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Thesis introduction




Human metapneumovirus

The Human metapneumovirus (HMPV), at first a member of the Pneumoviridae
family, was first characterized in 2001 in the Netherlands (1). Although identified
in 2001, retrospective serology studies demonstrated that the virus has been
circulating for at least the past 65 years (1). After the identification, multiple
studies worldwide demonstrated that between 515% of hospitalizations due
to respiratory tract infections (RTI) in children and adults are caused by an
HMPV infection (2-7). The most susceptible individuals for an HMPV infection
are young children in which HMPV is the second leading causative agent of
RTIs, only second after Respiratory Syncytial Virus (RSV), the closest related
mammalian virus and also a member of the Pneumoviridae family (7-14). Young
children between the age of 6-12 months are most at risk for HMPV infections,
and virtually all children are infected with HMPV by the age of five (3, 9, 15-18).
In addition to young children, the elderly and immunocompromised individuals
have shown to be risk groups for severe HMPV infections (19-24). The clinical
symptoms caused by HMPV infections are very similar to those caused by
RSV infections, varying from mild respiratory illness including cough, throat
soreness, wheezing, rhinorrhea, and fever, to more severe bronchiolitis and
pneumonia (4, 7, 25, 26). For both HMPV and RSV infections (7, 27), asthma has
been reported as risk factor for severe disease, while both viruses have also
been indicated as risk factor for the development or exacerbation of asthma
(28). Clearance of an HMPV infection does not necessarily result in long-lasting
immunity against the virus, as reinfections with HMPV readily occur with either
homologous or heterologous viruses (29, 30). These reinfections might be
explained by waning antibody titers over time (29-31). HMPV has an annual
seasonality similar to that of RSV, with most reported cases in the late winter
and early spring, while the peak incidence of HMPV infections typically follows
that of the RSV season (7).

Genome organization and virion structure

HMPV is a negative-sense, non-segmented, single-stranded RNA (-ssRNA)
virus with a genome length of approximately 13,3kb (32). HMPV virions are
pleomorphic and range in size between 150 and 600 nm (1). The genome contains
eight genes that encode nine proteins: nucleoprotein (N), phosphoprotein (P),
matrix protein (M), fusion protein (F), two matrix 2 proteins (M2-1 and M2-2),
short hydrophobic protein (SH), glycoprotein (G), and large polymerase protein
(L) (32). Although the genomes of HMPV and RSV are quite similar, the gene
order is different and HMPV lacks the NS1 and NS2 genes that are presentin the
RSV genome, which encode non-structural proteins that function as interferon
(IFN)antagonists (32). The core of the virion contains genomic RNA that is
encapsidated by the N protein. While each N protein of RSV binds 7 bases of
RNA (33, 34), data on the RNA binding capacity of the HMPV N protein is lacking.



The encapsidated RNA is associated with tetrameric P, M2-1, and L, collectively
referred to as the ribonucleoprotein complex (RNP). The RNA-dependent RNA
polymerase (RdRp) L protein harbors the catalytic activities required for two
distinct roles: genome replication and transcription (35). The P protein acts as a
polymerase co-factor (36). The RSV M2-1 protein has been described to function
as transcription anti-termination factor that enhances polymerase read through
at gene-end signal sequences (37), making the M2-1 protein essential for the
synthesis of full-length viral mMRNAs (37-40). The function of the HMPV M2-1
protein appears to differ from that of RSV, as HMPV M2-1 is not essential for
virus replication, but rather improves transcription efficiency (41, 42). Viruses
lacking M2-1 protein expression are highly attenuated (41), and phosphorylation
of amino acid residues S57 and S60 of the M2-1 protein increases RNA replication
and mRNA transcription (43). So far, little is known about the function of the
HMPV M2-2 protein. Viruses lacking M2-2 protein expression were shown to
have increased viral gene expression relative to the number of genome copies
(41, 44), suggesting that the M2-2 protein functions as a regulator of the switch
between transcription and replication, similar as described for the M2-2 protein
of RSV. Interestingly, HMPV lacking M2-2 protein expression accumulated
excessive mutations in parts of the virus genome (44), suggesting an additional
function for the M22 protein in preventing accumulation of mutations.

The HMPV RNP is located within a layer of M protein, which is surrounded
by an envelope derived from the host-cell. The envelope contains three viral
surface glycoproteins: G, F, and SH. The G protein binds the receptor(s) on the
hostcell, which are currently unknown, although there are implications for the
use of heparin sulfate or glycosaminoglycans (GAGs) in 2D culture models (45,
46). It has been shown that the RSV G protein targets CX3CR1 on human airway
epithelial cells to mediate viral attachment and subsequent infection (47, 48).
As the HMPV and RSV G proteins share no discernible sequence homology, the
cellular target of the HMPV G protein cannot be simply inferred from that of RSV
(32). The F protein that is present on the virion as a homotrimer is responsible
for fusion between the viral envelope and the host-cell membrane, mediating
entry (49), and is the primary target of neutralizing antibodies (50, 51). The
function of the SH protein is not fully understood (52), although it has been
suggested to function as a viroporin (53). In addition to their primary functions,
the G, SH, and M2-2 proteins were suggested to be involved in viral evasion of
innate immune responses, which is later discussed in more detail.

