | 93.89 | 94.17 | 94.03 | 94.03 | 93.19
uUs. 92.71 | 94.24 | 93.96 | 95.07 934 | 9444 | 93.96 99.93 | 9535 | 95.35 | 94.79 | 94.79 | 94.79 95.9 96.6 | 95.28 | 95.28 | 9535 | 9535 | 94.38 | 94.38 | 94.38 | 94.38 | 94.65 | 94.79 | 9535 | 93.54
uUs. 92.71 | 94.24 | 93.96 | 95.07 934 | 9444 | 93.96 | 99.93 95.35 | 95.35 | 94.79 | 94.79 | 94.79 95.9 96.6 | 95.28 | 95.28 | 95.35 | 95.35 | 94.38 | 94.38 | 94.38 | 94.38 | 94.65 | 94.79 | 95.35 | 93.54
uUs. 94.17 | 9556 | 96.53 | 96.39 | 95.56 | 96.46 | 94.17 | 95.35 | 95.35 100 | 96.81 | 96.81 | 96.81 | 97.64 | 97.64 | 96.88 | 96.88 | 96.53 | 96.81 | 96.67 | 96.67 | 96.67 | 96.67 | 96.39 | 96.81 | 97.36 | 95.56
us. 94.17 | 9556 | 96.53 | 96.39 | 9556 | 96.46 | 94.17 | 95.35 | 95.35 100 96.81 | 96.81 | 96.81 | 97.64 | 97.64 | 96.88 | 96.88 | 96.53 | 96.81 | 96.67 | 96.67 | 96.67 | 96.67 | 96.39 | 96.81 | 97.36 | 95.56
Us. 93.19 | 9597 | 95.28 | 9542 | 94.31 | 95.76 | 94.03 | 94.79 | 94.79 | 96.81 | 96.81 100 100 | 97.22 | 97.78 | 96.32 | 96.32 | 96.39 | 96.67 | 95.97 | 95.97 | 95.97 | 9597 | 9542 | 96.11 | 9597 | 95.28
us. 93.19 | 9597 | 9528 | 9542 | 9431 | 95.76 | 94.03 | 94.79 | 94.79 | 96.81 | 96.81 100 100 | 97.22 | 97.78 | 96.32 | 96.32 | 96.39 | 96.67 | 9597 | 95.97 | 9597 | 9597 | 9542 | 96.11 | 9597 | 95.28
Us. 93.19 | 95.97 | 95.28 | 9542 | 94.31 | 95.76 | 94.03 | 94.79 | 94.79 | 96.81 | 96.81 100 100 97.22 | 97.78 | 96.32 | 96.32 | 96.39 | 96.67 | 95.97 | 95.97 | 95.97 | 95.97 | 9542 | 96.11 | 95.97 | 95.28
uUs. 93.89 | 96.25 | 96.53 | 96.53 | 95.28 | 96.32 | 95.28 95.9 959 | 9764 | 97.64 | 97.22 | 97.22 | 97.22 98.19 | 96.88 | 96.88 | 96.94 | 97.78 | 96.81 | 96.81 | 96.81 | 96.81 | 97.08 975 | 97.22 | 95.56
uUs. 94.17 | 96.67 | 96.25 | 96.39 | 95.28 | 96.18 | 95.28 96.6 96.6 | 97.64 | 97.64 | 97.78 | 97.78 | 97.78 | 98.19 97.92 | 97.92 | 97.08 | 97.64 | 97.22 | 97.22 | 97.22 | 97.22 | 96.81 | 97.08 | 97.08 | 95.28
Us. 93.61 | 95.21 | 95.49 95.9 | 94.79 95 94.1 | 95.28 | 95.28 | 96.88 | 96.88 | 96.32 | 96.32 | 96.32 | 96.88 | 97.92 99.79 95.9 | 96.46 | 96.04 | 96.04 | 96.04 | 96.04 | 95.76 | 96.04 | 96.04 | 94.51
uUs. 93.61 | 95.21 | 95.49 95.9 | 94.79 95 94.1 | 9528 | 95.28 | 96.88 | 96.88 | 96.32 | 96.32 | 96.32 | 96.88 | 97.92 | 99.79 95.9 | 96.46 | 96.04 | 96.04 | 96.04 | 96.04 | 95.76 | 96.04 | 96.04 | 94.51
us. 93.06 | 95.14 | 95.56 | 9542 | 94.44 | 9549 | 94.31 | 9535 | 95.35 | 96.53 | 96.53 | 96.39 | 96.39 | 96.39 | 96.94 | 97.08 95.9 95.9 96.67 | 95.28 | 95.28 | 95.28 | 95.28 | 95.69 | 95.56 | 96.39 | 95.14
uUs. 94.17 | 96.53 | 96.39 | 96.25 | 95.56 96.6 | 95.28 | 95.35 | 95.35 | 96.81 | 96.81 | 96.67 | 96.67 | 96.67 | 97.78 | 97.64 | 96.46 | 96.46 | 96.67 96.11 | 96.11 | 96.11 | 96.11 | 96.81 | 96.67 | 97.22 | 95.42
UsS. 92.64 | 94.86 | 94.86 95 | 94.17 | 95.07 | 93.89 | 94.38 | 94.38 | 96.67 | 96.67 | 95.97 | 95.97 | 95.97 | 96.81 | 97.22 | 96.04 | 96.04 | 9528 | 96.11 100 100 100 | 96.11 | 96.25 | 95.69 | 93.89
Us. 92.64 | 94.86 | 94.86 95 | 94.17 | 95.07 | 93.89 | 94.38 | 94.38 | 96.67 | 96.67 | 9597 | 95.97 | 95.97 | 96.81 | 97.22 | 96.04 | 96.04 | 9528 | 96.11 100 100 100 | 96.11 | 96.25 | 95.69 | 93.89
Us. 92.64 | 94.86 | 94.86 95 | 94.17 | 95.07 | 93.89 | 94.38 | 94.38 | 96.67 | 96.67 | 95.97 | 95.97 | 95.97 | 96.81 | 97.22 | 96.04 | 96.04 | 95.28 | 96.11 100 100 100 | 96.11 | 96.25 | 95.69 | 93.89
Us. 92.64 | 94.86 | 94.86 95 | 9417 | 95.07 | 93.89 | 94.38 | 94.38 | 96.67 | 96.67 | 9597 | 9597 | 95.97 | 96.81 | 97.22 | 96.04 | 96.04 | 9528 | 96.11 100 100 100 96.11 | 96.25 | 95.69 | 93.89
uUs. 93.19 | 94.72 | 95.14 | 9556 | 94.72 | 95.35 | 94.17 | 94.65 | 94.65 | 96.39 | 96.39 | 9542 | 9542 | 9542 | 97.08 | 96.81 | 95.76 | 95.76 | 95.69 | 96.81 | 96.11 | 96.11 | 96.11 | 96.11 95.97 | 95.97 | 94.17
UK 93.33 | 95.69 | 95.56 | 95.69 | 94.72 | 95.35 | 94.03 | 94.79 | 94.79 | 96.81 | 96.81 | 96.11 | 96.11 | 96.11 97.5 | 97.08 | 96.04 | 96.04 | 95.56 | 96.67 | 96.25 | 96.25 | 96.25 | 96.25 | 95.97 96.81 | 94.58
UK 93.89 | 95.56 | 95.83 | 95.42 95 | 96.53 | 94.03 | 9535 | 95.35 | 97.36 | 97.36 | 95.97 | 95.97 | 95.97 | 97.22 | 97.08 | 96.04 | 96.04 | 96.39 | 97.22 | 95.69 | 95.69 | 95.69 | 95.69 | 95.97 | 96.81 95.42
uUs. 92.64 | 94.17 | 94.31 | 94.58 | 93.75 | 94.65 | 93.19 | 93.54 | 93.54 | 9556 | 95.56 | 95.28 | 95.28 | 95.28 | 95.56 | 95.28 | 94.51 | 9451 | 95.14 | 9542 | 93.89 | 93.89 | 93.89 | 93.89 | 94.17 | 94.58 | 95.42
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CHN | CHN | VN VN VN VN VN us u.s us u.s u.s u.s us u.s u.s u.s us u.s uUs us uU.s us uU.s us UK UK u.s

CHN 92.39 | 93.35 | 93.14 | 9364 | 93.35 | 93.32 | 93.32 | 93.32 | 93.72 | 93.72 | 92.87 | 92.87 | 92.87 | 94.36 94.4 | 92.85 | 92.85 | 93.35 | 94.15 | 93.03 | 93.03 | 93.03 | 93.03 | 93.67 | 93.62 | 93.52 | 93.72
CHN 92.39 94.2 | 94.26 | 9447 | 9489 | 95.08 | 94.34 | 94.34 | 94.89 | 94.89 | 94.04 | 94.04 | 94.04 | 95.64 | 95.73 93.8 93.8 | 94.57 | 9532 | 94.26 | 94.26 | 94.26 | 94.26 | 94.73 | 94.15 | 94.11 | 94.57
VN 93.35 94.2 97.66 | 97.98 | 95.32 | 94.55 | 94.39 | 9439 | 95.16 | 95.16 | 94.79 | 94.79 | 94.79 | 96.28 | 96.32 | 94.55 | 9455 | 94.95 | 9537 | 94.79 | 94.79 | 94.79 | 94.79 | 94.84 | 9553 | 95.12 | 95.16
VN 93.14 | 94.26 | 97.66 975 | 9516 | 9444 | 9412 | 9412 | 95.21 | 95.21 94.2 94.2 94.2 | 96.17 96.1 | 94.76 | 94.76 | 95.05 | 95.16 | 94.68 | 94.68 | 94.68 | 94.68 | 94.68 | 9527 | 94.91 | 94.84
VN 93.64 | 94.47 | 97.98 97.5 95.53 | 94.92 | 94.34 | 94.34 | 9543 | 9543 | 94.73 | 94.73 | 94.73 | 96.65 | 96.58 | 94.71 | 94.71 | 95.16 | 95.32 | 95.32 | 95.32 | 95.32 | 95.32 | 94.89 | 95.69 | 95.28 | 95.21
VN 93.35 | 94.89 | 9532 | 95.16 | 95.53 95.03 | 95.13 | 95.13 95.8 95.8 | 94.52 | 9452 | 9452 | 96.49 96.8 | 95.24 | 9524 | 95.27 | 95.96 | 95.05 | 95.05 | 95.05 | 95.05 | 95.11 | 95.85 94.8 | 95.37
VN 93.32 | 95.08 | 9455 | 94.44 | 94.92 | 95.03 95.27 | 95.27 | 95.66 | 95.66 | 94.28 | 94.28 | 94.28 | 95.98 | 96.61 | 94.68 | 94.68 | 95.03 | 95.82 | 94.71 | 94.71 | 94.71 | 94.71 | 9455 | 94.97 | 94.83 | 95.08
uUs. 9332 | 9434 | 9439 | 94.12 | 94.34 | 95.13 | 95.27 99.87 | 9545 | 9545 | 94.39 | 9439 | 9439 | 9582 | 97.06 | 94.41 | 9441 | 95.19 | 9545 | 94.44 | 9444 | 94.44 | 94.44 | 95.03 | 94.97 | 94.67 | 94.97
Us. 93.32 | 94.34 | 9439 | 94.12 | 94.34 | 95.13 | 95.27 | 99.87 95.45 | 9545 | 94.39 | 9439 | 94.39 | 9582 | 97.06 | 94.41 | 9441 | 95.19 | 9545 | 94.44 | 9444 | 94.44 | 94.44 | 95.03 | 94.97 | 94.67 | 94.97
uU.s. 93.72 | 94.89 | 95.16 | 95.21 | 95.43 95.8 | 95.66 | 95.45 | 95.45 100 | 94.79 | 94.79 | 94.79 | 96.65 | 97.22 | 95.03 | 95.03 | 96.12 | 96.01 | 95.05 | 95.05 | 95.05 | 95.05 | 95.37 | 96.12 | 94.91 | 95.59
uUs. 93.72 | 94.89 | 95.16 | 9521 | 95.43 958 | 95.66 | 9545 | 95.45 100 94.79 | 94.79 | 94.79 | 96.65 | 97.22 | 95.03 | 95.03 | 96.12 | 96.01 | 95.05 | 95.05 | 95.05 | 95.05 | 95.37 | 96.12 | 94.91 | 95.59
U.s. 92.87 | 94.04 | 94.79 94.2 | 94.73 | 9452 | 94.28 | 94.39 | 9439 | 94.79 | 94.79 100 100 | 95.69 | 96.64 93.7 93.7 | 95.11 | 95.32 94.2 94.2 94.2 94.2 | 9441 | 94.95 | 9443 | 95.21
uUs. 92.87 | 94.04 | 94.79 942 | 9473 | 9452 | 9428 | 9439 | 9439 | 94.79 | 94.79 100 100 | 95.69 | 96.64 93.7 93.7 | 95.11 | 95.32 94.2 94.2 94.2 94.2 | 9441 | 9495 | 9443 | 95.21
UsS. 92.87 | 94.04 | 94.79 94.2 | 94.73 | 9452 | 94.28 | 94.39 | 9439 | 94.79 | 94.79 100 100 95.69 | 96.64 93.7 93.7 | 95.11 | 95.32 94.2 94.2 94.2 94.2 | 9441 | 9495 | 9443 | 95.21
uUs. 94.36 | 95.64 | 96.28 | 96.17 | 96.65 | 96.49 | 9598 | 95.82 | 95.82 | 96.65 | 96.65 | 95.69 | 95.69 | 95.69 98.02 | 96.04 | 96.04 96.6 96.6 95.9 95.9 95.9 95.9 | 96.38 | 96.81 | 95.76 | 96.33
Us. 94.4 | 95.73 | 96.32 96.1 | 96.58 96.8 | 96.61 | 97.06 | 97.06 | 97.22 | 97.22 | 96.64 | 96.64 | 96.64 | 98.02 96.34 | 96.34 | 97.06 | 97.01 | 97.06 | 97.06 | 97.06 | 97.06 | 96.53 | 97.06 | 96.17 | 96.69
uU.s. 92.85 93.8 | 9455 | 94.76 | 94.71 | 9524 | 94.68 | 94.41 | 94.41 | 95.03 | 95.03 93.7 93.7 93.7 | 96.04 | 96.34 99.81 | 95.08 | 94.97 | 94.65 | 94.65 | 94.65 | 9465 | 94.71 | 94.34 | 9461 | 94.44
uUs. 92.85 93.8 | 9455 | 94.76 | 94.71 | 9524 | 9468 | 94.41 | 94.41 | 95.03 | 95.03 93.7 93.7 93.7 | 96.04 | 96.34 | 99.81 95.08 | 94.97 | 94.65 | 94.65 | 94.65 | 94.65 | 94.71 | 94.34 | 94.61 | 94.44
uU.s. 93.35 | 9457 | 94.95 | 95.05 | 95.16 | 95.27 | 95.03 | 95.19 | 95.19 | 96.12 | 96.12 | 95.11 | 95.11 | 95.11 96.6 | 97.06 | 95.08 | 95.08 96.01 | 9548 | 9548 | 9548 | 9548 | 9548 | 96.06 | 94.75 | 95.59
uUs. 94.15 | 9532 | 95.37 | 95.16 | 95.32 | 9596 | 95.82 | 9545 | 9545 | 96.01 | 96.01 | 95.32 | 95.32 | 95.32 96.6 | 97.01 | 94.97 | 94.97 | 96.01 95.43 | 9543 | 9543 | 9543 | 9548 | 95.69 | 94.91 | 96.06
UsS. 93.03 | 94.26 | 94.79 | 94.68 | 9532 | 95.05 | 94.71 | 94.44 | 94.44 | 95.05 | 95.05 94.2 94.2 94.2 95.9 | 97.06 | 94.65 | 94.65 | 95.48 | 95.43 100 100 100 | 95.21 | 95.48 | 94.59 | 94.63
UsS. 93.03 | 94.26 | 94.79 | 94.68 | 9532 | 95.05 | 94.71 | 94.44 | 94.44 | 95.05 | 95.05 94.2 94.2 94.2 95.9 | 97.06 | 94.65 | 94.65 | 95.48 | 9543 100 100 100 | 95.21 | 95.48 | 94.59 | 94.63
UsS. 93.03 | 94.26 | 94.79 | 94.68 | 9532 | 95.05 | 94.71 | 94.44 | 94.44 | 95.05 | 95.05 94.2 94.2 94.2 95.9 | 97.06 | 94.65 | 94.65 | 95.48 | 95.43 100 100 100 | 95.21 | 95.48 | 94.59 | 94.63
uUs. 93.03 | 9426 | 94.79 | 94.68 | 9532 | 95.05 | 94.71 | 94.44 | 9444 | 95.05 | 95.05 94.2 94.2 94.2 95.9 | 97.06 | 94.65 | 94.65 | 9548 | 9543 100 100 100 95.21 | 95.48 | 94.59 | 94.63
uUs. 93.67 | 94.73 | 9484 | 9468 | 94.89 | 9511 | 94.55 | 95.03 | 95.03 | 95.37 | 95.37 | 94.41 | 9441 | 94.41 | 96.38 | 96.53 | 94.71 | 94.71 | 9548 | 9548 | 9521 | 9521 | 95.21 | 95.21 95.16 | 94.32 | 94.89
UK 93.62 | 94.15 | 95.53 | 95.27 | 95.69 | 95.85 | 94.97 | 9497 | 9497 | 96.12 | 96.12 | 94.95 | 94.95 | 9495 | 96.81 | 97.06 | 94.34 | 94.34 | 96.06 | 95.69 | 9548 | 9548 | 9548 | 95.48 | 95.16 95.23 | 95.43
UK 93.52 | 94.11 | 95.12 | 9491 | 95.28 94.8 | 94.83 | 94.67 | 94.67 | 9491 | 9491 | 9443 | 94.43 | 94.43 | 95.76 | 96.17 | 94.61 | 94.61 | 94.75 | 9491 | 94.59 | 9459 | 9459 | 94.59 | 94.32 | 95.23 94.59
uU.s. 93.72 | 9457 | 95.16 | 94.84 | 9521 | 9537 | 95.08 | 94.97 | 94.97 | 95.59 | 95.59 | 95.21 | 95.21 | 95.21 | 96.33 | 96.69 | 94.44 | 94.44 | 95.59 | 96.06 | 94.63 | 94.63 | 94.63 | 94.63 | 94.89 | 9543 | 94.59
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CHN | CHN | VN VN VN VN VN uU.s us u.s u.s u.s u.s u.s u.s u.s us u.s us u.s us us u.s us u.s UK UK u.s

