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Background on influenza viruses

Influenza A, B and C viruses are enveloped RNA viruses, classified as members of the
family of Orthomyxoviridae. Influenza A viruses can be further divided into subtypes
based on the surface glycoproteins haemagglutinin (HA) and neuraminidase (NA).
Currently, 18 HA (H1-H18) and 11 NA (N1-N11) surface glycoproteins are known. All
influenza A virus subtypes, except for the newly discovered bat influenza A viruses
subtypes H17N10 and H18N11 [1,2], circulate in their natural reservoir of wild aquatic
birds [3-5]. Although avian influenza A viruses typically cause mild and unspecific
symptoms in aquatic birds, they are classified as either low pathogenic avian influenza
(LPAI) or highly pathogenic avian influenza (HPAI) depending on their pathogenicity in
chickens [6]. LPAI viruses can contain any HA, while HPAI viruses (with >75% mortality
rates in naive chickens) contain so far H5 or H7 glycoproteins [7,8]. Avian influenza
viruses may cross species barriers and establish stable lineages in mammalian species,
including humans, through adaptive evolutionary processes [9]. Introduction of LPAI
viruses from birds into mammals has resulted in the establishment of equine and
multiple swine influenza virus lineages [10]. Fortunately, avian influenza viruses of
subtypes H5 and H7 have not adapted to mammalian species [11,12].

Seasonal influenza viruses

Co-circulating influenza A viruses of subtypes HIN1, H3N2 and influenza B viruses are
accountable for annual epidemics that affect 7-20% of the human population. Most
seasonal influenza virus infected individuals recover within two weeks without medical
treatment, but infection may also lead to severe illness and death, especially in elderly
people and very young children [13]. Although immunological memory is induced
during influenza virus infection, reinfection may still cause disease again 3-5 years later
[14]. Among host factors, this is caused by antigenic drift of the virus, i.e. the
accumulation of amino acid substitutions in the antibody bindingsites of the HA and
NA which cause evasion from antibodies. This antigenic drift necessitates the annual
update of vaccines, which are based on both HA and NA.

Vaccines

The continued monitoring of seasonal influenza viruses by the WHO Global Influenza
Surveillance and Response System, by analyzing influenza virus specimens obtained at
National Influenza Centers and Reference Laboratories, provides both phenotypic and
genotypic data on spreading and circulating influenza viruses. Twice a year, the
surveillance data and candidate vaccine viruses are reviewed by a WHO committee in
anticipation of the next epidemic [15], and vaccine manufacturers can start their 6-
month production period to deliver vaccines to health care providers in time. Using
this vaccine production process, in which vaccine viruses are grown in the allantoic
cavity of embryonated eggs, it is impossible to respond timely to sudden antigenic drift
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variants or the introduction of a non-human influenza virus in the human population
[16]. Although vaccines are generally provided to the people who are at high risk of
serious complications from influenza virus infection, transmission on population level
still is responsible for substantial morbidity and mortality, and associated with an
enormous economic burden [13].

Antivirals

Although vaccination is the primary means to protect against influenza virus infection,
antiviral drugs can offer a valuable addition to vaccines. Two classes of influenza
antiviral drugs are currently available, targeting the matrix (M2) ion-channel or the NA
enzyme of the virus. Adamantane derivatives amantadine and rimantadine, both M2
inhibitors, bind and irreversibly block the function of the viral M2 ion-channel protein.
While adamantanes have been used for decades with <1% adamantane-resistance
reported, adamantanes are currently rarely used because of their side effects
combined with naturally occurring resistance of circulating influenza A viruses [17-19].
The conserved nature of the NA active site among different influenza viruses,
responsible for removal of sialic acids from the infected cell surface, led to the
development of two neuraminidase inhibitor (NAI) antivirals: oral oseltamivir and
inhaled zanamivir. Contrary to adamantanes, influenza viruses were thought to be less
susceptible to develop NAI resistance due to the conserved function of the NA enzyme
[20-22]. Therefore, oseltamivir resistant viruses that emerged and spread during the
2007/2008 influenza season came as a surprise [23,24]. As monitoring for emergence
of antiviral resistance is vital for both the patient as well as public health, several
genotypic assays have been described for the rapid detection of antiviral resistance
markers in clinical laboratories [25-27]. In addition to the use of NAI for prophylaxis in
high-risk groups and therapy of influenza in nursing homes and hospitals, NAI are
stockpiled as part of national programs of pandemic preparedness plans.

Pandemic influenza viruses

The introduction of a novel influenza virus subtype into the human population, to
which no or limited immunity exists, may cause an influenza virus pandemic if such a
virus adapts to both efficient infection of humans and sustained transmission between
humans. Influenza A viruses of subtypes HIN1, H2N2 and H3N2 caused pandemics
during the past century [28]. These include the 1918 Spanish flu, caused by the
introduction of subtype HIN1 and killing 40 million people worldwide. In 1957, the
emergence of subtype H2N2 caused the Asian flu, and in 1968 the subtype H3N2
caused the Hong Kong flu. In 2009, influenza A(HIN1)pdmO09 jumped species and
caused the first pandemic of the 21 century [29]. Because the genome of influenza A
viruses comprises eight negative-strand RNA segments, new subtypes can emerge due
to antigenic shift, i.e. reassortment of the RNA segment encoding the HA glycoprotein
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when a single cell is co-infected by two different viral strains. This process enabled the
1957 A(H2N2) and 1968 A(H3N2) pandemic strains to acquire avian surface
glycoproteins in a human A(H1N1) virus background, sparking pandemics following the
human adaptation of these avian glycoproteins [28]. In addition to RNA segment
reassortment, non-human influenza viruses may evolve towards more human-tropic
variants by adaptive mutations that facilitate the virus’ ability to infect and efficiently
replicate in humans and efficiently transmit between humans [30-32]. Critical
mutations required for air-borne transmission of influenza avian influenza A(H5N1)
between ferrets affect the receptor specificity of the virus, the glycosylation pattern,
HA stability and polymerase activity [33,34]. Assessment of avian influenza A(H5N1)
surveillance data for these mutations identified circulating A(H5N1) viruses that are
only four nucleotide mutations away from becoming air-borne transmissible [35]. In
parallel, the avian influenza A(H7N9) outbreak that emerged in China 2013 already
possessed several mutations associated with human adaptation [36-38]. Although both
influenza A(H5N1) and A(H7N9) have yet failed to spread efficient among humans, the
widespread presence of non-human influenza viruses that are able to infect humans
constitutes a continuous pandemic threat.

The origin of sequence diversity

Influenza virus infection of a single host is characterized by presence of genetic
diversity in the viral population, termed virus quasi species, which is generated and
maintained during error-prone influenza genome replication and transcription by the
polymerase complex. The viral advantage of such diverse quasi species population, is
that variants may be present or generated that are more fit in a new environment or
under selection pressure [39]. This allows adaptation to changing environments
without losing fitness and is essential for virus survival. The spectrum of all influenza
virus mutants covered by the quasi species population in sequence space is defined as
the quasi species cloud size. The quasi species cloud size is influenced by the error rate
of the RNA polymerase but also by host factors. Using models, it has been illustrated
that the level of genetic diversity within the quasi species population varies depending
on host environment. Either directed by interactions of host components and replicase
complex or selection pressure, different hosts may affect the quasi species cloud size
[40,41]. The larger the quasi species cloud size, the larger the spectrum of influenza
virus mutants covered by the quasi species population, the higher the ability to adapt
to changing environments [42]. As an essential characteristic of the within-host quasi
species population is its high connectivity, sequencing of influenza viruses obtained
from consecutive infections might illustrate the genetic virus population moving
through its genetic space.
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Utilizing influenza sequence data

Two decades ago molecular techniques such as PCR amplification of viral nucleic acid
in clinical samples became available for virus detection, that today have become
routine in hospital and public health laboratories. Although the amplification of
specific viral nucleic acid allows virus diagnostics, additional molecular approaches can
be applied on the same specimen to provide virus specific information. This enables
early detection of strains with increased public health risk by surveillance for vaccine
escape, antiviral susceptibility, human adaptation and virulence markers of influenza
viruses.

Compared with the average evolutionary rate of mammalian genomes, RNA viruses
mutate 500.000 times faster [43,44]. Specifically, influenza virus evolutionary rates
range from 1.8 to 8.4 x 107 substitutions/site/year for avian influenza viruses in wild
birds and 5.7 x 10~ substitutions/site/year for influenza A (H3) viruses in humans
[45,46]. For outbreaks of HPAI virus subtypes H5 and H7 in poultry, evolutionary rates
of above 1 x 107 substitution/site/year have been demonstrated [47,48]. Previous
studies have already demonstrated the use of influenza virus sequence data for
molecular characterization of outbreak strains and identification strain relatedness
between outbreaks [49-53]. Given the high evolutionary rates observed for influenza
viruses, characterization of the influenza virus sequence diversity between infected
hosts might provide sufficient resolution to identify transmission events during
influenza virus outbreaks and epidemics, in addition to the detection of markers
associated with a phenotypic trait.
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Scope of this thesis

In this thesis we evaluate the use of influenza sequence diversity to support outbreak
control measures. Specifically, we investigated the possibility of identifying clustered
influenza virus cases as well as chains of influenza virus transmission, and thereby gain
information on transmission events to inform public health decisions.

The possibility to identify clustered seasonal influenza virus cases using molecular
surveillance as a background dataset was evaluated (Chapter 2). Initially, influenza
virus sequence data was used to supplement epidemiological data on a nosocomial
patient cluster (Chapter 2.1). Secondly, influenza virus sequence diversity observed
during surveillance was characterized and compared with virus sequences from
patients and staff with influenza in one hospital, to evaluate the use of sequence data
to identify potential nosocomial patient clusters in the absence of epidemiological data
(Chapter 2.2). Next, the possibility to identify influenza virus transmission events using
virus sequence data from an influenza virus outbreak was evaluated (Chapter 3).
Chapter 3.1 exploited the sequence diversity observed within a densely sampled HPAI
A(H7N7) outbreak, to study whether influenza virus mutations with increased public
health risk emerged during infection of humans, or were already present in viruses
obtained from poultry. When comparative analysis of HPAI A(H7N7) sequence data
and meteorological data demonstrated statistical evidence that the direction of farm-
to-farm spread correlated with the wind direction at the date of infection [54], field
experiments were performed to explore the possibility of wind-mediated influenza
virus spread during outbreaks in poultry (Chapter 3.2). For the early detection of
markers associated with increased public health risk, the discriminatory power of Next
Generation Sequencing (NGS) to robustly characterize the within-host influenza virus
sequence diversity was evaluated (Chapter 4). Therefore, the capacity to the
distinguish biological from artificial variation in NGS datasets was assessed (Chapter
4.1). An optimized NGS analysis pipeline was applied to study the emergence of an
influenza virus virulence marker using longitudinal samples obtained from a single
farm-to-human HPAI A(H7N7) virus transmission event (Chapter 4.2). In Chapter 5 we
investigated whether the obtained knowledge on the use of influenza virus sequence
diversity within outbreaks and epidemics can be applied to prospectively assess the
public health risk of an outbreak, using initial virological findings from the A(H7N9)
outbreak in China 2013. Lastly, the main findings of this thesis are summarized and the
use of influenza sequence data to support outbreak control measures is discussed in
relation to the current knowledge in the field (Chapter 6).
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Abstract

Context The sudden emergence and rapid spread of oseltamivir-resistant influenza
A(HIN1) viruses with neuraminidase (NA) gene H274Y amino acid substitution is the
hallmark of global seasonal influenza since January 2008. Viruses carrying this
mutation are widely presumed to exhibit attenuated pathogenicity, compromised
transmission, and reduced lethality.

Objective To investigate nosocomial viral transmission in a cluster of patients with
influenza A(H1N1) virus infection.

Design, Setting, and Patients Descriptive outbreak investigation of 2 hematopoietic
stem cell transplant recipients and an elderly patient who developed hospital-acquired
influenza A virus infection following exposure to an index patient with community-
acquired H274Y-mutated influenza A(H1N1) virus infection in a medical ward at a
Dutch university hospital in February 2008. The investigation included a review of the
medical records, influenza virus polymerase chain reaction and culture, phenotypic
oseltamivir and zanamivir susceptibility determination, and hemagglutinin chain 1
(HA;) gene and NA gene sequence analysis.

Main Outcome Measure Phylogenetic relationship of patient cluster influenza A(H1IN1)
viruses and other 2007-2008 seasonal influenza A(H1N1) viruses.

Results Viral HA; and NA gene sequence analysis from the 4 patients revealed
indistinguishable nucleotide sequences and phylogenetic clustering of H274Y-mutated,
oseltamivir-resistant influenza A(H1N1) virus, confirming nosocomial transmission.
Influenza virus pneumonia (3 patients) and attributable mortality (2 patients) during
active infection was observed in patients with lymphocytopenia at onset.

Conclusion Seasonal oseltamivir-resistant influenza A(HIN1) viruses with NA gene
H274Y mutation are transmitted and retain significant pathogenicity and lethality in
high-risk patients.
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Introduction

A global emergence and rapid spread of oseltamivir-resistant influenza A(H1N1)
viruses carrying a neuraminidase (NA) gene with an H274Y (N2 numbering; H275Y in
N1 numbering) amino acid substitution has been observed since January 2008 [1-3].
Viruses carrying this mutation are presumed to exhibit attenuated pathogenicity [4],
compromised transmission [5], and reduced lethality [6]. However, current widespread
circulation of oseltamivir-resistant influenza A(H1N1) viruses associated with typical
influenza illnesses and viral pneumonia suggest that these viruses retain significant
transmissibility and pathogenicity [2,3,7,8]. While these resistant variants may cause
significant mortality and retain efficient transmission, these properties have not yet
been firmly established.

Methods

In February 2008, an outbreak of influenza A(H1N1) virus occurred in a medical ward at
a Dutch university hospital. Clinical specimens from symptomatic contact patients of
the presumed index patient were tested by influenza polymerase chain reaction (PCR)
and sequences were further analyzed. Medical records of contact patients with related
influenza virus infection were reviewed for underlying disease, clinical findings, and
outcome. Screening specimens were obtained from contacts of the last outbreak
patient (patient 4) to rule out further spread of the virus.

Influenza virus diagnostics

Influenza virus detection was performed on clinical respiratory specimens using rapid
antigen testing and PCR as described previously [9] along with viral culture. Antigenic
characterization (hemagglutination inhibition testing) and phenotypic oseltamivir and
zanamivir susceptibility (1Cso, concentration of drug needed to inhibit enzyme activity
by 50%) were determined as described [10,11]. Viral RNA extracted from clinical
specimens was further transcribed and amplified. Hemagglutinin chain 1 (HA;) and
neuraminidase gene sequences from patients with confirmed influenza virus infection
were analyzed and phylogenetically related to other 2007-2008 seasonal influenza
viruses obtained at the hospital or sentinel surveillance isolates collected nationwide
using BioNumerics version 5.1 (Applied Maths, Sint-Martens-Latem, Belgium).

Ethical Considerations

The investigation of this outbreak did not involve any planned activity that could have
been reviewed prospectively by an institutional review board or ethics committee.
Nevertheless, all necessary precautions were taken to prevent identification of the



Nosocomial transmission of oseltamivir-resistant influenza A(HIN1) virus | 25

patients and health care workers involved. The physicians involved all gave signed
permission to use clinical data and were informed on the outcome of the investigation.
All of them agreed with the intention to publication. Details including the age and role
of the health care workers were omitted or described in a nonspecific way, while we
also took care to preserve all clinically meaningful details. The chairman of the ethics
committee at the Leiden University Medical Center was consulted retrospectively and
agreed to the approach as described for reporting the clinical information obtained
during the investigation and included herein.

Results

Nosocomial influenza A(H1N1) virus outbreak

The clinical characteristics and timeline of the outbreak of influenza A(H1N1) virus are
shown in the TABLE and in FIGURE 1, respectively. Community-acquired oseltamivir-
resistant influenza A(HIN1) virus with NA gene H274Y mutation, isolated from the
presumed index case, was detected in 3 additional patients (mean oseltamivir ICs;, 484
nM; mean zanamivir 1C55,1.1 nM). The presumed index case (patient 1), who was
vaccinated for 2007-2008 seasonal influenza and received high-dose (cumulative)
prednisolone therapy for systemic lupus erythematosus, was admitted to the hospital
on January 29, 2008, with fever, cough, dyspnea, and lymphocytopenia. Mechanical
ventilation and broad-spectrum empirical antibacterial treatment were initiated for
acute respiratory failure and apparent pulmonary consolidations by chest radiography.
Oseltamivir administration was initiated following influenza A virus detection using
rapid antigen testing and PCR along with contact and droplet isolation. No other viral
and bacterial respiratory pathogens were detected and blood cultures remained
negative. The patient was transferred to a medical ward following clinical
improvement on February 1 and isolation precautions were continued for the duration
of symptoms until February 3. Viral clearance was confirmed by PCR upon lymphocyte
reconstitution in an outpatient setting on March 4, 2008.

Two hematopoietic stem cell transplant recipients (patient 2 and patient 4) and an 89-
year-old elderly patient (patient 3) developed hospital-acquired influenza A virus
infection (Table). These patients were present at the same time as the index patient at
the medical ward without isolation procedures (Figure 1), but the 4 patients never
shared rooms. Patient 2 developed mild influenza symptoms with rapid viral clearance,
whereas both patients 3 and 4 developed pulmonary consolidations and fatal
respiratory failure with viral excretion under broad-spectrum antibacterial therapy.
The influenza vaccination status of these patients is not known. The attribution of
mortality to influenza was supported by detection of influenza A(HIN1) viral RNA from
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postmortem pulmonary tissue and histopathological pulmonary findings consistent
with viral pneumonia in patient 4, with the exclusion of other pathogens. Further

nosocomial spread to other contacts within the wards was excluded by PCR.

Table. Clinical Characteristics of 4 Hospitalized Patients With Oseltamivir-Resistant Influenza

A(H1N1) Virus Infection

Patient 1 (Index) Patient 2 Patient 3 Patient 4
Sex Male Female Male Male
Age, y 47 57 89 66
Medical history Systemic lupus Multiple myeloma, allogeneic Diabetes, cardiac Acute myelogenous
erythematosus, stem cell transplantation ischemia leukemia, allogeneic stem
sarcoidosis, diabetes following cell transplantation
reduced-intensity following myeloablative
conditioning engraftment conditioning, chronic
graft-vs-host disease
Immunosuppressive Prednisolone None None Mycophenoclate mofetil,
therapy prednisone, recent
cyclosporine
Reason for admission Fever, dyspnea Fever, mild cough Fever Fever

Confirmed diagnosis

Influenza lower respiratory
tract infection

Bacteremia, source unknown

Bacteremia, urosepsis

Bacteremia, abdominal
sepsis, active
graft-vs-host disease

First positive test
result for influenza
Ad

January 29, 2008

February 11, 2008

February 15, 2008

February 14, 2008

No. of days following 0 16 17 17
admission in
hospital

Antiviral therapy Oseltamivir Oseltamivir Oseltamivir Oseltamivir

Absolute lymphocyte
count within 48 h
of symptom
onset, cells/pl

699 (ymphocytopenia)

3195 (normal count)

726 (ymphocytopenia)

217 (lymphocytopenia)

Respiratory
symptoms

Dyspnea, oxygen
dependent

Cough

Dyspnea, oxygen
dependent

Dyspnea,
oxygen dependent

Chest radiograph
result

Left lower-lobe
consolidation

No pulmonary abnormalities

Bilateral lower-lobe
consolidations

Perihilar consolidations

1134 (normal count)

4739 (normal count)

Not available

129 (lymphocytopenia)

Absolute lymphocyte
count during
follow-up,
cells/pL"

Fatal influenza Fatal influenza pneumonia® 9

pneumonia®

Influenza outcome Viral clearance Viral clearance

aDetermined by polymerase chain reaction (PCR).

by ymphocyte count determined 2 to 6 weeks after influenza confimmation,

CClinical diagy dyspnea, PCR detection of influenza A in respiratory specimens)
"I’uthdogc'ﬂl diagnosis (histological features, PCR detection of influenza A in pulmonary tissue).

Phylogenetic relationship

HA; gene and NA gene sequence analysis of viruses from the 4 outbreak patients
revealed indistinguishable nucleotide sequences and phylogenetic clustering (Figure 2).
In addition to NA gene H274Y substitution, a rare T284A substitution was sequenced
(NA gene sequence Genbank accession numbers AB476754, AB476755, AB476756,
AB462370) and could therefore be recognized as a marker for transmission. An
surveillance isolate (A/NL/088/08) with HA,
nucleotide sequence revealed no NA gene phylogenetic clustering and lacked the

unlinked national identical gene
specific T284A substitution. The NA gene T284A mutation was not observed in other
2007-2008 seasonal influenza A(H1N1) viruses or in worldwide sequences submitted to
public databases, reinforcing the unique genetic relatedness of this influenza A(HIN1)

virus patient cluster.
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Epidemic curve by date of onset of symptoms
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Figure 1. Epidemic Curve by Date of Onset of Symptoms and Timeline of Influenza A(H1N1)
Nosocomial Infections. During influenza A(H1N1) virus outbreak, all 4 infected patients were
admitted in the same department and never shared rooms. LRTI indicates lower respiratory tract
infection; NA, neuraminidase; PCR, polymerase chain reaction; and URTI, upper respiratory tract
infection.

Healthcare workers

Five health care workers developed influenza-like iliness (onset February 4—6, 2008)
during admission of the presumed index patient. One health care worker, vaccinated
for the 2007-2008 seasonal influenza, developed influenza-like illness following
established contact with the index patient and continued working. Four other health
care workers took sick leave within 24 to 48 hours of symptom onset. However, no
samples for influenza testing were obtained from any of these 5 health care workers.
Thus, their role in possibly contributing to this apparent nosocomial spread of
influenza could not be confirmed.

Viruses cultured from the patient cluster revealed a poor antigenic match with the
2007-2008 vaccine reference strain A/Solomon Islands/3/06 (approximately 16-fold
difference by duplicate hemagglutination inhibition testing). This may in part explain
the sustained susceptibility and infectivity of the vaccinated index patient and
suspected health care worker resulting in the hospital outbreak.
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Figure 2. Phylogenetic Relationship of Nosocomial Patient Cluster Influenza A(H1N1) Viruses

A/NL/088/08 (nationwide)
AB477004 (hospital cluster patient 1)
AB477005 (hospital cluster patient 2)

AB477006 (hospital cluster patient 3)

AB477007 (hospital cluster patient 4)

A/NL/159/08 (nationwide)

A/NL/087/08 (nationwide)

A/NL/085/08 (nationwide)

AINL/092/08 (regional)

AINL/151/08 (nationwide)

A/NL/210/08 (nationwide)

A/NL/195/08 (nationwide)

A/NL/155/08 (nationwide)

A/NL/089/08 (nationwide)

A/NL/158/08 (nationwide)

A/Brisbane/59/2007

AINL/095/08 (regional)

-

A/NL/094/08 (regional)

AB477008 (unlinked hospital patient)
[ A/NL/096/08 (nationwide)

I A/NL/193/08 (nationwide)

AINL/213/08 (nationwide)

A/NL/152/08 (nationwide)

A/NL/201/08 (nationwide)

A/NL/093/08 (nationwide)

and Other 2007-2008 Seasonal Influenza A Viruses.

Influenza A(H1N1) virus HA; gene sequences obtained from the patient cluster (n=4, marked as
hospitalized cluster patient 1, 2, 3, 4) were related to available unlinked 2007-2008 seasonal
influenza A(H1N1) viral sequences obtained at the hospital (n=1, marked as unlinked
hospitalized patient), surveillance isolates collected within a 10-km regional zone from the
hospital (n=3, marked as regional), nationwide collected surveillance isolates (n=17, marked as
nationwide), and vaccine strain A/Brisbane/59/2007. The HA; gene (nucleotides 1-1071)
neighbor-joining tree was rooted on vaccine strain A/Solomon lIslands/3/2006. Viral sequence

Genbank accession numbers are depicted for hospitalized patients.
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Comment

This outbreak provided evidence that circulating oseltamivir-resistant influenza
A(HIN1) viruses with NA gene H274Y mutation are transmitted between humans.
Limitations of this observational study include the small number of patients, therefore
the findings require careful interpretation and do not allow conclusions on the
frequency of this complication in hospital settings. The vaccination status of
secondarily infected cases (patients 2, 3, and 4) remained unclarified. Information on
the mechanism of spread was limited by the circumstances in this study. Data obtained
from clinical specimens suggest different routes of transmission; however, this could
not be further explored because the sampling of symptomatic health care workers and
testing of fomites are not routinely performed. However, analysis of data obtained
from clinical specimens provided some insight to different routes of transmission and
suggested a limited viral spread.

Early identification and prolonged isolation precautions appear prudent in the care for
infected immunocompromised patients to prevent nosocomial influenza virus
outbreaks. This study confirmed that circulating H274Y-mutated A(H1N1) viruses can
retain significant pathogenicity and lethality, as shown in these elderly or
immunocompromised patients with lymphocytopenia, underlining the urgency for the
introduction of new effective antiviral agents and therapeutic strategies [12].
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Summary

Background

Highly transmissible viruses such as influenza are a potential source of nosocomial
infections and thereby cause increased patient morbidity and mortality.

Aim

To assess whether influenza virus sequence data can be used to link nosocomial
influenza transmission between individuals.

Methods

Dutch A(HIN1)pdmOQ9-positive specimens from one hospital (N = 107) were compared
with samples from community cases (N = 685). Gene fragments of haemagglutinin,
neuraminidase and PB2 were sequenced and subsequently clustered to detect patients
infected with identical influenza viruses. The probability of detecting a second patient
was calculated for each hospital cluster against the background diversity observed in
hospital and community strains. All clusters were further analysed for possible links
between patients.

Findings

Seventeen A(H1IN1)pdmO09 hospital clusters were detected of which eight had a low
probability of occurrence compared with background diversity (P < 0.01).
Epidemiological analysis confirmed a total of eight nosocomial infections in four of
these eight clusters, and a mother—child combination in a fifth cluster. The nine
clusters with a high probability of occurrence involved community cases of influenza
without a known epidemiological link.

Conclusion

If a background sequence dataset is available, the detection of hospital sequence
clusters that differ from dominant community strains can be used to select clusters
requiring further investigation by hospital hygienists before a nosocomial influenza
outbreak is epidemiologically suspected.
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Introduction

Despite its overall mild appearance, the 2009 influenza A(H1N1) pandemic
(A(HIN1)pdm09) resulted in a significantly increased demand on health services [1,2].
Outbreaks of nosocomial influenza can occur, facilitated by transmission from HCWs to
patients and colleagues [3,4]. Ward closure is frequently performed when preventive
measures fail to control virus spread, illustrating the problems in containing
nosocomial outbreaks of viruses that are highly transmissible and require a low
infectious dose such as influenza viruses [5-7]. Consequently, identification of sources
of nosocomial virus infection can direct outbreak control measures, leading to reduced
patient morbidity and mortality, and preserving a functioning healthcare system [7].
The aim of this study was to assess whether influenza sequence data can be used to
detect nosocomial influenza transmission, and to identify its sources and risk factors
associated with nosocomial spread. Since April 2009, clinical samples from
A(HIN1)pdmO09-positive cases have been systematically sequenced for mutations
previously associated with increased virulence and reduced antiviral susceptibility to
monitor the emergence of the new influenza virus. The data have been used to explore
the potential for patient cluster detection. The sequencing protocol was implemented
by several healthcare institutes such as the University Medical Center Groningen
(UMCG). The national and UMCG sequence dataset are analysed for clusters of
nosocomial influenza. A sensible sequencing strategy targeting antiviral resistance
markers is discussed for retrospective as well as real-time characterization of
nosocomial influenza infections in healthcare institutes during an epidemic.

Methods

Cases in the UMCG hospital

Between weeks 40 and 53 in 2009, throat or nose swabs from patients as well as
healthcare workers (HCWs) with symptoms of acute respiratory illness were tested by
reverse transcriptase—polymerase chain reaction (RT-PCR) for the presence of
influenza A(HIN1)pdmO09 virus [8,9]. Further characterization was done by sequence
analysis as described below. Clinical and epidemiological data from hospitalized
patients with influenza A(HIN1)pdmO09 were gathered using a standardized case report
form. Based on the previously reported two-day (median) incubation period for
A(H1N1)pdmOQ9 virus infections, nosocomial infection was defined as development of
respiratory illness two or more days after hospital admission [10]. The influenza viruses
in this UMCG hospital dataset are referred to in the text as ‘hospital influenza viruses’.
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Cases from national surveillance

A background dataset consisting of all (N = 685) sequenced A(H1N1)pdmO09-positive
samples obtained from the Dutch influenza GP sentinel surveillance system (N = 103)
and 582 non-sentinel samples that were collected between October 2009 and April
2010 were compared with data for hospital influenza viruses [11]. The influenza
viruses in this background dataset are referred to in the text as ‘community influenza
viruses’.