Replication cycle

The HMPYV replication cycle, which is strictly bound to the cytoplasm (depicted
in Figure 1), begins with attachment of the G protein to cellular receptors,
which brings the F protein in close proximity to the cell membrane. The F
protein initiates fusion of the viral and cellular membranes independently




of other glycoproteins, which is a feature of Pneumoviruses that contrasts
the fusion event of Paramyxoviruses ((54, 55), and reviewed in (56)). Deletion
of the SH and G ORFs resulted in a virus that could replicate in cell culture
models and in the respiratory tract of hamsters (57), demonstrating that the
HMPV F protein is capable of both attachment and membrane fusion without
involvement (or independent of) other glycoproteins. However, the G protein
is clearly important, as viruses lacking G protein expression are attenuated in
both cell culture models and in vivo models (57-59). Of note, many aspects of
pneumovirus replication and transcription have been inferred from aspects of
replication and transcription of paramyxoviruses. For example, after fusion of
the viral and cellular membranes, the RNP is released into the cytoplasm which
serves as template for the viral polymerase to initiate replication (reviewed in
(60)). The viral RNA (vRNA) contains promoter sequences at both the 3’ leader
and 5' trailer sequences. Following entry, replication of the vVRNA starts by
recruitment of the L protein at the 3’ leader sequence, at which transcription
of a positive stranded full-length genome copy of the RNA (cRNA) is initiated,
also known as the antigenome. Transcription of the genome is initiated from
a second promoter sequence at the 3’ leader region, which occurs through a
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Figure 1. Schematic overview of the HMPV replication cycle. Image generated with
Biorender.



sequential terminationreinitiation mechanism (37). This mechanism is regulated
by genestart (GS) and geneend (GE) sequences present at each gene, resulting
in transcription of subgenomic mRNAs (61), which are translated into each
individual viral protein. These transcription and replication processes are
suggested to occur in cellular membraneless organelles, called inclusion bodies
(IBs), at which viral proteins required for replication are incorporated (N, P,
M2-1, L)(62)(63). For HMPV, IBs were shown to incorporate vRNA, mRNA, and
replication proteins N and P, while excluding the assembly proteins M and F (62).
From these IBs, nascent VRNA strands that are replicated from the cRNA must be
translocated to the cell membrane for virion assembly. While the mechanism for
this is not fully understood, a role for the actin cytoskeleton has been implicated
for this process (62, 64). At the cell membrane, new virions are assembled that
leave the cell by budding, which are ready for transmission to new, uninfected
cells. HMPV transmission can occur canonically through budding of virus
particles from the host cell membrane, followed by attachment to a new cell.
However, in vitro viral transmission through cell-to-cell fusion has also been
described (64, 65). This process occurs through accumulation of the F protein
at the cell surface of infected cells which subsequently bind to the membranes
of neighboring cells, resulting in fusion of both cells and formation of large,
multinucleated cells known as syncytia (reviewed in (66)). Another mechanism
of viral spread is through intercellular extensions that have been observed
during HMPV infection (64). These cellular extensions were shown to contain
smaller filaments at which viral proteins as well as VRNA were present that
could potentially be delivered to neighboring cells. This transmission route could
present a favorable way of rapid viral spread without a potential interaction with
extracellular, neutralizing antibodies, although evidence of this transmission
route in vivo is lacking (65).

HMPYV classification, nomenclature, and evolution

Monitoring virus evolution is crucial for keeping diagnostic assays up-to-date,
studying virus epidemiology, identifying transmission events and nosocomial
outbreaks, and design of vaccines or intervention strategies. Studies on HMPV
evolution have focused on sequencing of the F and G genes (4, 67-73). The G
protein is the most variable protein of HMPV, with amino acid (AA) sequence
homologies between lineage A and B viruses as low as 30.0% (67). In contrast, the
F protein is more conserved, with sequence homologies between lineage A and
B viruses as low as 93.7% (74). Initial studies of the antigenic diversity of HMPV
demonstrated circulation of two main lineages, A and B, that were antigenically
distinct. These two main lineages genetically diverged into sublineages A1, A2,
B1, and B2 (67). In 2006, lineage A2 was suggested to diverge into lineages
A2a and A2b (75), followed by a suggested divergence within lineage A2b into
lineages A2b1 and A2b2 (68). More recently, two separate duplication events in




the G gene of viruses within lineage A2b2 were reported, with a length of 111
or 180 nucleotides (69, 70). Although first reported in Japan, these viruses were
later also detected in Spain and China (71, 76). Viruses carrying a 111-nucleotide
duplication in the G gene became the dominant circulating viruses in Yokohama
city in Japan (71). Additionally, viruses carrying a duplication in the G gene
increased in prevalence in Spain from 2014-2017 (77). Although the function of
these duplications in the G gene have not been studied yet, similar duplication
events have been described for RSV (78-80). One RSV study suggested that
viruses with a duplication in the G gene have an improved attachment efficiency
to target cells (81). These evolutionary events highlight the importance to
monitor HMPV evolution.

Despite the need to easily classify both RSV and HMPV strains, a unified
classification and nomenclature system for both of these viruses is lacking. Most
of the methods used to classify RSV are based on pairwise distances between
viral G gene sequences (p-distances) (82, 83). However, the length as well as
the number of sequences affect pdistance calculations and these calculations
require regular updating due to increasing numbers of available sequences. In
addition, RSV names represent the origin of the first isolate (e.g. BA for Buenos
Aires or ON1 for Ontario 1), rather than providing information about the virus
lineage (e.g. A2) (84). HMPV lineages have mostly been classified based on
p-distances, or simply by visually inferring lineages from phylogenetic trees
(67, 68, 85). For HMPV, the field of studying evolution is still in its infancy, which
could facilitate implementing unified classification and nomenclature systems.