CHN 94.31 | 9512 | 95.93 | 94.31 | 95.93 93.5 93.5 93.5 | 9512 [ 9512 | 94.31 | 9431 | 9431 | 9593 | 96.75 | 92.68 | 92.68 | 9593 | 95.93 | 95.12 | 95.12 | 95.12 | 95.12 | 9593 | 94.31 | 88.62 | 94.31
CHN 94.31 97.56 | 96.75 93.5 93.5 | 92.68 | 90.24 | 90.24 | 94.31 | 9431 | 9512 | 95.12 | 95.12 | 94.31 935 | 9268 | 92.68 | 95.12 | 94.31 | 92.68 | 92.68 | 92.68 | 92.68 | 95.12 | 92.68 | 86.99 | 94.31
VN 95.12 | 97.56 99.19 | 95.93 | 92.68 935 | 91.87 | 91.87 | 95.93 | 95.93 | 9593 | 95.93 | 9593 | 9593 | 95.12 | 92.68 | 92.68 | 97.56 | 95.93 93.5 93.5 93.5 93.5 | 97.56 | 94.31 | 88.62 | 95.93
VN 95.93 | 96.75 | 99.19 96.75 935 | 9431 | 92.68 | 92.68 | 96.75 | 96.75 | 95.12 | 95.12 | 95.12 | 96.75 | 95.93 935 935 | 96.75 | 96.75 | 94.31 | 94.31 | 9431 | 94.31 | 98.37 | 95.12 87.8 | 96.75
VN 94.31 93.5 | 95.93 | 96.75 91.87 | 92.68 | 91.87 | 91.87 | 9512 | 9512 | 91.87 | 91.87 | 91.87 | 94.31 | 94.31 | 90.24 | 90.24 | 95.12 | 95.12 | 92.68 | 92.68 | 92.68 | 92.68 | 95.12 935 | 86.18 935
VN 95.93 935 | 92.68 935 | 91.87 95.93 | 91.87 | 91.87 935 93.5 935 93.5 935 | 92.68 935 | 8943 | 89.43 | 91.87 | 9431 | 9268 | 92.68 | 92.68 | 92.68 | 9512 | 94.31 | 85.37 | 94.31
VN 93.5 | 92.68 935 | 94.31 | 92.68 | 95.93 94.31 | 94.31 | 9431 | 9431 | 9431 | 9431 | 94.31 93.5 | 94.31 | 90.24 | 90.24 | 92.68 | 95.12 | 91.87 | 91.87 | 91.87 | 91.87 | 95.93 | 95.12 | 86.18 | 95.12
uUs. 93.5 | 90.24 | 91.87 | 92.68 | 91.87 | 9187 | 94.31 100 | 9431 | 9431 | 9512 | 9512 | 95.12 | 95.12 | 95.93 | 91.06 | 91.06 | 92.68 935 | 91.87 | 91.87 | 91.87 | 91.87 | 9431 | 91.87 | 86.99 | 91.87
Us. 935 | 90.24 | 91.87 | 92.68 | 91.87 | 91.87 | 94.31 100 9431 | 9431 | 9512 | 95.12 | 95.12 | 9512 | 95.93 | 91.06 | 91.06 | 92.68 935 | 91.87 | 91.87 | 91.87 | 91.87 | 94.31 | 91.87 | 86.99 | 91.87
uU.s. 95.12 | 94.31 | 9593 | 96.75 | 95.12 93.5 | 9431 | 9431 | 9431 100 | 95.12 | 95.12 | 95.12 | 9593 | 98.37 | 92.68 | 92.68 | 95.12 | 97.56 | 95.12 | 95.12 | 95.12 | 95.12 | 95.93 | 95.93 | 88.62 | 95.93
uUs. 95.12 | 9431 | 95.93 | 96.75 | 95.12 935 | 9431 | 9431 | 9431 100 95.12 | 9512 | 95.12 | 95.93 | 98.37 | 92.68 | 92.68 | 9512 | 97.56 | 95.12 | 95.12 | 95.12 | 95.12 | 9593 | 9593 | 88.62 | 95.93
U.s. 94.31 | 95.12 | 95.93 | 95.12 | 91.87 93.5 | 9431 | 9512 | 9512 | 95.12 | 95.12 100 100 | 9593 | 96.75 | 92.68 | 92.68 | 95.12 | 94.31 | 92.68 | 92.68 | 92.68 | 92.68 | 96.75 | 92.68 | 89.43 | 94.31
uUs. 9431 | 95.12 | 95.93 | 95.12 | 91.87 935 | 9431 | 9512 | 9512 | 95.12 | 95.12 100 100 | 9593 | 96.75 | 92.68 | 92.68 | 95.12 | 94.31 | 92.68 | 92.68 | 92.68 | 92.68 | 96.75 | 92.68 | 89.43 | 94.31
UsS. 94.31 | 95.12 | 95.93 | 95.12 | 91.87 935 | 94.31 | 95.12 | 95.12 | 95.12 | 95.12 100 100 95.93 | 96.75 | 92.68 | 92.68 | 95.12 | 94.31 | 92.68 | 92.68 | 92.68 | 92.68 | 96.75 | 92.68 | 89.43 | 94.31
uUs. 95.93 | 9431 | 95.93 | 96.75 | 94.31 | 92.68 935 | 9512 | 9512 | 95.93 | 95.93 | 9593 | 95.93 | 95.93 97.56 | 95.12 | 95.12 | 95.12 | 96.75 | 92.68 | 92.68 | 92.68 | 92.68 | 96.75 | 95.12 | 88.62 | 96.75
Us. 96.75 935 | 95.12 | 95.93 | 94.31 935 | 94.31 | 9593 | 95.93 | 98.37 | 98.37 | 96.75 | 96.75 | 96.75 | 97.56 94.31 | 9431 | 9593 | 97.56 | 95.12 | 9512 | 95.12 | 95.12 | 95.93 | 95.93 | 90.24 | 95.93
uU.s. 92.68 | 92.68 | 92.68 93.5 | 90.24 | 89.43 | 90.24 | 91.06 | 91.06 | 92.68 | 92.68 | 92.68 | 92.68 | 92.68 | 95.12 | 94.31 100 | 92.68 93.5 | 89.43 | 89.43 | 89.43 | 89.43 93.5 | 91.87 | 88.62 93.5
uUs. 92.68 | 92.68 | 92.68 935 | 90.24 | 89.43 | 90.24 | 91.06 | 91.06 | 92.68 | 92.68 | 92.68 | 92.68 | 92.68 | 95.12 | 94.31 100 92.68 935 | 89.43 | 89.43 | 89.43 | 89.43 935 | 91.87 | 88.62 935
uU.s. 95.93 | 95.12 | 97.56 | 96.75 | 95.12 | 91.87 | 92.68 | 92.68 | 92.68 | 9512 | 95.12 | 95.12 | 95.12 | 95.12 | 95.12 | 95.93 | 92.68 | 92.68 95.12 | 92.68 | 92.68 | 92.68 | 92.68 | 95.12 93.5 | 90.24 93.5
uUs. 95.93 | 9431 | 95.93 | 96.75 | 95.12 | 94.31 | 95.12 935 935 | 9756 | 97.56 | 94.31 | 94.31 | 94.31 | 96.75 | 97.56 935 935 | 95.12 9431 | 9431 | 9431 | 9431 | 96.75 | 96.75 | 88.62 | 96.75
UsS. 95.12 | 92.68 935 | 94.31 | 9268 | 92.68 | 91.87 | 91.87 | 91.87 | 95.12 | 95.12 | 92.68 | 92.68 | 92.68 | 92.68 | 95.12 | 89.43 | 89.43 | 92.68 | 94.31 100 100 100 | 94.31 | 92.68 | 86.18 | 92.68
UsS. 95.12 | 92.68 935 | 9431 | 9268 | 92.68 | 91.87 | 91.87 | 91.87 | 95.12 | 95.12 | 92.68 | 92.68 | 92.68 | 92.68 | 9512 | 89.43 | 89.43 | 92.68 | 94.31 100 100 100 | 94.31 | 92.68 | 86.18 | 92.68
UsS. 95.12 | 92.68 935 | 9431 | 9268 | 92.68 | 91.87 | 91.87 | 91.87 | 95.12 | 95.12 | 92.68 | 92.68 | 92.68 | 92.68 | 95.12 | 89.43 | 89.43 | 92.68 | 94.31 100 100 100 | 94.31 | 92.68 | 86.18 | 92.68
uUs. 95.12 | 92.68 935 | 9431 | 9268 | 9268 | 91.87 | 91.87 | 91.87 | 9512 | 9512 | 92,68 | 92.68 | 92.68 | 92.68 | 95.12 | 89.43 | 89.43 | 92.68 | 94.31 100 100 100 9431 | 9268 | 86.18 | 92.68
uUs. 95.93 | 95.12 | 97.56 | 98.37 | 95.12 | 9512 | 95.93 | 94.31 | 94.31 | 9593 | 95.93 | 96.75 | 96.75 | 96.75 | 96.75 | 95.93 935 935 | 9512 | 96.75 | 94.31 | 94.31 | 9431 | 94.31 95.12 87.8 | 96.75
UK 94.31 | 92.68 | 94.31 | 95.12 935 [ 9431 | 95.12 | 91.87 | 91.87 | 9593 | 9593 | 92.68 | 92.68 | 92.68 | 95.12 | 95.93 | 91.87 | 91.87 93.5 | 96.75 | 92.68 | 92.68 | 92.68 | 92.68 | 95.12 88.62 | 96.75
UK 88.62 | 86.99 | 88.62 87.8 | 86.18 | 85.37 | 86.18 | 86.99 | 86.99 | 88.62 | 88.62 | 89.43 | 89.43 | 89.43 | 88.62 | 90.24 | 88.62 | 88.62 | 90.24 | 88.62 | 86.18 | 86.18 | 86.18 | 86.18 87.8 | 88.62 88.62
uU.s. 94.31 | 94.31 | 95.93 | 96.75 935 | 9431 | 95.12 | 91.87 | 91.87 | 9593 | 9593 | 94.31 | 9431 | 94.31 | 96.75 | 95.93 93.5 935 93.5 | 96.75 | 92.68 | 92.68 | 92.68 | 92.68 | 96.75 | 96.75 | 88.62
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NS4B CHN | CHN | VN VN VN VN VN u.s u.s u.s u.s u.s u.s us u.s us u.s u.s u.s us u.s us u.s u.s us UK UK u.s
CHN 92.46 | 91.82 | 92.39 | 92.01 | 92.71 | 91.62 | 92.97 | 92.97 | 92.46 | 92.46 | 92.84 | 92.84 | 92.84 | 93.86 | 93.86 | 92.01 | 92.01 | 93.22 | 93.22 | 92.33 | 92.33 | 92.33 | 92.33 | 93.73 | 93.22 | 92.07 | 93.73
CHN 92.46 94.5 93.8 | 94.18 945 | 9329 | 93.35 | 93.35 | 93.73 | 93.73 | 94.76 | 94.76 | 94.76 | 95.78 | 96.04 | 93.54 | 93.54 | 94.88 954 | 9348 | 9348 | 9348 | 93.48 | 93.99 95.4 | 93.86 | 94.25
VN 91.82 94.5 97.12 | 96.61 | 94.37 | 92.77 | 93.61 | 93.61 | 94.12 | 94.12 | 93.73 | 93.73 | 93.73 | 95.27 | 94.76 | 92.65 | 92.65 | 94.12 | 93.86 | 92.07 | 92.07 | 92.07 | 92.07 | 94.25 | 93.86 | 92.46 | 93.61
VN 92.39 938 | 97.12 96.8 | 94.69 | 92.71 | 9354 | 9354 | 93.67 | 93.67 | 93.93 | 93.93 | 93.93 | 94.69 | 94.57 | 9258 | 9258 | 94.31 | 9457 | 92.01 | 92.01 | 92.01 | 92.01 | 9457 | 9457 | 92,52 | 9341
VN 92.01 | 94.18 | 96.61 96.8 93.8 | 92.33 | 9341 | 9341 | 93.16 | 93.16 | 93.16 | 93.16 | 93.16 | 94.31 | 94.05 | 91.94 | 9194 | 9329 | 9367 | 91.11 | 91.11 | 91.11 | 91.11 | 9341 | 94.18 | 91.75 | 93.29
VN 92.71 945 | 94.37 | 94.69 93.8 93.03 | 93.09 | 93.09 94.5 945 | 9488 | 9488 | 9488 | 95.14 | 9552 | 93.29 | 93.29 | 95.27 | 94.88 | 92.58 | 92,58 | 92.58 | 92.58 | 94.25 | 94.76 | 93.22 | 94.25
VN 91.62 | 93.29 | 92.77 | 92.71 | 92.33 | 93.03 92.14 | 92.14 | 92,52 | 9252 | 92.77 | 92.77 | 92.77 | 94.31 | 93.93 | 92.33 | 92.33 | 93.03 | 93.16 | 91.62 | 91.62 | 91.62 | 91.62 | 93.41 | 94.18 | 90.98 92.9
uUs. 92.97 | 9335 | 93.61 | 93.54 | 9341 | 93.09 | 92.14 100 | 9297 | 9297 | 92.97 | 92.97 | 92.97 | 94.63 | 94.88 | 92.77 | 92.77 | 93.09 | 94.12 | 9156 | 91.56 | 91.56 | 91.56 | 93.22 | 93.35 | 92.84 | 93.35
uUs. 92.97 | 93.35 | 93.61 | 93.54 | 93.41 | 93.09 | 92.14 100 92.97 | 9297 | 9297 | 92.97 | 92.97 | 94.63 | 94.88 | 92.77 | 92.77 | 93.09 | 94.12 | 9156 | 91.56 | 91.56 | 91.56 | 93.22 | 93.35 | 92.84 | 93.35
uUs. 92.46 | 93.73 | 94.12 | 93.67 | 93.16 945 | 9252 | 92.97 | 92.97 100 | 94.37 | 94.37 | 94.37 954 | 9527 | 93.29 | 93.29 | 93.73 | 94.25 | 92.33 | 92.33 | 92.33 | 92.33 | 93.99 | 94.25 | 93.09 | 94.25
uUs. 9246 | 93.73 | 94.12 | 93.67 | 93.16 945 | 9252 | 9297 | 9297 100 94.37 | 9437 | 94.37 954 | 95.27 | 9329 | 9329 | 93.73 | 94.25 | 92.33 | 92.33 | 92.33 | 92.33 | 93.99 | 94.25 | 93.09 | 94.25
Us. 92.84 | 94.76 | 93.73 | 93.93 | 93.16 | 94.88 | 92.77 | 92.97 | 92.97 | 94.37 | 94.37 100 100 | 96.42 | 97.06 | 94.18 | 94.18 945 | 94.76 | 93.09 | 93.09 | 93.09 | 93.09 94.5 | 95.01 | 93.86 94.5
uUs. 9284 | 94.76 | 93.73 | 93.93 | 93.16 | 94.88 | 92.77 | 92.97 | 9297 | 94.37 | 94.37 100 100 | 96.42 | 97.06 | 94.18 | 94.18 945 | 94.76 | 93.09 | 93.09 | 93.09 | 93.09 945 | 95.01 | 93.86 94.5
UsS. 92.84 | 94.76 | 93.73 | 93.93 | 93.16 | 94.88 | 92.77 | 92.97 | 92.97 | 94.37 | 94.37 100 100 96.42 | 97.06 | 94.18 | 94.18 945 | 94.76 | 93.09 | 93.09 | 93.09 [ 93.09 94.5 | 95.01 | 93.86 94.5
uUs. 93.86 | 95.78 | 9527 | 94.69 | 94.31 | 95.14 | 94.31 | 94.63 | 94.63 95.4 954 | 9642 | 9642 | 96.42 97.44 | 9457 | 94.57 | 95.78 | 95.78 | 94.37 | 94.37 | 94.37 | 9437 | 95.78 | 95.78 945 | 96.04
Us. 93.86 | 96.04 | 94.76 | 94.57 | 94.05 | 9552 | 93.93 | 94.88 | 94.88 | 95.27 | 95.27 | 97.06 | 97.06 | 97.06 | 97.44 96.07 | 96.07 | 95.65 | 96.16 | 95.14 | 95.14 | 95.14 | 95.14 | 95.27 | 96.16 | 94.88 | 96.04
Us. 92.01 | 9354 | 9265 | 9258 | 91.94 | 93.29 | 92.33 | 92.77 | 92.77 | 93.29 | 93.29 | 94.18 | 94.18 | 94.18 | 94.57 | 96.07 99.42 | 93.16 | 94.18 | 92.65 | 92.65 | 92.65 | 92.65 | 93.16 | 93.67 | 93.03 | 93.67
uUs. 92.01 | 9354 | 92.65 | 92.58 | 91.94 | 93.29 | 92.33 | 92.77 | 92.77 | 93.29 | 9329 | 94.18 | 94.18 | 94.18 | 94.57 | 96.07 | 99.42 93.16 | 94.18 | 92.65 | 92.65 | 92.65 | 92.65 | 93.16 | 93.67 | 93.03 | 93.67
uUs. 93.22 | 94.88 | 94.12 | 9431 | 93.29 | 95.27 | 93.03 | 93.09 | 93.09 | 93.73 | 93.73 94.5 94.5 945 | 95.78 | 95.65 | 93.16 | 93.16 95.52 | 93.73 | 93.73 | 93.73 | 93.73 | 95.65 | 95.65 | 93.86 | 94.88
uUs. 93.22 954 | 93.86 | 94.57 | 93.67 | 94.88 | 93.16 | 94.12 | 94.12 | 94.25 | 94.25 | 94.76 | 94.76 | 94.76 | 95.78 | 96.16 | 94.18 | 94.18 | 95.52 93.86 | 93.86 | 93.86 | 93.86 | 95.01 | 95.52 945 | 95.01
UsS. 92.33 | 93.48 | 92.07 | 92.01 | 91.11 | 92.58 | 91.62 | 91.56 | 91.56 | 92.33 | 92.33 | 93.09 | 93.09 | 93.09 | 94.37 | 95.14 | 92.65 | 92.65 | 93.73 | 93.86 100 100 100 | 93.48 | 93.86 | 93.73 | 92.97
Us. 92.33 | 9348 | 92.07 | 92.01 | 91.11 | 92.58 | 91.62 | 91.56 | 91.56 | 92.33 | 92.33 | 93.09 | 93.09 | 93.09 | 94.37 | 95.14 | 92.65 | 92.65 | 93.73 | 93.86 100 100 100 | 93.48 | 93.86 | 93.73 | 92.97
UsS. 92.33 | 93.48 | 92.07 | 92.01 | 91.11 | 92.58 | 91.62 | 91.56 | 91.56 | 92.33 | 92.33 | 93.09 | 93.09 | 93.09 | 94.37 | 95.14 | 92.65 | 92.65 | 93.73 | 93.86 100 100 100 | 9348 | 93.86 | 93.73 | 92.97
Us. 92.33 | 9348 | 92.07 | 92.01 | 91.11 | 92.58 | 91.62 | 91.56 | 91.56 | 92.33 | 92.33 | 93.09 | 93.09 | 93.09 | 94.37 | 9514 | 92.65 | 92.65 | 93.73 | 93.86 100 100 100 9348 | 9386 | 93.73 | 92.97
uUs. 93.73 | 93.99 | 94.25 | 9457 | 93.41 | 94.25 | 9341 | 93.22 | 93.22 | 93.99 | 93.99 945 94.5 945 | 9578 | 95.27 | 93.16 | 93.16 | 95.65 | 95.01 | 93.48 | 93.48 | 93.48 | 93.48 95.01 | 93.61 | 95.01
UK 93.22 95.4 | 93.86 | 94.57 | 94.18 | 94.76 | 94.18 | 93.35 | 93.35 | 94.25 | 94.25 | 95.01 | 95.01 | 95.01 | 95.78 | 96.16 | 93.67 | 93.67 | 95.65 | 95.52 | 93.86 | 93.86 | 93.86 | 93.86 | 95.01 94.12 | 95.27
UK 92.07 | 93.86 | 92.46 | 92.52 | 91.75 | 93.22 | 90.98 | 92.84 | 92.84 | 93.09 | 93.09 | 93.86 | 93.86 | 93.86 94.5 | 94.88 | 93.03 | 93.03 | 93.86 94.5 | 93.73 | 93.73 | 93.73 | 93.73 | 93.61 | 94.12 94.37
uUs. 93.73 | 94.25 | 93.61 | 93.41 | 93.29 | 94.25 92.9 | 93.35 | 93.35 | 94.25 | 94.25 94.5 94.5 945 | 96.04 | 96.04 | 93.67 | 93.67 | 94.88 | 95.01 | 92.97 | 92.97 | 92.97 | 92.97 | 95.01 | 95.27 | 94.37
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NS5A CHN | CHN | VN VN VN VN VN u.s us u.s uU.s u.s u.s u.s u.s us uU.s u.s uU.s u.s uU.s u.s u.s us us UK UK u.s
CHN 92.63 | 90.58 91.9 [ 91.72 | 91.35 | 92.19 | 91.39 | 91.39 | 92.03 | 92.03 | 92.04 | 92.04 | 92.04 | 94.53 | 93.96 | 92.34 | 92.34 | 92.19 | 91.61 | 90.95 | 90.95 | 90.95 | 90.95 | 92.08 | 90.66 | 89.58 90.8
CHN 92.63 91.68 | 9248 | 92.74 | 92.88 | 93.28 | 93.07 | 93.07 | 93.41 | 9341 | 92.85 | 92.85 | 92.85 | 9547 | 95.05 | 93.07 | 93.07 | 93.36 | 92.99 | 92.19 | 92.19 | 92.19 | 92.19 | 93.54 | 91.68 | 90.16 | 92.48
VN 90.58 | 91.68 94.96 95 915 [ 9131 | 91.02 | 91.02 | 91.66 | 91.66 | 91.09 | 91.09 | 91.09 | 93.07 | 92.79 | 91.46 | 91.46 91.2 | 91.02 90 90 90 90 | 92.23 | 89.85 | 88.92 | 90.58
VN 919 | 9248 | 94.96 96.39 | 91.93 927 | 91.75 | 9175 | 9254 | 9254 | 9234 | 9234 | 92.34 | 94.67 | 93.74 | 92.55 | 9255 | 92,52 | 92,55 | 90.95 | 90.95 | 90.95 | 90.95 931 | 91.46 89.8 | 91.53
VN 91.72 | 92.74 95 | 96.39 92.77 | 93.21 | 92.23 | 92.23 | 92.72 | 92.72 | 92.74 | 92.74 | 92.74 | 94.64 | 94.22 | 93.18 | 93.18 | 93.36 92.3 | 91.28 | 91.28 | 91.28 | 91.28 | 93.36 | 91.57 | 90.49 | 91.93
VN 91.35 | 92.88 915 | 91.93 | 92.77 92.37 | 92.08 | 92.08 | 92.14 | 92.14 923 923 923 | 94.05 | 94.29 | 92.74 | 92.74 | 9252 | 9193 | 9164 | 9164 | 91.64 | 91.64 92.7 | 90.91 | 89.98 | 90.91
VN 92.19 [ 93.28 | 91.31 92.7 | 93.21 | 92.37 92.96 | 92.96 | 92.68 | 92.68 | 92.15 | 92.15 | 92.15 | 94.82 | 94.76 | 93.36 | 93.36 | 93.69 | 91.82 | 92.08 | 92.08 | 92.08 | 92.08 | 93.32 | 91.93 90.6 91.9
uUs. 91.39 | 93.07 | 91.02 | 91.75 | 92.23 | 92.08 | 92.96 100 | 92.83 | 92.83 | 92.19 | 92.19 | 92.19 | 94.53 | 95.27 | 93.28 | 9328 | 93.43 | 91.68 | 91.46 | 91.46 | 91.46 | 9146 | 93.32 | 91.24 | 90.24 919
uUs. 91.39 | 93.07 | 91.02 | 91.75 | 92.23 | 92.08 | 92.96 100 92.83 | 92.83 | 92.19 | 9219 | 92.19 | 9453 | 9527 | 93.28 | 93.28 | 9343 | 91.68 | 91.46 | 9146 | 91.46 | 91.46 | 93.32 | 91.24 | 90.24 919
uUs. 92.03 | 9341 | 91.66 | 9254 | 92.72 | 92.14 | 92.68 | 92.83 | 92.83 99.84 | 92.61 | 92.61 | 92.61 | 95.02 | 94.67 | 93.49 | 93.49 | 92.68 | 92.46 | 91.37 | 91.37 | 91.37 | 91.37 93.3 | 9144 | 89.56 | 91.51
uUs. 92.03 | 9341 | 91.66 | 92.54 | 92.72 | 92.14 | 92.68 | 92.83 | 92.83 | 99.84 92.61 | 9261 | 92.61 | 95.02 | 94.67 | 93.49 | 93.49 | 92.68 | 9246 | 91.37 | 91.37 | 91.37 | 91.37 933 | 9144 | 89.56 | 9151
Us. 92.04 | 92.85 | 91.09 | 92.34 | 92.74 92.3 [ 9215 | 9219 | 92.19 | 92.61 | 92.61 100 100 | 94.82 | 96.15 93.8 93.8 | 92.85 | 92.92 | 92.12 | 92.12 | 92.12 | 92.12 | 92.59 90.8 | 90.31 | 92.12
uUs. 92.04 | 9285 | 91.09 | 92.34 | 92.74 923 | 9215 | 9219 | 9219 | 9261 | 92,61 100 100 | 94.82 | 96.15 93.8 93.8 | 92.85 | 92,92 | 9212 | 9212 | 92.12 | 92.12 | 92.59 90.8 | 90.31 | 92.12
UsS. 92.04 | 9285 | 91.09 | 92.34 | 92.74 92.3 | 9215 | 92.19 | 92.19 | 92.61 | 92.61 100 100 94.82 | 96.15 93.8 93.8 | 92.85 | 92,92 | 92.12 | 92.12 | 92.12 | 92.12 | 92.59 90.8 | 90.31 | 92.12
uUs. 94.53 | 95.47 | 93.07 | 94.67 | 94.64 | 94.05 | 94.82 | 94.53 | 94.53 | 95.02 | 95.02 | 94.82 | 94.82 | 94.82 97.32 | 9569 | 95.69 | 94.96 | 94.16 | 93.28 | 93.28 | 93.28 | 9328 | 9522 | 9292 | 91.48 | 94.16
Us. 93.96 | 95.05 | 92.79 | 93.74 | 94.22 | 94.29 | 94.76 | 95.27 | 95.27 | 94.67 | 94.67 | 96.15 | 96.15 | 96.15 | 97.32 96.81 | 96.81 | 94.69 | 94.11 | 94.84 | 94.84 | 94.84 | 94.84 | 95.24 | 92.79 | 91.72 | 93.67
Us. 92.34 | 93.07 | 91.46 | 9255 | 93.18 | 92.74 | 93.36 | 93.28 | 93.28 | 93.49 | 93.49 93.8 93.8 93.8 | 95.69 | 96.81 100 | 93.36 92.7 | 92.34 | 92.34 | 92.34 | 92.34 | 93.47 | 91.53 | 90.24 | 91.97
uUs. 92.34 | 93.07 | 91.46 | 92.55 | 93.18 | 92.74 | 93.36 | 93.28 | 93.28 | 93.49 | 93.49 93.8 93.8 93.8 | 95.69 | 96.81 100 93.36 92.7 | 92.34 | 92.34 | 92.34 | 92.34 | 9347 | 9153 | 90.24 | 91.97
uUs. 92.19 | 93.36 91.2 | 9252 | 93.36 | 92.52 | 93.69 | 93.43 | 9343 | 92.68 | 92.68 | 92.85 | 92.85 | 92.85 | 94.96 | 94.69 | 93.36 | 93.36 92.55 | 91.46 | 9146 | 9146 | 9146 | 93.03 | 9161 | 91.11 | 91.82
uUs. 91.61 | 9299 | 91.02 | 92.55 923 | 9193 | 91.82 | 91.68 | 91.68 | 9246 | 9246 | 92.92 | 9292 | 9292 | 94.16 | 94.11 92.7 92.7 | 9255 9124 | 9124 | 91.24 | 91.24 | 92,52 | 90.88 | 89.51 | 90.88
UsS. 90.95 | 92.19 90 | 90.95 | 91.28 | 91.64 | 92.08 | 91.46 | 91.46 | 91.37 | 91.37 | 92.12 | 92.12 | 92.12 | 93.28 | 94.84 | 92.34 | 92.34 | 91.46 | 91.24 100 100 100 | 92.37 | 89.93 | 89.58 | 90.44
Us. 90.95 | 92.19 90 | 90.95 | 91.28 | 91.64 | 92.08 | 91.46 | 91.46 | 91.37 | 91.37 | 92.12 | 92,12 | 92.12 | 93.28 | 94.84 | 92.34 | 92.34 | 91.46 | 91.24 100 100 100 | 92.37 | 89.93 | 89.58 | 90.44
UsS. 90.95 | 92.19 90 | 90.95 | 91.28 | 91.64 | 92.08 | 91.46 | 91.46 | 91.37 | 91.37 | 92.12 | 9212 | 92.12 | 93.28 | 94.84 | 92.34 | 92.34 | 91.46 | 91.24 100 100 100 | 92.37 | 89.93 | 89.58 | 90.44
Us. 90.95 | 92.19 90 | 90.95 | 91.28 | 91.64 | 92.08 | 9146 | 9146 | 91.37 | 91.37 | 92.12 | 9212 | 92.12 | 9328 | 94.84 | 9234 | 92.34 | 91.46 | 91.24 100 100 100 92.37 | 89.93 | 89.58 | 90.44
uUs. 92.08 | 9354 | 92.23 93.1 | 93.36 92.7 | 93.32 | 93.32 | 93.32 93.3 93.3 | 9259 | 9259 | 9259 | 9522 | 95.24 | 93.47 | 93.47 | 93.03 | 9252 | 92.37 | 92.37 | 92.37 | 92.37 92.3 | 90.93 923
UK 90.66 | 91.68 | 89.85 | 91.46 | 91.57 | 90.91 | 91.93 | 91.24 | 91.24 | 9144 | 91.44 90.8 90.8 90.8 | 92.92 | 92.79 | 91.53 | 91.53 | 91.61 | 90.88 | 89.93 | 89.93 | 89.93 | 89.93 92.3 89.14 | 90.15
UK 89.58 | 90.16 | 88.92 89.8 | 90.49 | 89.98 90.6 | 90.24 | 90.24 | 89.56 | 89.56 | 90.31 | 90.31 | 90.31 | 91.48 | 91.72 | 90.24 | 90.24 | 91.11 | 89.51 | 89.58 | 89.58 | 89.58 | 89.58 | 90.93 | 89.14 89.14
uUs. 90.8 | 92.48 | 90.58 | 91.53 | 91.93 | 90.91 91.9 91.9 91.9 | 9151 | 9151 | 92.12 | 9212 | 92.12 | 94.16 | 93.67 | 91.97 | 91.97 | 91.82 | 90.88 | 90.44 | 90.44 | 90.44 | 90.44 92.3 | 90.15 | 89.14
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NS5B CHN | CHN | VN VN VN VN VN u.s u.s u.s u.s us u.s us u.s us u.s uU.s u.s u.s u.s u.s u.s u.s us UK UK us
CHN 92.51 | 91.86 | 92.21 | 92.04 | 9251 | 9268 | 92.51 | 92.51 | 93.03 | 93.03 | 92.45 | 92.51 | 9245 | 93.44 | 94.01 | 9251 | 92.51 | 92.77 | 92.21 | 93.09 | 93.09 | 93.09 | 93.09 | 92.45 | 92.45 | 93.11 | 93.03
CHN 92.51 94.09 | 94.26 | 93.79 | 93.68 | 94.32 93.5 93.5 | 93.85 | 93.85 | 93.44 93.5 | 9344 | 9491 | 9536 | 93.68 | 93.68 | 93.94 | 93.44 | 94.38 | 94.38 | 94.38 | 94.38 | 93.44 | 93.15 | 93.93 | 93.68
VN 91.86 | 94.09 97.25 | 97.48 | 93.79 93.5 | 93.85 | 93.85 | 94.56 | 94.56 | 93.85 | 9391 | 93.85 | 94.96 | 9548 | 93.97 | 93.97 | 93.76 | 94.15 94.5 94.5 94.5 945 [ 93.79 | 92.92 | 94.04 | 93.79
VN 9221 | 94.26 | 97.25 97.37 | 94.26 | 93.62 | 94.15 | 94.15 945 94.5 94.2 | 94.26 942 | 95.14 96 | 94.35 | 9435 | 94.06 | 94.44 | 94.79 | 94.79 | 94.79 | 94.79 | 94.26 | 93.27 | 94.22 | 94.32
VN 92.04 | 93.79 | 97.48 | 97.37 93.74 | 93.68 | 93.74 | 93.74 | 94.44 | 94.44 | 93.97 | 94.03 | 93.97 | 95.14 | 95.71 | 94.12 | 94.12 | 94.17 | 94.38 | 94.44 | 94.44 | 94.44 | 94.44 | 93.79 | 93.03 | 94.16 | 93.97
VN 9251 | 93.68 | 93.79 | 94.26 | 93.74 93.15 | 93.15 | 93.15 | 93.97 | 93.97 | 93.27 | 93.33 | 93.27 | 94.91 953 | 9417 | 94.17 94 | 93.74 945 94.5 945 945 | 93.38 | 94.09 | 93.93 | 94.38
VN 92.68 | 94.32 93.5 | 93.62 | 93.68 | 93.15 93.56 | 9356 | 93.62 | 93.62 | 93.03 | 93.09 | 93.03 | 95.02 | 95.18 | 94.26 | 94.26 | 94.12 | 93.15 | 94.38 | 94.38 | 94.38 | 94.38 | 94.03 | 93.15 | 94.04 | 93.33
uUs. 9251 935 | 9385 | 94.15 | 93.74 | 93.15 | 93.56 100 | 94.44 | 94.44 | 94.38 | 94.44 | 94.38 | 95.26 | 96.53 | 94.76 | 94.76 | 94.29 93.5 | 94.26 | 94.26 | 94.26 | 94.26 | 94.09 | 93.21 | 94.34 | 93.97
Us. 9251 935 | 9385 | 94.15 | 93.74 | 93.15 | 93.56 100 94.44 | 9444 | 9438 | 94.44 | 94.38 | 9526 | 96.53 | 94.76 | 94.76 | 94.29 935 | 94.26 | 94.26 | 94.26 | 94.26 | 94.09 | 93.21 | 94.34 | 93.97
uU.s. 93.03 | 93.85 | 94.56 945 | 9444 | 93.97 | 93.62 | 94.44 | 94.44 100 94.5 | 94.56 94.5 | 95.49 96.3 | 94.79 | 94.79 | 9441 | 9438 | 94.85 | 9485 | 94.85 | 94.85 | 94.03 | 93.74 | 94.57 | 94.38
uUs. 93.03 | 93.85 | 94.56 945 | 9444 | 93.97 | 93.62 | 94.44 | 94.44 100 945 | 9456 945 | 95.49 96.3 | 94.79 | 9479 | 9441 | 9438 | 9485 | 94.85 | 94.85 | 94.85 | 94.03 | 93.74 | 94.57 | 94.38
U.s. 92.45 | 93.44 | 93.85 94.2 | 93.97 | 93.27 | 93.03 | 94.38 | 94.38 94.5 94.5 99.94 100 | 95.02 | 96.59 | 94.12 | 94.12 | 94.12 | 93.85 | 94.44 | 94.44 | 94.44 | 94.44 | 94.61 | 92.45 | 94.28 | 93.79
uUs. 9251 935 | 9391 | 9426 | 94.03 | 93.33 | 93.09 | 94.44 | 94.44 | 94.56 | 94.56 | 99.94 99.94 | 95.08 | 96.65 | 94.17 | 94.17 | 94.17 | 93.91 945 94.5 945 945 | 94.67 | 9251 | 94.34 | 93.85
UsS. 92.45 | 93.44 | 93.85 94.2 | 93.97 | 93.27 | 93.03 | 94.38 | 94.38 94.5 94.5 100 | 99.94 95.02 | 96.59 | 94.12 | 94.12 | 94.12 | 93.85 | 94.44 | 94.44 | 94.44 | 94.44 | 9461 | 9245 | 94.28 | 93.79
uUs. 9344 | 9491 | 9496 | 9514 | 9514 | 9491 | 95.02 | 95.26 | 95.26 | 95.49 | 95.49 | 95.02 | 95.08 | 95.02 9741 | 95.78 | 95.78 | 95.99 | 9532 | 95.96 | 95.96 | 95.96 | 95.96 | 95.73 | 94.38 95.1 | 95.49
Us. 94.01 | 95.36 | 95.48 96 | 95.71 95.3 | 95.18 | 96.53 | 96.53 96.3 96.3 | 96.59 | 96.65 | 96.59 | 97.41 96.56 | 96.56 | 96.27 | 95.65 | 96.88 | 96.88 | 96.88 | 96.88 | 95.95 | 94.77 95.9 | 95.77
uU.s. 92.51 | 93.68 | 93.97 | 9435 | 94.12 | 94.17 | 94.26 | 94.76 | 94.76 | 94.79 | 94.79 | 94.12 | 94.17 | 94.12 | 95.78 | 96.56 99.85 | 94.58 | 94.29 | 94.47 | 94.47 | 94.47 | 94.47 | 94.41 | 93.62 94.6 | 94.06
uUs. 9251 | 93.68 | 93.97 | 94.35 | 94.12 | 94.17 | 94.26 | 94.76 | 94.76 | 94.79 | 94.79 | 94.12 | 94.17 | 94.12 | 95.78 | 96.56 | 99.85 94.58 | 94.29 | 94.47 | 9447 | 94.47 | 94.47 | 94.41 | 93.62 94.6 | 94.06
uU.s. 92.77 | 93.94 | 93.76 | 94.06 | 94.17 94 | 9412 | 9429 | 9429 | 94.41 | 9441 | 94.12 | 94.17 | 94.12 | 95.99 | 96.27 | 94.58 | 94.58 94.76 | 94.88 | 94.88 | 94.88 | 94.88 | 94.53 | 93.76 | 94.83 | 94.47
uUs. 9221 | 93.44 | 94.15 | 94.44 | 94.38 | 93.74 | 93.15 93.5 935 | 94.38 | 94.38 | 93.85 | 9391 | 9385 | 9532 | 95.65 [ 94.29 | 94.29 | 94.76 94.85 | 9485 | 94.85 | 94.85 | 94.44 | 93.79 | 94.22 | 93.91
UsS. 93.09 | 94.38 945 | 94.79 | 94.44 94.5 | 94.38 | 94.26 | 94.26 | 94.85 | 94.85 | 94.44 945 | 9444 | 95.96 | 96.88 | 94.47 | 94.47 | 94.88 | 94.85 100 100 100 | 94.79 | 94.15 | 94.39 | 95.43
UsS. 93.09 | 94.38 945 | 94.79 | 94.44 945 | 94.38 | 94.26 | 94.26 | 94.85 | 94.85 | 94.44 945 | 9444 | 9596 | 96.88 | 94.47 | 94.47 | 94.88 | 94.85 100 100 100 | 94.79 | 94.15 | 94.39 | 95.43
UsS. 93.09 | 94.38 945 | 94.79 | 94.44 94.5 | 94.38 | 94.26 | 94.26 | 94.85 | 94.85 | 94.44 945 | 9444 | 95.96 | 96.88 | 94.47 | 94.47 | 94.88 | 94.85 100 100 100 | 94.79 | 94.15 | 94.39 | 95.43
uUs. 93.09 | 94.38 945 | 9479 | 94.44 945 | 94.38 | 94.26 | 94.26 | 94.85 | 94.85 | 94.44 945 | 9444 | 9596 | 96.88 | 94.47 | 94.47 | 94.88 | 94.85 100 100 100 94.79 | 94.15 | 94.39 | 9543
uUs. 9245 | 93.44 | 93.79 | 94.26 | 93.79 | 93.38 | 94.03 | 94.09 | 94.09 | 94.03 | 94.03 | 94.61 | 94.67 | 94.61 | 95.73 | 95.95 | 94.41 | 9441 | 9453 | 94.44 | 94.79 | 94.79 | 94.79 | 94.79 93.15 | 94.75 | 94.03
UK 9245 | 93.15 | 9292 | 93.27 | 93.03 | 94.09 | 93.15 | 93.21 | 93.21 | 93.74 | 93.74 | 9245 | 9251 | 92.45 | 94.38 | 94.77 | 93.62 | 93.62 | 93.76 | 93.79 | 94.15 | 94.15 | 94.15 | 94.15 | 93.15 93.22 | 93.33
UK 93.11 | 93.93 | 94.04 | 94.22 | 94.16 | 93.93 | 94.04 | 94.34 | 94.34 | 9457 | 9457 | 94.28 | 94.34 | 94.28 95.1 95.9 94.6 94.6 | 94.83 | 94.22 | 94.39 | 94.39 | 94.39 | 94.39 | 94.75 | 93.22 93.63
uU.s. 93.03 | 93.68 | 93.79 | 94.32 | 93.97 | 94.38 | 93.33 | 93.97 | 93.97 | 94.38 | 94.38 | 93.79 | 93.85 | 93.79 | 9549 | 9577 | 94.06 | 94.06 | 94.47 | 9391 | 9543 | 9543 | 9543 | 9543 | 94.03 | 93.33 | 93.63
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Appendix 9: dN/dS ratio. Note: NA: not available