Sequencing

Throat or nose swabs from A(H1IN1)pdmO09-positive cases were sequenced directly for
surveillance of virulence and antiviral resistance markers, as described previously [11].
Briefly, RNA was extracted from the clinical specimen and transcribed into cDNA using
ThermoScript ™ reverse transcriptase (Invitrogen, Carlsbad, CA, USA) following target
amplification using HotstarTaq Master Mix (Qiagen, Hilden, Germany). PCR primers
targeted the receptor binding site within haemagglutinin (HA) (nt 8-789), the
neuraminidase inhibitor resistance markers in neuraminidase (NA) (nt 669-1323) and
known virulence markers for influenza A viruses in the polymerase binding protein 2
(PB2) (nt 1684-2223). A viral load cut-off below Ct 25 in the Matrix RT-PCR assay was
used for sequencing specimens obtained from HCWSs. DNA sequences were analysed
using BioNumerics V6.5 (Applied Maths, Sint-Martens-Latem, Belgium).

Molecular data analysis

The character data from a concatenated HA (nt 58—713), NA (nt 702-1323) and PB2 (nt
1684-2218) nucleotide alignment was used to build a Maximum Parsimony network in
BioNumerics [12]. This method was chosen for its ability to link A(HIN1)pdm09-
positive cases to their suspected source of infection using a minimum number of
‘evolutionary events’ based on the simplest, most parsimonious, explanation of an
observation and free of specific evolutionary assumptions. Patient clusters were
defined by 100% sequence identity of the sequenced A(H1IN1)pdmO09 gene fragments.
As antiviral resistant influenza viruses can emerge during oseltamivir therapy of
immunocompromised patients [11,13], nucleotide variation at NA codon 275 encoding
resistance marker H275Y was excluded from the cluster analysis. Hospital and
community influenza virus datasets were compared for their Maximum Parsimony
using character data and the evolutionary divergence over all sequence pairs using the
Kimura 2-parameter model conducted in MEGAS [14,15]. Standard error estimates
were obtained by a bootstrap procedure (1000 replicates). After sequence clustering,
the resolution of the hospital sequence data was analysed by calculating the
probability of observing a second patient with identical virus sequence for each virus
strain that defined a hospital cluster (n > 2). This was done per gene fragment using
the combined community and hospital virus sequence data sets as a measure for the
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total sequence diversity observed during the 2009 influenza epidemic, assuming that
the proportions of sequence clusters in our dataset correspond with the proportions of
clusters within circulating viruses in the Dutch population.

Epidemiological analysis

Influenza sequence clusters were analysed further by reviewing the date of
hospitalization, reported onset of illness and ward(s) where the person was
hospitalized to find epidemiological links between patients. For HCWs data were
collected on reported onset of illness, absenteeism from work, presence of patient
contacts during regular work and the ward or specialty where HCWs were working
before illness.

Results

Between October and December 2009, 288 of 1470 hospital respiratory samples (20%)
tested positive for influenza A(HIN1)pdmOQ9 virus. They were obtained from 121
patients (75 hospitalized patients and 46 outpatients) and 71 HCWSs. Most prevalent
symptoms were fever, cough and shortness of breath. Almost 30% of the patients had
to be admitted to the Intensive Care Unit. In seven patients (9%) the onset of
symptoms occurred two or more days after admission to the hospital, suggesting
hospital-acquired infection. A total of 107 influenza A(HIN1)pdmO09-positive hospital
samples were sequenced: 43% of the outpatients (N = 20), 83% of the hospitalized
patients (N = 62) and 35% of the HCWs (N = 25), yielding sequence information on 101
NA fragments, 102 PB2 fragments and 69 HA fragments.

Molecular resolution in the hospital sequence dataset

To distinguish clusters of hospitalized patients, the hospital sequence dataset was
compared with the national dataset to assess whether influenza viruses obtained from
one hospital are closely related or whether they reflect community influenza virus
diversity. This was achieved by using Maximum Parsimony networks built with
influenza HA, NA or PB2 gene fragments, supplemented by a sequence diversity
comparison using a character and substitution based method (Figures 1 and 2). Both
methods demonstrate that influenza viruses obtained from the hospital show diversity
similar to that of the national dataset. This could allow the detection of patient clusters
using hospital sequence data.

Molecular clustering
Initially, hospital sequence data were used without community data to detect patient
clusters. Maximum Parsimony networks were constructed using 101 NA fragments, 96
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PB2 fragments, 65 HA fragments, 96 combined NA and PB2 fragments, and 65
combined HA, NA and PB2 fragments to detect clusters (N = 2) of 100% identical
influenza A(HIN1)pdmO09 sequences. Clustering of hospital sequence data based on
HA, NA or PB2 fragments identified 7, 14 and 7 sequence clusters, respectively. When
combining the clustering results obtained using individual gene fragments, 17
molecularly distinct clusters were identified (Figure 3). Six of the seven patients with
onset illness two or more days after hospitalization were present in four clusters. The
seventh patient did not cluster with hospital and community sequences due to a silent
mutation in NA codon 413. A proportion of the hospital clusters was characterized by
unique sequences compared with community sequence data. To enumerate the
uniqueness of all detected hospital sequence clusters, a probability was assigned to
each sequence cluster based on the frequency with which these variants were
observed. Eight patient clusters were identified with a low probability (P < 0.01) that
these were expected based on random selection in a background diversity of hospital
and community influenza strains (Figure 3).
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Figure 1. Maximum Parsimony network of
influenza A(HIN1)pdmO09 NA (neuraminidase)
sequences obtained from the hospital (N =
101; grey) and the community (N = 601;
white), supplemented by vaccine strain
A/California/07/09 (black),
hospital A(HIN1)pdmO9 viruses are dispersed
similarly to community viruses. Genotypes
(A-N) were assigned to clusters (N > 2) of

showing that

100% identical hospital influenza sequences.

Figure 2. Influenza virus sequence diversities
of the hospital and community datasets were
compared using a character and substitution
based method and expressed as the relative
Maximum Parsimony per gene fragment (left
Y-axis) and the evolutionary divergence over
all sequence pairs per gene fragment (right Y-
axis), respectively. Both
demonstrate similar sequence diversity for

methods

each gene segment present in the hospital

sequence dataset compared with the

observed national diversity.
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Epidemiological clustering

Epidemiological analysis of nine sequence clusters that had a clustering probability P >
0.01 did not identify any epidemiological associations between the patients and/or
HCWs within these clusters, except for the detection of a mother—child link within one
cluster. Based on first day of illness, all patients within these nine clusters were
infected with community-acquired influenza virus infection.

For the eight clusters having a low probability (P < 0.01) that these were expected
based on random selection, epidemiological analysis identified no associations
between the patients and/or HCWs within three out of eight clusters. One cluster
included a mother and child, and epidemiological analysis of the remaining four
clusters was suggestive for transmission of influenza virus between patients (Figures 3
and 4). These four clusters each contained one or more patients with a presumed
hospital-acquired influenza virus infection based on the first day of iliness two or more
days after admission.

Hospital cluster 1 contained three A(H1N1)pdmO09 virus-infected patients. Patient A,
infected with community-acquired influenza, was probably the source of infection for
patients B and C. All three were on the same ward at the time as patient A tested
positive for influenza A(HIN1)pdmO09 virus infection. Patient C was temporarily sent
home, but was readmitted with influenza-like illness four days after leaving the
hospital for the first time. Based on onset of symptoms compared to date of
admission, patient C initially was considered as having a community-acquired
infection.

Hospital cluster 2 contained three patients with A(H1N1)pdmQ9 virus infection
including two patients that had a first day of illness respectively 2 and 7 days after
admission to the hospital. Patient A, infected with community-acquired influenza, is
regarded as the index patient for the other two patients.

Hospital cluster 3 consisted of three patients including two patients with hospital-
acquired influenza virus infection. As the third patient stayed at a different ward and
was discharged before patient B was admitted, the actual source of infection is
missing. Both nosocomial patients were on the same ward before becoming ill, but
were already transferred to other wards when tested positive for influenza
A(H1N1)pdmO9 virus. Most likely the source of these two hospital-acquired infections
occurred in ward J.

Hospital cluster 4 consisted of two patients including one patient with a hospital-
acquired influenza virus infection. Both patients were on the same ward at the time
patient A developed a respiratory illness caused by influenza A(HIN1)pdmQ9 virus.
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Patient B was discharged from the hospital but became ill four days after returning
home, eight days after the first day of illness of patient A. Patient B was readmitted
because of respiratory illness and subsequently tested positive for influenza
A(HIN1)pdmO089 virus infection. This readmitted patient was not considered a patient
with a hospital-acquired infection in the initial comparison of first day of illness with
date of admission. As in cluster 3, the source of infection is missing and most likely was
a patient, HCW or visitor from ward N.
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Figure 4. Epidemiological analysis of four patient clusters each containing =1 patients with
presumed hospital-acquired A(H1N1)pdmO09 virus infection suggests that the source of
nosocomial influenza virus infections within clusters 1 and 2 was a patient with community-
acquired influenza. This analysis identified two additional nosocomial influenza patients (cluster
1, patient C; cluster 4, patient B) that initially were considered as having a community-acquired
infection. An index case of nosocomial influenza virus infections within clusters 3 and 4 is
missing, but might be associated with a specific ward. Separate wards have been assigned
different letters
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Discussion

Retrospective analysis of sequence data combined with epidemiological data was
performed to evaluate the usefulness of sequencing influenza gene fragments for the
characterization of nosocomial influenza virus infections. Although characterization of
nosocomial A(H1N1)pdmO09 cases by a combined molecular and epidemiological
approach has been reported, the evaluation of this approach to guide the
identification of nosocomial influenza clusters to our knowledge has not previously
been reported [16,17].

The present analysis identified nine nosocomial influenza infections during the 2009
influenza epidemic in a tertiary referral hospital, which comprises 15% of all the
diagnoses during the study period. Although transmission from an index case to a
hospitalized patient was observed four times, no onward transmissions could be
demonstrated. In addition, the molecular and epidemiological analysis did not provide
evidence for transmission between patients and staff. Our results highlight some
important observations. First, patient transfer from a ward with influenza-positive
patients to another ward should be done with great care and follow-up of the
transferred patient. Second, follow-up of recently discharged patients could identify
possible spread of infection, which is highly relevant if antiviral resistant or virulent
influenza virus variants are identified in the hospital. Finally, our analysis was able to
link patients across wards in two clusters that would be difficult to detect using
epidemiological data only.

Sequencing of HA fragments was less often successful than sequencing of the NA and
PB2 fragments due to reduced sensitivity for the HA fragment amplification, compared
with NA and PB2 amplification (data not shown). This affected HA-based clustering as
these sequences were missing for 52% of the hospital patients. Consequently, an
unbiased comparison of HA with NA sequence data for the detection of patient
clusters was not possible. The lower substitution rate for A(HIN1)pdm09 PB2 gene
segments compared with NA segments explains the discrepancy between the number
of molecular clusters detected using NA (N = 14) and PB2 (N = 7) sequence data [18].

Nevertheless, the calculation of the probabilities that A(HIN1)pdmO09-positive patients
were infected by viruses with 100% identical gene fragments proved to be a useful
selection. When comparing the NA sequences with GenBank (consulted on 6 February
2012) data, the five strains that defined NA clusters with P < 0.01 all remained unique,
whereas the strains that defined clusters with P > 0.01 demonstrated on average 57
identical strains. This suggests that our observations did not result from the lack of
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resolution in the background data, and implies that, during an influenza epidemic,
commonly circulating influenza strains are detected at all geographical areas and can
be used to express the uniqueness of a local patient cluster. Although sequence-based
typing is possible in advanced clinical laboratories, routine application is relatively
costly when considering its use for the sole purpose of identification of nosocomial
infections. Therefore, we looked at the potential for using this approach on the basis of
data collected for a different purpose, i.e. sequencing to detect markers of antiviral
resistance. As antiviral treatment of immunocompromised patients is associated with
the emergence of antiviral resistance, monitoring for emergence of resistance is vital
for both the patient as well as public health, and is increasingly common practice [13].
Hospital molecular diagnostics commonly utilize a targeted approach for the rapid
identification of the primary oseltamivir resistance substitution H275Y in NA subtype 1,
but our results demonstrate the possible added value of Sanger sequencing a larger
region (>600 bp)[19-21]. Currently, sequence capacities and application of routine
sequence analysis in clinical laboratories are increasing, especially in academic
hospitals. Although the capacity to perform sequence analysis is not present in all
hospitals, these hospitals could benefit from the knowledge generated on the
characterization of influenza virus transmission chains in hospitals that are able to
incorporate sequence analysis into routine clinical use. Both retrospective and
prospective approaches produce valuable insights into nosocomial virus spread that
can direct outbreak control measures, leading to reduced patient morbidity and
mortality.
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Abstract

Although increasing data have become available that link human adaptation with
specific molecular changes in nonhuman influenza viruses, the molecular changes of
these viruses during a large highly pathogenic avian influenza virus (HPAI) outbreak in
poultry along with avian-to-human transmission have never been documented. By
comprehensive virologic analysis of combined veterinary and human samples obtained
during a large HPAI A(H7N7) outbreak in the Netherlands in 2003, we mapped the
acquisition of human adaptation markers to identify the public health risk associated
with an HPAI outbreak in poultry. Full-length hemagglutinin (HA), neuraminidase (NA),
and PB2 sequencing of A(H7N7) viruses obtained from 45 human cases showed amino
acid variations at different codons in HA (n=20), NA (n=23), and PB2 (n=23).
Identification of the avian sources of human virus infections based on 232 farm
sequences demonstrated that for each gene about 50% of the variation was already
present in poultry. Polygenic accumulation and farm-to-farm spread of known
virulence and human adaptation markers in A(H7N7) virus-infected poultry occurred
prior to farm-to-human transmission. These include the independent emergence of HA
A143T mutants, accumulation of four NA mutations, and farm-to-farm spread of virus
variants harboring mammalian host determinants D701N and S714l in PB2. This
implies that HPAI viruses with pandemic potential can emerge directly from poultry.
Since the public health risk of an avian influenza virus outbreak in poultry can rapidly
change, we recommend virologic monitoring for human adaptation markers among
poultry as well as among humans during the course of an outbreak in poultry.
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Introduction

Avian influenza viruses are typically restricted to the intestinal tract of aquatic birds, in
which they cause mild or subclinical and unspecific symptoms. Occasionally, however,
they acquire the properties to directly infect the respiratory tracts of terrestrial birds
and mammals, including humans [1]. Introduction of avian influenza in humans could
result in a pandemic when the viruses (I) possess a hemagglutinin (HA) subtype
antigenically distinct from the currently circulating human influenza virus subtypes, (Il)
have the ability to infect and efficiently replicate in humans, and (lll) transmit
efficiently from human to human [2-4]. Infection of humans in direct contact with wild
or domestic poultry has been observed for influenza A viruses with HA subtypes HS5,
H7, H9, and H10 over the past 2 decades. Low-pathogenic avian influenza (LPAI)
A(H9N2) virus caused human infections in China in 1998 and Hong Kong in 1999 and
2003 [5-7]. LPAI A(H7N2) virus infected humans in the United States in 2002 and 2003
and the United Kingdom in 2007, and LPAI A(H7N3) virus infected humans in the
United Kingdom in 2006 [8-10]. Additionally, LPAl A(H10N7) virus caused human
infections in Egypt in 2004 [11]. Symptoms of these LPAI virus infections were mild,
and no fatalities were reported. In contrast, avian influenza viruses of subtypes H5 and
H7 are notorious for their abilities to mutate from LPAI viruses to viruses with
increased virulence for poultry. These highly pathogenic avian influenza (HPAI) viruses
typically emerge after introduction of an LPAI virus from wild birds into large
commercial poultry flocks. This was exemplified by LPAI A(H7N1) viruses in Italy in
1999, LPAI A(H7N3) in Canada in 2004 and Chile in 2002, and LPAI A(H7N7) in Spain in
2009 that initiated outbreaks in poultry before mutating into the HPAI phenotype [12-
15]. The emergence of a lineage of HPAI A(H5N1) virus in poultry and wild birds in
Southeast Asia and its dissemination over a wide geographic region have been of
particular concern. This virus now has evolved through drift and reassortment into
distinct lineages, with reports of transmission to > 500 laboratory-confirmed infected
humans and a case fatality rate of 60% [16]. The widespread presence of an influenza
virus that can be transmitted to humans in regions with limited surveillance constitutes
a permanent pandemic threat. So far, however, the prerequisite of efficient human-to-
human transmission has not been met. Similarly, the unprecedented number of
human infections during the HPAI A(H7N7) outbreak in The Netherlands in 2003 was
cause for concern. This outbreak struck a large number of Dutch poultry farms and
resulted in the culling of 30 million chickens. In addition, 89 virologically confirmed
human cases, including 1 death and limited human-to-human transmission, were
reported [17-19].



Avian influenza virus diversity during a HPAI A(H7N7) outbreak | 53

Avian influenza viruses must undergo molecular changes to adapt to a mammalian
host [20]. This is a complex process that involves adaptation to human host cell factors
to facilitate replication and transmission [21-25]. In addition to emergence of the HPAI
phenotype by alteration of the HA cleavage site, LPAI virus replication in poultry can
induce polygenic molecular changes. Examples are a deletion in the neuraminidase
(NA) stalk region, which is associated with a shift in tissue tropism in chickens [26] and
receptor binding site (RBS) mutations in HA, which affect host cell binding affinity
[24,27]. Collectively, poultry can serve as an intermediate host and facilitate
mammalian host adaptation of avian influenza viruses. Although increasing data that
link human adaptation with specific molecular changes in the virus have become
available, the molecular changes of influenza viruses during a large HPAI outbreak in
poultry, along with cross-species transmission events, have never been documented.
Such information could help to improve surveillance aimed at the timely detection of
emergence of human adaptation markers to direct public health measures in the
future. In this study, the 2003 HPAI A(H7N7) outbreak in the Netherlands was used as a
model [18]. We combined virologic and epidemiologic data collected during the
veterinary and medical outbreak control activities in order to identify the most likely
source of infection for each person. We then compared viruses from humans and
poultry to identify possible human adaptation markers. Precursors of potential
pandemic variants with increased public health risk were detected in poultry prior to
avian-to-human transmission events.

Materials and Methods

HPAI A(H7N7) outbreak

From individuals in contact with HPAI A(H7N7) and suffering from conjunctivitis and/or
influenza-like illness, throat, nose, and conjunctiva swabs were collected into virus
transport medium; the patients' written consent was obtained and a questionnaire
was completed. After diagnostic testing [18], leftovers of clinical specimens were
stored in a biobank at -80°C. For all human clinical specimens, the date of sampling,
the first day of illness, demographic data, symptoms, and exposure data were stored in
the human case finding database [18]. The veterinary database contained information
on type of poultry, geographical location, date of sampling, date of culling, daily
mortality data, and a unique farm identification number [28]. For each farm, the
probable day of introduction of infection had been estimated previously from daily
mortality data based on a back-calculation method [28].

Sequencing of viruses in human clinical samples
All A(H7N7) influenza virus-positive cases for which clinical samples were still available
in a biobank (n=53) were used. Prior to direct sequencing of the virus in clinical
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specimens, the viral load of the specimens was determined by quantitative influenza
virus reverse transcription-PCR targeting a 94-bp matrix gene fragment [29]. Due to
the low viral load in the 53 eye swabs, a direct sequencing experiment was designed
that covered the HA receptor binding site and previously reported host range markers
PB2 A199S, E627K, D701N, and K702R [19,30,31]. Therefore, three PCRs targeting HA
fragment amino acids (aa) 160 to 239 and PB2 fragments aa 156 to 225 and aa 585 to
720 were developed by using the PSQ Assay Design package v1.0.6 (Biotage AB) for
conventional Sanger sequencing. In addition, pyrosequencing targeting of the four PB2
host range markers was performed. Total RNA was isolated using a High Pure RNA
Isolation kit (Roche) followed by reverse transcription using SuperScript Ill (Invitrogen)
and cDNA amplification using HotstarTag Mastermix (Qiagen). All PCR products were
Sanger sequenced using an ABI 3730 sequencer, and PB2 host determinant markers
were pyrosequenced using the PSQ MA96 platform (Biotage AB). Contig assembly and
alignment were done using BioNumerics Package 6.5. Primers and PCR protocols are
available upon request.

Sequencing of human virus isolates

Due to insufficient viral load in some clinical specimens, influenza virus culture
supernatants of human A(H7N7) viruses were used to complement the data set.
Routine culture of clinical specimens obtained from virologic confirmed A(H7N7) cases
(n=89) using MDCK-I cells yielded 47 A(H7N7) virus isolates corresponding to 45 human
cases [19]. Forty-three A(H7N7) virus isolates were obtained from eye swabs, three
from throat swabs, and one from postmortem lung tissue from the fatal case. As initial
screening of poultry viruses using whole-genome analysis did not reveal substantial
differences when comparing nucleoprotein (NP), matrix, NS, PA, and PB1 genes from
A(H7N7) viruses sampled early and late in the outbreak (data not shown), we focused
on the more-diverse HA, NA, and PB2 genes. Hence, the full-length sequences of the
HA, NA, and PB2 gene segments of all 47 human A(H7N7) virus isolates were
determined. Total RNA was isolated using a High Pure RNA lIsolation kit, followed by
reverse transcription using ThermoScript (Invitrogen) and HA, NA, and PB2 gene
amplification with the LongRange kit (Kapa Biosystems). After sequencing of the
amplicons, trace files were assembled and aligned.

Data analysis

Human A(H7N7) sequences were compared with HA, NA, and PB2 gene sequences
obtained from 184 infected poultry farms that were available from a separate study
[32] supplemented by sequences obtained from 47 other poultry farms infected during
the outbreak (combined sequences were obtained from 91% of the infected farms).
Each A(H7N7) farm sequence is the consensus sequence of RNA extracted from a pool
of five A(H7N7) tracheal tissue samples of poultry. The character data from a
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concatenated full-length HA, NA, and PB2 gene nucleotide alignment were used to
build a Maximum Parsimony network in BioNumerics using the Fitch method [33] with
a greedy tree construction algorithm, followed by random branch swapping to find the
optimal network topology. This method was chosen for its ability to link human
A(H7N7) viruses to their suspected avian source of infection by using a minimum
number of “evolutionary events” based on the simplest, most parsimonious
explanation of an observation and free of specific evolutionary assumptions. The
faithfulness of the entire network was determined by calculation of the global
cophenetic correlation coefficient [34]. The significance of branches linking human
viruses with poultry viruses was assessed by bootstrap analysis (1,000 iterations) and
permutation resampling (200 resampling cycles) [35]. Finally, the constructed
transmission network was validated by comparing the first day of human illness with
the estimated day of introduction of A(H7N7) virus into a poultry farm for all farm-
human links.

After validation of the transmission network, potential human adaptation markers
were explored using the combined avian and human A(H7N7) sequence data set
following categorization based on the following characteristics: first, the observed
mutations were labeled poultry induced or human induced, depending on the host in
which they were first identified. Subsequently, positively selected sites within the
human data set were detected using the single-likelihood ancestor counting (SLAC),
the random effect likelihood (REL), and the fixed effect likelihood (FEL) methods of the
Datamonkey website [36]. Finally, HA and PB2 mutations were categorized based on
the location in the gene segments and literature, while NA mutations were analyzed
phenotypically for their effects on susceptibility to the antiviral drug oseltamivir
carboxylate as described previously [37,38].

Nucleotide sequence accession numbers

GISAID accession numbers assigned to our sequences included the following: Human
A(H7N7) sequence, EPI_ISL_90869-90912; poultry A(H7N7) sequences, EPI_ISL_68268-
68352 and EPI_ISL_82373-82472 [32], supplemented by EPI_ISL_83984-84031.

Results

Direct sequencing of A(H7N7) virus fragments from clinical specimens

Direct sequencing of virus in the 53 influenza A(H7N7) virus eye swabs, which had an
average virus load of ~3,000 genomic viral RNA copies/ml, was successful for 44
human clinical samples, yielding HA receptor binding site fragments (n=43) and
sequences covering previously reported host determinant markers in PB2 at residue
199 (n=43) and the residues 627, 701, and 702 (n=39). Sequence comparison with
influenza A/Netherlands/33/03 (H7N7) virus obtained from the first human
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conjunctivitis case demonstrated the absence of PB2 host determinant markers A199S,
E627K, D701N, and K702R but the presence of an amino acid variation in the HA
receptor binding site (HA V223l [n=1] and HA subpopulation V223A [n=1]) (table 1).

Sequencing of A(H7N7) virus isolates
To expand the search for human adaptation markers beyond these known positions,

influenza virus isolates were utilized to obtain sequences for the entire HA, NA, and
PB2 genes corresponding with 45 human cases. Compared with A/Netherlands/33/03
(H7N7) virus, amino acid variations were observed at 20 different HA codons, 23 NA
codons, and 23 PB2 codons.

Table 1. Amino acid substitutions found in human A(H7N7) viruses compared to their avian
source of infection®

HA gene NA gene PB2 gene
Fragment sequenced aa 1-562 aa 1-471 aa 1-759
Mutations detected R65K, A156S, A14T, V19A, Vv89M, T117P,
Virus isolates (n=48) V223A,V223l,  Q44K, N57S, V1391, V167I,
from human D264G, E279K,  N67S, V115I, C409R, M467L,
conjunctivitis cases E287G, R504K,  M174V, V263I, 1562T, D567N,
E505K, D515N E267V, 1275T, K586R, P620Q,
N284l1, N338S, N711K
V4261, V456l
Clinical specimen Fragment sequenced aa 160-239 aa 156-225, 585-720
(n=44) from human V1 ations detected V223A, V223l N711K
conjunctivitis cases
Virus isolate (n=1) Fragment sequenced aa 1-562 aa 1-471 aa 1-759
from human Mutations detected K416R E627K

fatal case [24]

®Underlined mutations are associated with human adaptation based on literature or selection
pressure analysis

Detection of sources of human A(H7N7) virus infection

To discriminate mutations that emerged in poultry from mutations that were detected
in viruses from humans only, the data set was supplemented with 232 veterinary
A(H7N7) HA, NA, and PB2 sequences, representing 231 poultry farms, to allow
identification of sources of human A(H7N7) virus infection. The high level of genetic
diversity observed in avian influenza A(H7N7) viruses isolated during the 2003 HPAI
outbreak in the Netherlands [32] was used to build a maximum parsimony
transmission network to identify chains of transmission and probable sources of
infection of the sequenced human A(H7N7) cases. Since initial analysis with 231
poultry farms did not identify clustering of human A(H7N7) viruses with avian A(H7N7)
viruses containing a deletion in the NA stalk region (n=17), these were removed from
the data set. Removal of these sequences from the data set did not affect the results
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of the study. Moreover, as a result of observed nucleotide variations in the NA stalk
region, the final transmission network was constructed with concatenated HA, NA, and
PB2 sequences from avian A(H7N7) viruses containing full-length NA sequences,
representing 214 poultry farms, to maximize the network resolution (Fig. 1). The global
cophenetic correlation of the transmission network was 99%, and the branches
connecting human cases (n=32) with farm sequences were supported through a
bootstrap analysis and permutation resampling by 100%.

A B 0

culler and
daughter

father of LEGEND:

culler S

® <March 1
March 115

© March 16-31

® April1-15

® > Apiil 15

Gelderse Vallei

In and near Limburg

In and near Betuwe

N. Brabant (Belgium border)

Figure 1. Transmission network built with concatenated full-length HA, NA, and PB2 gene
segments of the A(H7N7) virus outbreak, illustrating the position of 45 human A(H7N7) virus
infections (colored) in relation to 215 A(H7N7) virus-infected farms (white) (A) and the
nucleotide differences between the A(H7N7) sequences supplemented by information on
sample period and farm location (B). (A) Human A(H7N7) virus infections in agreement with
epidemiologic data are shown in green. The positions of the three secondary human cases
within the network are indicated in blue. Human infections (n=7) with onset of illness before
their avian sources were estimated to be infected are indicators for missing poultry data
(yellow). Two human viruses within the transmission network could not have caused human-to-
avian transmissions based on infection dates (red). (B) After notification of the A(H7N7)
outbreak on 28 February 2003, multiple poultry A(H7N7) virus clusters and chains of
transmission emerged that spread over time (colored circles) and location (colored areas). The
locations of human cases refer to the locations of their suspected avian source of infection. The
nucleotide changes between specific A(H7N7) virus strains are shown on the branches. CC,
A/Netherlands/033/03, FC, A/Netherlands/219/03; P1, A/chicken/Netherlands/01/03; P2,
A/chicken/Netherlands/03010132/03.