Innate immunity against RNA virus infection
Sensing of incoming viral pathogens starts by the recognition of pathogen
associated molecular patterns (PAMPs) by Pattern Recognition Receptors (PRRs).
Well described PRRs include three categories: Toll-like receptors (TLRs) (86),
nucleotide binding oligomerization domain (NOD)-like receptors (NLRs) (87),
and retinoic acid inducible-gene 1 (RIG-1)-like receptors (RLRs) (88). RLRs are the
most important PRRs for RNA viruses (89). Sensing of PAMPs by PRRs activates a
downstream signaling cascade that almost always results in the production and
secretion of IFNs, which is the hallmark of innate immunity to viral infections.
RLRs are intracellular receptors that are known to recognize cytosolic
RNAs (reviewed in (90)). Members of the RLR protein family include RIG-I and
melanoma differentiation associated gene-5 (MDA-5), which are expressed in
virtually all cell types (91-93). RIG-I senses 5'-triphosporylated RNA and short
dsRNA, while MDA-5 is activated by recognition of long, dsRNA that can be
produced during RNA virus infection (93). As cellular mRNAs contain a 5-cap and
dsRNA is not produced during any stage of the cell cycle, RLRs can discriminate
between foreign and cellular RNA species. Upon sensing of PAMPS, RIG-I or
MDA-5 associates with the caspase activation and recruitment (CARD) domain
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Figure 2. Simplified RLR signaling pathway upon sensing of RNA virus infections, leading
to production of type-I IFNs. IFN-f8 production and signaling are shown. Type-I IFNs bind
the receptor and signal through the Jak-STAT signaling pathway to induce expression of
ISGs, causing the cell to enter an antiviral state. Image generated with Biorender.

of the downstream adaptor mitochondrial antiviral signaling (MAVS) protein.
This leads to the activation of NF-kB, IRF3, and IRF7, subsequently leading to
the expression cytokines, chemokines, and IFNs (Figure 2)(reviewed in (90)).
IFNs can be classified into three protein families: typel, typell, and typelll
IFNs. The type-l IFN protein family in humans, first identified in 1957 (94),
includes IFN-a (divided into 13 subtypes), IFN[3, IFN¢g, IFNK, and IFNw (reviewed
n (95)). Of these, IFN-a and IFN-B have been elaborately described, while
studies on IFNg, IFNk, and IFNw are relatively limited. Most cell types produce
IFNB, while IFNa is predominantly produced by dendritic cells . The type-II IFN
family consists of only IFN-y and is mainly produced by natural killer cells and
innate lymphoid cells (96, 97). IFN-y plays an important role in orchestrating the
transition from innate to adaptive immune responses against viruses. Type-ll|
I[FNs include four subtypes: IFNA-1 (IL-29), IFN-A2 (IL-28A), IFN-A3 (IL-28B), and
IFN-A4 (98-100). While type-I IFNs are produced in most cell types, type-IIl IFNs




are limited to the respiratory and intestinal mucosa (101). Together, type-l and
type-lll IFN signaling provides the main barrier of vertebrate innate immunity
against viral infections.

Once secreted, type-l IFNs bind to receptors present on the cell surface
of the cell in which the IFNs were produced (autocrine signaling) as well as
neighboring cells (paracrine signaling)(102). Dimerization of the receptors
initiates the canonical IFN signaling pathway that starts with the activation of
tyrosine kinase 2 (TYK2) and Janus kinase 1 (JAK1), which in turn phosphorylate
and thereby activate the signal transducers and activators of transcription
(STAT)1 and STAT2 proteins (103). These protein dimers form a complex together
with IRF9, called IFN-stimulated gene factor 3 (ISGF3), which translocates to the
nucleus where it binds interferon-stimulated response elements (ISRE) present
in promoter regions of interferonstimulated genes (ISGs). This process activates
the transcription of a wide variety of ISGs, which together cause the cell to enter
an antiviral state to limit spread of the ongoing viral infection (104, 105).

Viral antagonism of the innate immune response

Most, if not all, mammalian pathogenic viruses have mechanisms to subvert
the cellular innate immune responses. In most cases, viral proteins called
IFNantagonists actively block one of the RLR signaling cascades to prevent the
production of IFNs (106, 107). IFNantagonists are mostly conserved within virus
families. For example, influenza A viruses (IAV) use the NS1 protein to interfere
with the type-I IFN response at multiple levels (107, 108). Viruses belonging to
the Paramyxoviridae family, the closest related virus family of Pneumoviridae,
use the V and C proteins to interfere with RLR signaling and the IFN signaling
pathway (109, 110). RSV encodes the NS1 and NS2 proteins as IFN antagonist
(106, 111), which are absent in the genome of HMPV. Therefore, HMPV must
contain other mechanisms to avoid the type-I IFN response.