Gene S El  |[E2 |X NS2 | NS3 | NS4A | NS4B | NS5A | NS5B | Full CDS
Mean dN/dS | A~ 0264 | 017 | 031 | 044 |0226 | 0277 | 0174 | 0221 | 0204 | 0232
(Vietnam)

('\Sg?“d’\”ds 0.198 | 0.129 | 0.214 | 0203 | 0.212 | 0.158 | 0241 | 015 |0.262 |0.167 | 0.198

Appendix 10: Routine diagnostic workup during the study period at the study site

Suspected clinical entity

First line diagnosis

Additional testing*

Tuberculous meningitis

Ziehl Neelsen stain, GenXpert and
culture®

NA

Bacterial meningitis

Gram stain and culture

Meningoencephalitis

HSV PCR

VZV PCR and serological testing
for flaviviruses (including JEV and
DENV), and mumps virus

Cryptococcus

Lateral Flow Assay

NA

Auto-immune encephalitis

ND

Anti-NMDAR encephalitis**

Note: *Up on requested by treating physicians, # using Mycobacteria Growth Indicator tubes, **retrospective

testing

Appendix 11: Primers and probes used for PCR confirmatory testing

Viruses Names of primer/probe Oligo sequences (5°-3°) References
ENT-F CCCTGAATGCGGCTAAT (232)
Enterovirus | ENT-R ATTGTCACCATAAGCAGCC
ENTr-probe Cy5-ACCCAAAGTAGTCGGTTCCG -BHQ3
Mum F1073 TCTCACCCATAGCAGGGAGTTATAT (294)
Ump- R1151 GTTAGACTTCGACAGTTTGCAACAA
vIrus Probe FAM-AGGCGATTTGTA GCACTGGATG-TAMRA
NVP3-FDeg ACCATCTWCACRTRACCCTC (231)
NVP3-R1 GGTCACATAACGCCCCTATA
Rotavirus FAM-
NVP3-Probe ATGAGCACAATAGTTAAAAGCTAACACTGTCAA-
BHQ1
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Appendix 12: Results of routine diagnosis, expanded PCR testing and mNGS analysis