58 | Chapter3.1

The genetic diversity observed at 214 poultry farms, represented by 149 distinct avian
A(H7N7) virus sequences in the transmission network, illustrates the emergence of
multiple avian A(H7N7) virus clusters and chains of transmission during the outbreak.
Human A(H7N7) viruses are interspersed with avian viruses, reflecting the virus
diversity in poultry, allowing identification of probable sources of human A(H7N7) virus
infection. In addition to the three human secondary cases, 22% (10/45) of the human
A(H7N7) viruses were identical to their presumed avian source of infection, while 71%
(32/45) of the human A(H7N7) viruses displayed genetic variation from their avian
source. Thirty of these 32 human A(H7N7) viruses are at the tips of the network,
illustrating that the majority of human cases were dead-end A(H7N7) virus infections.
One A(H7N7)-positive culler infected both his wife and daughter, and another culler
infected his father (Fig. 1A). Of the probable avian sources of the remaining 42 human
A(H7N7) virus infections, 35 (83%) persons had their first symptoms after the
estimated date of introduction of virus on the farm (back-calculated from mortality
data [39]. The avian source of infection of three different clusters of human cases (n=7)
did fit molecularly, but infection chronology was reversed (Fig. 1A, yellow dots). As 9%
(n=24) of the infected poultry farms were missing in our analysis, the farms of infection
origin of these human clusters could be missed. Furthermore, two human cases with
unique virus sequences were found within the transmission network (Fig. 1A, red
dots). Although these could represent human-to-avian transmissions, the infection
chronology demonstrated avian-to-human transmission. A phylogenetic tree
constructed with Neighbor Joining and representative A(H7N7) virus isolates
demonstrated identical A(H7N7) virus relations (see Fig. S1 in the supplemental
material).

Acquisition of human adaptation markers in humans

The observed A(H7N7) virus diversity among viruses in poultry could mask the
occurrence of possible human adaptation during infection of humans when comparing
grouped human and avian sequences. Therefore, we assessed which differences were
observed between A(H7N7) sequences from human influenza isolates with those from
their most likely source, based on the transmission network. A total of 37 amino acid
substitutions were identified between human A(H7N7) viruses and their avian source
of infection (HA [n=11], NA [n=14], and PB2 [n=12]) (table 1). Three of these mutations
(HA V223A, HA V223I, and PB2 N711K) were detected in both the virus isolate and the
corresponding human clinical specimen, while the presence of the remaining 34
mutations could not be confirmed by direct sequence analysis because there were no
leftover clinical specimens in our biobank, the viral load was too low, or the site was
not covered by direct sequencing.
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Selection pressure analysis, using the combined avian and human sequence data set to
determine whether the potential human adaptation markers presented in table 1
emerged under (host) selection pressure, only recognized HA codon 223 as a positive
selection site (REL method; Bayes Factor, 1.72E+08). Comparison of human A(H7N7)
virus sequences with previously identified host-specific residues [23,40,41], detected
PB2 mutation D567N in addition to the human adaptation marker PB2 E627K, which
was identified in the fatal human case.

During the A(H7N7) virus outbreak, the neuraminidase inhibitor oseltamivir was used
for antiviral treatment and prophylaxis of A(H7N7) virus infection. Human influenza
virus isolates (n=15) with and without NA mutations compared to their avian source of
infection were screened for emergence of oseltamivir resistance, but no resistance or
reduced susceptibility was observed (mean 50% inhibitory concentration [ICs], 0.46
nM; range, 0.12 to 0.70 nM). Moreover, one human A(H7N7) isolate with NA
mutations N67S, V115I, and 1275T displayed 4-fold-enhanced sensitivity against
oseltamivir compared with the mean (IC50, 0.12 nM).

Detection of potential human adaptation markers in poultry

Based on a selection of positions that are potentially relevant for human adaptation of
the avian virus, we detected variations in PB2 codons 292, 567, 701, and 714 of poultry
A(H7N7) viruses that were previously identified to be host-specific residues [23,40,41].
Mutation 1292V is not associated with host adaptation but represents natural variation
within avian sequences [41]. Mutation D567Y is not a known human adaptation
marker but is present in A/swine/Shizuoka/120/97(H3N2) (GenBank). Mutation D701N
was previously associated with efficient influenza virus replication and transmission in
mammalian species, similar to PB2 E627K [42,43]. This mutation did emerge and
subsequently spread to four poultry farms. PB2 mutation S714l is associated with
increased pathogenicity for mammals and emerged in a chicken farm before it spread
to one of the cullers and another chicken farm [42].

We also tracked the accumulation of mutations leading up to the fatal human
infection, previously described by de Wit and colleagues [24]. Their study identified
substitutions HA A143T and PB2 E627K, attributable to increased pathogenicity in the
mouse model, in addition to four replication-enhancing NA substitutions. Mapping of
markers in farm sequence data shows the emergence and spread of these mutations
during the A(H7N7) virus outbreak in poultry (Fig. 2). HA substitution A143T emerged
during the outbreak at three different chicken farms and spread to subsequent farms.
For two of these farms, this mutation emerged in the first week after the outbreak was
identified and authorities were notified. In addition to the virus isolated from the fatal
A(H7N7) case, a 49-year-old owner of a layer farm who developed conjunctivitis
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without fever appeared to be infected with virus variant HA A143T. He was infected by
an A(H7N7) virus identical to the virus variant HA A143T obtained from his 17,500-
layer hen farm, except for one silent PB2 nucleotide substitution. The accumulation of
NA mutations T442A and P458S (73 farms) supplemented by NA A346V (30 farms) and
NA N308S (11 farms) in poultry eventually gave rise to an A(H7N7) variant with
enhanced NA activity that was transmitted to the fatal human case [24]. The PB2
E627K mutation detected in the virus isolated from the fatal A(H7N7) case was not
detected in poultry.

"

Figure 2. The accumulation of virulence and human adaptation markers in poultry farms (green)
per gene segment, illustrating the accumulation of NA mutations T442A and P458S (yellow),
T442A, PA58S plus A346V (orange) and T442A, P458S, A346V plus N308S (red) (A) and
independent emergence of HA A143T variants (yellow) and emergence of PB2 D701N (red) and
PB2 S714l (blue) (B). Human viruses are represented by open circles. CC, A/Netherlands/033/03;
FC, A/Netherlands/219/03; P1, A/chicken/Netherlands/01/03; P2, A/chicken/
Netherlands/03010132/03.

Discussion

In contrast to the ongoing outbreak of HPAI A(H5N1), in which human infections have
occurred as isolated cases or in a small cluster (n < 8), the HPAI A(H7N7) outbreak that
struck the Netherlands in 2003 infected at least 89 humans, including three secondary
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cases and one death [19,44]. The culling of >30 million birds combined with control
measures did not prevent A(H7N7) spread to a total of 255 poultry farms in The
Netherlands and 9 farms in the neighboring countries of Belgium (n=8) and Germany
(n=1) [45,46]. By comprehensive virologic analysis of combined veterinary and human
A(H7N7) samples obtained during this large avian influenza outbreak, this study
provides unique knowledge on the acquisition of human adaptation markers and the
public health risk associated with an HPAI virus outbreak in poultry. We demonstrated
the polygenic accumulation and farm-to-farm spread of known virulence and human
adaptation markers in A(H7N7)-infected poultry farms following farm-to-human
transmission. These include the independent emergence of HA mutants with increased
replication kinetics, accumulation of NA mutations facilitating efficient release of virus
particles from the host cell, and farm-to-farm spread of virus variants harboring
mammalian host determinant D701N and S714l in PB2 [3,24]. The emergence of PB2
E627K detected in the virus obtained from the fatal case could not be assigned to the
avian source of infection and might have emerged in the human host. Similarly, PB2
mutation D567N and HA V223I/A in the RBS were detected in human A(H7N7) viruses
only.

Sequence analysis of A(H7N7) viruses obtained from human cases was performed on
all available clinical samples and virus isolates. For 26 cases, both a clinical sample and
virus isolate were present, allowing comparison of direct sequencing results with full-
length sequences obtained from virus isolates (table 1). This demonstrated an absence
of virus adaptation to MDCK-I cells within the regions sequenced. Moreover, HA RBS
sequences were preserved during virus isolation using MDCK-I cells. Since the RBS is
considered to be one of the most variable regions of the influenza virus and prone to
host cell adaptation, we reasoned that molecular variation shown in table 1 is the
result of human adaptation. We cannot, however, fully exclude that some variation
was MDCK culture induced. Nonetheless, human adaptation markers PB2 S714Il and
HA V223I/A were confirmed by direct sequencing.

Although popular phylogenetic analysis uses parametric techniques of maximum
likelihood and Bayesian Markov chain Monte Carlo methods, such results can become
inconsistent when evolutionary rates vary. Especially when using short time scales,
e.g., during local virus outbreaks, the combination of rapidly evolving viruses with non-
evolving variants challenges the molecular clock model, resulting in statistically
inconsistent results [47]. Because maximum parsimony analysis does not assume a
specific distribution and is best suited for analyzing sequences that are quite similar,
this simple approach is the method of choice for analyzing defined virus outbreaks,
such as the HPAI A(H7N7) virus outbreak. By addition of statistical parameters, like the
global cophenetic correlation coefficient, bootstrap, and permutation resampling
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support, the potential avian sources of human A(H7N7) virus infection could be
identified with high significance [34,35].

Genetic variation was not associated with a diagnostic delay, as the difference
between the first day of illness and day of consultation was, on average, 1.3 days for
patients infected with either identical viruses (n=14), infected with viruses with
synonymous mutations (n=8), or infected with viruses with nonsynonymous mutations
(n=23). Furthermore, one A(H7N7) virus obtained from a culler was detected in his
daughter (100% identical) and wife (1 synonymous substitution, 2 days later). From
the wife and a culler, influenza A(H7N7) virus isolates from eye and throat swabs were
available for sequence analysis. Sequence comparison showed no variation between
viruses obtained from eye or throat. The latter can be explained by replication-
independent spread of virus from the eye to the throat [48,49]. The above illustrates
limited A(H7N7) virus adaptation during human infection, probably hampered by
suboptimal virus replication in the human eye combined with oseltamivir treatment.
However, the prolonged 24-day A(H7N7) course of illness of the veterinarian that
eventually died could have facilitated virus adaptation to humans by means of the
mutation PB2 E627K. The phenotype of virus variant PB2 E627K underlines the
importance of the viral RNA replication complex (NP, PA, PB1, and PB2) in human
adaptation of avian influenza viruses [24,30]. Available PA sequences from the
A(H7N7) outbreak revealed amino acid variation of PA codon 666 [24]. Although NP
and PB1 amino acid sequences were identical, variation (L62P) was observed within
the full-length PB1-F2 proteins. Interestingly, this PB1-F2 variant was present in the
A(H7N7) virus obtained from the culler and it subsequently spread to both his wife and
daughter. However, experiments are needed to characterize the effect of PB1-F2
sequence variation on viral pathogenesis.

The HPAI A(H7N7) virus outbreak was most probably initiated by the introduction of an
LPAI virus in poultry, following multiple weeks of silent replication and spread until it
was identified and authorities were notified at the first poultry farm on 28 February
2003 [19,32]. The HPAI A(H7N7) virus subsequently infected 255 poultry farms in the
Netherlands and 8 poultry farms in Belgium [46]. Of interest is the long farm-to-farm
transmission distance of the A(H7N7) variant harboring the four NA substitutions
N308S, A346V, T442A, and P458S, which spread on average >10 km (Fig. 1B). These
variants initiated an A(H7N7) outbreak in Belgium before reemerging in a hobby farm
in the southern part of the Netherlands [46]. A similar observation was made by Shi
and colleagues, who associated NA mutations with rapid geographical spread of avian
influenza A(H9N2) virus in China [50]. The exceptional level of human exposure
resulting from active culling and screening activities over a wide geographical region
during 2.5 months resulted in 89 human A(H7N7) cases. Our results demonstrate that
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viruses obtained from human A(H7N7) conjunctivitis cases reflect the virus diversity
generated in poultry. Of greater concern, we observed the polygenic accumulation and
spread of known virulence and human adaptation markers in A(H7N7) virus-infected
poultry farms following farm-to-human transmission. This implies that HPAI viruses
with pandemic potential can emerge directly from poultry without the need to adapt
in the human host. The dynamics of emerging virus variants in poultry with increased
virulence and enhanced transmission characteristics provide a challenge during culling
activities. Since the public health risk of an avian influenza virus outbreak in poultry
can rapidly change, we recommend virologic monitoring of poultry in addition to
humans during the course of an outbreak in poultry.

Although the emergence and spread of viruses with multiple potential human
adaptation mutations were detected in poultry, the impact of detecting specific
mutations for public health risk assessment is uncertain. Nonetheless, this study
suggests that the effective control of influenza virus in poultry can prevent avian
influenza viruses from acquiring all their prerequisites to become human tropic, in
addition to the reduction of human exposure [51]. Increased awareness by veterinary
and medical authorities is needed to design more efficient surveillance, diagnostic
algorithms, and prepandemic planning strategies.
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Supplemental material

Figure S1. Neighbor Joining tree of concatenated HA, NA and PB2 sequences, rooted on
A/chicken/Netherlands/01/03, illustrates the molecular relation of representative influenza
A(H7N7) strains during the A(H7N7) outbreak similar to the transmission network.
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Abstract

Avian influenza virus-infected poultry can release a large amount of virus-
contaminated droppings that serve as sources of infection for susceptible birds. Much
research so far has focused on virus spread within flocks. However, as fecal material or
manure is a major constituent of airborne poultry dust, virus-contaminated particulate
matter from infected flocks may be dispersed into the environment. We collected
samples of suspended particulate matter, or the inhalable dust fraction, inside, upwind
and downwind of buildings holding poultry infected with low-pathogenic avian
influenza virus, and tested them for the presence of endotoxins and influenza virus to
characterize the potential impact of airborne influenza virus transmission during
outbreaks at commercial poultry farms. Influenza viruses were detected by RT-PCR in
filter-rinse fluids collected up to 60 meters downwind from the barns, but virus
isolation did not yield any isolates. Viral loads in the air samples were low and beyond
the limit of RT-PCR quantification except for one in-barn measurement showing a virus
concentration of 8.48x10" genome copies/m3. Air samples taken outside poultry barns
had endotoxin concentrations of ~50 EU/m3 that declined with increasing distance
from the barn. Atmospheric dispersion modeling of particulate matter, using location-
specific meteorological data for the sampling days, demonstrated a positive correlation
between endotoxin measurements and modeled particulate matter concentrations,
with an R’ varying from 0.59 to 0.88. Our data suggest that areas at high risk for
human or animal exposure to airborne influenza viruses can be modeled during an
outbreak to allow directed interventions following targeted surveillance.
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Introduction

Avian influenza A viruses are highly heterogeneous, with varying pathogenicity across
different species. They are classified into subtypes based on the surface glycoproteins
haemagglutinin (HA) and neuraminidase (NA). Pathogenicity of the virus in chickens is
related to the pathotype: low-pathogenic avian influenza (LPAI) viruses can contain any
type of HA, while highly pathogenic avian influenza (HPAI) viruses invariably contain H5
or H7 [1]. Mortality is a prominent sign of HPAI-infected flocks, whereas LPAI-infected
flocks show milder or even subclinical signs that can wax and wane, making LPAI more
difficult to detect.

In wild birds, avian influenza virus is primarily transmitted through fecally
contaminated surface water in shared aquatic habitats. In these habitats, the viruses
can persist for extended periods, depending on water temperature and physico-
chemical characteristics [2]. In domesticated birds, or poultry, HPAI viruses are
typically found in both feces and respiratory secretions, while LPAI viruses are mainly
shed through the enteric route [3]. Virus-contaminated droppings serve as source of
infection for susceptible birds, and influenza viruses can remain infectious for many
days in poultry litter [4,5]. Dispersal of infectious material into the environment may
occur through ventilation of virus-contaminated dust. In commercial poultry
operations, concentrations of airborne dust are high and include a large component of
fecal material along with food, dander (skin material), feather material, and micro-
organisms [6]. Detection of influenza A virus in air measurements collected within
farms suggest that particulate matter from infected poultry may play a role in avian
influenza virus transmission to humans and birds, and other animals [7,8].

One of the routes for pathogen transmission is through dispersal into outdoor air.
Viruses may be dispersed as single particles or by using other particles (particulate
matter) as a vehicle [9-11]. Recently, Ypma et al. estimated that wind direction could
explain about 18% of the total transmission of avian influenza between farms during
an outbreak of influenza A(H7N7) virus in 2003 [12]. However, wind direction alone
does not quantify the amount of pathogen transmitted to a certain distance, as wind
speed is another important factor [13]. Atmospheric dispersion models (ADMs) take
these and other factors into account and have been applied to analyse the correlation
between airborne pathogen transmission and the incidence of disease in the nearby
surroundings for Legionella pneumophila [14], foot-and-mouth disease [15], Coxiella
burnetii [16], and avian influenza virus [17]. Although the ADM data are suggestive of
airborne pathogen dispersion, laboratory data have not yet confirmed that airborne
avian influenza viruses are indeed detectable in the air downwind of a source.
Previously, we demonstrated that farm-to-farm spread of avian influenza viruses was
associated with accumulated mutations that increase the public health risk of HPAI
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A(H7N7) viruses [18]. In addition, LPAI virus replication in poultry may trigger the
emergence of an HPAI variant by alteration of the HA cleavage site, facilitating
systemic infections. The consequent importance of early control of outbreaks became
very clear with the 2013 emergence of avian influenza A(H7N9) viruses in China.
Despite causing severe illness in humans, these viruses have the LPAI phenotype,
making it hard to identify the avian sources and rendering humans as sentinels [19-21].
Gaining more insight into the transmission routes of avian influenza will help provide a
more solid basis for current outbreak response strategies, and thereby could
eventually reduce the public health risk associated with outbreaks.

In this study, we collected samples of suspended particulate matter, or inhalable dust
fraction, inside, upwind and at several distances downwind of buildings holding poultry
infected with LPAI. The samples were tested for the presence of influenza virus and for
endotoxins, a marker for microbial exposure of poultry and livestock, since they have a
high presence in commercial farms and can be quantified in the adjacent outdoor air
[22]. We hypothesized that particulate matter may be used as a substitute for
dispersion monitoring of avian influenza transmitted into the environment during
outbreaks [10]. Consequently, airborne microbial exposure was determined by
measuring endotoxin concentrations at different distances from farms and compared
with an ADM to test the applicability of this model for the rapid characterization of a
geographical region exposed during future outbreaks of avian influenza.

Materials and Methods

Farm description

At the following five LPAI-infected farms and one control farm, air samples were taken
at multiple distances from the farms.

Farm 1 was a naturally ventilated organic chicken farm composed of an indoor-housed
flock and a free-range flock. An LPAI A(H7N7) virus infection was detected by targeted
investigation following signs of reduced food consumption, diarrhea, and limited
growth of 8900 22-week old chickens. All chickens were culled on the day of
confirmation of virus presence, in accordance with European guidelines for avian
influenza virus subtypes H5 and H7 in commercial poultry (EU directive 92/40/EEC).
Outdoor air sampling was initiated approximately six hours after the culling, at
locations upwind and downwind of the farm.

Farm 2 was a mechanically ventilated turkey farm with 20,600 one-month old turkey
chicks. It was tested for the presence of influenza virus because of negative health
reports, showing infection with LPAI A(HON2) virus. Nine days after sampling of the
birds, air sampling was performed at locations upwind and downwind of the farm. No
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control measures were applied following outbreak confirmation, in accordance with
EU guidelines.

Farm 3 was a bird-breeding farm that also housed various mammals and reptiles. Air
was sampled upwind and downwind of 83 healthy-appearing wild swans that had been
captured and were destined for export to a foreign zoo. The swans were quarantined
following a positive screen for LPAlI A(H5N2) virus performed as part of export
guidelines. The air sampling was performed eleven days after A(H5N2) virus-positive
cloaca swabs were collected. Twenty-four days after the initial A(H5N2) virus was
detected, cloaca swabs indicated a continuing infection.

Farm 4 was a mechanically ventilated turkey farm housing three flocks: two with a
total of 4000 21-week-old hens and one with 18,000 one-week-old chicks. In the hens,
an LPAl A(H10N9) virus infection was detected following reports of reduced food
consumption, respiratory signs including coughing, and malaise. Air sampling was
performed at downwind locations nine days after the A(H10N9) virus-positive cloaca
and trachea swabs were collected. No control measures were applied following
outbreak confirmation.

Farm 5 was a mechanically ventilated mixed farm composed of two turkey flocks and a
number of pigs. One turkey flock included 4000 20-week-old turkey cocks; the other
included an unknown number of chicks. An LPAI A(H10N9) virus infection was detected
following reports of increased mortality, nasal discharge, and respiratory signs in the
20-week-old turkeys. Air sampling inside and at downwind locations of the barn was
performed three days after the A(H1ON9) virus-positive cloaca and trachea swabs were
collected. No control measures were applied following outbreak confirmation.

Farm 6, included as a control, was a naturally ventilated turkey farm that housed
16,500 one-month-old chicks. It was chosen because it was relatively isolated, with no
commercial turkey farms (closest at + 10 km) or chicken farms (closest at + 4 km) in the
immediate surroundings. In addition, the distance to nearest other livestock farms was
>1 km. Air sampling was performed at downwind locations.

Environmental samples

Environmental sampling was performed either on private land with permission of the
owner or on public roads requiring no permissions. The experiment did not involve
endangered or protected species.

Airborne inhalable dust samples were initially captured on a 37-mm diameter Teflon
filter with a pore-size of 2.0 um (SKC, PA, USA) using the GSP personal sampler (JS
Holdings, Stevenage, UK) equipped with a conical inlet with an 8-mm diameter orifice
at the front. The sampler meets the CEN/ISO/ACGIH criterion for inhalable dust when
operated at 3.5 L per minute, which was achieved with a constant-flow pump (Gill air
5, Gillian, UK). Using a tripod, sampling was performed 1.5 m above ground for a six-
hour period, resulting in a filtered-air volume of 1.3 m”. Multiple GSP samplers were
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used for simultaneous collection of inhalable dust samples at several distances from a
farm. Immediately after sampling, the GSP sampling heads were wrapped in plastic
before transport from field to laboratory, where they were stored at -20°C until
further use.

In addition to the six-hour GSP air-sampling strategy, a short-term strategy using a
portable air sampler was incorporated halfway into this study. The short-term air
samples were obtained with an MD8-AirPort Air Sampler (Sartorius, Gottingen,
Germany) equipped with cellulose nitrate filters having a pore size of 8 um. This
sampler was operated at 50 L per minute, with a sampling time of 20 minutes,
resulting in a filtered-air volume of 1.0 m>. One MD8-AirPort sampler was used for
consecutive collection of air samples at several distances from a farm. Immediately
after sampling, each cellulose nitrate filter was transferred to a sterile Petri dish before
transport from field to laboratory and storage at —20°C [23,24].

Influenza virus recovery

Our procedure for the detection of airborne influenza viruses was adopted from
knowledge gained during a Q fever outbreak. We therefore evaluated whether the
method for detecting Coxiella burnetii DNA in inhalable airborne dust collected on
Teflon filters could be used for recovery of influenza virus by reverse transcriptase PCR
(RT-PCR), using cell-culture grown influenza virus as a control [25]. We used three
additional filter extraction procedures to determine which allowed the most sensitive
RT-PCR detection of influenza viruses on filters.

To each filter we applied 20 individual 5-uL drops of heat-inactivated LPAI virus
A/Mallard/NL/12/2000 (H7N3) in Dulbecco's modified Eagle medium (Gibco, NY, USA),
corresponding with 1.3 x 10° influenza genome copies [26]. The filters were air-dried
and shaken for one hour in 4 mL pyrogen-free water with 0.05% Tween 20
(Calbiochem, CA, USA), with (method A) or without (method B) subsequent enzyme
treatment intended to free bacterial DNA. Enzyme treatment consisted of adding 100
uL of 1 mg/mL lysostaphin (Sigma, MO, USA) and 20 pL of 20 mg/mL lysozyme (Sigma)
followed by incubation for 35 minutes at 37 °C, after which 400 pL of 20 mg/mL
proteinase K (Roche diagnostics, Rotkreuz, Switzerland) was added and incubated for
10 minutes at 55 °C. Enzymes were then heat-inactivated at 95 °C for 10 minutes. This
step was followed by DNA/RNA extraction using the NucliSens Magnetic Extraction Kit
(bioMérieux, Marcy-I'Etoile, France) according to the manufacturer’s instructions [25].
Alternatively, spiked filters transferred to 2mL Eppendorf tubes containing 1 mL PBS
and 1% Triton X-100 (BDH Chemicals, Poole, UK) were vortexed 3x10 seconds (method
C), were mixed using a bench rocker for 30 minutes (method D) or sonicated for 30
minutes (method E), followed by RNA extraction as described below. For use as
reference material, 100 pL influenza A/Mallard/NL/12/2000 (H7N3) virus was directly
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resuspended in 900 pL PBS and 1% Triton X-100. All procedures were performed in
triplicate.

The presence of influenza virus was measured by a real-time influenza virus-specific
RT-PCR as described below [26]. All obtained cycle-threshold (Ct) values were within
the linear part (R2 = 0.9995) of the RT-PCR amplification. Influenza virus recovery was
calculated by comparing the averaged Ct values per extraction procedure with the
averaged Ct values of the reference material. The method with highest recovery was
used in subsequent experiments.

Environmental air sample processing

The Teflon filters (37mm diameter) collected from the GSP after air sampling were cut
in half and transferred to 2 mL Eppendorf tubes prefilled with either 1 mL PBS
containing 1% Triton X-100 or 1.5 mL infection medium consisting of Modified Eagle
Medium with Hanks' BSS (BioWhittaker, Verviers, Belgium) supplemented with 10%
PGR-albumin, penicillin, streptomycin, nystatin, L-glutamine, HEPES, and trypsin. The
larger cellulose nitrate filters (80mm diameter) were likewise cut in half and
transferred to 15-mL Greiner tubes prefilled with either 1.5 mL PBS containing 1%
Triton X-100 for molecular testing, or 5 mL infection medium. Filters in infection
medium were vortexed for 10 seconds followed by 0.22 um filtration, and 300 pL
(Teflon) or 2 mL (cellulose nitrate) of the flow-through was subsequently used for virus
isolation.

Detection of influenza virus

RNA was extracted from 600 pL of the recovered fluids from Triton X-100-treated
Teflon and cellulose nitrate filters using the High Pure RNA isolation Kit (Roche), and
influenza virus real- time RT-PCR was used to detect the matrix gene of the influenza
virus [26,27]. The influenza virus RT-PCR had a linear amplification range up to Ct value
31.15, corresponding with a limit of quantification of 1.1 x 10* genome copies per ml
or 3.0 x 10> 50% egg infectious dose (EID50) per ml. The detection limit of the influenza
virus RT-PCR was 320 genome copies per ml or 8.9 EID50 per ml.

Influenza virus isolation

Filter-rinse fluids in infection medium were cultured on tertiary cynomolgus monkey
kidney cells [28] and maintained in culture for a maximum of 2 weeks, or until
cytopathic effect was observed. Presence of influenza virus in the culture supernatants
was verified by RT-PCR as described above. The foregoing is standard procedure for
human influenza virus isolation in our laboratory, which was proven effective for the
isolation of avian influenza viruses during the influenza A(H7N7) virus outbreak in the
Netherlands in 2003 [29]. Consequently, we hypothesized that it could be used to
isolate avian influenza virus from filter fluids.
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Endotoxin measurement

In addition to influenza virus RNA, air samples obtained from farms 4, 5 and 6 were
assayed for endotoxins, which can serve as a generic proxy for airborne poultry and
livestock associated microbial exposure [22]. Endotoxin content of fluids from Triton X-
100-rinsed filters was analyzed by the quantitative kinetic chromogenic Limulus
amebocyte lysate (LAL) assay, described previously [30]. Inhibition or enhancement of
the LAL-assay by application of 1% Triton X-100 was verified in dilution series, but was
not observed when samples were diluted at least 1:50 in the assay. Consequently,
fluids from Triton X-100-rinsed filters were tested in a dilution of 1:50 or higher.
Results were expressed as endotoxin units (EU) per m’ (18 EU=1 ng). The limit of
detection was 1 and 2 EU per m® of filtered air for the GSP and MD8-AirPort
measurements, respectively.

Detection of turkey cells

In addition to the quantification of endotoxins as a generic proxy for airborne microbial
exposure, PCR detection of the Meleagris gallopavo (turkey) gene for mitochondria
cytochrome oxidase 1 (CO1) was performed as a turkey farm-specific proxy for
airborne exposure. Of fluids from Triton X-100-rinsed filters, 200 puL was used for
automated total nucleic acid isolation on a MagNA Pure 96 extraction robot (Roche)
with the MagNA Pure 96 DNA and Viral NA Small Volume Kit. Next, a real-time PCR
assay was performed, targeting a 90-nucleotide fragment of the CO1 gene, using
LightCycler® 480 DNA SYBR Green | Master and the primers TurkeyCOI-F (5'-
ACAACCATATTCTTATCATTAACC-3’) and TurkeyCOI-R (5'-GTTGCATTAAGTATAGGTGTTT-
3).