For HMPV, several proteins have been described to act as IFNantagonists.
However, these reports are sometimes conflicting. The G protein was suggested
to inhibit TLR signaling by blocking TLR4mediated signaling in DCs and RLR
signaling by interacting with RIG-1 in epithelial cells (59, 112). However, another
study, using siRNA knockdown of the G gene, did not find such a role for the G
protein (113). Additionally, the SH protein was suggested to inhibit TLR7-MyD88-
mediated signaling in DCs and to downregulate IFN signaling by preventing
STAT1 phosphorylation in DCs (114, 115). However, another study, using a
genomics approach, could not find a role for the SH protein (52). A third protein,
the M2-2 protein, was suggested to act as IFN-antagonist in epithelial cells by
physically interacting with MAVS and by inhibition of TLR7 and TLR9 signaling
in DCs (116-118). However, yet another study demonstrated that viruses lacking
M2-2 protein expression contained an increased mutation frequency in parts
of the genome (44), of which the effect on induction of IFN production was



not investigated, but could result in a loss of function of other viral proteins
or alter important secondary RNA structures. In 2014, it was reported that
HMPV rapidly accumulates snapback defective interfering RNAs (DIs) upon
passaging of the virus with a higher MOI (119). These Dls are potent inducers of
the type-I IFN response (119), providing a possible explanation for the conflicting
results of previous reports. Thus far, the role of the G, SH, and M2-2 proteins as
IFNantagonist, or any other mechanism of HMPV to avoid the innate immune
response, has not been firmly established.

Outline of the thesis

Most viruses that cause RTIs have a winter seasonality. However, as a result
of alleviating lockdown measures during the SARS-CoV-2 pandemic, some
respiratory viruses have resurged during months outside of their regular
epidemic season (120-122). Chapter 2 describes an offseason HMPV outbreak
in the summer of 2021 in a hospitalized setting.

Since the discovery in 2001, many studies have focused on the evolution
and genetic diversity of HMPV. While the F and G gene sequences have been
used extensively for analysis of HMPV evolution, studies based on analyses of
whole genome sequences remain limited, even though the cost and feasibility to
generate whole viral genome sequences has improved considerably throughout
the past decade. In Chapter 3, we report on the development of whole genome
sequencing method for HMPV using Nanopore technologies. This method was
used in Chapter 4 to study HMPV evolution between 2005 and 2021 using
sequences from samples obtained from hospitalized patients and people
visiting general practitioners for RTls. Additionally, analysis of these sequences
was used to propose a robust HMPV classification system.

The second part of this thesis focuses on the interaction between HMPV
and the innate immune system. In Chapter 5, the role of the G, SH, and M2-2
proteins as bona fide IFN antagonist was studied. In addition, as a previous
report described genomic instability of M22 mutant viruses, the genomic
stability of the G, SH, and M22 deletion mutant viruses was analyzed. Because
arole for the M2-2 protein as IFNantagonist could not be confirmed, the function
of the M22 protein in viral antagonism of the innate immune system, as well as
its transcriptional function, was further studied in Chapter 6. Finally, in Chapter
7, key findings of this thesis are discussed in the context of the work of others.
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Dear Editor,

We read with great interest the article by Lumley et al." who described changes
in pediatric respiratory infections at a British hospital after ending of a national
COVID-19 lockdown. They showed off-season increased infection rates with
Respiratory Syncytial Virus (RSV), rhinovirus and adenovirus, whereas influenza
virus infection rates remained low. Here, we report that in addition, also a
change in human metapneumovirus (HMPV) epidemiology has been observed
in our hospital. Normally, the peak incidence of HMPV infections is found in
late winter and early spring in the northern hemisphere.? In our hospital, this
pattern has always been very stable with a peak incidence in March. Among
239 patients hospitalized with HMPV, we have previously observed only one
infection in June.? In contrast, in 2021, we observed an off-season outbreak of
HMPV in June and July among both adults and children. The outbreak occurred
just after national lockdown measures due to coronavirus disease 2019 (COVID-
19) had been lifted. To characterize the outbreak further, clinical characteristics
were studied of the patients and phylogenetic analysis of the viral samples was
performed in order to investigate the relationship of the viruses.

Between June and July 2021, 28 patients were hospitalized with an HMPV
infection in the Zuyderland Medical Center, which is a large teaching hospital
situated in Heerlen in the south of The Netherlands. After exclusion of two
patients who refused informed consent and three patients who were unable
to communicate, 23 patients were analyzed. None of the patients had known
relationships with each other. Twelve patients were children ranging from 0
to 4 years and the 11 adult patients were between 20 and 90 years old. None
of the patients were immunocompromised. The most prominent comorbidity
in adults was chronic obstructive pulmonary disease (COPD) in 5 (46%) of the
patients. In general, the clinical disease severity at presentation and the course
of disease was not different from that observed in other cohorts.? Temperature
in children and adults was 38.4 + 1.1 °C and 37.9 £ 0.8 °C, respectively, heart
rate 146 + 17 and 100 + 22 min™ and respiratory rate 24 + 12 and 23 + 7 min™.
Antibiotics were administered to 3 (25%) children and 9 (82%) adults. No patient
was admitted to the intensive care unit. Mean length of hospital stay was 4.0 £
4.0 days for children and 4.4 + 2.9 days for adults. One adult patient died after
hospital dismissal but within 30 days after admission. This patient had severe
comorbidity (end-stage neuroendocrine tumor and ileus).