Expanded
- . Expanded PCR
India Ink | Cryptococcal Gram Bacterial HSV PCR JEV Dengue Dengue ; .
ZN Smear - - . Others PCR testin testing for
stain antigen test Stain culture (ct value) Serology | Serology PCR mNGS for EVs (c? Mumps
ID value) (Ct value)
S1 Negative Negative | Negative Negative | Negative | ND Negative ND ND ND Negative Negative Negative
S2 Negative Negative | ND Negative | Negative | ND Negative ND ND ND EVs Negative Negative
S3 Negative Negative | Negative Negative | Negative | ND Negative ND ND ND Negative Negative Negative
S4 Negative Negative | Negative Negative | Negative | ND ND ND ND ND Negative Negative Negative
Positive
S5 Negative Negative | Negative Negative | Negative | ND (25.1) ND ND ND HSV/EVs Negative Negative
S6 Negative Negative | Negative Negative | Negative | ND Negative Negative | Negative | ND Negative Negative Negative
S7 Negative Negative | Negative Negative | Negative | ND Negative Negative | ND ND Negative Negative Negative
VZV PCR
S8 Negative ND Negative Negative | Negative | positive Negative ND ND ND VZV/EVs Negative Negative
Positive
S9 Negative Negative | Negative Negative | Negative | ND Negative ND ND ND EVs (33.36) Negative
Positive
S10 | Negative Negative | Negative Negative | Negative | ND Negative ND ND ND EVs (34.25) Negative
S11 | Negative Negative | Negative Negative | Negative | ND ND ND ND ND EVs Negative Negative
S12 | Negative Negative | ND Negative | Negative | ND Negative ND Negative | ND EVs Negative Negative
S13 | Negative Negative | Negative Negative | Negative | ND Negative ND ND ND EVs Negative Negative
S14 | Negative Negative | Negative Negative | Negative | ND Negative ND ND ND Rotavirus Negative Negative
S15 | Negative Negative | Negative Negative | Negative | ND Negative ND ND ND EVs Negative Negative
S16 | Negative Negative | ND Negative | Negative | ND Negative ND ND ND Negative Negative Negative
S17 | Negative Negative | ND Negative | Negative | ND Negative ND ND ND Negative Negative Negative
S18 | Negative Negative | Negative Negative | Negative | ND ND ND ND ND Negative Negative Negative
S19 | Negative Negative | Negative Negative | Negative | ND Negative ND Negative | ND EVs Negative Negative
S20 | Negative Negative | Negative Negative | Negative | ND ND ND ND ND Negative Negative Negative
S21 | Negative Negative | Negative Negative | Negative | ND Negative ND ND ND EVs Negative Negative
Positive
S22 | Negative ND Negative Negative | Negative | ND ND ND ND ND EVs (34.79) Negative
S23 | Negative Negative | Negative Negative | Negative | ND Negative ND Negative | ND EVs Negative Negative
S24 | Negative Negative | ND Negative | Negative | ND Negative Negative | ND ND Negative Negative Negative
S25 | Negative Negative | Negative Negative | Negative | ND Negative ND ND ND Negative Negative Negative
S26 | Negative Negative | Negative Negative | Negative | ND Negative ND ND ND Negative Negative Negative
S27 | Negative Negative | ND Negative | ND ND Negative Negative | Negative | ND EVs Negative Negative
S28 | Negative Negative | Negative Negative | Negative | ND Negative ND ND ND Negative Negative Negative
S29 | Negative Negative | Negative Negative | Negative | ND Negative ND ND ND Negative Negative Negative
S30 | Negative Negative | Negative Negative | Negative | ND Negative ND ND ND EVs Negative Negative
S31 | Negative Negative | Negative Negative | Negative | ND Negative ND Negative | ND Negative Negative Negative
S32 | ND Negative | ND Negative | ND ND ND ND ND ND Negative Negative Negative
S33 | Negative Negative | Negative Negative | Negative | ND Negative ND Negative | ND Negative Negative Negative
S34 | Negative Negative | Negative Negative | Negative | ND Negative ND Negative | ND Negative Negative Negative
S35 | Negative Negative | Negative Negative | Negative | ND ND ND ND ND Negative Negative Negative
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Positive
S36 | Negative Negative | Negative Negative | Negative | ND (28.01) ND ND ND HSV Negative Negative
S37 | Negative Negative | Negative Negative | Negative | ND Negative ND ND ND Negative Negative Negative
S38 | Negative ND Negative Negative | Negative | ND Negative ND ND ND EVs Negative Negative
S39 | Negative ND Negative Negative | Negative | ND Negative Negative | Positive ND Negative Negative Negative
S40 | Negative Negative | Negative Negative | Negative | ND Negative ND ND ND Negative Negative Negative
Mumps
virus
IgG+IgM:
S41 | Negative Negative | Negative Negative | Negative | Positive Negative ND Negative | ND Negative Negative Negative
Positive
S42 | Negative Negative | Negative Negative | Negative | ND ND ND ND ND EVs (34.78 Negative
Positive
S43 | Negative ND Negative Negative | Negative | ND Negative Negative | Negative | ND EVs (31.23) Negative
S44 | ND Negative | ND Negative | ND ND ND ND ND ND Negative Negative Negative
S45 | Negative Negative | Negative Negative | Negative | ND Negative Negative | ND ND Negative Negative Negative
Mumps
virus
IgG+IgM: positive
S46 | Negative Negative | Negative Negative | Negative | Positive ND ND ND ND Mumps Negative (35.36)
S47 | ND Negative | ND Negative | Negative | ND ND ND Negative | ND Negative Negative Negative
S48 | ND Negative | ND Negative | Negative | ND ND ND ND ND Negative Negative Negative
dengue
rapid test: positive
S49 | Negative ND Negative Negative | Negative | negative Negative Negative | ND ND EVs (32.3) Negative
Positive(32.6
S50 | Negative Negative | Negative Negative | Negative | ND ND ND ND ND EVs 5) Negative
S51 | Negative Negative | Negative Negative | Negative | ND Negative Negative | ND ND Negative Negative Negative
Mumps
virus
IgG+IgM: positive
S52 | Negative Negative | Negative Negative | Negative | Positive ND ND ND ND Negative Negative (35.85)
S53 | Negative Negative | Negative Negative | Negative | ND Negative ND ND ND Negative Negative Negative
S54 | Negative Negative | Negative Negative | Negative | ND Negative ND Negative | ND EVs Negative Negative
S55 | ND ND ND Negative | Negative | ND Negative ND Positive Negative Negative Negative Negative
S56 | Negative Negative | Negative Negative | Negative | ND Negative ND ND ND Negative Negative Negative
S57 | Negative Negative | Negative Negative | Negative | ND Negative ND Negative | ND Negative Negative Negative
S58 | Negative Negative | Negative Negative | Negative | ND Negative ND ND ND Negative Negative Negative
S59 | Negative Negative | Negative Negative | Negative | ND ND ND ND ND Negative Negative Negative
S60 | Negative Negative | Negative Negative | Negative | ND Negative ND ND ND Negative Negative Negative
Mumps
virus
IgG+IgM: positive
S61 | Negative Negative | Negative Negative | Negative | Positive Negative ND ND ND Negative Negative (40)
Positive
S62 | Negative Negative | Negative Negative | Negative | ND (unavailble) | ND ND ND HSV/EVs Negative Negative
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S63 | ND Negative | ND Negative | ND ND ?;glélgl)e Negative | ND ND HSV negative Negative
S64 | Negative Negative | Negative Negative | Negative | ND (PZO??I;I?V)e ND ND ND HSV Negative Negative
S65 | Negative Negative | Negative Negative | Negative | ND (Pfj?OS.IEtSIZV)e ND ND ND HSV Negative Nega_tive
S66 | Negative ND Negative Negative | Negative | ND Negative ND ND ND Negative Negative ?fg)ltlve

S67 | Negative Negative | Negative Negative | Negative | ND Neg_a-tive Positive ND ND EVs Negative Negative
S68 | Negative Negative | Negative Negative | Negative | ND ggs;tllgle ND ND ND HSV Negative Negative

Note: * S19 & S26: Negative controls; ND: not done
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Appendix 13: mNGS reads obtained from DNA/RNA-virus workflows

Total reads Median Range
DNA-virus workflow 62,565,802 859,656 1,487,000 — 2,125,00
RNA-virus workflow 49,233,869 717,707 7,368 — 5,874,00

Appendix 14: EV reads of PCR negative samples identical to reads found in sample(s) with a high
abundance of EV reads with which they (did not) share(d) an index

SF number | readsound inpCR | Nmber ofunique. | Number of unigue
negative samples
17 2 1 (50) 0
18 2 2 (100) 0
19 4 0 0
20 1 0 0
21 2 2 (100) 0
22 5 5 (100) 0
23 13 4(31) 0
24 4 2 (50) 0
25 1 0 0
26 20 5 (25%) 0
27 7 4(57) 0
28 24 12 (50) 0
29 22 0 0
30 20 2 (10) 0
31 12 7 (58) 0
32 4 2 (50) 0

Note:(1) identical to reads found in sample(s) with a high abundance of EV reads with which it shared an index. (2) identical to reads
found in sample(s) with a high abundance of EV reads with which it did not shared an index.
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ABSTRACT Community-acquired (CA) sepsis is a major public health problem
worldwide, yet the etiology remains unknown for >50% of the patients. Here we
applied metagenomic next-generation sequencing (mNGS) to characterize the hu-
man virome in 492 clinical samples (384 sera, 92 pooled nasal and throat swabs, 10
stools, and 6 cerebrospinal fluid samples) from 386 patients (213 adults and 173
children) presenting with CA sepsis who were recruited from 6 hospitals across Viet-
nam between 2013 and 2015. Specific monoplex PCRs were used subsequently to
confirm the presence of viral sequences detected by mNGS. We found sequences re-
lated to 47 viral species belonging to 21 families in 358 of 386 (93%) patients, in-
cluding viruses known to cause human infections. After PCR confirmation, human vi-
ruses were found in 52 of 386 patients (13.4%); picornavirus (enteroviruses [n = 14],
rhinovirus [n = 5], and parechovirus [n = 2]), hepatitis B virus (n = 10), cytomegalovi-
rus (n = 9), Epstein-Barr virus (n = 5), and rotavirus A (n = 3) were the most common
viruses detected. Recently discovered viruses were also found (gemycircularvirus
[n = 5] and WU polyomavirus, Saffold virus, salivirus, cyclovirus-VN, and human pegi-
virus 2 [HPgV2] [n, 1 each]), adding to the growing literature about the geographic
distribution of these novel viruses. Notably, sequences related to numerous viruses
not previously reported in human tissues were also detected. To summarize, we
identified 21 viral species known to be infectious to humans in 52 of 386 (13.4%)
patients presenting with CA sepsis of unknown cause. The study, however, cannot
directly impute sepsis causation to the viruses identified. The results highlight the
fact that it remains a challenge to establish the causative agents in CA sepsis pa-
tients, especially in tropical settings such as Vietnam.

KEYWORDS Vietnam, community-acquired sepsis, viral metagenomics

ccording to the WHO, approximately 30 million cases of sepsis with 6 million

deaths occur globally each year (1). Approximately 70% of sepsis cases are attrib-
uted to community-acquired (CA) infections (1). The increasing frequency of antimi-
crobial resistance and the diversity of pathogens (including bacteria and viruses) that
may cause CA sepsis further complicate current diagnostic efforts, in turn posing
challenges to patient management (2). Indeed, despite extensive laboratory investiga-
tions, the causes of a substantial proportion of cases of CA sepsis remain unknown. In
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a recent etiological study of 1,578 patients with CA sepsis, conducted by the Southeast
Asia Infectious Disease Clinical Research Network, the etiology (viruses, bacteria, and
parasites) was established for only 48% (3). While this diagnostic yield is comparable to
that of previous reports, the unknown etiology for >50% of the patients may be
attributed to the low sensitivity of current diagnostic tests and/or the diversity of the
causative agents that may be responsible for this important clinical condition. Further-
more, Southeast Asia is one of the major hot spots for the emergence of novel
pathogens, as illustrated by the emergence of Nipah virus, severe acute respiratory
syndrome (SARS) coronavirus, avian influenza virus A (H5N1), avian influenza virus A
(H7N9), enterovirus A71 (EV-A71), and, more recently, Zika virus (4, 5).

Metagenomic next-generation sequencing (mMNGS) has emerged as an unbiased,
sequence-independent method for the detection of pathogens, especially viruses, in
clinical samples (6-13). Using mNGS, we previously discovered a novel cyclovirus
(cyclovirus-Vietnam [cyclovirus-VN]) in 4% of Vietnamese patients presenting with
central nervous system (CNS) infections, although the pathogenicity and natural hosts
of this virus remain unresolved (8, 14).

Improving our knowledge about the causative agents of CA sepsis can inform
clinical management, while active surveillance for novel pathogens in this region is of
public health significance. In this study, we use mNGS to characterize the viral contents
of clinical samples collected from patients enrolled in an etiological study of sepsis of
unknown etiology across Southeast Asia between 2013 and 2015 (3).

MATERIALS AND METHODS

Clinical specimens and patient data. The clinical specimens and patient data used for mNGS
analysis were derived from an etiological study of CA sepsis conducted at multiple hospitals across
Indonesia (n = 3), Thailand (n =4), and Vietnam (n = 6) between 2013 and 2015 (3). Hospitalized
patients with suspected or documented CA infections, fulfilling the diagnostic criteria for sepsis of the
2012 Surviving Sepsis Campaign (adults) (15) or the definitions of the Pediatric Sepsis Consensus
Conference (16), were enrolled within 24 h of admission (3). A total of 1,582 patients were enrolled (750
each from Vietnam and Thailand; 82 from Indonesia) (Fig. 1). Per the study protocol, serum samples were
collected from all patients; additional samples, including pooled nasal and throat swabs, cerebrospinal
fluid (CSF), and stools, were collected when clinically indicated. After collection, all clinical samples were
stored at —80°C. Additionally, information about the demographics, clinical entities, and outcomes of the
patients was retrieved from a publicly available data set of the original study that was deposited at
https://figshare.com/articles/Data_set_-_Causes_and_outcomes_of_sepsis_in_southeast_Asia_a_
multinational_multicentre_cross-sectional_study_NCT02157259_/3486866/1.

Of 749 patients from Vietnam, 402 (54%) had no etiology identified via extensive clinical and
reference laboratory workups in the original study (Fig. 1; see also Table S1 in the supplemental material);
of these, 386 (96%) had clinical materials available for additional etiological investigation and were thus
included for viral metagenomic analysis in this study (Fig. 1) (3). In total, 492 samples (6 CSF samples, 92
pooled nasal and throat swabs, 384 serum samples, and 10 stool samples) from these 386 patients with
sepsis of unknown etiology were included in the analysis. Due to the availability of the materials, most
samples were analyzed individually (n = 458) or in pools of multiple samples (n = 8) (Fig. 2).

Sample pretreatments and NA isolation. Prior to nucleic acid (NA) isolation, 100 ul of clinical
sample was treated with 2 U/ul of Turbo DNase (Ambion, Life Technology, Carlsbad, CA, USA) and
0.4 U/l RNase | (Ambion) at 37°C for 30 min. Viral NA was then isolated from nuclease-treated materials
using a QlAamp viral RNA kit (Qiagen GmbH, Hilden, Germany) and was recovered in 50 ul of elution
buffer.

dsDNA synthesis and sequencing. Double-stranded DNA (dsDNA) was synthesized from isolated
viral NA using a set of 96 nonribosomal random primers (17), amplified by PCR, and sequenced on an
lllumina MiSeq platform (lllumina, San Diego, CA, USA) as described previously (18, 19). In brief, 10 ul of
extracted viral NA was converted to dsDNA using FR26RV-Endoh primers (19), SuperScript Ill enzyme
(Invitrogen, Carlsbad, CA, USA), RNaseOUT (Invitrogen), exo-Klenow fragment (Ambion, Life Technology,
Carlsbad, CA, USA), and RNase H (Ambion). Subsequently, the synthesized dsDNA was randomly
amplified using the FR20RV primer (5'-GCCGGAGCTCTGCAGATATC-3’). The random PCR product ob-
tained was then purified with the use of Agencourt AMPure XP beads (Beckman Coulter) and was
quantified with a Qubit dsDNA HS (high-sensitivity) kit (Invitrogen). Finally, 1 ng of purified product was
subjected to library preparation using a Nextera XT sample preparation kit (lllumina) and was sequenced
using a MiSeq reagent kit, v3 (600 cycles) (Illumina), on a MiSeq platform (lllumina).

mNGS data analysis. The mNGS data were analyzed using an in-house viral metagenomic pipeline
running on a 36-node Linux cluster to identify the presence of viral sequences in the tested specimens
as described previously (20). In brief, after duplicate reads and reads belonging to human or bacterial
genomes were filtered out, the remaining reads were assembled de novo. The resulting contigs and
singlet reads were then aligned against a customized viral proteome database using a BLAST (Basic Local
Alignment Search Tool)-based approach. Next, the candidate viral reads were aligned against a nonre-
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mNGS for Patients with Sepsis of Unknown Cause

1582 community acquired sepsis patients enrolled in the etiological study
816 adults: 375 from Thailand, 375 from Vietnam and 66 from Indonesia
766 children: 375 from Thailand, 375 from Vietnam and 16 from Indonesia

1578 patients (815 adults and 763 children) with available clinical
materials included for etiological investigations

36,853 diagnostic tests were done per protocol*

No etiology identified in 765 (48%) Etiology identified in 813 (52%)*
(427 (52%) adults and 338 (44%) children) (388 (48%) adults and 425 (56%) children)

42 from Indonesian sites | | 402 from Vietnam sites | | 321 from Thai sites

386 patients with available clinical
materials for mNGS analysis®

FIG 1 Flow chart showing an overview of the diagnostic output of the original study. *, see the original
study (3) and Table S1 in the supplemental material for more details; #, the causative agents detected are
detailed in the report of the original study (3); ¢, more details about the analysis of those 386 patients
can be found in Fig. 2.

dundant nonvirus protein database to remove any false-positive reads (i.e., reads with expected [E]
values higher than those against viral protein databases). Any virus-like sequence with an E value
of =10~% was considered a significant hit. Finally, a reference-based mapping approach was employed
to assess the levels of identity and genome coverages of the corresponding viruses.

PCR confirmation of viral reads. Because of the focus of the present study, specific PCRs were used
to confirm the mNGS hits for viral species that are known to be infectious to humans and for recently
discovered viruses that have been reported in human tissues previously but remain of uncertain tropism.
Depending on the availability of the clinical materials, virus-specific PCRs were carried out either on
leftover NA after mNGS experiments or on newly extracted NA. An mNGS result was considered positive
only if it was subsequently confirmed by a corresponding viral PCR analysis of original NA materials
derived from the corresponding individual samples. All PCR primers and probes used were either derived
from previous publications or newly designed based on the sequences generated by mNGS (see Table
S2 in the supplemental material).

Phylogenetic analysis. Sequence alignment and phylogenetic tree reconstructions of the sequences
obtained were carried out using ClustalW alignment and maximum likelihood methods available within
Geneious 8.1.5 (Biomatters) and IQ-TREE (21), respectively.

Ethical statement. The study was reviewed and approved by the Institutional Review Boards of
collaborating hospitals in Vietnam and the Oxford Tropical Research Ethics Committee (OXTREC),
University of Oxford, Oxford, United Kingdom.

Accession number(s). The metagenomics data obtained in this study have been deposited in
GenBank, and the accession numbers can be found via BioProject accession number PRJINA526981.

RESULTS

Demographics, clinical features, and outcomes for patients with sepsis of
unknown origin. The baseline characteristics and 28-day mortality data of all patients
(including the 386 patients included in the mNGS analysis) from Vietnamese sites
enrolled in the original study are presented in Table 1. Retrospectively, 129 (34.4%)
adult patients (including 54 of the 213 with undiagnosed cases [25%]) had SOFA
(Sequential Organ Failure Assessment) scores of =2, fulfilling the diagnostic criteria
presently used for sepsis in adults as defined by Sepsis-3 (22). For pediatric sepsis, no
harmonized criteria similar to those for sepsis in adults have been established (23).

September 2019 Volume 57 Issue 9 e00386-19

Journal of Clinical Microbiology

jcm.asm.org 3

1sanb Aq 6T0Z ‘2 Jaqualdas uo /610 wse wal//:dny wol) papeojumod


https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA526981
https://jcm.asm.org
http://jcm.asm.org/

Anh et al.

492 samples
sera= 384; nasal-throat swabs: 92; stools= 10; CSF=6

number of samples number of samples
analyzed individually analyzed as pools
n=458 n=8%

random amplification using a
non-ribosomal primer set

deep sequencing

viral sequence detection by an in-house bioinformatic
pipeline

viral PCR confirmation
of mNGS results

FIG 2 Flow chart showing how samples were analyzed. *, includes 4 pools of 5 samples, 3 pools of 4
samples, and 1 pool of 2 samples.

There was considerable homogeneity between the group of patients included and
the group not included in the mNGS analysis (Table 1). Among the 386 patients with
sepsis of unknown cause whose data were included in the mNGS analysis, the most
frequent clinical entity was acute respiratory infection (n = 158 [41%]), followed by
systemic infection (n = 152 [39.5%]), diarrhea (n =36 [9.3%]), and central nervous
system (CNS) infection (n = 40 [10.5%]) (Table 1) (3). Ten of these patients (8 adults and
2 children) were recorded as deceased by day 28, accounting for 2.6% of total patients.

Overview of virus-like sequences detected by mNGS. In total, 466 samples were
sequenced in five MiSeq runs, generating a total of >26 million reads (median reads per
sample, 432,682; range, 540 to 1,916,732) (see Fig. S1 in the supplemental material).
Despite the inclusion of a nuclease digestion step prior to NA isolation, viral reads
accounted for only a small proportion of total reads, ranging from 168,028 (2.5%) to
287,307 (8.4%) reads/run. Evidence of sequences related to 47 viral species belonging
to 21 families was detected in 358/386 (93%) patients. The viruses detected included
those known to cause human infections, those with unknown pathogenicity, and
viruses that have been reported previously to be contaminants found in mNGS data
sets or that have not been reported in human samples, as detailed below. Additionally,
codetection of =2 viruses in the same samples/patients was recorded for 13 patients
(see Table S3). None of the 10 fatal cases had a viral etiology identified by mNGS.