Atmospheric dispersion model (ADM)

We compared the endotoxin measurements to relative spatial particulate matter
concentrations calculated by the atmospheric dispersion model OPS-ST (Operational
Priority Substances, Short Term) model, version 4. This ADM was developed by the
Dutch National Institute for Public Health and the Environment (RIVM) for the
dispersion modeling of chemical pollutants, i.e. particulate matter and
ammonia/nitrogen oxides generated by traffic, industries, agriculture, and natural
sources [31-33]. The OPS-ST model downloaded hourly-averaged meteorological data
from the Royal Netherlands Meteorological Institute webserver, including wind speed,
wind direction, solar radiation, temperature, precipitation amounts, and precipitation
duration [33,34]. We used coarse particulate matter as a proxy for endotoxin and
assumed an environmental roughness length of 20 cm.

We defined the farms under investigation as point sources in the OPS-ST model, with
arbitrary PM,q emission amounts per hour per source from 10:00AM to 16:00PM on
sampling days. We calculated the concentrations at an above-ground height of 1.5 m



78 | Chapter 3.2

on a grid of 2 x 2 km, with a grid-cell size of 10 m. Since we converted the modeled
concentration levels relative to the concentration near the source, we were able to
compare these modeled data to measured endotoxin concentrations by performing a
linear regression analysis.

Results

Influenza virus recovery

Influenza virus recovery measured by RT-PCR was 10% when Teflon filters were
processed by using method A, but recovery increased to 43% in the absence of enzyme
treatment (method B). Rinsing of filters with PBS containing 1% Triton X-100 using the
alternatives of vortexing (method C), a bench rocker (method D), or sonication
(method E) resulted in influenza virus recovery of 60%, 26% and 57%, respectively.
Based on these results, all filters were processed using method C prior to RNA
extraction and influenza virus detection by RT-PCR.

Influenza virus detection

As the applied influenza A virus RT-PCR demonstrated a limit of detection of
approximately 6 genome copies per reaction, the processing of filter-rinse fluids
combined with the available virus recovery data led to a theoretical limit of detection
of approximately 300 and 500 influenza genome copies per m?® of filtered air for the
GSP and MD8-AirPort measurements, respectively. Influenza A viruses could be
detected by RT-PCR in outdoor-air samples obtained up to 60 meters downwind of
commercial turkey farms 2, 4 and 5, which had ongoing LPAIl infection (Table 1).
However, the corresponding Ct values were high and beyond the linear RT-PCR
amplification range (Ct value > 31.15), hampering virus quantification except for an
indoor-air sample from farm 5 that had an influenza virus concentration of 8.48 x 10*
genome copies per m>. The air measurements initiated approximately six hours after
the culling of farm 1 yielded no influenza virus. In addition, none were detected in the
filter fluids from the air measurements obtained near the LPAl-positive swans at farm
3 or near control farm 6. Despite the fact that some of the air filters tested positive for
influenza virus RNA, the GSP and MD8-AirPort filters yielded no virus isolates.

Endotoxin measurement

For farms 4, 5 and 6, fluids from Triton X-100-rinsed filters were likewise tested for the
amount of air-suspended endotoxins (Table 1, Fig 1). As expected, endotoxin
concentrations decreased as function of distance from the source, suggesting a
reduction in microbial exposure with increasing distance. Air samples taken outside
poultry barns had endotoxin concentrations of ~50 EU/m? at distances up to 50 meters
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Table 1. Combined dataset depicting the farms, air-sample type, and location relative to the
barn, and corresponding laboratory results including influenza virus RT-PCR detection, turkey
COl RT-PCR detection, endotoxin quantification, and modeled relative particulate matter
concentrations of all GSP and MD8-AirPort filters assayed.

Farm  species virus air sample  distance bearing type of influenza turkey Endotoxin OPS
No. subtype  type from barn frombarn  measurement virus (Ct coi(Ct EU/m3 conc.
value) value) (log)
1 chickens H7N7 GSP: Teflon  42m 93° downwind neg nd nd nd
GSP: Teflon  53m 61° downwind neg nd nd nd
GSP: Teflon  150m 95° downwind neg nd nd nd
GSP: Teflon  200m 86° downwind neg nd nd nd
GSP: Teflon  190m 232° upwind control neg nd nd nd
2 turkeys ~ HON2 GSP: Teflon  40m 81° downwind 36.59 nd nd nd
GSP: Teflon  44m 129° downwind 38.91 nd nd nd
GSP: Teflon  58m 44° downwind 37.76 nd nd nd
GSP: Teflon  560m 91° downwind neg nd nd nd
GSP: Teflon  320m 143° upwind control neg nd nd nd
3 swans H5N2 GSP: Teflon  4m 30° downwind neg nd nd nd
GSP: Teflon  20m e downwind neg nd nd nd
GSP: Teflon  20m 348° downwind neg nd nd nd
GSP: Teflon  60m 70° downwind neg nd nd nd
GSP: Teflon  98m 54° downwind neg nd nd nd
GSP: Teflon  290m 177 upwind control neg nd nd nd
4 turkeys  H10NS GSP: Teflon  7m 56° downwind 34.00 32.10 56.99 -0.42
GSP: Teflon  8m 109° downwind 35.81 33.83 26.14 -0.42
GSP: Teflon ~ 54m 58° downwind 34.97 neg 8.80 -1.17
GSP: Teflon  100m 53° downwind neg neg 6.44 -1.56
5 turkeys ~ H10N9 MD8: om inside turkey 30.54 31.05 339.99 0.00
Cellulose stable
nitrate
GSP: Teflon  15m 104° downwind 32.96 40.00 3193 -0.76
GSP: Teflon  28m 130° downwind 36.3 neg 7.10 nd#
MD8: 44m 84° downwind 35.94 neg 111.42 -1.01
Cellulose
nitrate
GSP: Teflon  47m 7° downwind 34.31 40.00 48.31 -1.01
MD8: 54m 36° downwind 36.38 neg 71.89 -1.18
Cellulose
nitrate
GSP: Teflon  59m 30° downwind 34.56 neg 13.71 -1.37
MD8: walkabout downwind neg neg 98.72 nd
Cellulose
nitrate
MD8: 0m inside pig stable  neg neg 98990.06 nd
Cellulose
nitrate
MD8: om inside turkey neg 37.29 86.26 nd
Cellulose chick stable
nitrate
6 turkeys  None MD8: 37m 15° downwind neg neg 6.97 221
Cellulose
nitrate
MD8: 38m 24° downwind neg neg 31.59 -1.09
Cellulose
nitrate
MD8: 44m 42¢ downwind neg neg 15.21 -1.00
Cellulose
nitrate
MD8: 100m 47° downwind neg neg 747 -1.89
Cellulose
nitrate
MD8: 110m 59° downwind; rain neg neg 2.60 -1.59
Cellulose
nitrate
MD8: 110m 50° downwind neg neg 7.07 -1.81
Cellulose
nitrate
MD8: 160m 85° downwind neg neg 5.00 -1.45
Cellulose
nitrate
MD8: 190m 40° downwind neg neg £ -2.35
Cellulose
nitrate
MD8: 200m S5 downwind neg neg o -2.18
Cellulose
nitrate
MD8: 410m 71° downwind neg neg 382 -2.37
Cellulose
nitrate

nd) not determined
#) Below detection limit
#) outside plume



80 | Chapter 3.2

from the farm. At 100 meters and further from the farm, endotoxin concentrations
decreased to <10 EU/m3. The highest endotoxin concentrations detected in outdoor-
air samples corresponded with two MD8-AirPort measurements at poultry farm 5,
probably influenced by emissions from a nearby upwind-located pig shed with an
indoor endotoxin level of 99.000 EU/m3.

Figure 1. Endotoxin 1000
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from the poultry barn, § A S
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O
(o]
1 T
1 10 100 1000

Distance from barn (m)

Detection of turkey cells

The presence of air-suspended turkey cells was confirmed in samples obtained from
farms 4 and 5 (Table 1). The three downwind dust samples collected closest to the
farm tested positive for the turkey cells. However, at distances > 10 m, turkey cell
concentrations reached the limit of CO1 detection.

Atmospheric dispersion modeling of particulate matter

Fig 2A shows the modeled relative concentrations of particulate matter at farms 4, 5
and 6. We next determined the modeled concentrations at the locations of air
sampling (Table 1) and plotted them against the corresponding endotoxin
concentration of each air filter location (Fig 2B). Air filters exposed to rain, located
outside the dust plume, or showing an endotoxin concentration below the limit of
detection were excluded. In general, endotoxin measurements and modeled relative
concentrations of particulate matter showed a good correlation: linear regression
analysis for farms 4 and 5 resulted in slopes of 0.72 (95% Cl: 0.09 — 1.55) and 0.78 (95%
Cl: 0.08 — 1.64), respectively, and an R’ of 0.88 and 0.61, respectively. Analysis of farm
6 resulted in a slope of 0.45 (95% Cl: 0.02 — 0.88) and an R’ of 0.59. Combining the data
of farms 4, 5 and 6 resulted in an overall slope of 0.69 (95% Cl: 0.42 — 0.97) and an R’
of 0.65.
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Figure 2. Dispersion of particulate matter around poultry farms, based on field measurements
of endotoxin concentrations in air samples and OPS-ST particulate matter modeling. A) Maps
illustrating the air sampling locations together with the atmospheric dispersion of particulate
matter (relative to the source) that was modeled using meteorological data corresponding with
the day and timeframe (10:00AM—16:00PM) of air sampling. B) Scatterplot of modeled
dispersion and measured endotoxin concentration. Qualitative results of influenza virus RNA and
turkey cell DNA detection are depicted as well.
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Discussion

We demonstrate the wind-mediated spread of influenza virus-contaminated poultry
dust into the environment during influenza outbreaks in commercial poultry farms
based on detection of the air-suspended virus downwind of farms. The observed
influenza virus concentration of 8.5 x 10" genome copies per m?> air inside turkey farm
5 is in agreement with previous reports of 6.9 x 10" influenza virus particles per m?
detected in chicken houses and 3.7 x10* particles per m’ in a chicken pen, respectively
[7,8]. As the mechanical ventilation rates of commercial poultry housing range from a
minimum of 0.5 m*/kg/hr up to 4.0 m>/kg/hr, the amount of air that is forced into the
environment was at least 40.000 m® per hour for farm 5, corresponding with the
emission of over 3 x 10 influenza virus genome copies per hour. A very large volume
of virus particles could be shed into the environment during an outbreak, particularly
with a source of prolonged emission like farm 4, where the infection started two
weeks before the positive air samples were obtained. Such geographic dispersal of
airborne virus may explain the detection of influenza virus RNA in, for example, dust
swabs and samples of soil and mud puddles taken in areas surrounding farms positive
for influenza A(H5N1) virus [35].

A crucial question when using this data for risk assessment is whether the viruses
remain infectious during dust-mediated dispersal. We did not detect any infectious
virus in our study, perhaps due to the sampling procedure. Mandal and Brandl (2011)
have shown that dehydration stress caused by filtration reduces survival rates of
bacteria [36]. Likewise for influenza viruses, filtration was found to reduce viability
[37,38]. Even when air is not passed through a filter, infectious influenza virus can
decay with a 1-2 log reduction after drying at room temperature [39,40]. Filtration and
the subsequent processing of samples is therefore not optimal for the detection of live
microorganisms, although Spekreijse et al. demonstrated that using a less dehydrating
filter medium like gelatin allows detection of infectious influenza viruses in air-filter
samples [41]. In our study, environmental conditions could also have led to influenza
virus inactivation. Finally, virus recovery may have been reduced by 0.22 um syringe
filtration of the inoculum prior to cell culture inoculation, to minimize bacterial
contamination. Our results are in agreement with the RT-PCR detection of swine
influenza at locations downwind from swine farms using liquid cyclonic collectors, for
which virus infectivity could not be confirmed, possibly due to low virus loads
combined with physical disruption of viruses during air sampling [42].

In addition to virus detection by RT-PCR, the presence of turkey-specific CO1 gene was
confirmed by PCR. Although this proxy for airborne microbial exposure is specific for
turkey (farms), it appeared to be less sensitive than the generic endotoxin proxy.
Nevertheless, the association between detectable virus and host nucleic acids
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illustrated the potential application of CO1 gene sequencing to assess sources of
zoonotic agents in environmental samples.

Data from the six-hour measurements with GSP personal samplers confirmed the
presence of influenza virus in the inhalable dust fraction of outdoor air near infected
poultry farms. In addition to the approximately 10° microbial cells present in 10 m?® air
that humans inhale during the course of a day [36], our data suggests that humans
living downwind of influenza virus-positive farms are possibly exposed to these virus
particles. Unfortunately, our use of low-volume air samplers resulted in the detection
of unquantifiable influenza virus RNA in the outdoor air. The use of high-volume air
samples will presumably provide data that are more robust and allow outdoor air
characterization at larger distances from an infected barn. In addition to the
characterization of wind-borne influenza virus exposure, determining the infectivity of
wind-borne influenza virus is challenging. Due to the loss of virus viability by air
sampling methods, placement of naive sentinel animals at a grid downwind of infected
poultry farms is the method of choice to obtain relevant and conclusive data on the
public health impact of wind-borne influenza virus spread. Such data can also be
gained by sero-surveillance studies of humans and animals previously exposed to the
virus.

As the average size of single influenza virus particles is 80 — 120 nm, our capture of
viruses with 2.0 um and 8.0 um pore-sized filters suggests that these virus particles are
indeed dispersed using other particles (particulate matter) as a vehicle [9-11,43].
However, the mesh of fibers in aerosol filters (including Teflon and cellulose nitrate
filters) enable efficient collection of much smaller particles than their pore-size would
indicate [44]. Consequently, more research is needed to characterize the particle size
distribution in relation to the detection of influenza virus RNA. Although the amount of
influenza virus RNA in outdoor air near barns was unquantifiable, airborne poultry and
livestock associated microbial exposure was determined by measuring concentrations
of endotoxin. Endotoxin concentrations measured at different distances from farms
were compared with modeled concentrations of particulate matter. Despite the many
variables that potentially influenced the relationship between emission of particles and
concentration, a good correlation between field measurements and modeled
particulate concentrations was observed (Fig 2B). Although the 95% confidence
intervals of the slopes corresponding with individual farms were large, combining all
farms reduced the confidence interval, possibly by averaging out errors.

Our results suggest that an ADM like the OPS-ST model could be used to model the
dispersion of outdoor airborne pathogens prospectively. However, the quantitative
model outcomes should be regarded as indicative, given the number of unknown
uncertainty factors. For example, the model predicts dispersion of PMy, while it is yet
unknown what proportion of influenza viruses are associated with the PM;, fraction of
airborne particulate matter. Nor is it known how the pathogens are distributed over
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the different size fractions within PM,,. Although an association was found between
modeled and measured concentrations, the slopes in Fig 2B did deviate from 1,
suggesting that dispersion is slightly different for endotoxins than for modeled dust.
The difference should be clarified in future studies. Moreover, it should be noted that
virus inactivation (e.g., as a result of UV-radiation or dehydration) is not included in the
model. Since our measurements were performed at relatively short distances from the
infected farms, absence of an inactivation rate will not lead to high biases. At larger
distances, however, the inactivation rate will be more important and must be included
when this type of information becomes available.

In accordance with EU directive 92/40/EEC, controlling outbreaks of HPAI viruses relies
on movement restrictions for farms within a radius of at least 10 km of an infected
farm, along with culling of infected poultry. Depending on the outbreak severity,
additional control measures can be taken including preventive ring-culling of farms
within a (1-5 km) radius of an infected farm and extended (nationwide) standstill for
the transport of live poultry. Despite such measures, avian influenza virus outbreaks in
areas with high concentrations of poultry have been difficult to control, resulting in
large-scale culling in the Netherlands, Canada and Mexico [45-47]. More directed
interventions can potentially limit the duration of the outbreak and the number of
culled farms [48]. Gaining insight on farm-specific virus spread allows directed
interventions following targeted surveillance.

In this study, we demonstrated the presence of airborne influenza virus RNA
downwind from buildings holding LPAl-infected birds, and observed correlation
between field data on airborne poultry and livestock associated microbial exposure
and the OPS-ST model. These findings suggest that geographical estimates of areas at
high risk for human and animal exposure to airborne influenza virus can be modeled
during an outbreak, although additional field measurements are needed to validate
this proposition. In addition, the outdoor detection of influenza virus-contaminated
airborne dust during outbreaks in poultry suggests that practical measures can assist in
the control of future influenza outbreaks.

In general, exposure to airborne influenza virus on commercial poultry farms could be
reduced both by minimizing the initial generation of airborne particles and
implementing methods for abatement of particles once generated [6,49]. As an
example, emergency mass culling of poultry using a foam blanket over the birds
instead of labor-intensive whole-house gassing followed by ventilation reduces both
exposure of cullers and dispersion of contaminated dust into the environment,
contributing to the control of influenza outbreaks [50,51].
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Abstract

High-throughput sequencing (HTS) of viral samples provides important information on
the presence of viral minority variants. However, detection and accurate quantification
is limited by the capacity to distinguish biological from artificial variation. In this study,
errors related to the Illumina Hiseq2000 library generation and HTS process were
investigated by determining minority variant frequencies in an influenza
A/WSN/1933(H1N1) virus reverse-genetics plasmid pool. Errors related to
amplification and sequencing were determined using the same plasmid pool, by
generation of infectious virus using reverse genetics followed by in duplo reverse-
transcriptase PCR (RT-PCR) amplification and HTS in the same sequence run.

Results showed that after “best practice” quality control (QC), within the plasmid pool,
one minority variant with a frequency >0.5% was identified, while 84 and 139 were
identified in the RT-PCR amplified samples, indicating RT-PCR amplification artificially
increased variation. Detailed analysis showed that artifactual minority variants could
be identified by two major technical characteristics: their predominant presence in a
single read orientation and uneven distribution of mismatches over the length of the
reads. We demonstrate that by addition of two QC steps 95% of the artifactual
minority variants could be identified. When our analysis approach was applied to three
clinical samples 68% of the initially identified minority variants were identified as
artifacts.

Our study clearly demonstrated that, without additional QC steps, overestimation of
viral minority variants is very likely to occur, mainly as a consequence of the required
RT-PCR amplification step. The improved ability to detect and correct for artifactual
minority variants, increases data resolution and could aid both past and future studies
incorporating HTS. The source code has been made available through Sourceforge
(https://sourceforge.net/projects/mva-ngs).
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Introduction

RNA viruses are present within hosts as a cloud of closely related non-identical
genomes, often referred to as the viral quasispecies [1, 2]. The development of high-
throughput sequencing (HTS) technologies has provided the opportunity to investigate
the viral quasispecies composition and detection of viral minority variants at
frequencies well below 10-20%, generally accepted as the detection limit of Sanger
population sequencing [3, 4]. However, it is essential to distinguish true biological
variation from artificial variation introduced by the laboratory and sequencing
methods used. Over time, several approaches to error-correction have been
developed incorporating complicated probabilistic methods. These methods use the
read sequence information but ignore the corresponding phred quality scores [5-7]. In
addition, most error-correction algorithms were designed for invariable genomes like
the human genome, and generally assumed that errors were not only random and
infrequent, but can be corrected using the majority of the reads that have the correct
base [6, 7]. For usage in viral population sequencing this assumption does not apply as
each variant in theory could represent a unique viral variant, and different approaches
for viral quasispecies reconstruction have been designed, like local haplotype
reconstruction incorporated in Shorah [5, 8, 9]. However, these methods still rely
solely on read sequence information requiring prior QC steps. In addition, while Shorah
performs well using long read sequences and relatively small sized datasets, typical for
Roche 454 data, it does not scale well to the shorter reads and much larger lllumina
datasets as it can only handle up to one million reads, limiting the usability with
Illumina sequencers. As different HTS platforms utilize different sequencing methods
we showed in a previous study on serially passaged influenza A(H1N1)pdmQ9 virus,
that while identical minority variants were detected using the Roche 454 and Illumina
GAlIx HTS platforms, the frequencies of these variants could vary depending on the
platform used [10]. Sequencing chemistries of these HTS platforms have been
upgraded to produce longer read lengths with improved error profiles which might
lead to more sensitive and reliable detection of viral minority variants [11].

The aim of the current study was to identify and characterize the type of technical
errors that were introduced due to the RT-PCR amplification and HTS process itself.
Therefore, HTS datasets were generated directly from a pool of eight influenza A virus
reverse genetics plasmids as well as from RT-PCR amplified viral RNA produced by
reverse genetics using the same plasmid pool. After current “best practice” QC,
mismatch frequencies per reference genome position were reduced in all three
samples, but a large number of minority variants were still identified and assumed to
be the result of the RT-PCR amplification and sequencing procedures. We analyzed
these minority variants in more detail and show that by using two additional
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bioinformatic analysis steps, applicable to large datasets, 95% of erroneous bases were
detected and could be corrected for. Additionally, we then demonstrate the usability
of our approach using three influenza A positive clinical samples. Finally, we discuss
the flexibility of our methods for the application to HTS datasets generated from other
platforms.

Materials and methods

Plasmid DNA and reverse genetics

Reverse genetic system plasmids containing the individual full-length segments of
influenza A/WSN/33 (HIN1) virus PB2, PB1, PA, HA, NA, NP, MP, and NS in a pHW2000
backbone were kindly provided by Webster. Plasmid DNA was isolated using Maxi prep
column purification according to the manufacturer's protocol (Macherey-Nagel). An
80% confluent monolayer of epithelial human embryonic kidney (HEK) 293T/17 cells
(ATCC no. CRL-11268) in a T25 tissue culture flask was transfected with an equimolar
mixture of the eight WSN33 reverse genetic plasmids (1 pg DNA each) and 20 pl
Lipofectamine 2000 (Invitrogen) according to the manufacturer's protocol. Medium
was replaced 16 h after transfection with Dulbecco's modified eagle medium (DMEM;
Invitrogen) containing 1% fetal calf serum (FCS). Virus-containing supernatant was
harvested 48 h after transfection, and cells and cell debris were removed by
centrifugation [4 min at 400 relative centrifugation force (RCF)] and filtration through a
0.2-um filter (FP 030/3; Schleicher and Schuell). For RNA extraction and consecutive
full-genome amplification, 200 pl supernatant was added to 400 pl lysis binding buffer
(High Pure RNA isolation kit; Roche). The remaining supernatant was aliquoted and
stored at -80°C.

Clinical samples

From three patients with laboratory-confirmed influenza A(H1N1)pdmO09 virus
infection, viral RNA was extracted from throat swabs using the High Pure RNA isolation
kit (Roche) with an on-column DNase treatment, according to the manufacturer's
protocol. The clinical samples were obtained as part of routine diagnostic procedures
in the Academic Medical Centre (Amsterdam, The Netherlands) in accordance with
national and institutional regulations concerning the procurement and usage of
patient-derived materials.

Full influenza genome RT-PCR amplification

RT-PCR amplification was performed as described previously [12]. In short, for each
sample, two separate RT-PCR reactions were performed using primers common-
unil2R (5-GCCGGAGCTCTGCAGATATCAGCRAAAGCAGG-3'), common-unil2G (5'-
GCCGGAGCTCTGCAGATATCAGCGAAAGCAGG-3'), and common-unil3 (5'-
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CAGGAAACAGCTATGACAGTAGAAACAAGG-3'). The first RT-PCR contained the primers
common-unil2R and common-unil3. The second RT-PCR contained the primers
common-unil2G and common-unil3 that greatly improved the amplification of the
PB2, PB1, and PA segments. Reactions were performed using the One-Step RT-PCR kit
High Fidelity (Invitrogen) in a volume of 50 ul, and contained 5.0 ul eluted RNA, and
final concentrations of 1X SuperScript™ Il One-Step RT-PCR reaction buffer, 0.2 uM of
each primer and 1.0 pL SuperScript™ lll RT/PlatinumTM Taq High Fidelity Enzyme Mix
(Invitrogen). Thermal cycling conditions were: reverse transcription at 42°C for 15 min,
55°C for 15 min, 60°C for 5 min; initial denaturation/enzyme activation of 94°C for 2
min; five cycles of 94°C for 30 s, 45°C for 30 s, slow ramp (0.5°C/s) to 68°C, 68°C for 3
min; 30 cycles 94°C for 30 s, 57°C for 30 s, 68°C for 3 min; and final extension of 68°C
for 5 min. After the RT-PCR equal volumes of both reactions were combined to
produce a well distributed mixture of all eight influenza segments.

lllumina HiSeq2000 sequencing

Each sample was diluted to a DNA concentration of 50 ng/uL and sheared by
nebulization. Samples were then subjected to end-repair, A-overhang, and adaptor
ligation with MID-tags using the lllumina TruSeq DNA sample preparation kit. The
libraries were multiplexed, clustered, and sequenced on an lllumina HiSeq2000
(TruSeq v3 chemistry) with a paired-end 100 cycles sequencing protocol with indexing
according to manufacturer's protocol [10, 12]. After analysis with the lllumina CASAVA
pipeline version 1.8.2, resulting datafiles were split into separate sample specific fastq
files based on the used multiplex identifier (MID) sequence using the readset parser
function of QUASR version 7.0.1 [10, 13].

Pre-mapping quality control

Quality control (QC) consisted of several bioinformatic steps which were divided in
pre-mapping and post-mapping QC. All steps were performed using in-house
generated “PHP: Hypertext Preprocessor” (PHP) scripts which are available upon
request. Pre-mapping QC steps included the removal of reads from datasets containing
uncalled bases (N's) followed by the removal of read parts that exactly matched any of
the primers used. Next, the removal of low quality nucleotides from read ends
(defined as nucleotides with phred score < 30) and removal of low quality read pairs
using the paired end QC function from QUASR version 7.0.1 with median phred cutoff
of 30 and minimal resulting read length of 50 nucleotides (settings -m30 and -I50) [10].
Phred quality scores are logarithmically linked to the base call accuracy and a phred
score of 30 resembles a base call accuracy of 99.9% while a phred score of 40
represent an accuracy of 99.99% [15]. The selection of a median phred value of 30 as a
cutoff value was based on the observation that the largest fraction of reads was
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maintained in the datasets while still providing a strong reduction in low quality
sequence reads (supplementary Figure 1).

Read mapping

Datasets from the plasmid pool and both RT-PCR amplified rgWSN33 samples were
mapped to the influenza A/WSN/1933(H1N1) reference sequence (taxonomy ID:
382835) using the program Burrows-Wheeler Aligner (BWA) version 0.5.9-r16 with the
paired-end mapping option (sampe) and default settings [16]. The three influenza
A(HIN1)pdm09 clinical samples were mapped to the A/California/04/2009
H1IN1pdmO09 virus (taxonomy ID: 641501; Genbank accession numbers FJ966079-
FJ966086).

Post-mapping quality control

Post-mapping QC consisted of the removal of unmapped and unpaired reads from the
Sequence Alignment Map (SAM) files as well as removal of reads containing clipped
ends (i.e., reads with read sequence parts automatically removed by BWA) and/or
insertions/deletions (indels) as identified in the read CIGAR string [17]. Lastly, orphan
reads (i.e., read sequences present without a mate) were removed to generate the
final cleaned datasets.

Mismatch frequency (MMF) per sequence read position

For each mapped sequence read, the read sequence, most left-based starting position
and mapping information summarized in the CIGAR string were extracted from the
SAM file and nucleotides at each mapped read position were compared to the
corresponding reference sequence position [17]. The MMF per sequence read position
was defined as the percentage of all sequenced nucleotides not matching the
reference nucleotide at that read position.

Influenza genome coverage and MMF per reference sequence position

The coverage per influenza genome position was defined as the total of all mapped
nucleotides per reference sequence position with the consensus nucleotide being the
mapped nucleotide with the highest frequency. The MMF per reference position was
defined as the percentage of all mapped nucleotides excluding the consensus
nucleotide frequency.

Sequence specific error (SSE) analysis

Artificial variation which is introduced by the sequencing process will lead to
differences in the MMF in a particular sequencing orientation. Therefore, the MMF at
each reference sequence position was determined for reads mapping to the forward
and the reverse strand of the reference sequence based on the bitwise flag value [17].



100 | Chapter 4.1

An SSE was defined as a position in which the difference in MMF of nucleotides
mapping to the forward and/or reverse strand exceeded the average MMF of all
mapped nucleotides at that position, with a minimal sequencing depth of 50 for both

mapping orientations.

Non-uniform spread of mismatches and frequency recalculation

Biological variation will be present in the viral quasispecies in multiple different RNA
templates which are separately amplified by RT-PCR, hence DNA fragmentation during
library preparation will lead to an even distribution of mutations over the length of the
sequence reads (Figure 1A). In contrast, artificial variation by for instance either
residual primers/adapters or overamplification of a (subset) of libraries during library
amplification will lead to mismatches overrepresented at particular sequence read
positions producing a spike-like pattern when visualized in a “hairy caterpillar plot”
(HCPP). Therefore, reads covering influenza genome positions with an MMF above
0.5% were extracted from the cleaned SAM file and the position of each mutation
within the read was determined. Artificial variation was arbitrarily defined as a minimal
three-fold higher number of mutations at a particular read position above expected
and MMF's were recalculated by excluding the excess of mutations.
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Figure 1. Sequencing quality decreased toward the 3’ read end displayed by an increased
fraction of sequenced nucleotides with a phred <30 (A). This reduced sequencing quality led to
an increased MMF in both the forward (B) and reverse (C) run for the plasmid, RT-PCR 1 and RT-
PCR 2 datasets.
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Results

Mismatches introduced by lllumina HiSeq2000 sequencing and RT-PCR

Illumina HiSeq2000 sequencing generated 14.2 million read pairs for the reverse
genetic plasmid pool sample, and 7.5 million and 4.0 million read pairs for RT-PCR
samples 1 and 2, respectively (Table 1). All three samples were sequenced in the same
run, hence variation in the plasmid pool sample was assumed to be due to the sample
preparation and sequencing process and differences in variation between both RT-PCR
samples and the plasmid pool sample were assumed to be due to the RT-PCR
amplification step.