For the purpose of this study, surplus samples initially tested for routine
clinical care were obtained. For sequence analysis 14 samples were selected,
in which HMPV could be detected by routine diagnostic qRT-PCR assays at a
cycle threshold less than 27. For all samples, full length F sequences, and for 8
of these samples that of the attachment protein (G), were obtained with sanger
sequencing as described previously.* Phylogenetic analysis of complete F gene
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Figure 1. Maximum likelihood phylogenetic tree reconstructed from HMPV complete F
gene sequences. The tree was reconstructed using the GTR +G + / substitution model
with 1000 bootstraps. Fourteen complete F gene sequences (thirteen from GenBank,
indicated with accession numbers, and one from'®) were included for the tree topology.
Viruses sequenced in this study that contain a 111-nucleotide duplication in the G gene
that was confirmed by Sanger sequencing of the G gene are underlined.

nucleotide sequences was performed using the MEGA 10 software with the best
fit DNA model determined by the MEGA software with 1000 bootstraps. This
phylogenetic analysis demonstrated that all viruses clustered in two smaller
clusters within the A2.2.2 lineage (Fig. 1). All eight viruses, for which sequences
were obtained for the G gene, had a 111 nt duplication in that gene.

Taken together, this study described an off-season outbreak of infections
with HMPV in both adults and children caused by viruses belonging to the HMPV
A2.2.2 lineage. Because all 8 viruses for which sequences of the G gene could
be obtained showed a 111-nt duplication in the G gene, it may be considered
likely that this variant has been responsible for most infections during the
outbreak. This variant was first described in 2016 and has gradually become
the dominating strain worldwide but is not the only circulating variant.> Some
authors initially postulated that this strain may be more virulent;® however, in
time, HMPV incidence has not changed significantly.® The cause of the unusual
summer outbreak of HMPV infections is likely related to reopening of the society




after a severe COVID-19 lockdown, thus enabling the spread of HMPV. During
the first COVID-19 wave in 2020, both SARS-CoV2 and HMPV had circulated
independently, which suggested that there was no competition between the
viruses at the time.2 During subsequent lockdowns HMPV incidence was very
low, like that of RSV.” Together these data suggest that public health measures
were probably more important drivers for the shift in HMPV incidence than
viral interference. Whether the currently identified clusters of patients, all
hospitalized with the same HMPV genotype, were limited to local transmission
only or spread to the region, country or continent remains to be determined.
However, because the cluster was further divided into two smaller clusters
within the same A2.2.2 lineage and because the patients in our study did not
have known relationships with each other, the HMPV outbreak probably did
not occur locally only. Of note, whereas the incidence of HMPV in this cohort
and the previously reported incidence of RSV in the study by Lumley et al.! and
others®? both peaked after ending of the COVID-19 lockdown, the incidence of
influenza viruses was not affected at that time."? Hence, different factors drive
seasonal variation among different viruses and this concurrent outbreak of
HMPV and RSV suggests that outbreaks of these viruses may be less depending
on weather conditions.
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Abstract

Human metapneumovirus (HMPV), a member of the Pneumoviridae family,
is a causative agent of respiratory illness in young children, the elderly, and
immunocompromised individuals. Globally, viruses belonging to two main
genetic lineages circulate, A and B, which are further divided into four genetic
sublineages (A1, A2, B1, B2). Classical genotyping of HMPV is based on the
sequence of the fusion (F) and attachment (G) glycoprotein genes, which are
under direct antibody-mediated immune pressure. Whole genome sequencing
provides more information than sequencing of subgenomic fragments and is
therefore a powerful tool for studying virus evolution and disease epidemiology
and for identifying transmission events and nosocomial outbreaks. Here,
we report a robust method to obtain whole genome sequences for HMPV
using MinION Nanopore technology. This assay is able to generate HMPV
whole genome sequences from clinical specimens with good coverage of the
highly variable G gene and is equally sensitive for strains of all four genetic
HMPV sublineages. This method can be used for studying HMPV genetics,
epidemiology, and evolutionary dynamics.

Keywords

human metapneumovirus, whole genome sequencing, Nanopore technology;
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Introduction

After its identification in 2001, human metapneumovirus (HMPV), a member of
the Pneumoviridae family, was shown to have a large clinical impact on human
health, especially in young children, the elderly, and immunocompromised
individuals (Falsey et al., 2003; Van Den Hoogen et al., 2001; Williams et al.,
2006). Globally, HMPV accounts for approximately 5-15% of all respiratory tract
infections (RTI) with a peak of infections in infants between 6 and 12 months of
age (Jain et al., 2015; O'Brien et al., 2019; Van Den Hoogen et al., 2001; Williams
et al., 2004).