(i) Detection of viruses known to cause human infections. NA sequences of 21
viral species known to be infectious to humans were detected in 137 of 466 (29%)
clinical samples from 125 of 386 (32%) individuals by viral metagenomics. The detection
rate was reduced to 13.4% (52/386) of the 386 patients included in the mNGS analysis
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TABLE 1 Demographic and clinical data for CA sepsis patients

Journal of Clinical Microbiology

No. (%) of patients:

Included in mNGS analysis?

Not included in mNGS analysis

Children Children

Characteristic Total (n = 386) Adults (n = 213) (n = 173) Total (n = 363) Adults (n = 162) (n = 201)
Male gender 224 (58) 122 (57.3) 102 (59) 204 (56) 84 (41) 120 (59)
Age

<12mo NA NA 45 (26) NA NA 75 (37.3)

=1to <5yr NA NA 100 (57.8) NA NA 106 (52.7)

=5 to <18yr NA NA 28 (16.2) NA NA 20 (10)

=18 to <40yr NA 94 (44.1) NA NA 68 (42) NA

=40 to <60yr NA 67 (31.5) NA NA 60 (37) NA

=60 yr NA 52 (24.4) NA NA 34 (21) NA
Geographic location

North Vietnam 123 (32) 68 (32) 55 (32) 127 (35) 57 (35) 70 (34)

Central Vietnam 141 (37) 79 (37) 62 (36) 108 (30) 46 (28) 62 (31)

South Vietnam 122 (32) 66 (31) 56 (32) 128 (35) 59 (37) 69 (34)
SOFA scoreb

=1 NA 159 (75) NA NA 87 (53.7) NA

=2 NA 54 (25) NA NA 75 (46.3) NA
Clinical presentation©

Respiratory infection 158 (41) 97 (45) 61 (36) 212 (58) 70 (43) 142 (71)

Diarrhea 36 (9) 25 (12) 11 (6) 15 (4) 10 (6) 5(2)

CNS infection 40 (10.5) 8 (4) 32 (18) 42 (12) 14 (9) 28 (14)

Systemic infection 152 (39.5) 83 (39) 69 (40) 94 (26) 68 (42) 26 (13)
28-day mortality

Yes 10 (2.6) 8 (3.7) 2(1) 16 (4) 9 (5) 7 (3)

No 373 (96.6) 203 (95.3) 170 (98) 337 (93) 149 (92) 188 (94)

Unknown 3(<1) 2(1) 1(<1) 10 (3) 4 (3) 6 (3)

aNA, not applicable.
bAvailable for adult patients only.

<Defined on the basis of major clinical symptoms. Acute respiratory infection was defined as the manifestation of at least one respiratory symptom for no longer than
14 days. Acute diarrhea was defined as diarrhea for no longer than 14 days. Acute CNS infection was defined as the manifestation of CNS symptoms for no longer
than 14 days or the presence of signs of CNS infection on admission. Systemic infection was defined as the absence of acute respiratory infection, acute diarrhea, and

acute CNS infection.

after specific PCR confirmation. There was a significant difference in the number of viral
reads generated by mNGS between the groups of samples that were subsequently
found to be PCR positive or negative (see Fig. S2 in the supplemental material), while
the total numbers of reads obtained were similar for the two groups (median [range],
493,794 [11,076 to 1,203,206] versus 461,486 [16,470 to 1,770,372]) (P = 0.58). The
number of reads per sample in the group of samples in which viruses were found by
mNGS and subsequently confirmed by PCR was significantly higher than that in the
group in which no virus was found (median [range], 493,794 [11,076 to 1,203,206]
versus 365,974 [540 to 1,916,732]) (P = 0.004), suggesting that the diagnostic yield of
mNGS is dependent on the sequencing depth (i.e., the number of reads generated per
sample).

Of the viruses detected, enterovirus (EV) was the most common (14/386 [3.6%]),
followed by hepatitis B virus (HBV) (9/386 [2.3%]), cytomegalovirus (CMV) (9/386
[2.3%]), human rhinovirus (HRV) (5/386 [1.3%]), Epstein-Barr virus (EBV) (5/386 [1.3%)]),
and rotavirus (3/386 [0.7%]) (Fig. 3). Detailed information about the numbers of viral
reads and genome coverage is summarized in Table S7 in the supplemental material.

(ii) Detection of sequences related to viruses with unknown pathogenicity.
Sequences related to four recently discovered viruses (gemycircularviruses, WU polyo-
mavirus, human pegivirus 2 [HPgV-2], and cyclovirus-VN) whose pathogenicity or
tropism remains unknown, but whose genetic materials have been reported in human
samples previously, were identified by mNGS in 3.4% of the samples from the 386

September 2019 Volume 57 Issue 9 e00386-19

1sanb Aq 6T0Z ‘2 Jaqualdas uo /610 wse wal//:dny wol) papeojumod

jcm.asm.org 5


https://jcm.asm.org
http://jcm.asm.org/

Anh et al.

Human pegivirus 2 | 11
WU-polyomavirus | 1
Salivirus A | 1

Saffold virus | 11

Influenza B virus | 11
Influenza A virus | 11

Human coronavirus | 11

Human metapneumovirus | 11
Human immunodeficiency virus | 1
Cyclovirus-VN | 5

Human mastadenovirus |
B mNGS results

Human parechovirus 22 confirmad by PCR
Human herpesvirus 6 hls B mNGS

Human parainfluenza virus LZS
Human rhinovirus I H
Hepatitis C virus hzs
Epstein Barr virus l ;
Measles virus hzs
Rotavirus A h38
Gemycircularvirus Lsg
Dengue virus hz 9
Human cytomegalovirus s ?1
Human respiratory syncytial virus h 19
Hepatitis B virus & 32
Enterovirus k 61
Total “ 201

0 20 40 60 80 100 120 140 160 180 200 220

Numbers of samples

FIG 3 Bar chart showing the numbers of viruses known to be infectious to humans or previously reported in human
tissues that were detected by mNGS, followed by PCR confirmation testing.

patients included in the mNGS analysis. After specific PCR testing, the confirmed
proportion of positive patients was reduced to 2.1% (5/386 [1.3%] had gemycircular-
virus, and 1/386 [0.26%] each had WU polyomavirus, HPgV2, or cyclovirus-VN) (Fig. 3).
Additionally, anellovirus-like sequences were found in the majority of the samples
tested (362/466 [77%]), while sequences related to human pegivirus 1 and human
papillomaviruses were found in 4/466 (<1%) and 1/466 (<1%) samples, respectively.
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Sera Stools

Hepatitis C virus, n=2 Human immunodeficiency virus 1,

n=1

Epstein Barr virus, n=1

Human parechovirus 1/6,
=1 \

____Human pegivirus 2, n=1 N

Human

/?— '
‘\_ Human rhinovirus A/B/C, parechovirus
n=1 1/6, n=1
Rotavirus A, n=3
\Cyclovirus-VN, n=1

Gemycircularvirus n=3 \Dengue virus, n=2
J 4

Pooled nasal-throat swabs

Human cytomegalovirus, n=9
Human herpesvirus 6, n=1

e

y

Human mastadenovirus, n=2

Human metapneumovirus, n=1

\ Human parainfluenza virus 1/3,
n=2

Human respiratory syncytial
virus, n=2

\Human rhinovirus A/B/C, n=4

Influenza A virus, n=1

\/\, \\Influenza B virus, n=1
\ Saffold virus, n=1

WU-polyomavirus, n=1

\

Gemycircularvirus, n=.
Human coronavirus 0C43/NL63, n=1

FIG 4 Numbers of viruses detected by mNGS, and then confirmed by virus-specific PCR, in clinical samples of

different types.

Because these viruses are common nonpathogenic infectious agents, they were not
subjected to subsequent PCR confirmation testing.

(iii) Detection of sequences related to contaminants and/or viruses not previ-
ously reported in human samples. Sequences related to common contaminants of
mNGS data sets (including a parvovirus-like hybrid virus [24] and Kadipiro virus [25])
were detected in 96 and 5 samples, respectively (see Table S4 in the supplemental
material). Additionally, sequences related to numerous viruses that have not been
reported in human tissues previously were also found (Table S4). Here we focus our
analysis on viruses that have been reported in human tissues.

Viral detection by mNGS followed by PCR confirmation testing in different
sample types. The detection rates for human viruses or viruses reported in human
tissues were 8% (32/384) for sera, 41% (38/92) for nasal-throat swabs, and 50% (5/10)
for stool samples, while all 6 CSF samples available from 40 patients presenting with
CNS infection were negative. More viruses were found in pooled nasal-throat swabs
than in samples of other types (Fig. 4).
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In the sera tested, 12 different viral species were detected, including the well-
established human pathogens HBV (n = 9), EV (n = 8), rotavirus A (n = 3), dengue virus
(DENV) (n = 2), hepatitis C virus (HCV) (n = 2), human parechovirus (n = 1), HRV (n = 1),
and human immunodeficiency virus (HIV) (n = 1) (Fig. 4).

Viral detection in different patient groups and clinical entities by mNGS
followed by PCR confirmation testing. The frequencies of different viral species
detected in different clinical entities and patient groups are shown in Fig. 5 and Fig. S3
in the supplemental material.

Regardless of the clinical sample type, the highest proportion of distinct viral
infections was recorded in patients presenting with CNS infections (15/40 [37.5%]),
followed by patients with respiratory infections (37/158 [23%]) and patients with
systemic infections (19/152 [12.5%]). Of the 54 adults with a SOFA score of =2, 6 had
a virus identified (from 2 samples with measles virus or HBV and 1 each with dengue
virus, rotavirus A, gemycircularvirus, salivirus A, or EBV) (see Table S5 in the supple-
mental material).

Among the patients presenting with CNS infections, picornaviruses were the most
common viruses detected (see Table S6 in the supplemental material); these included
enterovirus, accounting for 7 of 15 (47%) viruses detected (6 in sera and 1 in a pooled
nasal-throat swab), and HRV, detected in a serum sample. Rotavirus, a well-known
cause of diarrhea, was detected in the blood of three diarrhea patients (two children
and one adult).

In terms of age groups, EV and other respiratory viruses (e.g., respiratory syncytial
virus [RSV] and HRV) were detected more frequently in children than in adults (Fig. 5).
In contrast, blood-borne viruses (HIV, HCV, and HBV) were found more often in adults
than in children (Fig. 5). Parechovirus, an established cause of pediatric infections, was
detected in one adult presenting with a systemic infection.

Genetic characterization of EV and HBV. Excluding anellovirus-related sequences,
mNGS generated sufficient sequence data for informative genetic characterization and
phylogenetic inference of EV and HBV in 14 samples, including seven complete viral
capsid protein 1 (VP1) sequences of enterovirus and seven complete HBV genomes.
Phylogenetically, all seven EVs were classified into six different serotypes of enterovi-
ruses A and B (echovirus 3, echovirus 6, echovirus 9, echovirus 16, coxsackievirus A2,
and coxsackievirus A6), while the HBV strains belonged to genotypes B and C (see Fig.
S4 and S5 in the supplemental material), supporting reports about circulating entero-
virus serotypes and HBV genotypes in Vietnam (26-28).

For other viruses, due to the small numbers of genomic sequences recovered (two
for DENV, two for gemycircularvirus, and one each for RSV, influenza B virus, HCV,
measles virus, WU polyomavirus, and cyclovirus-VN), similar phylogenetic inference was
deemed uninformative.

DISCUSSION

We present the results of mNGS for exploration of the human virome in 386 patients
presenting with CA sepsis of unknown cause who were enrolled in a multicenter
observational study across Vietnam from 2013 to 2015. We identified 21 viral species
known to be infectious to humans in 52 (13.4%) of 386 patients presenting with CA
sepsis of unknown cause. The study, however, cannot directly impute sepsis causation
involving the viruses identified. More specifically, on several occasions, viral detection
in nonsterile materials, such as respiratory samples (including EBV and CMV) and stool
samples, may simply reflect the carriage of such viruses in those bodily compartments
rather than a clinical association. Similarly, viral detection (e.g., enterovirus) in the blood
of patients with asymptomatic infections has been reported previously (29). Addition-
ally, the detection of blood-borne viruses, such as HBV, HIV, and HCV, in serum samples
might represent underlying diseases and not the causative pathogens leading to the
hospital admission, although the detection of HIV RNA in a serum sample of a patient
presenting with systemic infection may suggest an acute HIV infection. However,
together with the clinical and epidemiologic data, the results present a provocative
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FIG 5 Numbers of viruses detected by mNGS, and then confirmed by virus-specific PCR, in different patient groups and clinical entities.
Symbols are color-coded by sample type. (A) All patients included in the mNGS analysis; (B) adults; (C) children.

argument for a wide range of viral pathogens that might be associated with CA sepsis

in Vietnam.

Epidemiologically, our results support previous findings regarding the frequent
detection of common viruses in corresponding clinical entities and age groups. For
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example, we found rotavirus only in patients with acute diarrhea and RSV and viruses
of the Picornaviridae family (HRV and EV) mostly in children. Additionally, we detected
parechovirus in the blood of an adult presenting with acute systemic infection.
Parechoviruses are a well-known cause of disease in children, ranging from acute
gastrointestinal/respiratory infections to meningitis, but have increasingly been re-
ported to cause infections in adults (30).

Nonpolio enteroviruses, such as EV-A71 and EV-D68, have become serious global
threats. In fact, EV-A71 has overwhelmed countries of the Asia-Pacific region (including
Vietnam) with large outbreaks of severe hand-foot-and-mouth disease since 1997 (31,
32). Recently, EV-D68 has emerged and caused large outbreaks of respiratory infections
in the United States; this virus is epidemiologically linked with acute flaccid myelitis
(33). The data presented here, together with the results of the original report (3),
expand our knowledge about the clinical burden posed by nonpolio enteroviruses (HRV
and particularly diverse EV serotypes) and parechoviruses in Vietnam.

mNGS detected several recently discovered viruses (Saffold virus, salivirus A, WU
polyomavirus, gemycircularvirus, and HPgV-2), representing their first detection in
Vietnam and adding to the growing literature about the geographic distribution of
these newly identified viruses. Salivirus A has been linked to gastrointestinal infection,
and Saffold virus has been reported in gastrointestinal and respiratory infection pa-
tients (34-37). Saffold virus has also been reported to be associated with myocarditis
and aseptic meningitis (38, 39). Additionally, using a mouse model, studies have shown
the neurotropic potential of Saffold virus (39-41). The pathogenicity of WU polyoma-
virus, gemycircularvirus, and HPgV-2 remains unresolved. Likewise, it is imperative to
conduct follow-up studies to determine whether the detected sequences that are
related to viruses not previously reported in human tissues are derived from other
sources and whether the respective viruses are infectious to humans.
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The results of the present investigation also emphasize the utility of serum samples
for assessing the etiology of sepsis. Indeed, viruses of the families Picornaviridae
(enterovirus, rhinovirus, and parechovirus), Flaviviridae (DENV), and Caliciviridae (rota-
virus) were detected by mNGS in the sera included in this study. Notably, as per the
design of the original etiological study, sera were not tested for these viruses by PCR
(3). Likewise, while it remains unknown why the original study failed to detect common
causes of respiratory/enteric infections (influenza A virus, influenza B virus, EV, etc.) in
pooled nasal swabs by multiplex PCR assays (3), a slightly lower sensitivity of the
multiplex PCR assays used than that of the respective monoplex PCR assays has been
reported elsewhere (42).

Virus detection by mNGS is based on the detection of matching viral reads regard-
less of their number or the resulting genome coverage. While few metagenomic studies
published to date have reported the use of specific PCR to verify metagenomic results
subsequently, the failure of virus-specific PCR to confirm the original mNGS detections
for many patients in the present study may be a consequence of cross talk (bleed-
through) contamination occurring as part of the sequencing procedure, a well-
documented phenomenon (10, 43, 44). An alternative explanation is the low sensitivity,
likely attributed to nucleotide mismatches, of some of the PCR primers used to confirm
infection.

The absence of human viral pathogens in 87% of 386 patients may be attributed to
the low sensitivity of our mNGS approach, especially in cases where the number of
reads obtained was supposedly insufficient (Fig. S1 in the supplemental material), as
suggested by the difference in the number of reads obtained between the groups of
samples with and without a virus identified. Clearly, future research should address the
question of what level of sequencing depth mNGS-based approaches need to achieve
in order to reach the required sensitivity while maintaining cost-effectiveness. It is
equally important to identify the factors (e.g., sample types and library preparation/
sequencing methods) that may affect sequencing depth (i.e., the number of reads
obtained) and assay sensitivity. Additional possibilities include the presence of the
sepsis pathogen in nonanalyzed tissues, the presence of nonviral pathogens (e.g.,
bacteria and parasites) in tested specimens, and/or the inclusion of patients with no
infection (e.g., those with conditions caused by toxicity whose clinical presentations
mimic infections) in the study.

In summary, we report the application of mNGS for patients presenting with CA
sepsis of unknown etiology. Our results highlight challenges in identifying possible viral
culprits in patients with CA sepsis and show that diverse viral agents might be
responsible for such devastating conditions in tropical settings such as Vietnam.
Therefore, rigorous testing for a wide range of viral pathogens in samples from different
body compartments collected early after symptom onset, when viral loads are usually
highest, is likely to have the greatest yield. Under these circumstances, mNGS is a
promising approach because of its capacity to simultaneously detect and genetically
characterize viral pathogens in patient samples without the need for prior knowledge
of genomic information about the targeted pathogens, thus enhancing the ability to
identify infectious etiologies of sepsis and facilitating optimal targeted management.
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Detection and Characterization of
Human Pegivirus 2, Vietham

Nguyen To Anh, Nguyen Thi Thu Hong,
Le Nguyen Truc Nhu, Tran Tan Thanh,
Catherine Anscombe, Le Ngoc Chau,
Tran Thi Thanh Thanh, Chuen-Yen Lau,
Direk Limmathurotsakul, Nguyen Van
Vinh Chau, H. Rogier van Doorn, Xutao Deng,
Motiur Rahman, Eric Delwart, Thuy Le,
Guy Thwaites, Le Van Tan, for the Southeast Asia
Infectious Disease Clinical Research Network'

We report human pegivirus 2 (HPgV-2) infection in Vietnam.
We detected HPgV-2 in some patients with hepatitis C virus/
HIV co-infection but not in patients with HIV or hepatitis A, B,
or C virus infection, nor in healthy controls. HPgV-2 strains
in Vietnam are phylogenetically related to global strains.

uman pegivirus 2 (HPgV-2), also known as human

hepegivirus 1, is a recently discovered bloodborne
flavivirus (/,2). Existing evidence suggests that HPgV-
2 is more frequently detected in patients with hepati-
tis C virus (HCV) infection, particularly HCV and HIV
co-infection, although detection rates vary between stud-
ies and patient groups. In the United States, HPgV-2 was
detected in 1.2% (12/983) of patients with active HCV
infections (/), whereas in China, the reported detection
rates of HPgV-2 RNA were 0.29% (7/2440) among HCV
monoinfected patients and from 3% (8/270) to 5.7% (4/70)
among HCV/HIV co-infected patients (3,4). HPgV-2 RNA
was detected in 10.9% (17/156) of injection drug users in
the United States, and there was a strong association be-
tween HPgV-2 and other infections such as HCV and SEN
virus D (9).
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Given the high burden of HCV and HIV infections
worldwide and the potential clinical significance of HPgV-
2, we investigated the geographic distribution and genetic
diversity of this virus to help prioritize the development and
implementation of appropriate intervention strategies. The
studies were approved by the corresponding institutional
review boards of the local hospitals in Vietnam where
patients were enrolled and the Oxford Tropical Research
Ethics Committee. We obtained written informed consent
from each participant or from the participant’s parent or
legal guardian.

The Study

Patient information and clinical samples were derived from
amultilocation observational study designed to evaluate the
causes of community-acquired infection in Southeast Asia
(6). We included all 493 samples (384 plasma, 92 pooled
nasal and throat swabs, 10 stool, and 7 cerebrospinal fluid
[CSF]) from 386 patients in Vietnam with community-ac-
quired infection of unknown origin after extensive diagnos-
tic workup for viral metagenomic analysis (7).

Analysis of metagenomic data revealed that, in 1 plas-
ma sample, of 98,344 obtained reads, 5,342 reads were of
HCV sequences, 430 of HIV sequences, and 273 of HPgV-
2 sequences; we confirmed all reads by corresponding vi-
rus-specific reverse transcription PCR (RT-PCR). HPgV-2
sequence screening and HPgV-2 RT-PCR testing did not
detect HPgV-2 in any of the remaining samples of the pa-
tients included in metagenomic analysis.

To explore the prevalence of HPgV-2 in HCV-infected
patients in Vietnam, we used a reference-based mapping
strategy to screen for HPgV-2 sequences in additional vi-
ral metagenomic datasets (Table 1). We detected HPgV-2
sequences in 5/79 HIV/HCV co-infected patients who par-
ticipated in a trial evaluating the hepatic safety of raltegra-
vir/efavirenz-based therapies in antiretroviral-naive HIV-
infected subjects co-infected with HCV. We did not detect
HPgV-2 sequences in 394 HCV-infected patients with
clinically diagnosed hepatitis who participated in molecu-
lar epidemiologic studies of hepatitis viruses (Table 1).