Table 1. Overview sequence data.

Plasmid RT-PCR 1 RT-PCR 2 cs1 cs2 css
RT-PCR amplified No Yes Yes Yes Yes Yes
Number of read pairs 14,192,571 7,455,869 4,040,876 3,438,654 3,577913 5,480,898
Number of sequenced 2,866,899,342 1,506,085.538 816,266,952 687730,800 715,582,600 1,096,179,600
nucleotides
Read pairs removed Forward 03 0.3 03 0.1 0.1 01
containing N's (% of
total) Reverse 08 08 08 0.2 0.2 03
Nucleotides removed Forward 14 72 72 9.2 9.3 93
due to primer/adapter
removal (% of total) Reverse 12 72 71 42 4.2 1.4
Removed due to median Read pairs 6.0 4.4 43 439 45 14
phred read quality <30
(% of total) Nucleotides 6.0 4.8 4.7 54 5.2 24
Total read pairs removed after 1,001,818 (71%) 399,154 (5.4%) 216,962 (5.4%) 166,215 (5.4%) 159,772 (5.0%) 75,711 (1.8%)
pre-mapping QC
Total nucleotides removed after 336,369,593 (117%)  228,338456 (15.2%) 123,364,266 (15.1%) 96,126,836 (14.0%) 98,606,211 (138%) 158,272,488 (14.4%)

pre-mapping QC

Read sequence quality is known to decrease toward the 3’ read end [11], which was
also observed in our datasets demonstrated by the up to seven-fold increase in the
fraction of sequenced nucleotides with a phred value < 30 in both the forward (from
6.8% at read position 1 to 50.5% at read position 101) and reverse run (from 10.8 to
47.3%, Figure 1A). Without any QC on the sequence reads, this resulted in an average
MMF of 0.49% per read position which increased up to 1.58% in the last 10 read
positions for both the forward and reverse run (Figures 1B,C, supplementary Table 1).
This increase was only partially due to the before mentioned reduction in sequencing
quality, as after applying a phred cutoff of 30 the MMF in the last 10 positions only
decreased to 0.36% (supplementary Table 1). Further investigation of the 3’ sequence
read ends with more than two mismatches showed the presence of partial and/or
mutated Illlumina adapters (data not shown). Furthermore, while the average MMF per
read position for both RT-PCR samples were not markedly different when compared to
the plasmid pool sample the average MMF in the first 10 nucleotides of the forward
run of both RT-PCR samples were increased nearly three-fold compared to the plasmid
pool sample (Figures 1B,C). Further investigation showed that this was due to presence
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of RT-PCR primer sequences (data not shown). If not removed, these Illumina adapter
and primer read sequences would lead to erroneous interpretation of biological
sequence diversity as these sequences were successfully mapped to the reference
sequence. We also investigated whether the library preparation, sequencing process
and RT-PCR amplification influenced the resulting coverage at specific influenza
genome positions. In order to compare between samples, the coverage was expressed
as a percentage of the maximum obtained coverage within that sample (relative
coverage).
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Figure 2. The sequencing process and quality control steps do not lead to a selective bias for
particular influenza segments as comparable relative coverages for the plasmid dataset before
(A) and after (B) QC were obtained. In both RT-PCR samples 1 and 2 preferential amplification of
the smaller segments was observed.

Results showed that in the plasmid pool sample similar relative coverages were
obtained for the different influenza segments indicating that the library preparation
and sequencing steps did not create a bias (Figures 2A,B). However, for the RT-PCR
amplified samples, we observed increased coverages per position for the smaller
influenza segments (Figures 2A,B). In addition, both RT-PCR amplified samples
displayed a marked four-fold increase in coverage in the HA segment starting at
reference position 1189. At reference position 1176, a Unil13-like primer sequence was
identified with only two mismatches compared to the Unil3 primer used for
amplification, highly suggestive for non-specific primer binding and subsequent
amplification.

In summary, preferential amplification of the smaller segments in the RT-PCR
combined with the presence of primer and lllumina adapter sequences led to
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increased mismatch frequencies per sequence read position, which could impact the
accurate detection and identification of viral minority variants.
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Figure 3. The impact of selecting different median phred quality cutoff values on the remaining
reads as displayed by fraction of sequenced nucleotides with a phred <30 for the forward (A)
and reverse (B) run. Increasing the minimal median phred read quality will result in increased
numbers of read pairs being removed from the analysis (C).

Quality control of sequence reads

While there is no gold standard for QGC, it is generally divided in pre-mapping QC and
post-mapping QC steps (see Materials and methods). In pre-mapping QC read pairs
were removed containing uncalled bases, primer sequences as well as low quality
nucleotides from read ends. In the final pre-mapping QC step all remaining read pairs
were required to have a minimal length of 50 and minimal median phred value of 30.
While the selection of a particular median phred cutoff is rather arbitrary, increasing
the median phred cutoff value removed increasing numbers of read pairs from the
datasets to nearly up to 75% for the plasmid pool dataset with a median phred cutoff
of 40 (Figure 3C). With a median phred cutoff of 30, pre-mapping QC led to a total
removal of 7.1% of read pairs (11.7% of sequenced nucleotides) from the plasmid pool
dataset and 5.4% of read pairs (15.1-15.2% of sequenced nucleotides) from the RT-PCR
datasets (Table 1). This lead to a decrease in the fraction of nucleotides with a phred <
30 in both the forward and reverse sequence run (Figures 3A,B). The increased
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percentage of removed nucleotides in the RT-PCR samples was due to removal of
primer sequences from the sequence reads.

Subsequently, datasets were mapped to influenza A/WSN/1933(H1N1) consensus
sequence and 93.7% of the reads that passed pre-mapping QC were successfully
mapped for the plasmid pool dataset, while this was 70.5-70.8% for the RT-PCR
datasets, indicating the presence of sequence reads which differed from the used
reference sequence (Table 2).

Table 2. Overview of mapping data.
Post mapping QC Plasmid RT-PCR 1 RT-PCR 2 cS1 csz cs3

Total sequenced reads 28,385,142 14,911,738 8,081,752 6,877308 7155,826 10,961,796
Reads passing pre-mapping 26,381,506 (92.9) 14,113,430 (94.6) 7647828 (94.6) 6,504,799 (94.6) 6,795,790 (85.0) 10,766,776 (98.2)
QC (% of total)

Mapped reads (% of 24,710,168 (93.7) 9,986,294 (70.8) 5,389,605 (70.5) 6,452,417 (99.2) 6,603,449 (972) 10,109,171 (93.9)
pre-mapping QC passed

reads)

Unmapped reads (% of 1,671,338 (6.3) 4,127136 (29.2) 2,258,223 (29.5) 52,382 (0.8) 192,341 (2.8) 657605 (8.1}
pre-mapping QC passed

reads)

Unpaired reads (% of 982,417 (4.0) 1,168,572 (1.7} 606,859 (11.3) 526,237 (8.2) 513,868 (7.6) 491,450 (4.9)
mapped)

Clipped reads (% of mapped) 498,217 (2.1) 825,102 (8.4) 420,532 (8.8) 61,272 (0.9) 53,788 (0.8) 936,993 (9.3)
Orphan reads (% of mapped) 649,810 (2.8) 1,523,536 (19.1) 837872 119.2) 64,346 (1.0) 56,685 (0.9) 938,518 (9.3)
Total sequenced reads 5,805,418 (20.5) 8,442,654 (56.6) 4,667420 (56.4) 1,076,746 (15.7) 1,176,718 (16.4) 3,220,586 (29.4)

remaved by pre- and

post-mapping QC (% of total)

Total sequenced nucleotides 683,255,156 (23.8) 881,452,097 (58.5) 475,561,924 (58.3) 166,794,256 (24.0) 179,258,081 (24.8) 424,048,489 (28.3)
removed by pre- and

post-mapping QC (% of total)

Post-mapping QC steps showed that in RT-PCR datasets 1 and 2, clipped reads (i.e.,
reads with parts of the read sequence automatically removed by the mapping
software) and unpaired reads were nearly four- and three-fold more frequent
compared to the plasmid pool dataset respectively. In more detail, these reads
predominantly mapped to segment ends and consisted mainly of residual (mutated)
primer and adapters sequences (data not shown). Both clipped and unpaired reads
were removed from the datasets as well as their mate reads (orphan reads) during
further analysis. The percentages of removed reads in the combined QC steps were
20.5% for the plasmid pool dataset and 56.6-56.4% for RT-PCR 1 and RT-PCR 2
respectively, corresponding to 23.8, 58.5, and 58.3% of all sequenced nucleotides
respectively (Table 2).

The average MMF per sequence read position was recalculated using the QC-
controlled datasets and in the plasmid pool datasets the 20.5% removal of sequence
reads led to a 19-fold reduction to an average of 0.02 and 0.03% for the forward and
reverse run respectively. Within the RT-PCR amplified samples an average removal of
56.5% of reads only led to a nine-fold reduction to an average of 0.06% (0.05-0.07%,
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supplementary Table 1). These results indicate, that not only RT-PCR amplification
greatly increased the sample diversity by primarily the introduction of different
(mutated) primer sequences, but also that this artificial variation is not adequately
removed using current “best practice” QC steps.

Analysis of unmapped reads for false negative detection of minority variants

While concerns mainly exist for the presence erroneous minority variants, overly
stringent QC and removal of reads could also lead to a false negative detection of
minority variants. Therefore, sequence reads that passed pre- and post-mapping QC
steps but were not mapped to the reference sequence were analyzed for the presence
of influenza-like sequences. As unmapped reads were most often unpaired, the reads
from the forward and reverse run were analyzed separately. For the plasmid pool
sample 17.9 and 15.2% of unmapped reads from the forward and reverse run mapped
to reference sequence Escherichia coli strain K-12 (Table 3). The source of the E. coli
was most likely the plasmid isolation, as the plasmids were propagated in E. coli. In the
RT-PCR samples only a very low percentage of unmapped reads mapped to E. coli
(0.002 and 0.001%). Human DNA was detected at an average frequency of 1.5% (1.3-
1.6%) in the plasmid pool sample while this was only 0.2% (0.1-0.2%) for the RT-PCR
samples (Table 3). As the majority of unmapped reads remained of unknown origin, all
remaining sequence reads were split in half and both the first and last half of each
sequence read were separately mapped to the influenza A/WSN/1933(H1N1)
reference sequence. Of the first half of the reads nearly 50% (48.2-50.5%) of the
plasmid sample and 57% (55.8-58.0%) of the RT-PCR samples were successfully
mapped. For the last half of the sequence read, these percentages were 26% (25.8 and
27.3%) and 37% (35.5-37.9%). Of these mapped reads, nearly 48.8% in the plasmid
sample and 0.002% in the RT-PCR samples mapped to the plasmid pHW2000 backbone
sequence, while the rest of the mapped read parts were spread over the influenza
segment ends. This indicated that the unmapped reads mainly represented the
sections where the influenza sequence connected with the plasmid sequence.
Interestingly, in 1.0% of split reads, both read halves mapped to the same segment but
at opposite ends, while in only 0.03% of split reads the read parts mapped to separate
gene segments. This indicates that the ligation step during library preparation is not
prone to inducing ligation artifacts. In all three datasets, the reads halves that
successfully mapped were predominantly located at the segment ends, indicating that
these initially unmappable reads consisted of a combination of a mutated Uni12/Uni13
primer and influenza sequence. In conclusion, these observations suggest that false
negatives may occur due to unsuccessful mapping, but the frequency is very likely to
be low and mainly restricted to the segment ends.
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Table 3. Analysis of the unmapped reads.

Post mapping QC Plasmid RTPCR 1 RT-PCR 2 cs1 cs2 ©s3
Total unmapped reads 1,671,338 4,127136 2,258,223 52,382 192,341 657605
Forward run 789,931 1,972,388 1,079,863 26,481 97125 332,493
Reverse run 881,407 2,154,748 1,178,360 25,901 95,216 325,112
Unmapped reads mapped to Forward (%) 141,391 (179) 40 (0.002) 16 (0.001) 0(0.0) 3(0.0) 4(0.0)
E. coli
Reverse (%) 134,312 (16.2) 41(0.002) 11(0.001) 0(0.0) 3(0.0) 3(0.0)
Remaining unmapped reads Forward (%) 12,478 (1.6) 4,378 (0.2) 1,788 (0.2) 7.916(29.9) 78,479 (80.8) 77225 (23.8)
mapped to human genome
sequence hg19 Reverse (%) 11,867 (1.3) 4,012 0.2) 1,592 (0.1) 7894 (30.5) 77976 (819) 77363 (23.3)
Remaining unmapped reads split Forward Front (%) 399,145 (50.5) 1,143,072 (58.0) 621,760 (676) 5,665 (29.9) 4,092 (21.9) 98,904 (39.9)
and remapped to corresponding
reference sequence Back (%) 236,917 (273) 824,898 (373) 456,299 (379) 8,195 (44.1) 8,690 (46.6) 82,033 (33.1)
Plasmid (%) 488 0.002 0.002 NA NA NA
Reverse Front (%) 424,536 (48.2) 1,202,129 (85.8) 667583 (56.7) 4892 (272) 3954 (22.9) 108,518 (41.8)
Back (%) 310,692 (25.8) 948,566 (35.8) 509,174 (35.5) 6713 (37.3) 6305 (36.6) 85,395 (33.5)
Plasmid (%) 49.0 0.002 0.001 NA NA NA

NA, not available.

Detection of viral minority variants

Pre- and post-mapping QC steps reduced the average MMF per reference genome
position in both RT-PCR samples to 0.08 and 0.09% respectively and to 0.03% in the
plasmid pool sample, with only minor differences between the individual influenza
segments (supplementary Table 2). In further detail, the plasmid pool sample had only
one position with a MMF greater than 0.5%, while RT-PCR sample 1 had 84 positions
and RT-PCR sample 2 had 139 positions above this percentage. Minority variants at
these positions would normally be classified as “true” biological minority variants while
a fraction actually reflects artificially introduced variation.

Sequence specific error (SSE) analysis and detection of artificial minority variants

At a combined total of 224 positions, in three separate samples, the MMF was above
0.5%. These positions were located at specific sites in the influenza genome (Figure 4).
For instance, in all three samples an increased MMF was detected at reference
position 666 of PB2. Without a per nucleotide quality cutoff, the MMF's at this position
were 18.4% in the plasmid sample and 21.3-23.8% in the RT-PCR samples, while these
were 0.6%, and 1.1-1.3% after applying a phred quality cutoff of 30. What was striking
was that the mismatches at this position were unevenly distributed between the reads
mapping to the forward and reverse strand. In the plasmid sample, the MMF was 8.8%
in reads mapping to the forward strand and 0.04% in reads mapping to the reverse
strand, indicating a strand bias. The specific T666G mutation was located in a
homopolymer region and it has been known that the lllumina platform has increased
error rates at homopolymeric regions [11]. After SSE analysis (Figure 5) and removal of
positions at which the MMF was associated with a strand bias, no positions with an
MMF above 0.5% remained in the plasmid sample while in RT-PCR samples 1 and 2
only 6 (out of 84) and 21 (out of 139) positions remained. Interestingly, 5 of the 6
positions in RT-PCR 1 were also identified in RT-PCR 2, with only 0.1-0.3% difference in
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mismatch frequencies, indicating that these minority variants were either present prior
to RT-PCR (i.e., introduced by the reverse genetics procedure) or that these particular
errors were specifically introduced by the RT-PCR step.
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Figure 4. MMF's differ at specific reference genome positions depending on the per nucleotide
phred quality cutoff for the plasmid pool (A), RT-PCR 1 (B), and RT-PCR 2 (C) samples.

Detection of artificial variation due to non-random distribution of mismatches
Artificial variation can be identified by the non-random distribution of mismatches
over the sequence reads using hairy caterpillar plots (HCPP analysis). For instance,
influenza position 1976 of PA had a MMF in RT-PCR samples 1 and 2 of 1.2 and 1.5%,
respectively. HCPP analysis showed an even spread of the mismatches over the length
of the sequence reads (Figure 6A). This even dispersal of mismatches indicated that
the increased MMF was not related to any technical error and the corrected mismatch
frequencies were therefore nearly identical at 1.1 and 1.0%. In contrast, influenza
position 2189 of PA showed mismatch frequencies of 0.70 and 0.85% in RT-PCR
samples 1 and 2 and HCPP analysis showed that the mutations were primarily located
within the first and last 10 positions of the reads mapping to the forward and reverse
strand respectively (Figure 6B). This indicated that variation is introduced artificially by
for instance (over)amplification of the mutation in the library preparation. By the
removal of excess mutations the corrected mismatch frequencies decreased for both
RT-PCR samples to 0.2%.
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After the HCPP analysis, two of the six positions in RT-PCR sample 1 remained with a
MMF above 0.5% and 12 of 21 positions in RT-PCR sample 2. Both remaining positions
from RT-PCR sample 1 were also identified in RT-PCR sample 2 (positions PA-1976 and
PB1-1935) with similar mismatch frequencies. As the HCPP analysis is dependent upon
adequate genome coverage it may suggest that reduced coverage is the primary cause
of failing to detect the remaining artificially introduced variation. Indeed, the average
coverage of the 10 remaining positions was 1.489 (675-3.382), which was nearly 22-
fold lower compared the average genome coverage of 33.086 for RT-PCR sample 2.

In conclusion, with the addition of the SSE and HCPP analysis the positions with
increased MMF decreased from 86 to 2 positions in RT-PCR 1 and from 139 to 12
positions in RT-PCR 2 corresponding to an average reduction of 95% (91.4-97.7%). In
addition, the positions with the highest initial mismatch frequencies in RT-PCR 1 and 2
were reduced from an initial 8.9 and 15.9% to 1.1 and 1.5%, respectively. This 1.5%
limit reflects the lowest frequency at which artificial variation remained clearly
distinguishable from biological variation after all pre- and post-mapping steps as well
as SSE and HCPP analysis.

Applicability to clinical samples

The detection of minority variants in clinical samples could be complicated by
additional (unknown) factors, such as low viral load, multiple rounds of viral replication
and/or the presence of bacterial, viral or human DNA. Therefore, our approach was
applied to three influenza A(HIN1)pdmO09 virus positive clinical samples, which
generated between 3.4 and 5.5 million read pairs for each clinical sample (Table 1).
Less than 5.0% of the read pairs of each dataset were removed in pre-mapping QC
steps. The number of unmapped reads per sample were 0.8% for clinical sample CS 1,
2.8% for CS2 and 6.1% for CS3 (Table 2) and predominantly consisted of reads which
mapped to the human genome with substantial variation between samples (23.3-
81.9%). Additional BLAST analysis also showed the presence of reads of bacterial origin
in all three clinical samples consistent with the type of clinical specimen used (data not
shown). After splitting the remaining unmapped reads in two, influenza was still
detected in all three samples (Table 3). As observed with the RT-PCR datasets, read
parts were detected that mapped to opposite ends of gene segments particularly in
the large polymerase genes (PB2, PB1, and PA) in all three clinical samples. After pre-
and post-mapping QC steps, 15.7, 16.4, and 29.4% of sequenced reads were removed
from CS1, CS2, and CS3 datasets, respectively (Table 2).

The average mismatch frequencies per influenza genome position were calculated and
a total of 28, 72, and 162 positions with a MMF above 0.5% were identified in CS1,
CS2, and CS3, respectively. The highest mismatch frequencies were found in HA for CS1
and CS2 [reference position 590 for CS 1 (12.5%) and reference position 261 for CS2
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(10.7%)] while for CS3 the highest MMF was found in two adjacent positions in PB2
[position 275 and 276 (25.0 and 11.9%)]. After SSE analysis, 27 positions remained in
CS1, 70 positions in CS2 and 86 positions in CS3. HCPP analysis further reduced the
number of positions to 16 in CS 1, 58 positions in CS2 and 66 positions in CS3. As the
lowest mismatch percentage at which biological variation was distinguishable from
artificial variation was 1.5% this frequency was used as a cutoff value and five positions
remained in CS1, 23 in CS2 and 5 in CS3. At these positions, most nucleotide mutations
in CS1 and CS3 were silent (four out of five for both samples), 14 out of 23 nucleotide
mutations in CS2 lead to amino acid substitutions of which the highest frequencies
were observed in the HA gene (Table 4). A BLAST search for the HA-N81D substitution
showed that this variant has been identified in Japanese patients. Similarly, several
other HA substitutions were also identified in patients, indicating that these variants
are likely to be actual biological variants.

Table 4. Minority amino acid variants above 1.5% in clinical samples after QC and SSE/HCPP
analysis.

Sample Identified minority variants (>1.5%)

Number of synonimous Identified non-synonimous

mutations mutations (%)
Cs1 4 PA E300K (3.1%)
CS2 9 HA N81D (10.5%), HA L547V

(2.5%), PA 1438L (2.3%), NP
D151N (2.2%), HA S123G (2.1%),
PB2 D153N (2.0%), PB2 P200H
(2.0%), NP A342T (2.0%), NP
A33T (1.9%), NA P328H (1.7%),
NA I132M (1.7%), PB2 A204E
(1.6%), PB1 D638H (1.5%), HA
G519E (1.5%)

CS3 4 PB1 T42K = PB1-F2 Q11K (1.7%)

These results showed that a high proportion of observed minority variants were
introduced artificially and could be identified and removed efficiently with proper QC
steps and additional SSE and HCPP analyses without the need for complicated
mathematical haplotype reconstruction algorithms. This ultimately resulted in a
reduction of false-positive detection of minority variants hence improving the data
resolution and identification of true biological variants. We emphasize that while
variation caused by artificial introduction was successfully removed; frequencies of
assumed biological minority variants in the clinical samples remained nearly
unchanged after the additional SSE and HCPP analysis steps.
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Discussion

In this study, the average MMF per read position related to the Illlumina Hiseq2000
sequencing process was 0.5% while in the last 10 read positions the MMF increased to
1.6% primarily due to the presence of (mutated) lllumina adapters. The MMF after RT-
PCR amplification and sequencing was determined using RNA from virus produced by
reverse genetics using cells which do not support productive viral replication. As the
virus progeny will have been transcribed from the same plasmids as used to determine
the sequencing-related MMF, sequence variation is assumed to only result from
mismatches introduced during this process or the subsequent RT-PCR. In comparison
to the plasmid control sample, the MMF in the first 10 read positions increased due to
the presence of primer sequences used in RT-PCR amplification, while the overall MMF
remained nearly identical. The finding of increased MMF's at read ends are in line with
previous observations using the Illlumina Genome Analyzer platform in the
quasispecies analysis of foot-and-mouth disease [18].

After pre- and post-mapping QC steps, the average MMF per read position in the RT-
PCR amplified datasets reduced to 0.06% overall and 0.1% in the last 10 read positions.
This represents the lowest possible technical MMF, indicating that minority variants
with a frequency below 0.1% will remain indistinguishable from technical error.
Further increasing the sequencing depth will not improve the identification of these
very low frequency (<0.1%) minority variants without additional analysis steps for the
detection of artificial variation. In this study, after “best practice” QC, 223 influenza
genome positions remained which would normally be considered to be “true”
biological variants, while 95% were in fact artifacts, hampering reliable interpretation
of the sequence data and hindering efficient follow-up studies. These artifacts were
not randomly distributed over the influenza virus genome but were shown to be
specifically influenced by the sequence context, detectable by a mutational strand
bias. The SSE analysis indicated that nearly 90% of the positions with increased MMF
were artifacts. Furthermore, shearing or nebulization of amplified DNA during library
preparation will lead to biological variant mutations to be evenly spread over the
sequence read. When a particular fragment containing a mutation is preferentially
(over)amplified during library preparation (i.e., resequenced due to low copy number)
this random spread would be disrupted and the prevalence of this mutation
overestimated. This bias has been described before and complicated time-consuming
laboratory methods, like primer-ID tagging, have been developed that can identify and
correct for this [19]. We designed a more straightforward approach, the HCPP analysis,
that was able to simultaneously detect variation associated with non-specific RT-PCR
products, residual primer and adapter nucleotides and preferential overamplification,
as each would lead to disruption of the random spread. The HCPP analysis not only
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provides qualitative information on the presence of artifacts, but also allows for
correction of a specific MMF by subtracting a quantifiable artifact. The HCPP analysis
can in theory be applied to all shotgun-based deep sequencing datasets as the
principle of artifact identification and quantification is not based on the sequencing
platform but on the shearing of the DNA template during library preparation.
However, as the cutoff value at which variation is defined as artificial is determined by
the division of detected mutations by the sequence read length, it lacks sensitivity
when either the sequencing depth or the MMF for the genome position in question are
low. A solution to this problem would be to perform replicate RT-PCR reactions.

Combined, the SSE and HCPP analysis led to a near 95% reduction of identified
positions with increased MMF's in RT-PCR amplified genomes from reverse-genetics
generated virus samples, providing a simple and efficient method to reduce artifacts
and more reliable identification of true minority variants. While in clinical samples a
larger fraction of the positions with increased mismatch frequencies can be assumed
to be due to biological variation, the lowest reduction in positions we obtained was
still nearly 68%. The impact of HCPP analysis was greatest in clinical sample CS3, which
also had the highest percentage of nucleotides removed during pre-mapping QC steps,
particularly the primer/adapter removal. This indicates that most of the initial variation
was due to remaining mutated primers which were efficiently recognized and removed
during the HCPP analysis step. Our study clearly demonstrates that without proper
testing for technical errors, in particular for strand bias, overestimation of minority
variants (and their frequencies) in biological samples is very likely to occur.