HMPV is a non-segmented negative-strand RNA virus with a genome of
113,300 nucleotides containing 8 genes encoding nine open reading frames
(ORF), including three surface glycoproteins: the fusion protein (F), the small
hydrophobic protein (SH) and the attachment protein (G). Of these, F is the
major target of neutralizing and protective antibodies (Skiadopoulos et al.,
2006; Herfst et al., 2007). However, antibody titers rapidly wane over time and
therefore reinfections with HMPV can occur throughout life (Ebihara et al.,
2004; van den Hoogen et al., 2007). Genetically, HMPV strains cluster in two
major lineages (A and B) which are subdivided in four sublineages (A1, A2, B1,
B2) (Van Den Hoogen et al., 2004). Viruses from multiple HMPV sublineages
can co-circulate in a single season, but in general, viruses from one sublineage
predominate per season (Boivin et al., 2004; Mackay et al., 2006; Van Den
Hoogen et al., 2004). Phylogenetic analyses of HMPV strains have suggested
that the A2 sublineage may be further divided in two clades, A2a and A2b, or
rather A2.1 and A2.2, following nomenclature as used for Influenza viruses
and the international committee on taxonomy of Viruses (ICTV) (Huck et al.,
2006; Lefkowitz et al., 2018; Nao et al., 2020). Additionally, two different sizes
of duplications in the open reading frame (ORF) of G of the virus belonging
to lineage A2 were detected of 111 or 180 nucleotides, in Japan, followed by
reports of the occurrence of these duplications in viruses circulating in Spain,
Vietnam and China (Saikusa et al., 2019, 2017b, 2017a). One of these strains, with
a 111 nucleotide duplication in G, became the predominant circulating strain
in Yokohoma city suggesting a beneficial role for the duplication (Saikusa et
al., 2019). Furthermore, studies reported variability in the length of the G ORF
due to changes in the position of the stop codon (Kamau et al., 2020; Van Den
Hoogen et al., 2004). These evolutionary events highlight the need to carefully
monitor HMPV evolutionary dynamics, which is critical towards the design of
diagnostic assays and future intervention strategies that can lead towards
epidemiological containment strategies of the virus.

Thus far, studying HMPV genetic variation and evolution has been mainly
based on the genetic variability of F and G (Boivin et al., 2004; Saikusa et al.,
2019, 2017b, 2017a; Van Den Hoogen et al., 2004). Whole genome sequences




could provide additional genomic information about virus evolution that will
remain undiscovered by sequencing of subgenomic fragments (Dudas and
Bedford, 2019). With rapidly developing next generation sequencing (NGS)
techniques, the time and cost efficiency to sequence entire viral genomes is
improving considerably. NGS technologies, such as lon Torrent, lllumina and the
relatively new Oxford Nanopore Technologies MinlON sequencing, are used in
a wide range of applications such as population surveillance of viral outbreaks,
tracking nosocomial infections and the design of vaccine strategies (Radford
et al., 2012). While all three platforms can be used for viral whole genome
sequencing, MinlON sequencing has the advantage that it does not require
additional amplification steps during the sequencing procedure (Quick et al.,
2018; Siddle et al., 2018). The cost of MinION sequencing provides an additional
benefit of MinlON sequencing over lon Torrent and lllumina sequencing (Van
Nimwegen et al., 2016), and the scale of MinlON sequencing is very suitable for
virus-sized genomes.

Here, we introduce a sensitive HMPV whole genome sequencing method by
MinION sequencing of multiplexed PCR amplicons. As the G is highly variable
between viruses from the different lineages (nucleotide identity: 50%-57%),
and therefore used for classification, a good genomic coverage of this gene is
desirable (Van Den Hoogen et al., 2004). However, this high variability makes it
challenging to design primers that can detect the G gene of HMPV strains from
all sublineages with the same assay. With the method described here, HMPV
whole genome sequences can be generated from viruses in clinical specimens
belonging to all sublineages, with good genomic coverage of the entire genome
including the highly variable G gene. This rapid whole genome sequencing
technique facilitates HMPV genomic and evolution studies and can be used to
monitor HMPV epidemiology.

Methods

HMPV reference strains

HMPV strains NL/00/1 (Genbank accession number AF371337), NL/00/17
(Genbank accession number AY304360.1), NL/99/1 (Genbank accession number
AY525843) and NL/94/1 (Genbank accession number AY304362.1) were used
as reference strains for HMPV sublineages A1, A2, B1 and B2, respectively. The
HMPV reference strains were isolated and cultured as described previously
(Herfst et al., 2004).



Patient materials

Table 1. List of primer sequences used for the uneven amplicons (primer pool 1) and
their optimized concentrations used for HMPV whole genome MinION sequencing. For
degenerate primers,Y=CorT,W=AorT,R=AorG, M=Aor(C,S=CorG,K=GorT,
D=A,GorT,N =any base.

Amplicon Primer Nucleotide sequence (5'-3") UM primer
per PCR
reaction

1 FW 1 ACGCGAAAAAAACGCGTATA 40

REV 1 CCAGAYTCWGGRCCCATYTC
3 FW 3A CMARCAACCAAAACAACAGATCC 10

FW 3B CAANYAAYCAAARYYATGGATCC
REV 3A GAAGTACAGACATNGCWGCACC
E GAAGTACMGACATNGCWGCACC

5 FW 5A GCAAGACTTGGAGCCATCAAGG 30
FW 5B GCAAGAGCTGGAGTCACCAAGG
REV 5 CAAGGYGTRYTATNACNCCAAAGAT

7 FW 7A TTGAAAACAGTCAAGCACTAGT 40
FW 7B TTYCCTGARGATCARTTYAATGT
REV 7 CATCYAATGTTWTCATTGTCAYTTATC

9 FW 9A GGAAAATAAGYAGAAAYCAATGCAC 50
FW 9B GGRAARTAAGYANAAATCAATGYAC
REV 9A CATTRAGAGGATCCATTGYYATTT
REV 9B CACARARNGGATCCATTGYYATTT

" FW11A  AACCCACCTCAGATAACACATCAATYCT 10
FW11B  ACCCAACCTCAGATAACACATCAATTCT
REV11A  AGTTGACTGGGGTAAYTTTTWGCTT
REV11B  AGTTGGCTRGGGTAACTTTTRGCTT

13 FW13A  GGAAATSAAATCRGAACTTTCTTCYAYTAAAAC 5
FW13B  GGAAATRAAATCAGAACTTTCYTCYATTAAAAC
REV13A TCTCCYCCWCCAAAYTGCATTG
REV13B TCTCCTCCWCCAAAYTGCATCG

15 FW 15 AATGGTAGGCTGATATGCTGYCAG 5
REV 15A YGATAYRAACCCRTCACCCCAGTC
REV15B TGARATGAACCCATCACCCCARTC




Table 1. Continued.