We subsequently confirmed the result of this refer-
ence-mapping approach by HPgV-2 multiplex RT-PCR (8)
testing of the extracted RNA from original samples. We

"Members of the Southeast Asia Infectious Disease Clinical
Research Network are listed at the end of this article.
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Table 1. Samples and viral metagenomic datasets used in screening for HPgV-2 and screening results, Vietnam*

No. No. positive  Enroliment
Infection persons Screening approach for HPgV-2 period Setting
Hepatitis C virus 79 HPgV-2—specific PCR 5 2010-2013 Hospital for Tropical Diseases,
and HIV co- and reference-based Ho Chi Minh City
infection mapping of obtained
viral metagenomics data

HIV monoinfection 78 HPgV-2—specific PCR 0 2010-2013 Hospital for Tropical Diseases,

Ho Chi Minh City
None (healthy 80 HPgV-2—specific PCR 0 2010-2013 Hospital for Tropical Diseases,
volunteers) Ho Chi Minh City
Hepatitis A virus 71 HPgV-2—specific PCR 0 2012-2014 Hospital for Tropical Diseases,

Ho Chi Minh City
Hepatitis B virus 103 HPgV-2—specific PCR 0 2012-2016 Hospital for Tropical Diseases,

Ho Chi Minh City; Dong Thap General
Hospital, Dong Thap; Khanh Hoa Provincial
Hospital, Nha Trang; Dac Lac Provincial
Hospital, Dac Lac; Hue National Hospital, Hue

Hepatitis C virust 394 Reference-based 0 2012-2016 Hospital for Tropical Diseases,

mapping of obtained
viral metagenomics data

Ho Chi Minh City; Dong Thap General
Hospital, Dong Thap; Khanh Hoa Provincial
Hospital, Nha Trang; Dac Lac Provincial
Hospital, Dac Lac; Hue National Hospital, Hue

*HPgV-2, human pegivirus.

TWhole-genome sequences of hepatitis C virus were obtained using a viral metagenomics approach (7). The resulting metagenomics datasets were then
subjected to a reference-based mapping approach to search for the presence of HPgV-2 sequences.

conducted multiplex RT-PCR screening for HPgV-2 RNA
in plasma samples of matched controls (78 HIV-infected
patients and 80 healthy volunteers) of the 79 HCV/HIV co-
infected patients; we found no evidence of HPgV-2 (Table
1). In addition, we did not detect HPgV-2 RNA in any plas-
ma samples from patients with HAV (n=71) and HBV (n
= 103) infection (Table 1).

HPgV-2 RNA was detectable for <18 months in 3/5
patients with HCV/HIV co-infection (Table 2). We did
not detect HPgV-2 RNA in the available follow-up serum
sample collected 14 days after enrollment from the patient
with community-acquired infection (Table 2).

All 5§ HCV/HIV co-infected patients had CD4 counts
>200 cells/uL at baseline and at 6-, 12-, and 18-month
follow-up (Table 2), but none received specific anti-HCV
drugs, which was attributed to drug unavailability or un-
affordability during the study period. During follow-up,
hepatitis and splenic abnormalities were detected in 4/5 pa-
tients, which were likely attributable to HCV infection (Ta-
ble 2). The patient with community-acquired infection was
recorded as surviving to 28 days of follow-up (Table 2).

Using deep sequencing and a combination of over-
lapping PCRs and Sanger sequencing of PCR amplicons
(primer sequences available upon request), we obtained
5 nearly complete genomes (coverage of >92%) and an-
other partial genome (coverage of =69.1%). Pairwise com-
parison of HPgV-2 coding regions obtained in this study
and previously reported HPgV-2 sequences showed over-
all sequence identities at the nucleotide level of >94.6%
and at the amino acid level of >95.3% (data not shown).
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Phylogenetic analyses revealed a tight cluster between vi-
ruses from Vietnam and global strains (Figure). We sub-
mitted the HPgV-2 sequences we generated to GenBank
(accession nos. MH194408-13).

Of the 5 HPgV-2 genome sequences we recovered, we
generated 2 by deep sequencing. The results were above the
proposed sequencing-depth threshold of >5 for sequences
generated by next-generation sequencing (9) and sufficient
for intrahost diversity investigation. One sequence we gen-
erated had mean coverage of 2,049 (range 12-9,912), with
a total of 26 (10 [38%] nonsynonymous) positions carrying
minor variations detected in the corresponding dataset (data
not shown). For the other sequence, mean coverage was
32,531 (range 13-138,383), with a total of 37 (13 [35%)]
nonsynonymous) positions carrying minor variations in its
dataset (data not shown).

Conclusions

We report the detection and genetic characterization of
HPgV-2 in Vietnam and describe the observed demograph-
ic and clinical characteristics of patients with HPgV-2 in-
fection. Together with reports from China, Iran, and the
United States (/-4,8,10), our findings further emphasize
the strong association between HPgV-2 and HCV, espe-
cially HCV/HIV co-infection. The absence of HPgV-2 in
394 HCV-infected patients may have been attributed to the
small sample size and the fact that the reported prevalence
of HIV among HCV-infected patients was <6.5% (/1,12).
Of note, HPgV-2 was detected in only 0.29% of HCV-
monoinfected patients in China.

Emerging Infectious Diseases *« www.cdc.gov/eid ¢ Vol. 24, No. 11, November 2018



Human Pegivirus 2, Vietham

Table 2. Demographic and clinical features of 6 men with human pegivirus infection, Vietham*

Pt Time Total Direct CD4 HIV RNA,
Pt age, point, HCV HPgV-2 bilirubin, bilirubin, AST, ALT, count, x 108 AFP, FibroScan
no. y mo  RNA+ RNA+ pmol/L  upmol/L  UI/L  UI/L cells/yL copies/uL mg/mL result, kPa Symptoms
1 29 NA NA NA NA NA NA NA NA NA NA NA NA
2 47 0 Y Y 9.8 0.7 30 24 331 120 1.7 11.8
6 Y Y 4.7 1.6 81 83 518 0.07 23 NA
12 Y Y 6.9 34 55 61 364 0.04 2.6 11.8 Hepatitis
18 Y Y 4.8 2.8 37 40 428 UND 2.14 6.1 Hepatomegaly
3 32 0 Y Y 4.7 34 39 10 288 0.198 0.999 6.5
6 Y Y 12.8 4.7 50 19 510 0.04 1.68 NA
12 Y Y 9.5 5.3 63 25 622 UND 1.88 6.2 Liver fibrosis,
hepatomegaly
18 Y Y 7.6 3.8 42 23 622 UND 1.53 7.2 Hepatitis
4 35 0 Y Y 7.8 4.9 67 55 290 61.1 2.96 6.4
6 Y Y 10.7 6.3 77 80 411 UND 3.1 NA
12 Y Y 8.8 3.9 76 72 337 UND 4 8.5 Homogeneous
hepatomegaly
18 Y Y 13 6.3 108 129 455 UND 4.1 8.1 Splenomegaly,
liver fibrosis
5 34 0 Y Y 43 2.8 33 43 291 70.2 3.67 6.1
6 N Y 6.5 2.1 35 43 287 UND 3.83 NA
12 N N 5.4 2.6 33 40 484 UND 4.48 4.5
18 N N 6.6 2.6 73 85 546 UND 3.9 3
6 31 0 Y Y 45 24 522 36.5 295 96.8 12.7 22.8
6 Y Y 171 12.9 64 62 579 UND 16.74 NA
12 Y N 12.3 43 114 121 711 UND 46.3 26.3 Mild liver
fibrosis, mild
splenomegaly
18 Y N 10.6 4.9 82 89 816 UND 61.01 NA Hepatomegaly,

splenomegaly

*Age is patient’s age at diagnosis; time point is the month at which follow-up visit was conducted; 0 was the baseline examination. ALT, alanine
aminotransferase; AS, aspartate aminotransferase; NA, not available; Pt, patient; UND, undetectable.

tPatient 1 belongs to the community-acquired infection cohort.

Previous reports showed that HPgV-2 viremia can
be transient or persistent. Likewise, in our study, HPgV-2
RNA became undetectable after 14 days in a HCV/HIV co-
infected patient with community-acquired infection of un-
known origin, but remained detectable in other HCV/HIV
co-infected patients through up to 18 months of follow-up.

The pathogenic potential of HPgV-2 remains un-
known. Its role in HCV/HIV co-infection and response to
treatment warrants further research, given its low detection
rates in blood donors in the United States and China (/,3)
and its absence in healthy persons (this study) but close as-
sociation with HCV/HIV co-infection.

In the era of sequence-based virus discovery, a key
question is whether the detected genome represents live
virus or a non-replication competent genome. Addressing
this question would require recovery of virus in cell culture.
However, our detection of minor variations across 2 HPgV-2
genomes suggests that viral replication had occurred in the
infected patients. Phylogenetically, the close relatedness be-
tween HPgV-2 strains from Vietnam and global strains sug-
gests HPgV-2 has a wide geographic distribution.

Our study has some limitations. First, we only retrospec-
tively tested available archived samples without formal sam-
ple size estimation, which may have explained the absence
of HPgV-2 in the remaining 394 HCV patients. Second,
we did not employ a serologic assay to screen for HPgV-2

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 24, No. 11, November 2018

antibodies in patients’ plasma. Third, we used only multiplex
PCR with primers based on a limited number of available
HPgV-2 sequences. Therefore, we may have missed geneti-
cally diverse HPgV-2 strains, and we may have underesti-
mated the prevalence of HPgV-2 infections in Vietnam.

Our findings contribute expanded data about geo-
graphic distribution, demographics, and genetic diversity
of HPgV-2. Because HCV and HIV infections are global
public health issues, the extent to which HPgV-2 interacts
with HCV and HIV in co-infected patients and the possible
clinical consequences warrant further research.

Members of the Southeast Asia Infectious Disease Clinical
Research Network: Pratiwi Sudarmono (Cipto Mangunkusumo
Hospital, Jakarta, Indonesia); Abu Tholib Aman (Sardjito
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Kamaludi Syarif, Herman Kosasih, and Muhammad
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Health, Bangkok, Thailand); Adiratha Boonyasiri, Keswadee
Lapphra, Kulkanya Chokephaibulkit, Pinyo Rattanaumpawan,
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Direk Limmathurotsakul, Janjira Thaipadungpanit, Stuart
Blacksell, and Nicholas Day (Mahidol-Oxford Tropical
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Figure. Maximume-likelihood phylogenetic tree of amino acid sequences of coding sequences of human pegivirus 2 strains from
Vietham compared with global strains and other pegiviruses. We used the general matrix with empirical amino acid frequencies, a
gamma distribution of 4 rates, and invariant sites, as suggested by IQ TREE (http://www.igtree.org), to reconstruct the phylogenetic
trees. We assessed support for individual nodes using a bootstrap procedure of 10,000 replicates. Scale bar indicates amino acid

substitutions per site.
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Viral Metagenomic Analysis
of Cerebrospinal Fluid from
Patients with Acute Central
Nervous System Infections
of Unknown Origin, Vietnam

Nguyen To Anh, Le Nguyen Truc Nhu, Nguyen Thi Thu Hong, Tran My Phuc, Pham Thi Thanh Tam,
Dang Thao Huong, Tran Tuan Anh, Xutao Deng, Ho Dang Trung Nghia, Tran Thua Nguyen,
Nguyen Van Hung, Nguyen Dac Thuan, Pham Thi Hong Phuong, Nguyen Van Vinh Chau,
Stephen Baker, Eric Delwart, Guy Thwaites, Le Van Tan, for the VIZIONS Consortium’

Central nervous system (CNS) infection is a serious neu-
rologic condition, although the etiology remains unknown
in >50% of patients. We used metagenomic next-genera-
tion sequencing to detect viruses in 204 cerebrospinal fluid
(CSF) samples from patients with acute CNS infection who
were enrolled from Vietham hospitals during 2012-2016.
We detected 8 viral species in 107/204 (52.4%) of CSF
samples. After virus-specific PCR confirmation, the detec-
tion rate was lowered to 30/204 (14.7%). Enteroviruses
were the most common viruses detected (n = 23), followed
by hepatitis B virus (3), HIV (2), molluscum contagiosum
virus (1), and gemycircularvirus (1). Analysis of enterovirus
sequences revealed the predominance of echovirus 30
(9). Phylogenetically, the echovirus 30 strains belonged to
genogroup V and VIllb. Our results expanded knowledge
about the clinical burden of enterovirus in Vietnam and
underscore the challenges of identifying a plausible viral
pathogen in CSF of patients with CNS infections.

Worldwide, the annual incidence of acute enceph-
alitis in nonoutbreak settings during 1983-2000
ranged from 0.07 to 12.6 cases/100,000 population (1).
According to the World Health Organization, menin-
gitis caused 379,000 deaths and encephalitis caused
150,000 deaths globally in 2015 (2). As a consequence,

central nervous system (CNS) infection is a leading
cause of years lived with disability in low-income
countries (3).

More than 100 known pathogens can cause CNS
infections (1). However, the distribution of CNS in-
fection pathogens is geographically dependent and
has been shaped by the emergence of novel viruses.
In Asia, Nipah virus and enterovirus A71 have been
recognized as emerging neurotropic pathogens over
the past few decades. In 1999, West Nile virus arrived
in the United States and since then has established en-
demic circulation (4).

Despite recent advances in molecular diagnostics,
especially sensitive virus-specific PCR, encephalitis
cases of unknown origin remain a substantial prob-
lem. Worldwide, #50% of patients with CNS infec-
tions have no etiology identified (1,5,6).

Over the past decade, metagenomic next-gener-
ation sequencing (MNGS) has emerged as a sensitive
hypothesis-free approach for detection of pathogens
(especially viruses) in clinical samples (7). Howev-
er, in resource-limited settings like Southeast Asia
and Vietnam, a limited number of mNGS studies
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RESEARCH

examining known and unknown viruses in cerebro-
spinal fluid (CSF) samples from patients with CNS
infections have been conducted, even though in this
tropical region of the world, novel viruses are likely
to emerge (P. Zhou et al., unpub. data, https://doi.
org/10.1101/2020.01.22.914952), and diverse CNS
infection pathogens have been documented. Collec-
tively, improving our knowledge about viral causes
of CNS infections is essential for clinical manage-
ment and development of intervention strategies. In
this study, by using a mNGS approach, we set out to
search for known and unknown viruses in CSF sam-
ples collected from patients in Vietnam with CNS in-
fections of unknown causes who were enrolled in a
hospital-based surveillance study conducted during
2012-2016.

Materials and Methods

Clinical Study and Selection of CSF Samples

for mNGS Analysis

The study used CSF samples collected from patients
with suspected CNS infection enrolled in a hospital-
based surveillance program conducted in Vietnam
during December 2012-October 2016 (5). The study
was conducted as part of the Vietnam Initiative on
Zoonotic Infections (VIZIONS) project (5), and patient
recruitment was carried out at 7 provincial hospitals
across Vietnam. After collection, as per the study pro-
tocol, all CSF samples were tested for a range of patho-
gens by using the diagnostic work-up of the clinical
study (Appendix Table 1, https://wwwnc.cdc.gov/
EID/article/27/1/20-2723-Appl.pdf). The remaining
volume of the CSF samples were stored at —80°C for
further testing.

We focused our metagenomic analysis on pa-
tients of unknown origin from 4 provincial hospi-
tals in central (Hue and KhanhHoa), highland (Da-
kLak), and southern (DongThap) Vietnam (Figure
1), representing 3 distinct geographic areas in Viet-
nam. To increase the chance of detecting a virus in
the CSF samples, we only selected patients with
CSF leukocyte counts >5 cells/mm?® and an illness
duration <5 days.

mNGS Assay

mNGS assay was carried out as previously described
(8). Before viral nucleic acid (NA) isolation, 100 pL of
each CSF sample was treated with Turbo DNase (Am-
bion, Life Technology, ThermoFisher, https://www.
thermofisher.com) and RNase I enzyme (Ambion).
Then viral NA was isolated using a QlAamp viral RNA
kit (QIAGEN GmbH, https://www.qiagen.com), and
recovered in 50 pL of elution buffer provided with the
extraction kit. Double-stranded DNA was synthesized
from the isolated viral NA by using a set of 96 nonri-
bosomal primers (FR26RV-Endoh primers) and then
was randomly amplified by using the FR20RV primer
(5'-GCCGGAGCTCTGCAGATATC-3"). Finally, the
amplified product was subjected to a library prepara-
tion step by using Nextera XT sample preparation kit
(lumina, https://www.illumina.com), following the
manufacturer’s instructions, and sequenced by using a
MiSeq reagent kit, version 3 (600 cycles) (Illumina) in a
MiSeq platform (Illumina).

mNGS Data Analysis
Potential viral reads were identified by using an in-
house viral metagenomic pipeline running on a 36-

| 841 CNS infection patients (from December 2012 to October 2016) |

node Linux cluster as described previously (9). In
Figure 1. Flowchart overview

|

M ) of diagnostic results for study of
o patients with suspected central

424 Adults: 114 from Hue, 158 from DakLak, 70 from KhanhHoa and 82 from DongThap ,
417 Children: 113 from Hue, 154 from DakLak, 91 from KhanhHoa and 59 from DongThap N

nervous system infections
admitted to 4 of 7 provincial

Routine diagnosis: 841

+ Bacterial subculture: 749
+ Bacterial/Viral PCR: 812
+ JEV/DEN ELISA: 799

|
l l

° Hue hospitals, Vietnam, December
2012—October 2016. Inset map
indicates places where samples
DakLak\(\. J were collected (red dots).
)Y “f KhanhHoa
DongThap (¥«
LB

I 232 (28%) cases with an etiology identified |

| 609 (72%) cases with unknown origin

204 cases selected for mNGS
(WBC >=5, illness day <= 5)
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brief, after duplicate reads and reads belonging to
human or bacterial genomes were filtered out, the
remaining reads were assembled de novo. The re-
sulting contigs and singlet reads were then aligned
against a customized viral proteome database by
using an approach based on BLAST (https:/ /blast.
ncbi.nlm.nih.gov/Blast.cgi). Next, the candidate
viral reads were aligned against a nonredundant
nonvirus protein database to remove any false-
positive reads (i.e., reads with expected values
higher than those against viral protein databases).
Any virus-like sequence with an expected value
<0.00001 was considered a significant hit. Finally, a
reference-based mapping approach (Genious 8.1.5;
Biomatters, https:/ /www.geneious.com) was used
to assess the levels of identity and genome cover-
age of the corresponding viruses.

PCR Confirmatory Testing of mNGS Results

PCR assays were conducted to confirm mNGS hits for
each specific virus identified from the viral metage-
nomic pipeline. Depending on availability of CSF, the
PCR confirmations were performed either on leftover
NA or newly extracted NA. A viral mNGS result was
considered positive only if it was subsequently con-
firmed by PCR analysis of the original NA samples.
The nucleotide sequences of primers and probes used
for PCR confirmatory testing are shown in Appendix
Table 2 (8).

CNS Infections of Unknown Origin, Vietnam

Serotype Identification and Phylogenetic Analysis

For enterovirus serotype determination based on
the obtained sequences generated by viral mNGS,
we used a publicly available genotyping tool (10).
To determine the relationship between enterovirus
strains we sequenced and global strains, we first
performed pairwise alignment by using the Clust-
alW tool in Geneious 8.1.5, and then reconstructed a
maximum-likelihood phylogenetic tree by using 1Q
Tree 1.4.3 (11). A similar phylogenetic approach was
used for other viruses. The generated sequences of
this study were submitted to GenBank (accession no.
PRJNA561465).

Ethics

The study was approved by the corresponding insti-
tutional review broad of local hospitals in Vietnam,
where the patients were enrolled, and the Oxford
Tropical Ethics Committee. Informed consent was ob-
tained from each study participant or a legal guardian.

Results

CSF Samples Available for mNGS Analysis

From the clinical study described previously, a to-
tal of 841 patients were enrolled from Hue, Khanh
Hoa, Dak Lak, or Dong Thap provincial hospitals.
Of these, 609/841 (72%) patients had no etiology
identified. The etiologic profiles of the patients in

Table. Baseline characteristics and clinical data of patients with acute central nervous system infections enrolled for mMNGS analysis of

CSF samples, Vietnam, December 2012—-October 2016*

Patients with unknown
cause enrolled for

Patients with

Patients with mNGS enterovirus

Characteristic mNGS, n = 204 negative, n = 174 detected, n = 23 p valuet
Sex
M 135 (66) 114 (65.5) 15 (65)
F 69 (34) 60 (34.5) 8 (35)
Age, y, median (range) 20.5 (0-92) 24 (0-92) 13 (2-27) 0.005
Location
Hue 37 (18) 28 (16) 9(39)
Dak lak 98 (48) 87 (50) 10 (43.5)
Khanh Hoa 28 (14) 22 (13) 4 (17.5)
Dong Thap 41 (20) 37 (21) 0
3-d fever (at enrollment or preceding 3 d)
Fever 148 (72.5) 126 (72.4) 17 (74) 0.054
Temperature, C°, median (range) 39 (37.5-42.0) 39 (37.5-42.0) 38.5 (38.0-40.5)
Fever with unknown temperature 29 (14.2) 22 (12.6) 6 (26)
No fever 20 (9.8) 19 (11) 0
Unknown 7 (3.5) 7 (4) 0
Outcome
Death or discharge to die 22 (11) 22 (12.6) 0
Discharge with complete recovery 108 (53) 86 (49.4) 18 (78.3)
Discharge with incomplete recovery 35 (17) 31(17.8) 2(8.7)
Transfer to another hospital 34 (16.5) 30 (17.2) 3(13)
Other (patient request) 3(1.5) 3(1.7) 0
Unknown 2(1) 2(1.3) 0
CSF white cells, cells/mm® median (min—max) 88.5 (5—40,000) 71.5 (5—40,000) 110 (8-1200) 0.343
*Values are no. (%) except as indicated, CSF, cerebrospinal fluid; mMNGS, metagenomic next-generation sequencing.
tStatistical comparisons were performed for groups of patients with mMNGS-negative results and enterovirus detected, by Mann-Whiney test.
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Human papillomavirus 1

Mumps virus

Gemycircularvirus SL1

Cyclovirus VN

Hepatitis B virus

HIV

Rotavirus

Molluscum contagiosum virus

Enterovirus A/B

m mNGS results confirmed by PCR

M mNGS results

Figure 2. Number of cerebrospinal fluid samples with detected viruses by metagenomic next-generation sequencing and then confirmed
by virus-specific PCR or reverse-transcription PCR, Vietham, December 2012—October 2016. Samples were collected from patients
with suspected central nervous system infection. For human papillomavirus, confirmatory testing was not performed because of the

unavailability of a PCR assay.

whom a pathogen was detected will be reported
separately. Of the patients in whom a pathogen was
not identified, 204 met our selection criteria, and
their CSF samples were included for viral mNGS
analysis (Figure 1).