This is the first study that describes in detail the MMF's of full genome influenza RT-
PCR amplification combined with Illumina HiSeq2000 sequencing. We present
additional analysis steps to remove artifacts leading to a 95% reduction of otherwise
erroneously identified minority variants in plasmid controlled datasets and a 68%
reduction in clinical samples. Our approach improved the distinction between
artifactual and biological variants in high throughput sequencing datasets, hence
facilitating studies requiring reliable high resolution identification of viral minority
variants.
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Supplementary Material

Supplementary Table 1. Average mismatch frequencies (MMF) per read position before and
after QC and phred quality cutoff

Raw data Plasmid RT-PCR1 RT-PCR 2
Forward Reverse Forward Reverse Forward Reverse
Run (% of seq. nt) (% of seq. (% of seq. (% of seq. nt) (% of seq. nt) (% of seq. nt)
nt) nt)
No quality Average 0.39 0.58 0.46 0.57 0.44 0.53
control
First 10 0.09 0.24 0.32 0.43 0.32 0.40
Last 10 1.56 1.58 1.87 1.82 1.71 1.66
Phred cutoff 30 Average 0.06 0.09 0.14 0.17 0.13 0.15
First 10 0.04 0.03 0.24 0.22 0.24 0.20
Last 10 0.36 0.39 0.72 0.81 0.66 0.72
Pre-mapping QC
N, lit;
© quality Average 0.16 0.23 0.19 0.25 0.18 0.24
control
First 10 0.05 0.10 0.11 0.18 0.11 0.18
Last 10 0.28 0.30 0.24 0.26 0.23 0.25
Phred cutoff 30 Average 0.02 0.03 0.05 0.07 0.05 0.06
First 10 0.03 0.03 0.09 0.10 0.09 0.10
Last 10 0.01 0.02 0.04 0.05 0.04 0.04

Supplementary Table 2. Average mismatch frequencies per gene segment after applying a phred
quality cutoff of 30

Segment Plasmid RT-PCR 1 RT-PCR 2 cs1 cs2 cs3
PB2 0.03(0-06) | 0.09(0-4.1) | 0.11(0-51) 0.04(0-1.9) 0.03(0-2.5) 0.09 (0 - 25.0)
PB1 0.03(0-02) | 010(0-10) | 0.12(0-159) | 0.04(0-1.2) 0.03(0-6.7) 0.06 (0-11.8)
PA 0.03(0-0.1) | 0.09(0-42) | 0.10(0-7.4) 0.04(0-3.4) 0.03(0-2.8) 0.07 (0 - 4.6)
HA 0.03(0-02) | 0.07(0-7.5) | 0.06(0—6.4) 0.05(0-125) | 0.03(0-107) | 0.04(0-0.8)
NA 0.03(0-06) | 0.07(0-65) | 0.06(0-2.8) 0.04(0-1.0) 0.03(0-2.1) 0.03(0-1.2)
NP 0.03(0-06) | 0.07(0-4.1) | 0.06(0-0.7) 0.04(0-0.7) 0.04(0-2.5) 0.04(0-1.4)
MP 0.03(0-04) | 0.07(0-55) | 0.07(0-4.8) 0.04(0-0.6) 0.03(0-1.9) 0.04(0-0.5)
NS 0.03(0-0.1) | 0.06(0-03) | 0.06(0-0.4) 0.05(0-4.3) 0.03(0-1.2) 0.04(0-0.6)
g;\/:rfeg;zm;se(;,) 0.03(0-0.6) 0.08(0-10) 0.09 (0 - 20) 0.04(0-12.5) 0.03(0-10.7) 0.06 (0 - 25.0)
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Figure S1. Relative coverage per influenza genome position after pre- and post-mapping QC (A)

and the MMF's before (B) and after (C) application of the SSE and HCPP analysis for the clinical
samples CS1, CS2 and CS3.
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Abstract

Avian influenza viruses are capable of crossing the species barrier and infecting
humans. Although evidence of human-to-human transmission of avian influenza
viruses to date is limited, evolution of variants toward more-efficient human-to-human
transmission could result in a new influenza virus pandemic. In both the avian
influenza A(H5N1) and the recently emerging avian influenza A(H7N9) viruses, the
polymerase basic 2 protein (PB2) E627K mutation appears to be of key importance for
human adaptation. During a large influenza A(H7N7) virus outbreak in the Netherlands
in 2003, the A(H7N7) virus isolated from a fatal human case contained the PB2 E627K
mutation as well as a hemagglutinin (HA) K416R mutation. In this study, we aimed to
investigate whether these mutations occurred in the avian or the human host by
Illumina ultra-deep sequencing of three previously uninvestigated clinical samples
obtained from the fatal case. In addition, we investigated three chicken samples, two
of which were obtained from the source farm. Results showed that the PB2 E627K
mutation was not present in any of the chicken samples tested. Surprisingly, the avian
samples were characterized by the presence of influenza virus defective RNA
segments, suggestive for the synthesis of defective interfering viruses during infection
in poultry. In the human samples, the PB2 E627K mutation was identified with
increasing frequency during infection. Our results strongly suggest that human
adaptation marker PB2 E627K has emerged during virus infection of a single human
host, emphasizing the importance of reducing human exposure to avian influenza
viruses to reduce the likelihood of viral adaptation to humans.
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Introduction

Influenza viruses have been isolated from a wide range of host species, and they
occasionally cross the species barrier to infect humans and vice versa [1]. The
persistence of avian influenza viruses in their natural wild waterbird reservoir can
trigger avian influenza epidemics in poultry, in which these viruses generally cause
mild or subclinical infection [2]. For this reason, they are referred to as low-pathogenic
avian influenza (LPAI) viruses. LPAI viruses of subtypes H5 and H7 have the ability to
mutate to viruses with increased virulence for poultry, referred to as high-pathogenic
avian influenza (HPAI) viruses, which is why they are targeted through mandatory
veterinary surveillance programs. The transmission of LPAI virus from birds to
mammals has resulted in the establishment of adapted variants of equine, canine, and
multiple swine influenza virus lineages [3]. At present, avian influenza viruses of
subtypes H5 and H7 have not adapted to mammalian species. However, the
emergence and dissemination over a wide geographic region of a lineage of HPAI virus
A(H5N1) in wild birds and poultry, with reported transmissions to >600 humans
including >300 fatalities, is of concern [4]. Similarly, the recent emergence of human
cases of influenza A(H7N9) virus infections in China in 2013 poses a public health risk
[5,6]. Although evidence of avian influenza virus transmission between humans has to
date been limited, possible evolution toward more-transmissible virus variants carries
the specter of a potential pandemic. Fortunately, avian influenza viruses have not yet
acquired mutations that facilitate efficient aerosol or respiratory droplet transmission
between humans. Assessment of HPAI A(H5N1) surveillance data for mutations
required for airborne transmission of A(H5N1) viruses between ferrets identified
viruses in clade 2.3.2.1 that are only four nucleotide substitutions away from becoming
transmissible by the airborne route [7-9]. Corresponding A(H5N1) viruses have been
sampled in Nepal, Mongolia, Japan, and Korea and lack a glutamate-to-lysine change at
position 627 of the viral polymerase basic 2 protein (PB2 E627K), one of the four
prerequisite substitutions for airborne transmissibility, which has also been associated
with increased viral replication and pathogenicity in mammals [10-15]. In addition,
viruses obtained from human fatal cases detected during the recent outbreak of
A(H7N9) in China are characterized by PB2 E627K, while A(H7N9) viruses obtained
from poultry are not [5,16,17]. This mutation allows increased virus replication at the
body temperature of mammals, thereby increasing virulence and the potential for
transmission [18]. An important question for the assessment of pandemic risk is
whether this change occurs in the avian host or emerges during human infection.
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Between February 2003 and May 2003, a large HPAI A(H7N7) outbreak occurred in the
Netherlands. This outbreak struck 255 Dutch poultry farms in a 9-week period,
resulting in the culling of nearly 30 million chickens. A total of 89 humans were
infected, primarily persons involved in the direct handling of infected poultry, resulting
in one fatal case of a veterinarian [19-21]. Previously, two amino acid mutations had
been identified in the A(H7N7) virus obtained from this fatal human case, relative to an
avian virus obtained from the source farm [10]. The first was a K416R mutation in the
hemagglutinin (HA), which was shown to have no impact on replication kinetics in
vitro. The second mutation was the well-characterized human adaptation marker PB2
E627K. Previously, investigating the presence of minority variants in clinical samples
required either culturing of the clinical sample (disturbing the viral population
composition) or using direct Sanger sequencing methods, which are hampered by a
high 20% detection limit. With the rise of next-generation sequencing technologies, it
is now possible to characterize the composition of the viral quasispecies in great detail.
Therefore, we traced previously unanalyzed clinical samples from the fatal A(H7N7)
human case as well as original A(H7N7)-positive poultry samples from the farm at
which the veterinarian was infected and a control sample from an unrelated farm.
Using Illumina ultra-deep sequencing, we were able to investigate the viral
quasispecies dynamics associated with a fatal human A(H7N7) virus infection.

Materials and methods

Controls
Plasmid DNA and reverse genetics

Plasmid DNA was isolated using Maxi prep column purification according to the
manufacturer's protocol (Macherey-Nagel). The preparations of eight reverse genetic
system plasmids containing the individual full-length segments of influenza A/WSN/33
(H1N1) virus PB2, PB1, PA, HA, NA, NP, MP, and NS in a pHW2000 backbone were
obtained from R.G. Webster. Plasmid insert sequences were previously confirmed
using standard Sanger sequencing [22]. An 80% confluent monolayer of epithelial
human embryonic kidney (HEK) 293T/17 cells (ATCC no. CRL-11268) in a T25 tissue
culture flask was transfected with a mixture of all eight WSN33 reverse genetic
plasmids (1 pg DNA each) and 20 pl Lipofectamine 2000 (Invitrogen) according to the
manufacturer's protocol. Medium was replaced 16 h after transfection with Dulbecco's
modified eagle medium (DMEM; Invitrogen) containing 1% fetal calf serum. Virus-
containing supernatant was harvested 48 h after transfection, and cells and cell debris
were removed by centrifugation (4 minutes at 400 relative centrifugation force [RCF])
and filtration through a 0.2-um filter (FP 030/3; Schleicher & Schuell). For RNA
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extraction and consecutive full-genome amplification, 200 pl supernatant was added
to 400 pl lysis-binding buffer (High pure RNA isolation kit; Roche). The remaining
supernatant was aliquoted and stored at -80°C.

Samples
(i) Chicken tracheal samples

The source of the fatal human A(H7N7) virus infection was shown to be a chicken egg
layer farm that housed around 15,000 chickens in battery cages [10]. From 27 March
2003 onwards, the farmer reported an increasing number of dead chickens. On 2 April
2003, the poultry farm was visited by the veterinarian for screening purposes, and 2
days later, on 4 April 2003, all chickens from this farm were culled as screening
samples tested positive for influenza A(H7N7) virus. Two pools of five influenza
A(H7N7) virus-positive chicken tracheal samples were obtained from the source farm.
One pool was obtained on 2 April, and the second pool was obtained on 4 April 2003.
In addition, we analyzed a control pool of five A(H7N7) virus-positive chicken tracheal
samples from an unrelated chicken egg layer farm, located 50 km away from the
source farm, sampled on 31 March 2003. From each pool of five tracheal samples
positive for A(H7N7) virus, 200 pl was used for RNA extraction.

(ii) Human samples

Two days after his visit to the source farm, on 4 April 2003, the veterinarian developed
influenza-like illness with high fever and severe headache. Throat and eye swabs were
obtained on 10 April 2003 and tested negative for influenza virus by two separate
laboratories. He was hospitalized on 11 April 2003, 9 days after his farm visit, with high
fever and pneumonia with infiltrates visible on the chest X-ray in the lower right lung
lobe. On 13 April 2003, the patient was transferred to the intensive care unit due to
respiratory distress requiring mechanical ventilation. A bronchoalveolar lavage (BAL)
was performed on the same day with concurrent sputum analysis. On 14 April 2003,
kidney function decreased, requiring continuous veno-venous hemofiltration, while
blood gas values failed to improve despite mechanical ventilation with 100% oxygen.
On 17 April 2003, the patient died as a result of respiratory failure [23]. After extensive
laboratory testing for bacterial and viral pathogens, influenza A(H7N7) virus was
detected in the BAL sample on 19 April. Virus culture of the BAL sample provided virus
isolate A/Netherlands/219/03 on 23 April 2003 [21].

As part of this study, we obtained the original uncultured sputum sample as well as the
original uncultured BAL sample from 13 April 2003 and used a total of 50 pl and 25 pl,
respectively, for RNA extraction. In addition, RNA was extracted from a freshly cut
section of formalin-fixed paraffin-embedded (FFPE) lung tissue obtained during
autopsy, performed on 18 April 2003.
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RNA extraction and viral load determination

RNA extraction was performed using the High Pure RNA isolation kit (Roche) with an
on-column DNase treatment according to the manufacturer's protocol. RNA was
extracted from the FFPE lower lung tissue using the RNeasy FFPE Kit (Qiagen)
according to the manufacturer's protocol. Total RNA was eluted in a volume of 50 pl.
All A(H7N7)-positive RNA extracts were subjected to a semiquantitative RT-PCR
targeting the influenza virus matrix gene segment to prevent possible resequencing
due to low-copy-number input in the reverse transcription (RT)-PCR [24].

Universal influenza virus full-genome amplification

Viral RNA was RT-PCR amplified using a universal 8-segment PCR method as described
previously [25]. In short, two separate RT-PCRs were performed for each sample, using
primers common-unil2R (5'-GCCGGAGCTCTGCAGATATCAGCRAAAGCAGG-3'),
common-unil2G (5-GCCGGAGCTCTGCAGATATCAGCGAAAGCAGG-3'), and common-
unil3 (5-CAGGAAACAGCTATGACAGTAGAAACAAGG-3'). The first RT-PCR mixture
contained the primers common-unil2R and common-unil3. The second RT-PCR
mixture contained the primers common-unil2G and common-unil3, which greatly
improved the amplification of the PB2, PB1, and PA segments. Reactions were
performed using the One-Step RT-PCR kit High Fidelity (Invitrogen) in a volume of 50 pl
containing 5.0 pl eluted RNA with final concentrations of 1x SuperScript Ill One-Step
RT-PCR buffer, 0.2 puM each primer, and 1.0 pl SuperScript Ill RT/Platinum Taqg High
Fidelity Enzyme Mix (Invitrogen). Thermal cycling conditions were as follows: reverse
transcription at 42°C for 15 min, 55°C for 15 min, and 60°C for 5 min; initial
denaturation/enzyme activation of 94°C for 2 min; 5 cycles of 94°C for 30 s, 45°C for 30
s, slow ramp (0.5°C/s) to 68°C, and 68°C for 3 min; 30 cycles of 94°C for 30 s, 57°C for
30 s, and 68°C for 3 min; and a final extension of 68°C for 5 min. After the PCR, equal
volumes of the two reaction mixtures were combined to produce a well-distributed
mixture of all 8 influenza virus segments. All RT-PCRs were performed in duplicate.

Influenza A(H7N7) virus HA and PB2 fragment amplification

Although the influenza virus matrix RT-PCR demonstrated that the viral load of the
human samples was higher than that of the poultry samples, the universal influenza
virus full-genome amplification of human samples was unsuccessful. The largest RT-
PCR products detectable after the full-genome amplification of the human samples
had a length of ~1 kb, illustrating that the amplification of larger influenza virus gene
segments had failed due to RNA fragmentation. As mutation PB2 E627K is located on
the largest of eight influenza virus gene segments with a length of >2,000 nucleotides,
an amplification strategy targeting smaller fragments was needed to allow successful
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characterization of minority variants. Therefore, specific amplification of a 410-
nucleotide PB2 fragment covering codon 627 and a 362-nucleotide HA fragment
covering codon 416 was applied in duplicate. A two-step protocol with SuperScript IlI
and 1.0 uM specific primers followed by amplification with HotStarTaqg Master Mix
(Qiagen) and 0.5 pM each primer was performed [26]. PB2 primers H7-PB2F (5'-
GAGCCCTTTCAATCCTTGGT-3') and H7-PB2R (5'-CTTGCCCTATCAATACATTAGCCT-3’) and
HA  primers H7-HAF  (5'-ATGTCCGAGATATGTTAA-3) and H7-HAR  (5'-
GATTCTCCATTGCTACTA-3’') were used. Thermal cycling conditions were as follows:
reverse transcription at 50°C for 1 h and denaturation at 95°C for 5 min; enzyme
activation of 95°C for 15 min; 45 cycles of 94°C for 30 s, 50°C for 30 s, and 72°C for 1
min; and final extension of 72°C for 10 min.

lllumina sequencing
(i) Genome Analyzer lix (GAllx)

Products from the full-genome influenza virus RT-PCR of the pooled chicken samples
were diluted to a DNA concentration of 50 ng/ul and sheared to a length of 200 to 400
bp using a Covaris AFA (Covaris, Woburn, MA). The sheared fragments were end
repaired, A-tailed, and ligated to Illumina sequencing adaptors containing molecular
identifier (MID) tags using the NEBNext DNA Library Prep Reagent Set (New England
Biolabs, United Kingdom) to allow for multiplex sequencing per lane. Cluster
generation was done using the TruSeq PE cluster generation kit version 4 (lllumina)
according to the manufacturer's instructions. The three samples were sequenced in
the same run on an lllumina GAIll sequencer with a paired-end 54-bp run using the
Sequencing by Synthesis kit version 5 according to the manufacturer's instructions
(Hlumina). All sample processing from shearing to sequencing was performed by the
Wellcome Trust Sanger Institute (Hinxton, Cambridge, United Kingdom) as part of the
European FP7 framework Emperie.

(i) HiSeq 2000

Products from the HA and PB2 RT-PCR and plasmid pool RT-PCR (PCR control) as well
as a plasmid pool sample (no-PCR control) were diluted to a DNA concentration of 50
ng/ul and sheared by nebulization. Samples were subjected to end repair, A-overhang,
and adaptor ligation with MID tags using the lllumina TruSeq DNA sample preparation
kit. The libraries were multiplexed, clustered, and sequenced on an Illumina HiSeq
2000 (TruSeq v3 chemistry) with a paired-end 100-cycle sequencing protocol with
indexing. All sample processing from shearing to sequencing was performed by
BaseClear BV (Leiden, The Netherlands).
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Data analysis
Demultiplexing

The raw fastq files containing the sequences with corresponding quality scores were
split into separate sample-specific files based on the corresponding MID sequence
using the readset parser function of the Quality Assessment of Short Reads (QUASR)
package version 7.0.1 [25].

Quality control

To correct for the inaccurate calling of nucleotides by the sequencer, an error
correction step was performed on all MID-split data files using the paired-end quality
control function of the QUASR pipeline version 7.0.1. In short, the median phred
quality score of each read was calculated, and if this value was below a (user-defined)
threshold, the read was trimmed from the 3’ end until either the median quality cutoff
requirement was met or the read length reached a user-defined minimal length cutoff
and was discarded. In paired-end mode, the quality control step requires both mates
to pass quality control. In this study, for the three chicken samples that were
sequenced on an lllumina GAllx, a median read phred quality score cutoff of 30
(corresponding to a 99.9% base call accuracy) was used in the quality control process
and a length cutoff of 50. For all HiSeq 2000 data sets, a median read phred quality
score cutoff of 33 was used in the quality control process and a length cutoff of 90.
This difference in phred cutoff scores was determined empirically and was necessary
due to inherent differences in the overall quality produced by the two different types
of lllumina sequencers. Full details concerning error correction of deep sequencing
data are published elsewhere [27].

Primer removal

The fastq files containing the reads that passed quality control were parsed to remove
any sequences with exact matches to any of the primers used in the amplification or
sequencing process in both the 5'and 3’ orientation using in-house-generated PHP
scripts.

Mapping strategy

All MID-split files containing quality-controlled primer-removed reads of the plasmid
controls were mapped to the WSN reference sequence (NCBI taxonomy ID 382835)
using the Burrows-Wheeler Aligner (BWA) version 0.5.9-r16 with the paired-end
mapping option [28]. All data files containing quality-controlled reads from the human
clinical samples as well as the pooled chicken samples were mapped to the consensus
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sequence of virus isolate A/Nederland/219/03, which was isolated previously from the
BAL specimen of the fatal case (NCBI taxonomy ID 680693). A quality-controlled
consensus sequence was generated for each of the chicken samples using only
nucleotides with a phred score above 30. This consensus sequence was subsequently
used to remap all reads. Due to the internal concatenation of reference sequences by
BWA, the resulting sequence alignment map (SAM) files were checked for mapping
inconsistencies by removing reads with a mismatch rate of >10% for further analysis. In
addition, mapped reads with either hard or soft clipping were removed for further
analysis. As we mapped to a near-homologous consensus sequence, we removed reads
from the SAM file with excessive mutations that might overestimate the viral diversity
and limited the per-read mutation frequency to 2% by analyzing the NM tag (genetic
distance from consensus sequence) from the SAM file [29]. Reads remaining after the
removal of high mutation reads formed the cleaned (RHM) data sets. To characterize
the type of influenza virus-specific sequence reads that were removed from the RAW
data set to obtain the RHM data set, all quality-controlled but unmapped and clipped
reads were split in half, and both parts were remapped against their sample-specific
consensus sequence. Defective influenza virus RNA was defined when the difference in
starting mapping positions of both read parts was greater than the length of the read
[30].

Generation of coverage overview and quality-based consensus sequence

Both the RAW and RHM SAM-files of each sample were analyzed to generate a
coverage overview per reference position disregarding nucleotides with a phred score
below 30. Indel correction was done by analyzing the read CIGAR string [29], removing
insertions and adding gaps to sites of deletions.

Determining SSEs

Sequence-specific errors (SSEs) are associated with a discrepancy in the mismatch
frequency of mutations observed in mapped reads in forward and reverse orientation.
To investigate the impact of SSEs, we split the SAM files in reads mapped in the
forward orientation as well as the reverse orientation based on the bitwise flag value
[29]. From the two resulting SAM files, a coverage overview was generated, and the
mismatch frequency per position (i.e., the frequency of nucleotides not being the
consensus nucleotide) was determined. To determine whether a nucleotide variation
was an SSE, the difference in mismatch variation between the two orientations had to
exceed the mean mismatch variation.
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Mapping position of mutants in sequence reads

In case a particular mutation is due to a technical error, the mutation would be
primarily located on a single specific location on all sequenced reads, as it originates
from a single source read. A true variant is more evenly distributed over the entire
length of the sequence reads, as it originates from more than 1 source read. To
characterize the distribution of a particular mutation on the read, SAM files were
parsed to extract all reads with a mutation on a predetermined position within the
viral genome. The location of the mutation on the read was then determined for all
individual reads. Mutational position graphs were generated and visually inspected for
presence of a “hairy caterpillar”-like shape that indicates efficient shearing, unbiased
amplification, and elimination of variation associated with the terminus of PCR
products. When a mutational position graph was characterized by either one peak
of >50% or more peaks of >20%, the corresponding minority variant was marked as an
artifact and discarded. For the plasmid data set, the 200 nucleotide positions with the
highest MMF (range, 0.078 to 0.38%) were analyzed, while all positions with a MMF
of >0.5% were analyzed for the RT-PCR and A(H7N7) data sets.

Confirmation of influenza A(H7N7) virus defective RNA

To confirm the presence of defective influenza virus RNA in A(H7N7)-positive material
obtained from the 2003 outbreak in the Netherlands, 32 influenza A(H7N7) virus-
positive poultry samples and 6 human samples were analyzed [26,31]. Using a two-
step protocol with SuperScriptTM Il followed by amplification with HotStarTaq Master
Mix and 0.5 UM H7-PB2ncrF (5'-AGCAAAAGCAGGTCAAATATATTC-3') and H7-PB2ncrR
(5'-GGTCGTTTTTAAACAATTC-3'), the presence of PB2-defective RNA was examined in
both human and poultry samples and Sanger sequenced with an ABI 3730 sequencer
(see Fig. S1 in the supplemental material). In addition, this RT-PCR was performed on
the BAL fluid, sputum, and lung tissue samples from the fatal case.

Results

The entire process from influenza A(H7N7) virus-positive samples to deep sequencing
data consists of many steps in which a possible bias in the detection and quantification
of minority variants can be introduced. Therefore, we first determined the technical
error rates induced by the sequencing platform by directly sequencing a plasmid pool,
as well as after the required RT-PCR, and optimized the data analysis in favor of
sensitive detection of true virus minority variants.
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Quantification of technical errors

A pool of 8 WSN reverse genetics plasmid DNA preparations were sequenced directly
to determine the Illumina HiSeq2000-associated technical error. The average coverage
per nucleotide position in the WSN genome was 66.100 and displayed a mean
mismatch frequency (MMF) of 0.079% per reference position. The duplicate RT-PCR
data sets (the average WSN genome coverage was 43.300) displayed a 3-fold increase
of the mean MMF compared with the directly sequenced WSN plasmids and were
characterized by the presence of nucleotide positions that reached 20% MMF.
Although random induction of RT-PCR errors was expected, correlating (R* = 0.89)
nucleotide positions in both RT-PCR data sets were characterized by a high MMF (Fig.
1A).

Characterization and elimination of artifacts

To identify the source of the high MMF in the RT-PCR data sets, we investigated the
impact of unspecific primer binding and observed strong increases of the MMF at WSN
genome locations that had up to 85% homology with the unil3-primer, indicative for
nonspecific binding. To improve the overall sequence quality, clipped sequence reads,
reads with indels, and reads that deviated more than 2% from the sample-specific
consensus sequence were removed (RHM data set; Fig. 1A). Next, we examined the
occurrence of sequence-specific errors for all nucleotide positions that displayed
variation (Fig. 1B). For the RHM plasmid data set, all nucleotide positions with an MMF
of >0.16% were characterized by SSE. For the RHM RT-PCR data sets, however, removal
of SSE proved insufficient in eliminating the RT-PCR-induced variation. As primer
sequences are associated with the 5’ and 3’ termini of PCR products, mutational
position graphs were lastly applied to assess the distribution of sequence variation in
the sequence reads (Fig. 1C). The optimized data analysis pipeline that allowed
detection of minority variants present at 22% in RT-PCR products was subsequently
applied on the deep sequence data sets of A(H7N7)-positive specimens (Fig. 1D). The
full details of the analysis pipeline are described elsewhere [27].

Characterizing the avian source of infection

In a previous study, the consensus sequence of A/Netherlands/219/03 obtained from
the fatal case contained two additional amino acid substitutions, PB2 E627K and HA
K416R, compared with the consensus sequence of
A/chicken/Netherlands/03010132/03 (H7N7) obtained from the source farm of the
fatal human infection [10]. Deep sequence analysis of A(H7N7)-positive chicken
specimens obtained from the source farm at the day of the visit of the fatal case and
the day of culling, with acceptable threshold cycle (CT) values of 30.5 and 28.3 in the
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Figure 1. Steps of the data analysis pipeline and their effect on the influenza virus data set. (A)
From the three control data sets, the mismatch frequency is expressed for each influenza virus
nucleotide. This shows that the enhanced mapping algorithm was insufficient in removing the
variation observed at specific nucleotides of the duplicate RT-PCR sets. (B) Focusing on 1% of the
nucleotides that displayed the highest mismatch frequency, the sequence-specific errors are
expressed by error bars. While plasmid nucleotides with the highest mismatch frequency were
associated with sequence-specific errors, RT-PCR nucleotides with the highest mismatch
frequency were not. (C) During the final step of the data analysis pipeline, all nucleotide
positions displaying variation were assessed individually by mutational position graphs that
demonstrate the location within Illumina sequence reads that code for variation. A mutational
position graph of variation associated with the 5'-terminus of a PCR product is presented (top)
together with a “hairy caterpillar”-shaped plot showing variation regardless of the position in
the sequence fragment, thus considered a true variant (bottom). (D) effect of each type of data
filtering on the mismatch frequency expressed as mean (+ range) for the plasmid, RT-PCR 1, and
RT-PCR 2 data sets. While the enhanced mapping algorithm (RHM) and removal of sequence-
specific errors (SSE) successfully reduced the mismatch frequency of nucleotides in the plasmid
data set, mutational position graphs (MPG) were required to reduce the maximum mismatch
frequency to less than 2% of the RT-PCR data sets.
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matrix RT-PCR, failed to detect the presence of human adaptation marker PB2 E627K
as well as the HA K416R change (Fig. 2). For each of the three poultry deep sequence
data sets, variation from the consensus sequence was observed (Table 1). While the
full-genome A(H7N7) consensus sequences of the two samples obtained from the
source farm were identical except for one synonymous mutation at codon 72 in the
Matrix gene segment, the A(H7N7) deep sequence data displayed variation at 20
nucleotide positions in the April 2 sample and 5 positions in the April 4 sample. Of the
observed variation, only the nucleotide variation within codon 72 in the Matrix gene
was present in A(H7N7) viruses obtained from both samples. The A(H7N7) viruses
obtained from the control farm, with an acceptable ct value of 28.2 in the matrix RT-
PCR, displayed 7 positions with variation. Human adaptation markers including PB2
E627K as well as HA K416R substitutions were absent in the A(H7N7) viruses obtained
from both the source and control farms.

Table 1. Summary of within-farm influenza virus sequence diversity

Farm and No. of No. of List and percentage of nonsynonymous

collection synonymous nonsynonymous | substitutions

date substitutions substitutions

Source farm, | 8 12 3% HA 1335V, 3% HA M429I, 2% HA V441A, 2% HA
2 Apr ‘03 1481T, 2% HA Y498H, 2% NA T137I,

3% NP R446l, 2% NP E454G, 2% PA D294Y, 3% PB1
P698S, 2% PB1 Q210P, 5% PB2 M315V

Source farm, | 4 1 34% HA S102N

4 Apr ‘03

Control 3 4 10% HA 1211T, 9% NP 1116V, 3% PA E181D, 27% PB2
farm, 31 190M

March ‘03

In addition to the screening for human adaptation markers, sequence diversity can be
used to characterize transmission chains. Conceivably, the observed deep sequence
variation might harbor information that could enhance the resolution of transmission
markers obtained by Sanger sequence data. The previously reported transmission
network of the A(H7N7) outbreak demonstrated that our source farm was part of a
transmission chain, characterized by the accumulation of mutations in HA, NA, and
PB2, that ultimately led to introduction of the A(H7N7) virus in Belgium [26,31,32].
None of the mutations that characterized the A(H7N7)-positive poultry farms in the
transmission chain before and after our source farm could be detected as minority
variants using deep sequencing. In contrast, our control farm demonstrated minority
variant PB2 190M (27%), which characterized the transmission chain prior to infection
of our control farm, providing a direct virological relation between viruses sampled at
the control farm and its suggested source of infection (Table 1) [26].
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Figure 2. Timeline integrating the data on poultry and the fatal case and the corresponding
virological data. It shows the increase of PB2 E627K during human infection in the absence of
PB2 E627K detected at the avian source of infection. A quarter of the influenza A(H7N7) virus
population in the lower respiratory tract of the veterinarian contained avian PB2 627E virus 11
days postexposure, while the postmortem lower lung tissue contained fully adapted (PB2 E627K)
virus 16 days postexposure, suggesting that the PB2 E627K mutation emerged during infection
of the human host.