Amplicon Primer Nucleotide sequence (5'-3') MM primer
per PCR
reaction

17 FW17A  AYCAGTTCRGAYTACAACAAAGGG 5

FW17B  TCCCYAAGATAACATTYGAAAGGCTAAAAA
REV 17 CTTRCTRCCNCCAACTGTTGCT

For the purpose of this study surplus samples initially tested for routine clinical
care were obtained from the diagnostics unit of the Viroscience department of
the Erasmus MC. Only samples in which HMPV could be detected by routine
diagnostic qRT-PCR assays at a cycle times less than 25 were selected. A
volume of 200 pl was used for RNA extraction using the MagnaPurelLC (Roche
Diagnostics) that was eluted in a volume of 100 ul. gRT-PCR was performed
as described previously (Hoek et al., 2013). Data collection and analyses were
conducted in an anonymized matter, which does not require further medical
ethics review as consented by our Medical ethical board (MEC-2015-306).

RNA extraction, cDNA synthesis and multiplexed PCR
amplification of clinical HMPV samples

RNA extraction was performed using the High Pure RNA Isolation Kit (Roche).
Briefly, 200 ul of HMPV-positive clinical material or diluted virus reference strain
culture supernatant was lysed in 400 pl RNA lysis buffer. RNA was extracted
according to the manufacturer's instructions and eluted in 50 pl elution buffer.
For each sample, two separate cDNA reactions (1 for each primer pool) and
subsequently two separate multiplexed PCR reactions were performed. cDNA
synthesis was performed using the SuperScript IV First-Strand cDNA Synthesis
kit (Invitrogen) in a total volume of 20 pl containing 6 pl eluted RNA, 10 mM
dNTPs and 20 U RNAse OUT (Invitrogen), 10 uM of each forward primer from
primer pool 1 or primer pool 2, 4 yl 5x First Strand Buffer, 100 mM DTT, 20 U
RNAse OUT and 200 U SuperScript IV Reverse Transcriptase. The cDNA reaction
was carried out for 15 minutes at 50°C followed by 10 minutes at 80°C. The cDNA
was amplified by PCR in a total volume of 50 pl containing 4 pl cDNA, 5 pl 10x
PFU DNA polymerase buffer (Agilent Technologies), 12.5 mM dNTPs, 1 pl PFU
DNA polymerase (Agilent Technologies) and primer concentrations as indicated
in Table 1 and 2. Thermocycling was performed with the following parameters:
95°C for 2 minutes, 40 cycles of 95°C for 20 seconds, 50°C for 30 seconds and
72°C for 90 seconds, followed by 72°C for 3 minutes.



Table 2. List of primer sequences used for the even amplicons (primer pool 2) and
their optimized concentrations used for HMPV whole genome MinION sequencing. For
degenerate primers,Y=CorT,W=AorT,R=AorG, M=Aor(C,S=CorG,K=GorT,
D=A, GorT, N =any base.

Amplicon FW/RV  Nucleotide sequence (5'-3') UM primer per
PCR reaction

2 FW 2 CWACAGGMAGCAAAGCAGAAAG 10
REV 2 GARAGCAARTCTAGRGCATCTT

4 Fw 4 AYACAGCYGCTGTTCAAGTTGA 40
REV 4 ACCARCCTGTYCTYARAACACT

6 FW 6 GTGCGGCARTTTTCAGACAATG 10
REV 6 ACACCAYTYAGCTCYGGAGG

8 Fw 8 AGTGRCATGGTCCTGTYTTCA 30
FW 8A GACAGTGAARGCAYTAATCAAGTGC
REV 8 ACYTCCATRRCYACTTGTCCCA

10 FW 10A  YCRCAYRAGCAGCAYARGRRAAAGA 20
FW10B  CCGCACKAGCAGCRCAAKAAGGAGA
FW10C  CAACCARAYCAGMAATGNAAGNGAGRCA
FW10D  CAACCAAACCAGCAATGGAAGAGAGGCG
FW10E  CAACCARAYCAGMAATGNAAGNGAG
REV10A  CTYAYTCTTYTRCTTTTGTTGCT
REV10B  GCTYAYTCTTYTRCTTTTGTTGCT