Baseline Characteristics of the Included Patients

The baseline characteristics and outcome of the 204
study patients are described in Table 1. Male pa-
tients were predominant. A substantial proportion
of the patients were seriously ill; fatal outcome was
recorded in 22 (11%), whereas incomplete recovery
was recorded in 17% (n = 35) and deterioration (re-
flected by being transferred to other hospitals) in
16.5% (n = 34).

General Description of mMNGS Results

A total of 204 CSF samples were subjected to 3 NGS
runs, and 108 million reads were obtained (median
number of reads per sample 445,412 [range 430-
908,890]). Of these, viral reads accounted for 0.64%
(n = 692,731; median number of reads per sample
2,001 [range 4-268,933]). Excluding common con-
taminants and commensal viruses such as torque
teno virus, which are not reported in this article, se-
quences related to a total of 8 distinct viral species
were identified in 107/204 (52.4%) patients. These

208

viruses are either known to be infectious to humans
(e.g., enteroviruses, rotavirus, molluscum contagio-
sum virus [MCV], human papillomavirus, HIV, and
hepatitis B virus [HBV]) or are without evidence of
human infections besides previous detection in ster-
ile human samples (e.g., cyclovirus-VN and gemy-
circularvirus) (Figure 2).

mNGS Result Assessment by Specific PCR Analysis
After virus-specific PCR confirmatory testing, the
proportion of patients in whom a virus was found
by mNGS was reduced from 53% (108 /204) to 14.7 %
(30/204). Accordingly, the number of virus species
was reduced from 8 to 5 (Figure 2); enteroviruses
were the most common virus detected, account-
ing for 11.3% (23/204) of the included patients,
followed by HBV (n = 3), HIV (n = 2), gemycircu-
larvirus, and MCV (1 each) (Figure 2). Because of
the focus of our study and the unavailability of the
PCR assays, confirmatory testing for human papil-
lomavirus was not performed.

Characteristics of the 23 Enterovirus-Infected Patients
All 23 enterovirus-infected patients were admitted
to hospitals from the central or highland areas (Ta-
ble), and none were from Dong Thap Province. Male
patients were slightly predominant, accounting for
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56%. Notably, the enterovirus-infected patients were
younger than those who were mNGS-negative (Ta-
ble). At discharge, incomplete recovery or transfer to
other hospitals because of disease deterioration were
recorded in 21.7% (Table).

Enterovirus cases were not detected during Janu-
ary 2015-December 2016. During 2013 and 2014, two
main peaks were observed during March-July and
September-December (Figure 3, panel A); cases from
Dak Lak and Khanh Hoa contributed to the first peak
(Figure 3, panels B and C), and cases from Khanh Hoa

A

CNS Infections of Unknown Origin, Vietnam

and Hue contributed to the second (Figure 3, panels
C and D). The general baseline characteristics of pa-
tients with HBV, HIV, gemycircularvirus, and MCV
are shown in Appendix Table 3.

Genetic Characterization of Enteroviruses

and Gemycircularvirus

mNGS generated sufficient sequence information for
an enterovirus serotyping assessment in 11/23 cases.
Subsequently, results of serotyping analysis based on
the NGS seauences showed that echovirus 30 (E30)
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Figure 3. Temporal distribution of enterovirus cases detected from cerebrospinal fluid samples of patients with suspected central nervous
system infection by metagenomic next-generation sequencing and RT-PCR, Vietnam, December 2012—October 2016. Enterovirus RT-
PCR results were obtained from the original study. RT-PCR, reverse transcription PCR. A) Combined data from 3 provinces; B) data from
Hue province; C) data from Khanh Hoa province; D) data from Dak Lak province.
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Figure 4. Phylogenetic tree of 298 complete viral protein 1 sequences of echovirus 30 (876 nt) isolated from cerebrospinal fluid samples
of patients with suspected central nervous system infection, Vietham, December 2012—-October 2016. The inner color strip indicates 7
genogroups. The outer color strip indicates different countries of echovirus 30 isolates included in the tree. The outgroup is echovirus 21
Farina. The E30 sequences generated by metagenomic next-generation sequencing ae highlighted in red.
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was the most common serotype detected (n =9, 39%
of enteroviruses), followed by enterovirus A71 and
enterovirus B80 (1 each, 4.3%). Phylogenetically, the
9 E30 strains sequenced in our study belonged to 2
distinct genogroups, V and VIIb, and showed close
relationship with E30 strains circulating in Russia and
elsewhere in Asia, including China (Figure 4).

In additional to enterovirus sequences, a gemycircu-
larvirus genome was obtained from a 12-year-old boy.
Phylogenetic analysis revealed that this gemycircular-
virus strain was closely related to a gemycircularvirus
species previously found in CSF sample from a patient
with a CNS infection of unknown origin in Sri Lanka
(12); the level of amino acid identities between the 2
strains were 98.79% for replication-coding sequences
and 99.3% for capsid protein-coding sequences.

Discussion

We describe a viral mNGS investigation character-
izing the human virome in CSF of 204 patients in
Vietnam with suspected CNS infection of unknown
origin. We successfully detected 4 human viral patho-
gens (enteroviruses, HIV, HBV, and MCV) and 1 vi-
rus species (gemycircularvirus) of unknown tropism
and pathogenicity in a total of 30 (14.7%) patients.
Most patients therefore remained without a known
etiology, underscoring the ongoing challenge in iden-
tifying a plausible viral pathogen in CSF of patients
with CNS infections.

Enteroviruses were the most common viruses,
found in 11.3% (23/204) of all analyzed patients
(Figure 2), most of whom were children and young
adults. This age distribution of enterovirus-infected
patients is consistent with observational data from a
previous report from Vietnam (6), although the me-
dian age was slightly higher compared with data
from other countries (13,14). Geographically, all the
enterovirus-infected patients were admitted to hospi-
tals from central and highland Vietnam, and none was
from southern Vietnam. The underlying mechanism
determining this observed spatial pattern of enterovi-
rus-positive cases in this study remains unknown. Our
sampling timescale perhaps was not long enough to
capture the circulation of enteroviruses in Dong Thap
Province. Enteroviruses were previously reported as
a leading cause of CNS infection across central and
southern Vietnam (6,15,16). Collectively, our findings
suggest that reverse transcription PCR (RT-PCR) test-
ing for enteroviruses should be considered in children
and young adults with CNS infections.

Of the detected enteroviruses, E30 was the most
common serotype. E30 is a well-known pathogen
of pediatric aseptic meningitis worldwide (17).

CNS Infections of Unknown Origin, Vietnam

Phylogenetically, at global scale, E30 belongs to 2
different lineages with distinct patterns of circula-
tion and spread, 1 with a global distribution and the
other with geographic restriction within Asia (17).
The cocirculation of 2 E30 lineages in Vietnam sug-
gests that E30 was imported into Vietnam on at least
2 occasions. Our analyses thus also contribute to the
body of knowledge about the genetic diversity of
E30 strains circulating in Vietnam.

The detection of bloodborne viruses such as HBV
and HIV is unlikely to have a direct link with patients’
neurologic symptoms, although HBV has previously
been reported in CSF of patients with CNS infections
of unknown origin (18). The detection of HIV in CSF
might have been a consequence of traumatic tap oc-
curring during the lumbar puncture, as reflected by
the high number of red blood cells in 1 of 2 HIV-pos-
itive CSF samples (data not shown). However, neu-
roinvasion of HIV has also been reported (19). Like-
wise, the pathogenic potential of a gemycircularvirus
genome requires further investigation, although the
detection of the gemycircularvirus genome in CSF
has been reported in several papers (12,18,20). The
detection of MCV and papillomavirus in CSF might
result from contamination of viral skin flora during
lumbar puncture.

Similar to previous reports about discrepancy
between mNGS and conventional diagnostic testing
(8,18,21), our observations found that most mNGS-
positive results were not confirmed by subsequent
viral RT-PCR assays, especially the sensitive entero-
virus-specific RT-PCR with a limit of detection of ~9
copies/reaction (22). Such results could be attribut-
able to bleedover (also called index hopping) of indi-
ces from reads of 1 sample into reads of another sam-
ple co-sequenced on the same Illumina run (R. Sinha
et al., unpub. data, https://doi.org/10.1101/125724).
Applying double indexes, which was not used in our
study, has been shown to substantially reduce, but
not eliminate, the cross-contamination phenomenon
between samples in the same run.

Our study has some limitations. First, as outlined
previously, we did not employ a double unique in-
dex combination strategy per sample as part of the
sequencing procedure. The well-known index hop-
ping phenomenon possibly explains the high dis-
crepancy between confirmatory PCR and mNGS re-
sults(21,23,24)and emphasizes the usefulnessof dual
indexing and including no template controls. As
such, we pragmatically chose to verify our mNGS
by performing specific PCR on original materials.
Second, the DNase treatment step in our assay
meant to reduce cellular DNA concentration in CSF
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might reduce the sensitivity of mNGS for the de-
tection of DNA viruses such as herpes simplex vi-
rus (25,26). Third, some of the non-PCR-confirmed
viral sequences likely originated from contamina-
tion of reagents, which is a lingering problem for
mNGS (27,28).

In summary, our results emphasize that mNGS
could detect a broad range of viral nucleic acids in
CSF. In spite of extensive investigation, establishing
the etiology in many patients with CNS infections
remains a challenge. However, our findings indicate
that enteroviruses are important causes of viral CNS
infections in Vietnam and thus should be considered in
the differential diagnosis among young patients with
CNS infections.
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Sequencing for the Diagnosis of Viral Meningoencephalitis
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Background. Meningoencephalitis is a devastating disease worldwide. Current diagnosis fails to establish the cause in >50% of
patients. Metagenomic next-generation sequencing (mNGS) has emerged as pan-pathogen assays for infectious diseases diagnosis,
but few studies have been conducted in resource-limited settings.

Methods. We assessed the performance of mNGS in the cerebrospinal fluid (CSF) of 66 consecutively treated adults with me-
ningoencephalitis in a tertiary referral hospital for infectious diseases in Vietnam, a resource-limited setting. All mNGS results were
confirmed by viral-specific polymerase chain reaction (PCR). As a complementary analysis, 6 viral PCR-positive samples were ana-
lyzed using MinION-based metagenomics.

Results. Routine diagnosis could identify a virus in 15 (22.7%) patients, including herpes simplex virus (HSV; n = 7) and var-
icella zoster virus (VZV; n = 1) by PCR, and mumps virus (n = 4), dengue virus (DENV; n = 2), and Japanese encephalitis virus
(JEV; n = 1) by serological diagnosis. mNGS detected HSV, VZV, and mumps virus in 5/7, 1/1, and 1/4 of the CSF positive by rou-
tine assays, respectively, but it detected DENV and JEV in none of the positive CSE. Additionally, mNGS detected enteroviruses in
7 patients of unknown cause. Metagenomic MinI[ON-Nanopore sequencing could detect a virus in 5/6 PCR-positive CSF samples,
including HSV in 1 CSF sample that was negative by mNGS, suggesting that the sensitivity of MinION is comparable with that of
mNGS/PCR.

Conclusions.
meningoencephalitis patients. Further studies are needed to determine the value that real-time sequencing may contribute to the
diagnosis and management of meningoencephalitis patients, especially in resource-limited settings where pathogen-specific assays
are limited in number.

Keywords. metagenomics; next-generation sequencing; nanopore; MinION; meningoencephalitis.

In a single assay, metagenomics could accurately detect a wide spectrum of neurotropic viruses in the CSF of

Meningoencephalitis is a devastating clinical condition world-
wide, but especially in tropical and resource-limited settings
[1]. Although viruses are regarded as the most common causes
of meningoencephalitis, the viruses responsible vary between
geographic locations and are influenced by the emergence of
pathogens such as Nipah virus, enterovirus A71, and Zika virus
[2-4]. However, detecting many of these viruses is challenging,
especially when most conventional diagnostic tests are path-
ogen specific (eg, polymerase chain reaction [PCR] for herpes
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simplex virus) and limited in number, especially in resource-
limited settings. Even in well-equipped laboratories, a causative
virus has only been established in <60% of patients [5-8].

Over the last decade, advanced sequencing technologies have
emerged as a single pan-pathogen assay for the sensitive detec-
tion of known and unknown microorganisms, especially viruses,
in cerebrospinal fluid (CSF) [6, 9, 10]. As part of our pathogen
discovery, using a viral metagenomics-based approach, we
previously identified a novel cyclovirus (CyCV-VN) in 4% of
Vietnamese patients presenting with meningoencephaitis of
unknown cause [11], although the pathogenic relevance of this
novel circovirus species remains uncertain. From a diagnostic
perspective, a recent prospective study in the United States
compared the diagnostic performance of routine diagnostic
tests with metagenomic next-generation sequencing (mNGS)
and showed that mNGS detected a bacteria or virus in the CSF
of 13 of 58 patients presenting with meningoencephalitis who
were negative for or not assessed with routine diagnostic tests
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[6]. Otherwise, studies to date have been either case reports or
retrospectively performed with small sample sizes [12], but few
have been carried out in resource-limited settings like Vietnam.
Such studies would have significant implications for both dis-
ease surveillance and patient management. Herein, we report
the results of a study assessing the potential of metagenomics
to detect a broad range of viruses in the CSF of consecutively
treated adults with meningoencephalitis presenting to a tertiary
referral hospital in southern Vietnam.

METHODS

Setting, Patient Enrollment, and Data Collection

The present study was conducted in a brain infection ward of
the Hospital for Tropical Diseases (HTD) in Ho Chi Minh City,
Vietnam, between January 2015 and September 2016. HTD is
a tertiary referral hospital for patients, especially adults, with
infectious diseases, including encephalitis, from the southern
provinces of Vietnam with a population of >40 million.

One of the aims of the study was to improve diagnosis in
patients with meningoencephalitis using metagenomic next-
generation sequencing. We enrolled consecutive adult patients
(>18 years) with an indication for lumbar puncture admitted to
the study site during the study period. Patients were excluded
if pyogenic bacterial meningitis (cloudy or pus-like CSF) was
suspected, lumbar puncture was contra-indicated, or no written
informed consent was obtained was obtained from the patient
or their relatives.

As per the study protocol, CSF samples were collected,
alongside demographic and clinical data (including discharge
outcome) and the results of routine diagnostic testing. After
collection, all clinical specimens were stored at —80°C for sub-
sequent analyses, including assessment of mNGS performance
against that of routine diagnostic assays. Here we focused our
analysis on patients with meningoencephalitis regardless of the
results of routine diagnosis. Additionally, as negative controls,
1 CSF from a patient presenting with cerebral hemorrhage and
1 from a patient with laboratory-confirmed anti-N-methyl-D-
aspartate receptor [13] were also included.

Routine Diagnosis

As part of routine care at HTD, CSF specimens of patients pre-
senting with brain infections were cultured and/or examined
by microscopy for detection of bacterial/fungal/Mycobacterium
tuberculosis infection with the use of standard methods when
appropriate (Supplementary Table 1). Herpes simplex virus
(HSV) PCR was carried out in patients presenting with clin-
ically suspected meningoencephalitis. Varicella zoster virus
(VZV) PCR, serological testing for IgM against dengue virus
(DENV), Japanese encephalitis virus (JEV), or MuV was per-
formed if clinically indicated and testing for other pathogens
(HSV) was negative [8].

Illumina MiSeq/MinlON-Based Viral Metagenomics

Sample Pretreatments and Nucleic Acid Isolation

To allow for the detection of both RNA and DNA viruses, each
CSF sample was subjected to 2 different metagenomic ap-
proaches, namely RNA virus and viral DNA virus workflows
(Figure 1). For the former, 200 uL of CSF was first pretreated
with 2 U/pL of turbo DNase (Ambion, Life Technology,
Carlsbad, CA, USA) and 0.4 U/uL RNase 1 (Ambion) at 37°C
for 30 minutes by DNase and RNase, followed by nucleic acid
(NA) isolation using the QIAamp viral RNA kit (QIAgen
GmbH, Hilden, Germany). For the latter, viral DNA was di-
rectly isolated from 200 pL of CSF samples without the nuclease
treatment step using the DNeasy blood and tissue kit (QIAgen
GmbH). Finally, viral RNA/DNA of both workflows was re-
covered in 50 pL of elution buffer.

Double-Stranded DNA Synthesis and Random Amplification of
Extracted Viral RNA

Double-stranded DNA was synthesized from isolated viral
RNA using a set of 96 nonribosomal random primer, followed
by PCR amplification to enrich for viral RNA before sequencing
as previously described [14-16]. In brief, 10 uL of extracted
viral RNA was converted into double-stranded DNA (dsDNA)
using FR26RV-Endoh primers [16], Super Script III enzyme
(Invitrogen, Carlsbad, CA, USA), RNase OUT (Invitrogen), exo-
Klenow fragment (Ambion), and Ribonuclease H (Ambion).
Subsequently, the synthesized dsDNA was randomly amplified
using FR20RV primer (5-GCCGGAGCTCTGCAGATATC-3’).
The obtained random PCR product was then purified with use
of Agencourt AMPure XP beads (Beckman coulter) and quan-
tified using the Qubit dsDNA HS kit (Invitrogen).

Next-Generation Sequencing

One ng of the purified random PCR product of the RNA virus
workflow and isolated viral DNA of the DNA virus workflow
was subjected to the library preparation step using the Nextera
XT sample preparation kit (Illumina, San Diego, CA, USA),
following the manufacturer’s instructions. Samples were multi-
plexed using the combinatorial indexing strategy (ie, only 1
index might be shared between samples). The resulting libraries
of both workflows were separately sequenced using MiSeq re-
agent kits, version 3 (600 cycles; Illumina), in a MiSeq plat-
form (Illumina), following the manufacturer’s instructions.
All the experiments were performed in molecular diagnostic
facilities that consist of 3 physically separated laboratories for
reagent preparation, extraction, and library preparation and
sequencing. These were used a unidirectional workflow.

MinION Library Preparation and Sequencing

A subset of 6 CSF samples in which a virus was detected by PCR
and/or mNGS was selected for a complementary analysis using
MinION sequencer (Oxford Nanopore Technologies). MinION
libraries were prepared using either extracted DNA or random
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Sequencing analysis by bioinformatics pipeline
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Figure 1.

Flowchart illustrating an overview about the DNA and RNA virus workflows. Abbreviations: CSF, cerebrospinal fluid; DENV, dengue virus; ds, double-stranded;

JEV, Japanese encephalitis virus; mNGS, metagenomic next-generation sequencing; PCR, polymerase chain reaction.

amplified products synthesized as described above using the
1D Native Barcoding Genomic DNA kit (ONT, Oxford, UK),
following the manufacturer’s protocol. The 6 CSF samples and
a nontemplate control (each was assigned to unique barcodes)
were sequenced in 1 single run using R9.4 flow cells (ONT).
Base-calling of MinION reads was performed using MinKNOW
(ONT), followed by demultiplexing of the obtained reads using
Porechop (https://github.com/rrwick/Porechop).

Sequence Analysis of the Obtained Metagenomic Reads

The mNGS data generated by the Illumina MiSeq platform were
analyzed using an in-house viral metagenomic pipeline running
on a 36-node Linux cluster available through Vitalant Research
Institute, San Francisco, to identify the presence of viral sequences
in the tested specimens, as previously described [17, 18]. In brief,

after filtering out duplicate reads and reads belonging to human
and bacterial genomes, and with adaptors and low-quality reads
trimmed, the remaining reads were de novo assembled. The re-
sulting contigs and singlet reads were then aligned against a
customized viral proteome database extracted from the NCBI’s
RefSeq and NR databases using a Basic Local Alignment Search
Tool (BLAST)-based approach. Next, the candidate viral reads
were aligned against a nonredundant nonvirus protein database to
remove any false-positive reads (ie, reads with expected [E] values
higher than those in viral protein databases) using DIAMOND
[19]. Any viral-like sequence with an E value of <107 was con-
sidered a significant hit and was then manually checked by
BLASTX to further exclude false-positive hits. Finally, a reference-
based mapping approach was employed to assess the level of iden-
tity and genome coverage of the corresponding viruses.
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Analysis of MinION reads was carried out using Taxonomer
[20], a publicly available metagenomics pipeline, which incorp-
orates an interactive results visualization function.