Characterizing the human A(H7N7) virus infection

Three A(H7N7) virus-positive specimens were obtained from the fatal case: BAL fluid
and sputum obtained 1 day after hospitalization (11 days postexposure) and
postmortem lung tissue (16 days postexposure). The samples demonstrated
acceptable ct values of 29.8, 25.1, and 27.5 in the matrix RT-PCR for the BAL fluid,
sputum, and lung tissue, respectively. Since the influenza virus RNA in these specimens
was too degraded for successful amplification of the larger influenza virus gene
segments, specific RT-PCRs targeting small PB2 and HA fragments were performed in
duplicate to allow characterization by deep sequence analysis. After quality control
and data filtering, the only subpopulation that was detectable in the duplicate PB2 and
HA fragments was located within PB2 codon 627, verified by the “hairy caterpillar”-
shaped mutational position graph (Fig. 1C, bottom). The presence of the avian PB2
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627E was detected at 30.0% and 20.5% in the duplicate BAL samples and at 7.3% and
6.3% in the duplicate sputum samples obtained in parallel. In the postmortem lung
tissue obtained 5 days later, PB2 627E was not detectable. This demonstrated that the
A(H7N7) virus infection was characterized by a mean 75% and 93% PB2 E627K
mutation in the BAL and sputum samples obtained 11 days after exposure, followed by
a dominant (100%) PB2 E627K mutation in the sample obtained during autopsy 5 days
later (Fig. 2). The sequence variation observed at HA codon 416 was marked as
artificial in the data analysis pipeline, based on the absence of a “hairy caterpillar”-
shaped mutational position graph. These plots illustrated that >50% of the observed
variation at HA codon 416 was associated with position 11 in sequence reads (Fig. 1C,
top). Overrepresentation of one specific DNA template followed by resequencing was
found to be the cause of this phenomenon. After correcting for the resequencing bias,
we were able to demonstrate that the HA mutation K416R was the dominant
population (~80%) at both sample days.

Identification of A(H7N7) virus defective RNA

In the data analysis pipeline, on average, 9% of the deep sequence data were removed
from the RAW data sets to obtain the RHM data sets. To investigate the type of
influenza virus-specific information that was lost by the removal of high mutation
reads, these sequence reads were split and remapped against their sample-specific
consensus sequence. Influenza A(H7N7) virus-specific sequence reads that
demonstrated the presence of internal deletions for all eight influenza gene segments
were encountered in the three A(H7N7) chicken samples, consistent with the
detection of defective RNA (Fig. 3). The majority of the defective RNAs (80.0%) were
derived from the gene segments that form the polymerase complex. Although internal
deletions were observed with various sizes, the PB1 and PB2 subgenomic RNA (sgRNA)
fragments were characterized by an ~1,900-nucleotide internal deletion and PA by an
~1,800-nucleotide deletion. In addition, 6% of the detected influenza virus defective
RNAs comprised two different influenza virus gene segments. To independently
confirm the presence of defective RNA in A(H7N7)-positive samples, additional
A(H7N7)-positive samples obtained from 32 poultry farms and six human conjunctivitis
cases during the 2003 outbreak in the Netherlands were analyzed by conventional RT-
PCR and Sanger sequencing. This illustrated the presence of influenza virus PB2-
defective RNA in 17/32 (53%) A(H7N7)-positive poultry samples and in 3/6 (n = 50%)
A(H7N7)-positive human conjunctivitis samples (see Fig. S1 in the supplemental
material). No PB2-defective RNA was detected in the samples obtained from the fatal
case.
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Figure 3. Detection of influenza virus defective RNA by deep sequencing. Characterization of the
start and endpoint of internal deletions in A(H7N7) virus gene segments by deep sequence
analysis identified a multitude of influenza virus defective RNAs in chicken samples obtained
from the source and control farm. Of the total reads that contained an internal deletion, the pie
charts illustrate the contribution for each of the influenza A(H7N7) virus gene segments.

Discussion

In this study, next-generation sequencing was applied to investigate the emergence of
human adaptation marker PB2 E627K and HA K416R during a fatal case of HPAI
A(H7N7) virus infection. Two uncultured samples from the avian source of infection
and three uncultured samples obtained from the human fatal case were RT-PCR
amplified prior to ultradeep sequencing using the Illlumina platform. This platform was
chosen for its ability to generate deep sequence data with the lowest reported error
rates of all currently available platforms, allowing for ultradeep sequencing of our
specimens with high resolution. For usage in next-generation sequencing, a high input
DNA quantity is needed, requiring RT-PCR amplification of the influenza viral RNA. Our
results illustrate the paradox in using RT-PCR for generating sufficient sequencing
depth, as RT-PCR was associated with artifacts that hamper minority variant calling. By
extended analysis of the data sets obtained from plasmid DNA and RT-PCR products,
we developed a universal approach for distinguishing variation of viral RNA from
artifacts and sequence bias that was subsequently applied on A(H7N7)-positive human
and chicken samples.

The Illumina HiSeq 2000 platform had a maximum error below 0.2% for all nucleotides,
which rose to a maximum of 20% after applying the RT-PCR. The “hairy caterpillar” plot
analysis reduced the maximum error to less than 2% for all nucleotides, permitting
characterization of viral diversity when present above 2%. Subsequent analysis of
A(H7N7)-positive poultry samples illustrated the presence of a dominant influenza
virus genotype for each farm supplemented with a multitude of low-frequency
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sequence variants that are directly linked to the dominant variant, in agreement with
conventional cloning results [31]. Interestingly, one minority variant (PB2 190M)
correlated with mutations from a previously characterized farm-to-farm transmission
chain [26], suggesting that ultradeep sequence can be applied for more robust
determination of a transmission network than that obtained with consensus
sequencing approaches. In addition, the poultry samples were characterized by the
presence of defective influenza virus RNA, as reported previously [33]. The formation
of virus-derived defective RNA requires a high multiplicity of infection and has been
reported under laboratory conditions [34,35]. Similarly, HPAI virus infection of poultry
is associated with extremely high titers that might facilitate the emergence of
defective influenza virus RNA. The presence of defective RNA corresponding with all
eight influenza virus gene segments in the three A(H7N7) poultry samples illustrated
the variety of defective RNA segments generated during HPAI virus infection of a
chicken farm. It has been illustrated that defective influenza virus RNAs compete with
full-length viral gene segments at the step of virion assembly and thereby inhibit the
production of infectious progeny virus [36,37]. Subsequent virions that carry such an
incomplete genome are known as defective interfering (DI) viruses. It has been
demonstrated that DI influenza viruses in vivo provide protection against homologous
and heterologous influenza virus infection in laboratory animals [38-40]. The presence
of DIs in HPAl-infected poultry could attenuate the virulence for exposed humans,
possibly aided by enhanced interferon (IFN) host response [41,42]. Additional
experiments are needed to confirm a potential inhibitory role of DI influenza viruses
during human HPAI virus infection.

For the samples obtained from the fatal human A(H7N7) case, mean frequencies of
PB2 E627K ranged from 75% in the BAL fluid to 93% in the sputum and 100% in the
postmortem sample (Fig. 2). The HA K416R mutation was present with a frequency of
~80% at both sample days and is in agreement with the previously determined
consensus sequence A/Netherlands/219/03 [21]. Additional minority variants could be
present, but failure of the universal influenza virus genome RT-PCR did not allow a full-
genome analysis. The highest percentage of PB2 E627K was found in the sputum
sample, containing mucus and spit from the carina of the lungs and up, while the BAL
sample is restricted to the lower part of the airways. The difference in PB2 E627K
frequency between BAL fluid and sputum might be due to the preferential replication
temperature difference between the human-adapted and avian type PB2, allowing
increased virus replication of the PB2 E627K variant at lower temperatures [11,18].
Modeling of the emergence and positive selection of human adaptation mutations,
including PB2 E627K, during human influenza A(H5N1) virus infection demonstrated
the plausibility of such a variant to become dominant during infection of a single
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human host, consistent with our in vivo data [8]. The absence of PB2 E627K variants in
poultry samples, combined with the detection of initial mixed PB2 627E and E627K
variants during human infection, strongly suggests that the PB2 E627K mutation
emerged during infection of the human host and correlated with disease severity.

Herfst et al. demonstrated that PB2 E627K was a prerequisite for the development of
airborne A(H5N1) virus in ferrets [7]. The accumulation of other human adaptation
markers than PB2 E627K observed in avian influenza viruses from poultry and the wild
bird population suggests that the introduction of this particular mutation in avian
influenza viruses dramatically increases the virus pandemic potential and public health
risk [8,26]. Moreover, the fatal human cases observed during the recent LPAI A(H7N9)
outbreak in China are characterized by a virus carrying the PB2 E627K substitution,
while viruses obtained from poultry are not [5,16,17]. Here, we illustrate that the
conversion of an avian influenza virus toward a more human-tropic and potentially
transmissible variant may occur during one infection cycle in humans, emphasizing the
importance of reducing human exposure to avian influenza viruses on a global scale.
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Supplemental Figure S1

Nucleotide alignment of PB2 defective RNA segments obtained after RT-PCR amplification and Sanger
sequencing of influenza A(H7N7) positive human eye swabs. Both the primers and the defective RNA
segments are mapped against reference influenza strain A/Netherlands/219/03 (H7N7), illustrating the
presence of a large deletions in the PB2 segment.
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Abstract

The recently identified human infections with avian influenza A(H7N9) viruses in China
raise important questions regarding possible source and risk to humans. Sequence
comparison with an influenza A(H7N7) outbreak in The Netherlands in 2003 and an
A(H7N1) epidemic in Italy in 1999-2000 suggests that widespread circulation of
A(H7N9) viruses must have occurred in China. The emergence of human adaptation
marker PB2 E627K in human A(H7N9) cases parallels that of the fatal A(H7N7) human
case in the Netherlands.
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Background

Since 31 March 2013, Chinese health authorities have been reporting human cases of
avian influenza A(H7N9) virus infections. This novel reassortant influenza virus,
carrying six internal gene segments of poultry A(HIN2) viruses, supplemented with a
haemagglutinin (HA) subtype 7 and a neuraminidase (NA) subtype 9 originating from
wild birds [1,2], has caused infections in at least 82 persons, of whom 17 have died, as
of 17 April 2013. The human infections occurred in Eastern China in four provinces
(Henan, Anhui, Jiangsu, and Zhejiang) and two municipalities (Shanghai and Beijing).
Currently, the source of the human infections is unclear. However, in response to the
detection of the influenza A(H7N9) virus among chickens, pigeons, ducks and
environmental samples from some animal markets, as reported to the World
Organisation for Animal Health (OIE), Chinese authorities have suspended live poultry
trade and implemented the immediate closure of poultry markets, launched road
inspections for transport of poultry, and have culled birds in an effort to deal with the
issue. The outbreak raises important questions regarding possible source and risk to
humans, and these will be addressed through case investigations. Here, we compare
some findings from the first two weeks of the outbreak with those from a large highly
pathogenic avian influenza (HPAI) A(H7N7) virus outbreak in The Netherlands in 2003
and from a low pathogenic avian influenza (LPAI) A(H7N1) epidemic in Italy in 1999—
2000 [3-5] and discuss issues related to diagnosis and the use of molecular surveillance
to monitor the outbreak.

Influenza A(H7N7) outbreak in The Netherlands in 2003

Exactly 10 years ago, the Netherlands was struck by an HPAI A(H7N7) virus outbreak
that resulted in the infection of poultry on 255 farms and the subsequent culling of
about 30 million chickens. A total of 453 exposed persons had mild symptoms and
were investigated, of whom 89 were laboratory-confirmed as having an A(H7N7) virus
infection [6,7].

Diagnosis of influenza A(H7Nx) virus infection

During the HPAI A(H7N7) virus outbreak in the Netherlands, almost all human cases
had mild symptoms, particularly conjunctivitis, but one veterinarian died after an
episode of severe influenza-like illness complicated by acute respiratory distress
syndrome (ARDS)[7]. Diagnosis was based on virus detection by reverse transcription
polymerase chain reaction (RT-PCR) from eye swabs, or combined nose and throat
swabs. An important observation was that the sensitivity of eye swab-based
diagnostics was much higher than that of diagnostics based on combined nose and
throat swabs [6,7]. Similarly, in later sporadic infections of humans with H7 influenza A
viruses, ocular symptoms were observed, probably caused by a preference of H7
influenza viruses for receptors in the eye [8]. Studies have shown that H7 influenza
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viruses may use the ocular mucosa as portal of entry for systemic infection and that
this is strain dependent [9,10]. Such symptoms have not been described for the cases
of A(H7N9) virus infection in China in 2013, but it may be important to actively monitor
for conjunctivitis in the outbreak investigation, as it may increase the success of case
finding, particularly for mild cases.

Serological surveillance is important to rule out infection in patients sampled too late
for direct virus detection and to assess the extent of transmission. This may be a
problem since serological responses in persons with confirmed influenza A(H7Nx) virus
infection have been difficult to detect, making assessment of A(H7N9) virus exposure
using serosurveys challenging [11,12]. However, determining the kinetics of the
antibody response in confirmed cases of influenza A(H7N9) virus infection will provide
important information that can inform public health action.

Comparative analysis based on virus sequencing

Detecting the novel virus in animals is challenging as the A(H7N9) virus is a LPAI virus
that is expected to cause few or no signs of disease in poultry, allowing silent spread
among poultry flocks. The sharing of influenza A(H7N9) virus sequence data by both
Chinese veterinary and public health institutes through the Global Initiative on Sharing
All Influenza Data (GISAID) allows comparison with the sequences obtained during the
Dutch outbreak. We therefore performed a comparative analysis using HA, NA and PB2
(subunit of the influenza virus RNA polymerase complex) fragment sequences from
Chinese A(H7N9) viruses in 2013, Dutch A(H7N7) viruses in 2003 and sequences from a
well-described LPAlI A(H7N1) epidemic in Italy in 1999-2000 [5]. Providers of
sequences downloaded from GISAID, listed with accession numbers, are acknowledged
in the Table.

Sequence analysis of the Dutch viruses detected in poultry and in humans showed
rapid diversification of the outbreak strain into multiple lineages (Figure). On the basis
of the combined epidemiological and laboratory analyses, we demonstrated that
sequences from humans were positioned mostly at ends of the branches of minimal
spanning trees, confirming that humans were probably not involved in onward
transmission [5].

In the current study, we compared the sequence diversity observed during the Dutch
A(H7N7) outbreak and Italian A(H7N1) epidemic with the initial A(H7N9) virus
sequences from the current outbreak in China. The maximum genetic distance
generated during the three months of the Dutch HPAI A(H7N7) outbreak in
concatenated HA, NA and PB2 segments of A(H7N7) viruses was 25 nucleotide
substitutions. For the Italian LPAI A(H7N1) epidemic, the distance generated during a
nine-month period was 66 nucleotide substitutions. For the A(H7N9) outbreak strains,
this genetic distance is 35 substitutions, or 21 substitutions when the outlier strain
A/Shanghai/1/2013 is ignored (Figure).
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A(H7N9)
China 2013

AfPigeon/Shanghai/S1069/2013
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Italy 1999 = [PAl samples
mm HPAl samples
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HPAI: highly pathogenic avian influenza; LPAI: low pathogenic avian influenza.

The minimum spanning trees were constructed using concatenated haemagglutinin, neuraminidase and PB2 (subunit of the influenza
virus RNA polymerase complex) nucleotide sequences in BioNumerics software version 6.6.4. The scaling of the branches, representing
nucleotide substitutions, is equal for the three outbreaks.

Figure. Genetic diversity of three influenza A(H7Nx) virus outbreaks expressed by minimum
spanning trees

All (n=7) NA sequences of the A(H7N9) viruses are characterised by a deletion in the
stalk region, associated with adaptation to gallinaceous hosts [1,2,13]. Similar
deletions in the NA stalk were also observed during the A(H7N7) outbreak in the
Netherlands and the A(H7N1) epidemic in Italy [3]. Given the degree of sequence
diversity present in initial A(H7N9) virus sequences, compared with that of the Dutch
HPAI A(H7N7) and ltalian LPAI A(H7N1) outbreak strains, and the large geographical
area affected, the data are suggestive of (silent) spread and adaptation in domestic
animals before the novel A(H7N9) virus was identified in humans.

Human adaptation markers

The majority of the Dutch human cases of A(H7N7) virus infection had mild symptoms,
with the exception of one fatal case who was diagnosed with an A(H7N7) virus with
the mammalian adaptation marker PB2 E627K. This mutation most probably occurred
during infection of this case and was associated with high virulence [14]. Remarkably,
the PB2 segments of the four available human virus genome sequences from China all
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carry this E627K substitution, which is absent in the virus isolates obtained from birds
and the environment [2]. In addition, three of the four infections with the virus with
PB2 E627K were fatal. There are two plausible explanations for this observation:

1. The mammalian adaptation markers are selected during replication in humans
following exposure to viruses that do not have this mutation, which are
circulating in animals;

2. The mammalian adaptation markers result from virus replication in animals
from which humans become infected.

The relatively protracted disease course in the current outbreak of A(H7N9) virus
infection, with relatively mild symptoms at first, followed by exacerbation in the
course of a week or longer, is suggestive of the first hypothesis, similar to the outbreak
in the Netherlands. In this scenario, an important difference in the A(H7N7)
observations from the Netherlands is the frequency of finding the PB2 E627K
mutation in humans (4/4 A(H7N9) sequenced patient strains compared with 1/61
sequenced A(H7N7) patient strains). Therefore, an outstanding question is whether
the A(H7N9) viruses are more readily mutating in humans or milder cases are being
missed. Contact investigations have found no mild cases and only one asymptomatic
case), but in order to address this issue, more enhanced testing of persons exposed to
a similar source is needed, using the most sensitive tests available on the optimal
clinical specimen type obtained at the right time.

Although human infections with H7 influenza viruses have occurred repeatedly over
the last decades without evidence of sustained human-to-human transmission, the
absence of sustained human-to-human transmission of A(H7N9) viruses does not come
with any guarantee. Five of seven A(H7N9) virus strains obtained from humans (n=2),
birds (n=2) and the environment (n=1) have a mutation in HA, Q226L, that is
associated with binding to alpha(2,6)-linked sialic acids, the virus receptors in the
human upper respiratory tract [2]. This Q226L substitution in combination with G228S
has been associated with human receptor preference for influenza viruses that caused
the pandemics of 1957 and 1968 and with airborne transmission of A(H5N1) virus
[15,16]. For H7 viruses, it has recently been demonstrated that these mutations also
increased human receptor-binding affinity [17]. In combination with the PB2 E627K
mutation, the A(H7N9) virus thus contains two well-known mammalian adaptation
markers.

Conclusion

Comparative analysis of the first virological findings from the current outbreak of
influenza A(H7N9) virus infection in China with those from other influenza A(H7Nx)
outbreaks suggests that widespread circulation must have occurred, resulting in major



156 | Chapter 5

genetic diversification. Such diversification is of concern, given that several markers
associated with increased risk for public health are already present. Enhanced
monitoring of avian and mammalian animal reservoirs is of utmost importance as the
public health risk of these A(H7N9) viruses may change following limited additional
modification.
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This thesis provides an overview of my research done on the use of influenza sequence
data to support outbreak control measures. Specifically, it enabled the detection of
sources of infection and patient clusters based on retrospective analysis of influenza
virus sequence data sets obtained during influenza virus outbreaks and epidemics. The
knowledge obtained in this thesis can target intervention methods in the future that
eventually may reduce virus spread.

The introduction of this thesis, Chapter 1, presents general information on influenza
viruses and introduces the engine of virus sequence diversity, generated and
maintained by the error-prone viral RNA polymerase. Seasonal influenza viruses
obtained during the molecular surveillance provide a representation of the sequence
diversity present in circulating viruses and it was hypothesized that they can be used as
reference to assess the uniqueness of clustered influenza virus cases (Chapter 2). Initial
experiments targeted potential nosocomial transmission of oseltamivir-resistant
viruses, using a limited number of national (n=17), regional (n=3) and hospital
influenza A(H1N1) viruses (n=5). We were able to support epidemiological data on a
suspected cluster of nosocomial resistant virus infections as the influenza A(H1N1)
patient cluster was characterized by a unique mutation in the NA enzyme (Chapter
2.1). Besides this patient cluster, none of the NA sequences available in GenBank
contain this specific NA sequence motif (access date: March 27, 2015). Following the
emergence of pandemic influenza A(HIN1)pdm09, a sequence dataset of 685
community influenza A(HIN1)pdmO09 sequences was generated during the 2009/2010
epidemic, providing knowledge on national influenza virus sequence diversity.
Sequence comparison of A(H1IN1)pdmQ9 viruses (n=107) obtained from one hospital
with community viruses identified eight patient clusters that had a low probability of
occurrence (P < 0.01) compared with national diversity (Chapter 2.2). Epidemiological
analysis demonstrated nosocomial infections in four of these eight clusters, and a
mother-child combination in a fifth cluster, implicating that hospital sequence clusters
that differ from dominant community strains should requiring further investigation. In
contrast, patient clusters (n=9) having a higher probability of occurrence compared
with national diversity (P > 0.01), all were associated with community acquired
infections. The results demonstrated in Chapters 2.1 and 2.2 suggest that transmission
chains within a single epidemic are associated with the synthesis of a vast amount of
nearly identical influenza viruses, of which the majority of the variants become extinct
because of dead-end transmissions.

Next, we evaluated the possibility to identify influenza virus transmission events using
virus sequence data from an influenza virus outbreak (Chapter 3). A combined human
and veterinary sequence dataset from a densely sampled avian influenza A(H7N7) virus
outbreak was exploited to study whether influenza virus mutations with increased
public health risk emerged during infection of humans, or were already present in
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viruses obtained from poultry (Chapter 3.1). Viruses obtained from human A(H7N7)
conjunctivitis cases reflected the virus diversity generated in poultry and appeared
dead-end infections. Moreover, the virus transmission network showed that the
polygenic accumulation and spread of virulence and human adaptation markers
occurred in poultry following farm-to-human transmissions. When comparative
analysis of HPAI A(H7N7) sequence data and meteorological data demonstrated
statistical evidence that the direction of farm-to-farm spread correlated with the wind
direction at the date of infection [1], field experiments were conducted to investigate
the possible role of wind-mediated spread of avian influenza viruses during outbreaks
in poultry (Chapter 3.2). Samples of suspended particulate matter were collected,
inside and on downwind locations from buildings holding poultry infected with avian
influenza viruses. In addition to one in-barn measurement showing an influenza virus
concentration of 8.48x10" genome copies/ma, airborne influenza viruses were
detected by reverse transcriptase PCR collected up to 60 meters downwind from the
barns. As a good correlation between field measurements and modeled particulate
concentrations was observed, geographical estimates of areas at high risk for human
and animal exposure to airborne influenza virus could be modeled during an outbreak.
It was the A(H7N7) transmission network that stressed the importance of investigating
farm-to-farm transmission due to the its potential impact on public health (Chapter
3.1). One possible exception was the detection of virulence marker PB2 E627K in a
fatal human A(H7N7) case, that could have emerged in poultry but also during human
infection. A NGS approach was attempted to characterize the A(H7N7) within-host
diversity in samples obtained from poultry and the human fatal case. As
characterization of viral minority variants is limited by the capacity to distinguish
biological from artificial variation, the impact of quality control on both technical
errors as well as RT-PCR induced errors in NGS datasets was evaluated (Chapter 4.1).
Two types of artifacts were characterized and their removal from NGS datasets
resulted in a 95% reduction of artificial variation. The optimized NGS data analysis
pipeline was subsequently applied on NGS datasets of longitudinal A(H7N7) virus
positive samples obtained from both poultry and the human case to investigate the
emergence of the virulence marker PB2 E627K (Chapter 4.2). In the human samples,
the PB2 E627K mutation was identified with increasing frequency during the course of
the infection. Our results strongly suggest that human adaptation marker PB2 E627K
has emerged during virus infection of a single human host, emphasizing the
importance of reducing human exposure to avian influenza viruses to reduce the
likelihood of viral adaptation to humans.

The knowledge gained on the use of influenza virus sequence diversity to characterize
patient clusters (Chapter 2), transmission chains (Chapter 3) and to monitor the
emergence of human adaptation markers (Chapter 3 and 4) were combined in Chapter
5. From March 31 2013 onward, Chinese health authorities reported human cases of
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A(H7N9) virus infections and immediately shared their virological findings. Near real-
time comparative sequence analysis of A(H7N9) viruses with those from the A(H7N7)
virus outbreak in the Netherlands in 2003 and from an A(H7N1) epidemic in Italy in
1999/2000 suggested that widespread circulation must have occurred, resulting in
major genetic diversification. Such diversification was of concern, given that several
human adaptation markers were already present.

Using transmission markers; Résumé

When sequence based information on patient clusters and transmission chains is
generated in a timely fashion, such data might influence infection control measures
and lead to isolation of sources and/or interruption of transmission chains. There are
however, specific practical issues that should be considered before drawing
conclusions on sequence datasets and provide unsubstantiated recommendations. In
the next paragraphs, the issues affecting conclusions drawn on influenza sequence
datasets are addressed, comprising the sequence methodology and analysis, and
availability of metadata.

Method dynamics

Introduction NGS

In the last decade, the standard in the sequence analysis of viruses has shifted from
conventional Sanger sequencing technique towards high throughput NGS approaches,
which can be applied to provide complete genome coverage of a virus [2]. Moreover,
as a NGS approach generates millions of reads from a single specimen, it also permits
characterization of minority variants and thereby provides information on the mutants
covered by the quasi species population in sequence space. Sequence data covering
the mutant spectrum of each virus infection in theory could provide the basis for highly
robust transmission networks. So far, NGS-based studies have been able to identify
direct transmission between individual patients infected with Norovirus, Hepatitis C
virus and Human immunodeficiency virus by the detection of shared sequence space
between infected patients [3-5]. Interestingly, these studies illustrated that the
uniqueness of the established phylogenetic relationships were not resulting from the
use of all informative sites (whole genome sequences in contrast to gene fragments),
but from the sequence depth obtained within genome fragments. By deep amplicon
NGS, it was shown that it were often minority variants of the donor that dominated
the infection of the recipient host, demonstrating direct phylogenetic relationships
between cases in the absence of a conserved consensus sequence. A similar
observation but on a significantly larger scale was made by deep amplicon NGS
analysis of chicken samples during the A(H7N7) virus outbreak in the Netherlands,
where quasi species characterization was able to identify the consensus sequence of a
source farm as minority variant in the recipient farm [6]. Although the closeness



164 | Chapter 6

between viral populations found in short transmission chains might suggest that a
deep NGS approach is the method of choice for the robust characterization of
transmission chains, prospective real-time implementation is complicated by the
duration of the NGS experiment and the laborious NGS analysis needed to eliminate
artificial sequence variation induced during each NGS experiment.

NGS platforms

For prospective NGS implementation during virus outbreaks, in order to be used to
target outbreak control interventions, the data on virus transmissions should be
available within days. In this thesis we showed that a consensus Sanger sequencing
approach can provide data on patient clusters or virus transmissions at the same day
the specimen was obtained. In contrast, the HiSeq (lllumina) NGS platforms that
dominate the sequencing industry recent years have a runtime of over a week, with a
median turnaround time in routine clinical care of 33 days on a HiSeq 2000 and 18
days on a HiSeq 2500 platform [7,8]. More recently, two competitive MiSeq (lllumina)
and Proton PI (LifeTechnologies) benchtop NGS platforms were released that enable a
combined sample preparation time and sequencing runtime of approximately one day,
costing $46-53 (MiSeq) and $14-15 (Proton PI) for each sample (assuming 1 million raw
reads), and launching the breakthrough in the public health use of NGS technologies
[9]. However, in depth data on platform performance is yet sparse for the Proton PI,
and based on the performance of its predecessor lon Torrent PGM the error rate is
significantly higher than the error rate of the MiSeq and datasets are produced where
error-free reads are the minority [7]. Although this might suggest that the semi-
conductor technology of the Proton PI is not suitable for the robust quasi species
characterization, acknowledged difficulties with homopolymer stretches dominate the
errors and these are less of a problem when sequencing virus genomes [10].
Therefore, timely peer-reviewed data on platform performance is relevant for all
potential future users, in addition to the available information provided by the NGS
manufacturers. To gain acceptance of NGS in clinical laboratories, manufacturers
should collaborate with independent multidisciplinary researchers to validate their
NGS platforms and share their results in contrast to the current situations where the
performance evaluation responsibility lies with the end-user. Currently, evidence
based implementation of a NGS platform for both rapid and robust quasi species
characterization is limited to the MiSeq platform, due to absence of thorough Proton
Pl platform evaluations.

NGS data handling

Viral genomes have to be amplified several orders of magnitude to yield the required
amount of DNA for current NGS platforms. Unavoidable errors are introduced during
the reverse transcription of viral RNA by error-prone transcriptases that lack proof-
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reading activity [11,12]. During the subsequent PCR, mispriming of utilized primers,
nucleotide misincorporation by polymerases and resampling due to low DNA input
may introduce a subsequent source of errors that are not completely avoidable [13-
15]. And finally, NGS platform specific sequence errors are introduced during each NGS
run [16,17]. When errors introduced during sample preparation and sequencing run
remain unrecognized during the NGS data analysis, this may lead to an overestimation
of the viral diversity.