PCR Confirmation of Viral Hits Detected by Metagenomics and Expanded
PCR Testing

Because of the uncertainty in the diagnostic performance of
mNGS and the focus of the present study, we performed specific
PCRs to confirm mNGS hits matched with the genomes of neu-
rotropic viruses. The PCR experiments were either carried out
on leftover extracted RNA/DNA after the mNGS library prepa-
ration experiments or on newly extracted nucleic acids (NA). An
mNGS result was only considered positive if it was subsequently
confirmed by a corresponding viral PCR analysis of the original
NA materials derived from corresponding individual samples. All
PCR primers and probes used were derived from previous publi-
cations [21-23], including a real-time reverse transcription PCR
(RT-PCR) for generic detection of enteroviruses.

Because of the focus of the present study, viruses of unknown
neurotropic property and well-known contaminants of the
mNGS data set were not pursued further by subsequent PCR
analysis.

Unless specified above, all the laboratory experiments and bi-
oinformatics analyses were carried out at the Oxford University
Clinical Research Unit in Ho Chi Minh City, Vietnam.

GenBank Accession Numbers
Metagenomics data were deposited at NCBI (GenBank) under
SRA accession number PRJNA58865.

Ethics

This clinical study received approvals from the Institutional
Review Board of the HTD and the Oxford Tropical Research
Ethics Committee of the University of Oxford. Written in-
formed consent was obtained from each study participant or
relative (if the patient was unconscious).

RESULTS

Baseline Characteristics of the Patients Included for mNGS

During the study period, a total of 304 patients were enrolled
in the clinical study, including patients with tuberculous men-
ingitis (n = 187), meningoencephalitis (n = 79), another
berculous meningitis diagnostic arm have been published
elsewhere [24]. Of the 79 patients with a discharge diagnosis
of meningoencephalitis, 66 (84%) had CSF samples available
for metagenomic analysis (Figure 1). These patients were the
focus of the present study regardless of the results of routine
diagnosis.

The baseline characteristics of the 66 patients included in
the study are presented in Table 1. HIV testing was carried out
in 24 patients; none were positive. Males were predominant.
On admission, 35% of the patients were comatose (Glasgow

Coma Score < 13). Routine diagnostic tests identified a virus
in 15/66 (22.7%) patients (Figure 2; Supplementary Table 2),
with HSV being the most common cause (n = 7), followed by
MuV (n=4), DENV (n=2), JEV (n=1), and VZV (n=1)
(Figure 2). One patient died, and almost all (n = 58) had some
neurological deficit at discharge from the hospital (Table 1).

An Overview of mNGS

The 68 included CSF samples (including 2 negative controls)
were separately sequenced using both DNA and RNA virus work-
flows in a blinded fashion. Subsequently, a total of 62 565 802
and 49233 869 reads were obtained from the DNA and RNA li-
braries, respectively (Supplementary Table 3). Sequences related
to 29 viral species were detected, with 23 found in the RNA and 7
found in the DNA library (Figures 2 and 3). The detected viruses
included viruses known to cause CNS infections and those with
unknown neurotropic properties (Torque teno virus [n = 14]
and herpes virus 8 [n = 4]). Additionally, previously reported
common contaminants of the mNGS data set were also found
[25, 26], almost exclusively in the RNA virus library (Figure 3).

Detection of Viruses in CSF Samples That Were Positive by Routine
Diagnosis

Of the 15 CSF samples positive either by PCR or serological
testing as part of routine care, mNGS was able to detect a viral
pathogen in 5/7 HSV-, 1/1 VZV-, 1/4 MuV-, 0/2 DENV-, and
0/1 JEV-positive samples (Figure 2). None of the HSV and VZV
sequences were found in the library of the RNA virus workflow
(Table 2).

Detection of sequences related to human pathogenic viruses in CSF that
were negative by routine diagnosis, and results of PCR assessment of
mNGS results

Of the 51 CSF samples that were negative by routine diagnosis,
sequences related to neurotropic viruses were found in 24 (48%)
samples by mNGS (Table 2). The detected viruses included en-
teroviruses (EVs; n = 23) and rotavirus (n = 1). Additionally,
of the 2 CSF samples from non-CNS-affected patients, 1 had 4
sequences related to enterovirus detected by mNGS.

After PCR confirmation testing of CSF samples in which
a viral hit was detected by mNGS, the rotavirus case and the
negative control CSF, in which EV-related sequences were de-
tected, became negative (Table 2). The number of EV-positive
CSF samples was reduced from 23 to 7, with more enteroviral
sequences being recorded in the PCR-confirmed group than
in the unconfirmed group (Table 2). Of these, 3 had genome
coverage of 61%, 78%, and 90%, including 1 echovirus 6 and 2
echovirus 30. Notably, the majority (12/16, 75%) of EV PCR-
negative samples had EV reads identical to those obtained
from samples with a high abundance of EV sequences (in-
cluding samples #12 and #14), with which they shared an
index (Supplementary Table 4), suggesting the potential of
barcode bleedthrough during the sequencing procedure.
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Table 1. Baseline Characteristics of the Study Patients and Patients Infected With HSV/EVs/Mumps Virus

Total (n = 66)° HSV (n = 7)° EVs (n=7)° Mumps Virus (n = 5)¢

Demographics

Gender (male), No. (%) 39 (59) 4 (57) 5/7 (71) 5 (100)

Age, y 35 (15-84) 45 (25-53) 32 (22-57) 39 (32-61)
lliness day on admission, d 5 (1-30) 5 (2-14) 3.5 (2-6) 3 (2-5)
Duration of hospital stay, d 5 (1-76) 5 (3-67) 2 (1-4) 4 (3-35)
HIV status, No. (%)

Positive 0 0 0 0

Negative 24 (36) 1(14) 4 (57) 1(20)

Unknown 42 (64) 6 (86) 3(43) 4 (80)
Clinical signs and symptoms, No. (%)

Fever 58 (88) 7/7 (100) 6 /7 (86) 5 (100)

Headache 58 (88) 7/7 (100) 6/7 (86) 5 (100)

Irritability 15 (23) 1/7 (14) 1/7 (14) 0

Lethargy 18 (28) 3/6 (50) 1/7 (14) 0

Vomiting 34 (52) 4/6 (67) 5/7 (71) 3 (60)

Seizures 23 (36) 2/6 (33) 0/7 2 (40)

Conscious 46 (70) 6/7 (86) 1/7 (14) 2 (40)

Skin rash 6(9) 0/7 0/7 0

Hemiplegia 5 (8) 2/7 (29) 0/7 0

Paraplegia 1(2) 0/7 1/7 (14) 0

Tetraplegia 1(2) 0/6 0/7 0

Neck stiffness 45 (68) 6/7 (86) 5/7 (71) 3 (60)

Glasgow coma score of <8 7 (1) 3/7 (43) 0/7 1(20)

Glasgow coma score of 9-12 16 (24) 2/7 (29) 1/7 (14) 1(20)

Glasgow coma score of 13-15 43 (65) 2/7 (29) 6 /7 (86) 3 (60)
CSF cells and biochemistry

White cells, cells/uL 101 (0-4183) 708 (38-1571) 503 (20-961) 683 (27-2146)

Neutrophils, No. (%) 13 (0-96) 9 (2-61) 24 (0-47) 18 (3-23)

Lymphocytes, No. (%) 86.5 (1-100) 91 (39-98) 76 (63-99.9) 82 (77-97)

Protein, g/L 0.7 (0.2-8.9) 1.36 (0.75-2.17) 0.71(0.47-1.18) 0.67 (0.45-2.42)

CSF/blood glucose ratio 0.61 (0.34-1.04) 0.55 (0.47-0.61) 0.71 (0.59-0.85) 0.52 (0.49-0.81)

Lactate, mmol/L 2.65 (1.4-14.03) 3.562 (2.02-4.83) 2.5(1.9-3.8) 2.9(1.9-4.3)
Antiviral treatment, No. (%)

Oral acyclovir 2 (3) NA NA NA

Intravenous acyclovir 8 (13) 6/6 (100) NA NA

Oral valacyclovir 44 (72) NA NA 1(20)
Modified Rankin Scale at discharge,® No. (%)

0 8 (13) 1/7 (14) 1/7 (14) 1(20)

1 12 (19) 0 1/7 (14) 3 (60)

2 10 (15) 0 4/7 (58) 0

3 25 (39) 3/7 (43) 1/7 (14) 1 (20)

4 4(6) 0 0 0

5 4(6) 3/7 (43) 0 0

6 1(2) 0 0 0

Continuous variables are presented as median (range).

“Denominators may vary slightly.

®Diagnosed by current standard tests for routine diagnosis.

°Diagnosed by mNGS, followed by PCR confirmatory testing.

9Diagnosed by current standard tests, expanded PCR testing, and mNGS combined.

©0: Full recovery with no symptoms; 1: No significant disability; 2: Slight disability; 3: Moderate disability; 4: Moderately severe disability; 5: Severe disability; and 6: Dead.

Results of Expanded PCR Testing and Sensitivity Assessment of mNGS
Using PCRs as Reference Assays

Because PCR testing for viruses (EVs and MuV) was not per-
formed as part of routine diagnosis, to further assess the prev-
alence of these viruses in the study patients, we expanded PCR
testing to CSF samples that were negative by mNGS analysis.

Subsequently, only MuV was detected by PCR in 4 CSF samples,
including 1 positive by both serological and mNGS methods (real-
time PCR cycle threshold [Ct] values: 35), 2 positive by serolog-
ical testing as part of standard care (Ct values: 36 and 40), and 1
negative by mNGS (Ct value: 40). Serological testing for MuV in
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Figure 3. Bar chart showing the frequency of common contaminants and viruses of unknown neurotropic property (human herpes virus 8 and Torque teno virus) found in
cerebrospinal fluid (CSF) samples by both DNA and RNA workflow and viruses in negative control CSF. Abbreviations: ds, double-stranded; ss, single-stranded.
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Table 2. Results of Viral PCR and Metagenomic Analysis

Real-time Detected by PCR as Part Total Metagenomic No. of Unique (%) of Viral mNGS
CSF No. Virus PCR Ct Value of Routine Care (Y/N) Reads Viral Reads Reads® Library
1 HSV 25.01 Y 326 396 49 0.015 DNA
2 HSV 28.01 Y 588 504 184 0.031 DNA
3 HSV 30.36 Y 996 348 6 0.001 DNA
4 HSV 23.77 Y 1145710 243 0.021 DNA
5 HSV 28.71 Y 346 166 1 0.003 DNA
6 HSV Unavailable Y 1345954 0 0.000 NA
7 HSV 31 Y 891 566 0 0.000 NA
8 Vzv 22.7 Y 1335288 152 0.011 DNA
9 Mumps 35.2 Y 975714 6 0.001 RNA
10 Enterovirus 33.36 ND 539 752 21 0.004 RNA
M Enterovirus 34.25 ND 635 310 38 0.006 RNA
12 Enterovirus 34.79 ND 765 564 10152 1.326 RNA
13 Enterovirus 34.78 ND 732 634 89 0.012 RNA
14 Enterovirus 31.23 ND 988 668 2415 0.244 RNA
15 Enterovirus 32.3 ND 594 964 100 0.017 RNA
16 Enterovirus 35.65 ND 543 912 21 0.004 RNA
17 Enterovirus Negative ND 579 486 2 0.000 RNA
18 Enterovirus Negative ND 571 902 2 0.000 RNA
19 Enterovirus Negative ND 720 042 4 0.001 RNA
20 Enterovirus Negative ND 511 608 1 0.000 RNA
21 Enterovirus Negative ND 818 654 2 0.000 RNA
22 Enterovirus Negative ND 513 428 5 0.001 RNA
23 Enterovirus Negative ND 1197 290 13 0.001 RNA
24 Enterovirus Negative ND 923 908 4 0.000 RNA
25 Enterovirus Negative ND 993 918 1 0.000 RNA
26 Enterovirus Negative ND 1302 784 20 0.002 RNA
27 Enterovirus Negative ND 1628722 7 0.000 RNA
28 Enterovirus Negative ND 1181716 24 0.002 RNA
29 Enterovirus Negative ND 926 462 22 0.002 RNA
30 Enterovirus Negative ND 938 524 20 0.002 RNA
31 Enterovirus Negative ND 1028 194 12 0.001 RNA
32 Enterovirus Negative ND 1239458 4 0.000 RNA
B8 Rotavirus Negative ND 1176 486 24 0.002 RNA

“Denominators are the total reads of the corresponding samples.

Abbreviations: CSF, cerebrospinal fluid; mNGS, metagenomic next-generation sequencing; ND, not done; PCR, polymerase chain reaction.

this patient was not done as part of routine care (Supplementary
Table 5). Thus a combination of serology and molecular assays
(PCR and mNGS) increased the diagnostic yield from 22.7%
(15/66) to 34.8% (23/66) (Figure 2).

mNGS identified a viral pathogen in 14/19 CSF samples that
were positive by PCR analysis (including routine diagnosis and
expanded testing). Additionally, mNGS detected reads related to
EVs in 16/47 CSF samples that were negative by subsequent PCR
analysis. Using PCRs as reference assays, the sensitivity and spec-
ificity of mNGS were 74% (14/19) and 66% (31/47), respectively.
Of the PCR-positive samples, there was no difference in the leu-
kocyte counts between the mNGS-negative and -positive groups
(median [range], 331 [27-2146] vs 356 [22-4183]; P = .82).

Rapid Detection of Encephalitis in CSF by MinlON Nanopore Sequencing
A MinION Nanopore-based metagenomic approach detected
HSV (n=2), VZV (n=1), and EV (n = 2) in 5/6 CSF samples

that were PCR positive for these viruses (Figure 4A). Of these
5 MinION-positive samples, 1 HSV sample was negative, and
the other 4 were positive by MiSeq-based mNGS workflows
(Figure 4A). Notably, after 2 hours of the sequencing run, reads
assigned to corresponding viral species found in CSF by PCR
were obtained in 4/5 MinION-positive samples. MinION, how-
ever, failed to detect MuV in a CSF sample that was positive by
both PCR (Ct value = 36) and MiSeq workflow (Figure 4).

DISCUSSION

We report the results of an investigation assessing the utility of
next/third-generation sequencing-based metagenomics as a
hypothesis-free approach for detection of viral etiology in the
CSF of 66 consecutively treated patients with meningoencepha-
litis. The patients were admitted to a tertiary referral hospital in
Ho Chi Minh City, Vietnam, and the majority (51%) had mod-
erate/severe disability at discharge. The results showed that in a
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Figure 4. Results of MinION Nanopore—based metagenomics. A, Venn diagram showing the agreement between metagenomic approaches and polymerase chain reac-
tion (PCR). B, Cumulative number of MinION reads assigned to corresponding viral species found in cerebrospinal fluid (CSF) by PCR at different time points. CSF1 and CSF2:
herpes simplex virus (HSV) positive; CSF3: varicella zoster virus positive; CSF4 and CSF5: enterovirus positive; CSF6: mumps virus positive. All the 12 reads obtained from
CSF1 were assigned to HSV1, and the single reads obtained from CSF2 were assigned to HSV2. Abbreviations: EV, enterovirus; HSV, herpes simplex virus; PCR, polymerase

chain reaction; VZV, varicella zoster virus.

single test metagenomics could accurately detect nucleic acids
of a wide range of neurotropic viruses in the CSF of 66 partici-
pants, whose diagnoses were only established by extensive PCR
testing targeted at a broad range of pathogens. Notably, of these
66 patients, 7 (11%) EV-infected patients were initially left un-
diagnosed at hospital discharge because physicians did not con-
sider EV diagnosis as part of routine care. EV infection should
therefore be considered as an important differential diagnosis
in adults presenting with meningoencephalitis [27] and should
be excluded (eg, by PCR testing) before mNGS analysis.
Although antivirals are currently not available for most
encephalitis-causing viruses, rapid and accurate detection of
viral etiology in patient samples remain essential to inform
clinical management, such as avoiding unnecessary antibiotic
prescription, and public health policy-makers. Thus, testing
for a wide spectrum of pathogens is essential to maximize the

diagnostic yield in patients presenting with meningoencepha-
litis. Under these circumstances, a single pan-pathogen assay
such as mNGS is a useful approach, given the limited amount
of CSF samples and resources available for microbial investi-
gation, especially in low- and middle-income countries like
Vietnam. However, the failure of mNGS to detect nucleic acids
of JEV and DENV in serologically positive CSF samples em-
phasizes that testing for pathogen-specific antibodies remains
an important diagnostic pathway in patients presenting with
meningoencephalitis, as viral nucleic acids of some viruses (eg,
flaviviruses) may not be present in the collected CSE

The sensitivity of our mNGS workflows is comparable with
that of recent mNGS studies [6, 9]. Low viral load may be a
factor in the failure of mNGS to detect HSV and MuV in CSF
samples with real-time PCR Ct values of 31 for HSV and 36, 40,
and 40 for MuV. Because viral reads only accounted for a small
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proportion of total mNGS reads, increasing the sequencing
depth per sample would likely increase the sensitivity of mNGS.
However, this increases the sequencing costs.

Currently, there are no established robust criteria that can re-
liably define a true mNGS positive without the requirement of
confirmatory testing. Criteria such as the presence of at least 3
reads mapped to 3 different genomic regions of a virus genome
or the absence of viral reads in negative controls have recently
been proposed [6, 10, 12]. Such approaches are hindered by the
well-known cross-talk contamination phenomenon, occurring
as part of the mNGS procedure [10], which, however, can be
dramatically reduced through the use of the dual barcoding
strategy, which was recently developed [28]. Because we did
not employ the dual barcoding strategy, cross-talk contamina-
tion may explain the obtained specificity of 66%, which is lower
than the reported data from a previous study [9]. Alternatively,
the low specificity could be attributed to the degradation of
stored viral RNA and/or the low abundance of viral RNA in
the tested samples, leading to the failure of EV PCR to replicate
some of the mNGS findings. Retrospectively, the specificity of
mNGS would have increased to 83% if a threshold of >6 reads
was considered positive (Table 2), suggesting a correlation be-
tween the number of mNGS reads and PCR confirmatory re-
sults. Collectively, the specificity of the mNGS-based diagnostic
approach could potentially be improved through the use of a
proper barcoding strategy and/or criteria such as those based
on the number of unique viral reads obtained from a sample
under investigation, which merits further research.

Recently, the single-molecule real-time sequencing devel-
oped by Oxford Nanopore Technologies has emerged as a
promising tool for clinical settings because of its short turna-
round time. As such, it could potentially overcome the current
limitation of the long turnaround time posed by other NGS
platforms. However, scarce information exists for the appli-
cation of Oxford Nanopore Technologies as a hypothesis-free
approach to detect viral agents in clinical samples [10, 29, 30].
The results of our complementary analysis demonstrate that
MinION-based metagenomics could accurately detect viral
pathogens in CSF samples within 2 hours after the sequencing
run, whereas the current Illumina MiSeq-based metagenomic
approach takes around 48-56 hours to complete. Collectively,
the data suggest that the sensitivity of MinION is comparable
with that of mNGS/PCR, and thus point to the utility potential
of MinION sequencing for rapid diagnosis of meningoenceph-
alitis, which merits further research.

Similar to previous reports [25, 26], numerous common con-
taminants of the mNGS data set (eg, parvovirus, densovirus)
were found in both the DNA and RNA virus libraries in our
study. Although it is likely that those contaminants were de-
rived from laboratory reagents (eg, extraction kits) [25], their
potential impacts on the performance of mNGS, especially in
terms of sensitivity and specificity, remain unknown.

The strengths of our study include that it was conducted on
consecutive cases, minimizing selection bias. CSF samples were
analyzed individually, and mNGS hits were reconfirmed by
specific PCR, allowing for back-to-back comparison between
mNGS and viral PCR. However, our study has some limitations.
First, it was conducted on stored CSF samples. Second, we only
focused on viruses, while meningoencephalitis can be caused by
nonviral agents such as intracellular bacteria (rickettsiae) [31].
Third, we did not test other clinical samples. Of note, JEV has
recently been detected in the urine of patients presenting with
meningoencephalitis [32, 33]. Last but not least, the inclusion
of nontemplate controls in addition to the 2 noninfectious CSF
samples would have better captured the spectrum of contamin-
ations of the mNGS procedure.

To summarize, we report pioneering data on the performance
of metagenomic next/third-generation sequencing on the CSF
of meningoencephalitis patients in Vietnam, a resource-limited
setting. The results shows that in a single assay, metagenomics
was able to detect a wide spectrum of neurotropic viruses in
CSF samples of meningoencephalitis patients, and thus it could
potentially replace conventional nucleic acid-based diagnostic
assays such as PCR. Further studies are needed to determine the
clinical implications of real-time sequencing in the diagnosis
and management of meningoencephalitis patients, especially
in resource-limited settings, where pathogen-specific assays are
limited in number.
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