The initial step in NGS data analysis is the filtering or trimming of low-quality sequence
reads, which can result in a 300-fold reduction of the error rate [18]. For quasi species
analysis, the next step is the alignment of the remaining sequence reads to a reference
sequence, followed by an optional re-alignment to its global consensus sequence [19].
Finally, the relative nucleotide frequencies at all genomic positions are characterized
from the aligned sequence reads, taking into account e.g. the individual nucleotide
quality scores, reads containing insertions or deletions, read orientation and/or the
distribution of mutations over the sequence reads [20]. The reliability of the
characterizing nucleotide variation at low frequencies, termed minority variant calling,
can be further improved by including a control experiment using a clonal sample, to
characterize the experimentally induced error patterns and compare these with the
biological samples [20,21]. However, there is yet no uniformity on any of the NGS data
analysis steps mentioned above for the robust characterization of minority variants.
Current NGS users apply a multitude of existing, updated or novel analytical software
tools for individual NGS data analysis steps [22]. Many of these tools have not been
published and/or evaluated for their performance, consistency and quality [23]. To
facilitate the synchronization of NGS data analysis in the nearby future, a platform for
the continuous sharing and evaluation of available NGS software tools would be a
valuable resource [24]. A recent example of an open-access directory of classified NGS
software tools is OMICtools, where detailed information on available commercial and
non-profit tools including published evaluations are provided [25]. However, this
continuously updated directory of NGS tools does not yet contain a knowledge-sharing
resource for the NGS community to address experimental and computational aspects
of NGS tools as has been provided by e.g. SEQanswers [26]. Consequently, an
integrated global effort would be favored that allows rapid NGS tool development and
validation to allow standardized and robust NGS data interpretation and sharing [27].
Scientific journals can contribute to the global understanding on NGS data analysis,
firstly by allowing a detailed description of the analysis into the methods section, and
secondly by making it mandatory to provide these details. Almost a decade after the
introduction of NGS technologies the time has come to harmonize NGS data analysis,
by the listing of specific types of sequence artifact and subsequent development of
tools for their identification and removal from NGS datasets. An international team of
NGS experts and bioinformaticists can fulfill this task, and give rise to a publicly
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available NGS data validation pipeline enabling more standardized NGS data
interpretation in the near future.

Sequence analysis

For the analysis of nearly identical consensus sequences obtained using short time
scales from densely sampled hosts, the maximum parsimony tree depicted in chapter
3.1 highly correlated with epidemiological data. Although this simple analysis in which
the tree is inferred based on the minimal number of necessary substitutions, proved
useful in the short time scale of influenza virus outbreaks where the inter-sample
diversity is low due to high sampling density, the credibility of the results needs to be
verified.

The central problem concerning maximum parsimony analysis is the frequent
existence of multiple equally parsimonious solutions that all yield equally valid
interpretations of virus transmissions [28,29]. To assess the credibility of an inferred
tree, bootstrapping or the use of Bayesian posterior probabilities are commonly
applied [30]. To characterize the impact of multiple equally parsimonious solutions on
the obtained maximum parsimony tree, we performed a permutation resampling
strategy to calculate the support of individual branches, leading to the identification of
sources of infection with high significance [6,31]. The maximum parsimony method
utilizes character data, where the number of pairwise differences is simply counted
(Hamming distance) and substitution models cannot be applied [32]. As a
consequence, the number of observed substitutions is in theory smaller than the
actual number of substitutions because complicated genuine substitution patterns e.g.
back-substitutions are ignored and all substitutions are weighed equally [33]. Novel
approaches that combine maximum parsimony with substitution models or defined
distributions of pairwise differences are available, but demand details on mutations
rate, transmission dynamics and/or substitution model that typically are not known at
the start of an emerging disease outbreak [34,35]. Despite these caveats, the
maximum parsimony approach appeared accurate: by combining both epidemiological
and sequence data containing 260 concatenated influenza virus sequences obtained
during one outbreak, only two transmission events were identified that might have
been associated with back-mutations [6]. Furthermore, the availability of a high
sample density and a short time span, yield influenza virus sequence datasets where
the majority of the observed substitutions do not enhance the phenotype. The
phenotypic stability provided by mutational robustness forms the basis of virus
adaptability and eventually virus evolution, by the accumulation of genetic diversity
that allows access to great phenotypic diversity by few substitutions. Although
phenotypic differences drive (Darwinian) evolution, it is unclear whether the
underlying mutational robustness is merely accidental or selected for. Consequently,
we do not favor evolutionary models that take into account substitution models
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and/or mutation rates, but we use the minimum number of substitutions to explain
the data.

We illustrate that maximum parsimony trees were able to identify sources of infection
with high significance (Chapter 3.1), but we specifically did not apply the method to
estimate the origin of the corresponding outbreak as branches located at the root of
the tree were associated with low resampling support [6]. We did apply the method to
identify clusters of identical sequences (Chapter 2.2) or to visualize virus diversification
(Chapter 5) without the need for prior knowledge on viral infection dynamics,
irrespective of the availability of such data [36,37]. Computationally demanding
maximum likelihood and Bayesian methods are considered to be the most accurate for
phylogenetic inference. Recent development of Bayesian phylogeographic inference
can even combine spatial and temporal dynamics, and expand evolutionary hypothesis
testing by including geographical priors [38]. While use of an evolutionary clock is
rational for calculating evolutionary trends, the extremely variable accumulation of
mutations observed within an defined influenza virus outbreak complicate a method
based on average mutation rates [39]. Moreover, as discussed above, mutational
robustness observed in short transmission chains dictates a different approach, where
the least number of mutations explains the observed genetic diversity. Resulting
maximum parsimony trees enabled visualization of hundreds of sequences and
demonstrated effective in the transfer of knowledge on transmission patterns or
patient clusters to a broad audience. Despite the analysis method used, there are
limitations associated with the use of conventional consensus sequence data. Influenza
virus infection of a single host is characterized by the complex reality of quasi species
dynamics [40]. To designate the progressively and spatially changing mutant virus
spectrum within an infected host as a single viral consensus sequence - as typically is
done - comes with the expense of loss of detail. Therefore, implementation of quasi
species characterization by deep (amplicon) NGS for studying virus transmission, while
challenging, will provide the basis for highly credible transmission networks in the near
future.

Enhancing the spatial power of international sequence data

In addition to local influenza virus outbreaks, influenza viruses cause annual epidemics
and incidentally spark pandemics. To understand international spatial spread of
influenza viruses, sequence data can be utilized to connect influenza virus infections
through space and time, enabling the identification of sources of infection and viral
migration patterns on continents or even across the globe [41,42]. Owing to the
portability of sequence data, influenza virus sequences from one laboratory can be
compared with others and can be shared in sequence databases, allowing analysis on
international sequence datasets [43]. There is, however, a shortcoming of the



168 | Chapter 6

currently used nomenclature system for influenza viruses for monitoring spatial spread
of viruses [44]. Although the system includes the geographic location of first virus
isolation, geographical data on the suspected source of infection e.g. travel history is
lacking. In addition, information on a known or suspected source of infection is
systematically missing in the metadata of publicly available sequence databases,
compromising our knowledge on the spatial and temporal evolutionary dynamics of
influenza viruses by the use of geographical locations corresponding with the location
of virus isolation. To our knowledge, the database of The European Surveillance
System (TESSy) is the only influenza virus database that provides the opportunity to
share information on the source of infection. In addition to the presence of a database
field, clinicians should request and properly document a patient’s travel history in a
more systematical way, to support geographical linking of a virus sequence [45]. Given
the global burden of infectious diseases like influenza, the addition of a patient’s travel
history to the reported metadata associated with the virus sequence is a minor effort
that will enhance the robustness of international transmissions networks. Moreover,
by the sharing of information on sources of infection, returning travelers can be used
as sentinels for sustained transmission in regions that lack an influenza virus
surveillance system and fill in international surveillance gaps.

Real-time sequencing in outbreak response

Epidemiological data lack resolution to reveal common sources and transmission
dynamics during outbreaks when the causative agent lacks a distinctive phenotype e.g.
LPAI outbreaks in poultry or nosocomial outbreaks of influenza virus during winter
season [46]. As these are crucial data for effective control measures, the
discriminatory power of influenza virus sequences could allow evidence based
appropriate and effective interventions. The majority of the sequence based
transmission networks of outbreaks have been generated retrospectively, but have
revealed valuable insights in the spread of viruses as well as bacteria. Real-time
sequence applications during outbreaks are yet sparse, although they have offered
direct guidance to infection control teams [36,47-50].

The principal step, prior to any outbreak response, is to evaluate whether an observed
increase in morbidity or mortality is associated with a related virus strain, deviating
from circulating strains [51]. In addition to epidemiological data, patient cluster
detection by sequence analysis provides information on the size of a patient cluster or
outbreak by inclusion of related cases, as well as information on phenotypic markers
associated with increased public health impact [36,52]. This use of sequence data
necessitates detailed knowledge on between-host diversity, and significantly benefits
from having a background sequence dataset to rule cases in or out belonging to the
same cluster, transmission chain or outbreak [53,54].
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Following cluster detection, sequence analysis can guide outbreak management.
Successful isolation of sources and interruption of transmission chains based on
sequence directed interventions have been accomplished for defined healthcare
associated infections. As an example, Halachev et al prospectively linked unexplained
nosocomial A. baumannii transmissions to environmental samples using sequence
data. Initially a contaminated bed was identified and eventually a burns operating
theater, leading to improved decontamination procedures that stopped the outbreak
[49]. Near real-time sequencing of Ebola Viruses obtained from human cases during
the West Africa outbreak that started early 2014, illustrated that the outbreak most
probably was initiated by a single introduction into humans, followed by human-to-
human transmission and subsequent geographical spread from Guinea to Sierra Leone
[48]. Human-to-human transmission demonstrated to be clustered, stressing out the
importance of rapid contact tracing [47].

As the interval between the beginning and the detection of an outbreak has direct
impact on the magnitude of the outbreak and the response required to contain it,
early recognition facilitates containment of infectious diseases [55]. Likewise, early
recognition enhances the impact of real-time sequence based information on infection
control measures, due to the feasibility of high-density sampling of transmission
chains, allowing credible transmission network reconstruction.

Concluding remarks

In conclusion, the influenza virus genomic diversity arising during outbreaks and
epidemics that may result in virus variants with increased public health risk can be
utilized to gain insights in transmission chains and patient clusters using a transmission
network. For transmission network reconstruction of influenza virus outbreaks, access
to specimens obtained from densely sampled populations is the primary requirement,
followed by a timely analysis of the sequence data and the availability of associated
metadata. Given the host range variation of influenza viruses, this demands close
collaboration between veterinarians, public health officials and clinicians, and will be
beneficial for both human and animal health owing to reduced virus spread by
targeted interventions. The explorations in using influenza sequence data to support
outbreak control measures performed in this thesis demonstrate applications in both
influenza virus outbreaks and epidemics. Technological advances will increase to
power transmission networks in the nearby future and provide novel insights in the
contribution of the quasi species population in the transmission dynamics.
Investigation of samples from virus outbreaks is explanatory as well as exciting and
should be continued as it will further our understanding on the control of influenza.
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Influenza is een infectieziekte veroorzaakt door type A-, B- of C- influenzavirussen. Dit
zijn RNA virussen geclassificeerd als leden van de Orthomyxovirus familie. Influenza A
virussen kunnen verder worden onderverdeeld in subtypen op basis van oppervlakte
eiwitten hemagglutinine (HA) en neuraminidase (NA). Tot op heden zijn er 18 HA (H1-
H18) en 11 NA (N1-N11) eiwitten bekend. Alle influenza A virus subtypen, behalve de
recentelijk ontdekte vleermuis influenza A virus subtypen H17N10 en H18N11,
circuleren in hun natuurlijke reservoir van watervogels. Tegelijk rondgaande influenza
A virussen van subtypen HIN1 en H3N2, en influenza B virussen, zijn verantwoordelijk
voor de jaarlijks terugkerende griepepidemie waarbij 7-20% van de wereldbevolking
geinfecteerd raakt. De meeste influenzavirus geinfecteerde personen herstellen
binnen twee weken, maar infecties kunnen ook tot complicaties leiden waaraan
patiénten kunnen overlijden.

De introductie van een nieuw niet-humaan influenzavirus in de humane populatie,
waartegen geen of beperkte immuniteit aanwezig is, kan uitmonden in een pandemie.
Dit is alleen mogelijk wanneer een dergelijk virus zich aanpast aan effectieve infectie
van mensen en makkelijk overdraagbaar wordt tussen mensen. Influenzavirussen zijn
in staat zich aan te passen aan een nieuwe of veranderende omgeving door
uitwisseling van gen-segmenten afkomstig van verschillende influenzavirussen en/of
door mutaties. Doordat influenzavirussen van nature muteren om te kunnen
overleven, is er een continu gevaar van een pandemie doordat niet-humane
influenzavirussen zich zouden kunnen aanpassen aan de mens.

In vergelijking met zoogdieren, muteren RNA virussen ongeveer 500.000 keer sneller.
Influenzavirus evolutie vertoont gemiddelde mutatiesnelheden van 2 tot 8 x 107
substituties per nucleotide per jaar, terwijl bij uitbraken van aviaire influenza in
pluimvee zelfs mutatiesnelheden boven de 1 x 107% substituties per nucleotide per jaar
zijn waargenomen. Gegeven deze mutatiesnelheden, zou het in kaart brengen van
(accumulerende) mutaties in het RNA van influenzavirussen informatief kunnen zijn
om virusoverdracht te identificeren. Binnen dit promotieonderzoek is geévalueerd in
hoeverre influenzavirus RNA diversiteit, bepaalt door middel van sequentie analyse,
benut kan worden bij de bestrijding van uitbraken. De mogelijkheid is onderzocht om
zowel lokale influenzavirus clusters als overdrachtsketens te identificeren, opdat
kennis verkregen wordt ten behoeve van volksgezondheid besluitvorming bij
uitbraken.

In hoofdstuk 2 is de mogelijkheid onderzocht om lokale geclusterde influenzavirus
infecties op te sporen met behulp van een achtergrond dataset verkregen uit
moleculaire surveillance. Hiervoor is beoordeeld of de totale influenzavirus
sequentiediversiteit gedetecteerd tijdens nationale influenzavirus surveillance gebruikt



178 | Chapter 7

kan worden om de exclusiviteit van lokale geclusterde infecties aan te tonen. Met
slechts een beperkt aantal nationale (n=17), regionale (n=3) en ziekenhuis (n=5)
influenza A(H1IN1) virus sequenties, is in hoofdstuk 2.1 een epidemiologisch verdacht
nosocomiaal cluster van oseltamivir-resistente A(H1N1) virusinfecties onderbouwd.
Het verantwoordelijke virus bleek gekarakteriseerd door een unieke mutatie in het NA
enzym, welke tevens afwezig bleek in beschikbare internationale A(H1N1)
sequentiedata (GenBank: maart 2015). Ten gevolge van de influenza A(H1IN1)pdmO09
pandemie in 2009, is tijdens de moleculaire surveillance van het 2009/2010 influenza
seizoen een A(H1N1)pdm09 sequentie dataset gegenereerd bestaande uit sequenties
van 685 circulerende virussen. Daarmee is kennis over nationale influenzavirus
sequentiediversiteit verkregen. Vergelijking van 107 A(H1N1)pdmOQ9 virus sequenties
afkomstig van één ziekenhuis met sequenties van circulerende virussen, leverde acht
patiént clusters op welke gegeven de nationale virus sequentiediversiteit een lage kans
op voorkomen hadden (P < 0.01) (Hoofdstuk 2.2). Epidemiologische analyse toonde in
vier van de acht clusters aanwezigheid van nosocomiale infecties aan, plus een
moeder-kind combinatie in een vijfde cluster. Dit impliceert dat clusters van ziekenhuis
influenzavirus sequenties welke afwijken van circulerende virus sequenties nader
onderzocht dienen te worden. Daarentegen bleken clusters (n=9) van ziekenhuis
influenzavirus infecties welke gegeven de nationale virus sequentiediversiteit een
hogere kans op voorkomen hadden (P > 0.01), allen geassocieerd met in de
gemeenschap opgelopen virusinfecties. De resultaten van Hoofdstukken 2.1 en 2.2
suggereren dat overdrachtsketens binnen een influenza epidemie leiden tot een
enorme variatie bijna-identieke influenzavirussen, waarvan de meerderheid
uiteindelijk uitsterft door doodlopende overdrachten.

In Hoofdstuk 3 is de mogelijkheid onderzocht om influenzavirus overdracht te
identificeren met behulp van virus sequentiedata van een influenzavirus uitbraak. Een
gecombineerde dataset van humane en veterinaire influenzavirus sequenties van een
influenza A(H7N7) virusuitbraak in pluimvee is gebruikt om te onderzoeken of
influenzavirus mutaties met een verhoogd risico voor de volksgezondheid ontstonden
tijdens infecties van personen, of al aanwezig waren in de virussen afkomstig uit
pluimvee (Hoofdstuk 3.1). De virussen van humane A(H7N7) conjunctivitis gevallen
weerspiegelden de virusdiversiteit in pluimvee en bleken doodlopende overdrachten.
Het virusoverdracht netwerk toonde aan dat een toename en verspreiding van
virulentie en humane adaptatie markers plaatsvond in pluimvee, alvorens overdracht
naar personen plaatsvond. Nadat er met een gecombineerde analyse van A(H7N7)
virus sequentiedata en meteorologische data statistisch bewijs geleverd werd dat de
richting van boerderij-naar-boerderij verspreiding correleerde met de windrichting op
de dag van infectie, zijn veldstudies uitgevoerd om de mogelijke rol van de wind bij de
verspreiding van aviair influenzavirus te onderzoeken tijdens uitbraken in pluimvee
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(Hoofdstuk 3.2). Hiervoor is fijnstof in de lucht, in de stal en op benedenwindse
locaties van stallen met influenzavirus positief pluimvee verzameld. Naast een
gemeten influenzavirus concentratie van 8.48x10" genoom kopieén/m3 binnenin een
stal, bleken virussen met behulp van een reverse transcriptase PCR tot 60 meter
benedenwinds van stallen te detecteren. Doordat een goede correlatie tussen
veldmetingen en gemodelleerde concentraties werd waargenomen, zou een
geografische raming van gebieden met verhoogd risico op blootstelling aan aviaire
influenza gemodelleerd kunnen worden tijdens een uitbraak.

In Hoofdstuk 4 is het onderscheidend vermogen van nieuwe generatie sequencers
(NGS) voor de robuuste karakterisering van binnen-gastheer influenzavirus
sequentiediversiteit geévalueerd. Dit onderscheidend vermogen is vereist voor de
vroege signalering van mutaties met een verhoogd risico voor de volksgezondheid.
Doordat het karakteriseren van virale minderheidsvarianten afhankelijk is van het
vermogen om biologische variatie te onderscheiden van artefacten, is het effect van
kwaliteit controles op zowel technische als reverse transcriptase PCR geinduceerde
artefacten in NGS datasets bestudeerd (Hoofdstuk 4.1). De identificatie en eliminatie
van twee verschillende soorten artefacten in NGS datasets resulteerden in een 95%
reductie van artificiéle variatie. De geoptimaliseerde NGS data analyse is vervolgens
toegepast op NGS datasets van influenza A(H7N7) virus positieve materialen afkomstig
van pluimvee en van een fatale humane casus, om het ontstaan van virulentie marker
PB2 E627K te onderzoeken (Hoofdstuk 4.2). Deze toepassing suggereert dat marker
PB2 E627K ontstond tijdens infectie van een enkele humane gastheer en benadrukt
het belang van het reduceren van humane blootstelling aan aviaire influenzavirussen
om daarmee de kans op virusaanpassing aan mensen te verminderen.

In Hoofdstuk 5 is onderzocht of de verkregen kennis over het gebruik van
influenzavirus sequentiediversiteit binnen uitbraken en epidemieén prospectief
toegepast kan worden om het volksgezondheidrisico van een uitbraak in te schatten.
Vanaf 31 maart 2013 rapporteerden Chinese volksgezondheidautoriteiten humane
infecties met influenza A(H7N9) en deelden direct hun virologische gegevens. Een
onmiddellijke vergelijking van A(H7N9) sequentiedata met sequenties van de A(H7N7)
virusuitbraak in Nederland in 2003 en een A(H7N1) virusuitbraak in Italié in 1999/2000
suggereerde dat wijdverspreide circulatie van A(H7N9) virussen in China had
plaatsgevonden, gebaseerd op de geconstateerde diversificatie. Deze diversificatie was
verontrustend, omdat reeds enkele humane adaptatie markers in het A(H7N9) virus
aanwezig waren.
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Tenslotte zijn in Hoofdstuk 6 de belangrijkste bevindingen van dit proefschrift
samengevat en is het gebruik van influenzavirus sequentiediversiteit bij de bestrijding
van uitbraken bediscussieerd in relatie tot de huidige inzichten.

Samengevat verschaft dit proefschrift een overzicht van mijn onderzoek naar het
gebruik van influenzavirus sequentiediversiteit. Het stelt ons in staat om zowel lokale
geclusterde influenzavirus infecties als overdrachtsketens te identificeren, opdat
kennis verkregen wordt ten behoeve van volksgezondheid besluitvorming bij
uitbraken. De verkregen kennis zou toekomstige interventies kunnen sturen, met
verminderde virus verspreiding als gevolg. In de nabije toekomst zal de technologische
vooruitgang zowel de resolutie als de betrouwbaarheid van virusoverdracht netwerken
verbeteren, en nieuwe inzichten opleveren over de bijdrage van binnen-gastheer
virusdiversiteit aan de dynamiek van virus overdracht.
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Ik heb de afgelopen jaren mogen genieten van de dynamische en zeer interessante
wereld van RNA virussen, in het bijzonder influenza virussen. De onvoorspelbaar
muterende virussen gecombineerd met evoluerende moleculaire technieken, creéren
een onderzoekswereld waar ik nog lang niet op uitgekeken ben. Naast de bijdrage van
virussen en technieken, zou dit proefschrift niet mogelijk geweest zijn zonder velen.

In de eerste plaats wil ik mijn promotor Marion bedanken. Je hebt een kostbare
combinatie van kwaliteiten, waarbij jouw blik op het grote geheel voor mij erg
waardevol is gebleken. De implicaties van experimentele data, het bewaken van de
rode draad van mijn onderzoek, en het “Public Health” denken zijn enkele
voorbeelden. Tevens wist je zonder te souffleren, zowel experimenten als publicaties
te sturen in richtingen waarbij de weg naar het resultaat te allen tijde uitdagend was.
Naast je inhoudelijke bijdragen hebben we, vooral buiten het RIVM, bijzondere en
leuke momenten beleefd tijdens o0.a. ons eerste bezoek aan Guangdong CDC,
congressen en de feesten bij je thuis. Dank voor het creéren van kansen, de nuttige
discussies en adviezen, die mij veel geleerd hebben en het werk zeer ten goede zijn
gekomen.

Uiteraard wil ik ook dank uitspreken aan mijn copromotor Adam, waarmee ik
veelvuldig contact heb gehad. Je bent een ontzettend prettige collega met ongelooflijk
veel kennis; de “influenza vraagbaak”. In het bijzonder het diepgaan over mogelijke
fundamentele oorzaken van onverwachte resultaten, is waar onze passies volledig
overlappen. Je bent nauwkeurig, geduldig, en altijd bereid adviezen te geven. Als
directe begeleider heb je de nodige avonturen met me meegemaakt, van de euforie na
geslaagde experimenten tot totale stress voor mijn presentatie tijdens de Options VI
Meeting in Hong Kong. In ieder geval smaakte het eten na afloop goed... Dank voor de
interessante overleggen, je vertrouwen en betrokkenheid.

Ook wil ik de leden van de leescommissie danken: Prof.dr. Ron Fouchier, Prof.dr. Ab
Osterhaus en Prof.dr. Jan Hendrik Richardus, dank voor de tijd die jullie gestoken
hebben in het kritisch beoordelen van dit proefschrift.

Gedurende mijn promotieonderzoek ben ik in contact gekomen met veel niet-RIVMers
waaruit mooie samenwerkingen zijn ontstaan. Enkelen wil ik persoonlijk bedanken.
Jairo: Wat hebben wij over het ontstaan van influenza virus antivirale resistentie veel
contact gehad! Je bent erg gedreven en geinteresseerd, en onze samenwerking heeft
mooie resultaten opgeleverd. Succes met jouw afronding binnenkort! Janette: Uren
hebben we gepuzzeld, met zowel de moleculaire als epidemiologische data om alle
mogelijke transmissies boven tafel te krijgen. Dank voor je geduldige speurwerk. Inge:
Dank voor het delen van jouw ervaringen met luchtmetingen, waarbij uiteindelijk
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succesvolle virusdetecties zijn verricht. Zonder jouw kennis en de inhoudelijke
discussies was dit nooit gelukt. Matthijs: Het was een bijzonder leuke en intensieve
samenwerking waarbij we elkaar goed aanvulden, vernieuwende ideeén hadden, wat
heeft geleid tot mooie publicaties en de basis heeft gelegd voor toekomstige re-
sequencing NGS analyses. Dank je, en succes met de laatste loodjes van jouw
proefschrift.

Binnen het RIVM heb ik gedurende verschillende fases van mijn onderzoek mogen
samenwerken met meerdere afdelingen. Maaike, Evy en Dieneke; dank voor de
bereidheid mijn ad hoc sequentie analyses in te zetten. Rozemarijn, Ingmar, Arnout en
Marjolijn; dank voor alle support, adviezen en nuttige discussies welke geresulteerd
hebben in geslaagde luchtmetingen bij pluimveebedrijven. Last but not least: Paul,
Anouk, Imke, Leslie, Madelief, Marleen, Corien, Andre en Aura; het was een bijzonder
intensieve maar geslaagde samenwerking met jullie allen n.a.v. het contactonderzoek.

Binnen de afdeling Virologie gaat in eerste instantie mijn dank uit naar de Moleculaire
Pool, waarmee ik de laatste jaren nauw heb samengewerkt om de moleculaire
diagnostiek van de afdeling efficiént, betrouwbaar en (grotendeels) geautomatiseerd
te krijgen. Jeroen, Anne-Marie, Bas, Sharon, Naomi en Lisa; dank voor al jullie bloed,
zweet en tranen. De Moleculaire Pool werkt inmiddels als een geoliede machine en is
een schoolvoorbeeld van samenwerking voor heel IDS. Daar mogen we met z’n allen
trots op zijn!

Daarnaast wil ik mijn collega-AlQ’s bedanken met wie ik een kamer heb mogen delen,
en die daarmee eerstelijns sparringpartner waren maar ook voor een hoop vertier
hebben gezorgd. Joukje, Sanela, Sabine. Van vrijdagmiddag-experimenten op de gang
tot zeilwedstrijden welke tot frustratie van de organisatie keer op keer uitliepen op
excessen. Dank voor de gezelligheid, zowel binnen als buiten het instituut! Era, Faizel,
Sabine, Dominique, Giovanna, Rita, Janko, Gudi en Dennis. Speciale dank dat jullie mijn
klankboard waren, de gezellige vrijdagmiddag borrels, jullie verhalen en inspiratie.

Van tijd tot tijd moet mijn brein worden gereset of worden opgeladen. De verbouwing
van ons huis was een lekkere uitlaatklep. Met dank aan de loodgieterslessen van
Maurice heeft dit veel woongenot opgeleverd. Structurele uitlaatklep blijft de
afreageer-zondag waarbij ik met Heren Veteranen C onze tegenstander wekelijks te lijf
mag gaan. Daarnaast heeft mijn eerste autootje, een Volvo Amazon uit 1968, voor erg
veel oplaadmomenten gezorgd. Zowel erin rijdend als eronder liggend en aan de klus,
was een genot. Tijdens klussen bij mij voor de deur vaak een sociale happening, met
alle nieuwsgierige huisvaders uit de buurt. Daarbij biedt onze straat meer dan alleen
een woning; dank voor de gezellige avonden en BBQ’s.
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Papa en mama, dank voor het faciliteren van kansen en mogelijkheden, sturen van
ideeén, inzichten en gedachtegoed. De onvergetelijke vakanties, de vrijheid; het
zorgeloze bestaan. Ontpopt als opa en oma, waarbij kleinkinderen ervoor zorgen dat
jullie oude tijden herbeleven en ik nu bewust meemaak hoe vrolijk en zorgzaam mama
voor mij is geweest. Dank voor jullie steun al deze jaren. Steven, bepakt aan
memorabele hoogtepunten die we tijdens onze vakanties samen beleefden zijn we
beiden uitgevlogen. Jij letterlijk. Tof dat je met mij achterop de motor door Zwitserland
durfde en met Lieveke op de achterbank van mijn Volvo wilde trouwen. Happy flying
broertje!

Ben en Sonja, uiteraard ook dank voor jullie. Of het nou met een fles Soberano in de
avondzon aan de Middellandse Zee, of op vrijdagavonden in jullie achtertuin was; er is
altijd tijd voor gezelligheid, goede gesprekken en steun. Het is maar goed dat jullie
deur altijd voor mij opstaat, anders zal ik samen met Jan weer moeten inbreken...

Lieve Kim, samen kunnen we de wereld aan. Gisteren, vandaag en morgen. Bijzonder
hoe wij telkens weer in gezamenlijke avonturen of “missies” belanden, elkaar kansen
en ruimte geven, en elkaar blijven uitdagen. Dank voor je steun, het ontzien en het
afzien, dat dit proefschrift heeft mogelijk gemaakt. Ik hou van jou! Milou, wat word je
snel groot en wijs. Lucas, kleine charmeur! Allebei dank voor de vrolijke afleiding
tijdens het schrijven.
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