12 FW 12 TYGGWCAYCCDATGGTAGATGA 10
REV 12 ACCYYTTGTTTCYGGTGGTGCA

14 FW 14 RGGRGARAGYATRYTAGTTAGTYTGATA 5
REV 14A  TGAGTGCTTGATCCTACCCAGG
REV 14B  AGGGCTYTTTGGACCTCTTTGA

16 FW 16 ACAYTRGGRAARATGCTYATGC 10
REV 16 CARTTWCCTGCYCCTTCTCCAA

18 Fw 18 GAYCTTGAYCAYCATTAYCCNYTRGAATAYCA 40
REV 18 ACGGCAAAAAAACCGTATACAWTCAA

PCR purification and MinlON sequencing

For each primer pool, 5 pl PCR product was analyzed on a 1% agarose gel.
When bands were visible, the remaining PCR products from both primer pools
were pooled and purified using Agencourt AMPure XP beads (Beckman Coulter).
Upon measurement of sample concentrations with the Qubit dsDNA HS assay
kit (Thermo Fisher) on a Qubit fluorometer (Thermo Fisher), 1000 ng DNA was
used per sample for library preparation. A maximum of twelve purified samples




were barcoded using the 1D Native barcoding genomic DNA kit (EXP-NBD104
and SQK-LSK109) according to the manufacturer’s instructions and sequenced
using a R9.4 FLO-MIN106 flowcell (Oxford Nanopore Technologies) on a GridlION
Mk1 (Oxford Nanopore Technologies) for 16 hours.

Sequence data analysis

Obtained sequence data was demultiplexed using the Porechop algorithm
(https://github.com/rrwick/Porechop) as described previously (Oude Munnink et
al., 2019). The demultiplexed sequence data was analyzed using CLC Genomics
Workbench version 12.0 (Qiagen). After trimming the 30-nt primer sequences
from the ends of the reads, the samples were genotyped by mapping the reads
of an individual sample against the full genome sequences of the 4 reference
strains (HMPV A1, A2, B1, B2). The HMPV reference sequence to which most
of the reads were mapped was considered the genotype of that sample. If an
equal number of reads mapped to two different reference strains, the genotype
was determined based on homology of the F and G sequences of the sample
compared to the reference strains. Subsequently, all reads were mapped against
one reference genome. A consensus sequence was extracted with a minimum
threshold of 25 read coverage per nucleotide. Gaps in homopolymeric regions
of the obtained consensus sequences where checked and resolved by consulting
reference genomes. A schematic overview of the complete HMPV MinION
sequencing workflow is depicted in Figure 1.

Quantitative reverse-transcription PCR

RNA extraction was performed as described above and quantitative reverse-
transcription PCR on the HMPV N gene was performed as described previously
(Maertzdorf et al., 2004).
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Figure 1. Schematic representation of the HMPV whole genome MinION sequencing
workflow.

PCR and Sanger sequencing for genotyping of HMPV strains

RNA extracted from HMPV-positive clinical samples was subjected to PCR
amplification of a region covering the HMPV F gene as previously described (Van
Den Hoogen et al., 2004). PCR products were purified and Sanger sequencing
was performed using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied
Biosystems) according to the manufacturer’s protocol. The sequencing products
were purified using a Performa V3 96-well short plate (EdgeBio) according to the



manufacturer’s protocol. Nucleotide sequences were determined using a 3130x|
Genetic Analyzer (Applied Biosystems). The HMPV genotype was determined
from the sequence of the F gene as described previously (Van Den Hoogen et
al., 2004).

Results

Primer design for HMPV whole genome sequencing

To obtain amplicons with a size of 1000 nucleotides and a 200 nucleotide overlap
with neighboring amplicons, primers were designed using Primalscheme
(Quick et al., 2018). A total of 183 available HMPV whole genome sequences
from GenBank were aligned using MAFFT (https://mafft.cbrc.jp/alignment/
server/). Two separate alignments were generated for HMPV lineage A and
B strains, respectively, based on the information supplied on GenBank or, in
case the information was lacking, by analysis of the sequence of the F gene
as described previously (Van Den Hoogen et al., 2004). Area’s containing gaps
in the alignments were removed manually, the designed primers were added
to the alignment and primers sequences directed against these manipulated
alignments were optimized using Primer3 plus (http://www.bioinformatics.nl/
cgi-bin/primer3plus/primer3plus.cgi). The designed primers were imported in
the MAFFT alignment containing all full genome sequences for both genotype
A and B, including the gaps. Only primers that matched sequences of both
HMPV-A and HMPV-B viruses were selected and, if necessary, degeneracies
were introduced into the primer sequences to increase primer sensitivity
for viruses of both HMPV lineages. In case degenerate primers could not be
designed that would align to both genotype A and B viruses, multiple primers for
that position were designed. Primers were designed to yield 18 PCR fragments,
each of approximately 1,000 nucleotides in length with average overlap of
approximately 260 nucleotides with neighboring amplicons (Figure 2a). The
average amplicon length was 970 nucleotides, with the exception of amplicon
9, with a length of + 1,250 nucleotides to span the entire G gene. The amplicons
were divided over two pools (Table 1 and 2). Primer pool 1 contained the primers
of the uneven numbered amplicons and primer pool two contained the primers
of even numbered amplicons to prevent the generation of small PCR products
from the overlapping part of neighboring amplicons.
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Figure 2. (a) Schematic overview of the 18 amplicons used to cover the HMPV genome
by MinlON sequencing. Le: leader sequence, Tr: trailer sequence, N: nucleoprotein, P:
phosphoprotein, M: matrix protein, F: fusion protein, M2: Matrix protein 2, SH: small
hydrophobic protein, G: glycoprotein, L: polymerase, PP1: primer pool 1, PP2: primer pool
2, A: amplicon. (b) Gel electrophoresis of multiplexed PCR products of serially diluted
RNA from four HMPV reference strains NL/00/1, NL/00/17, NL/99/1, and NL/94/1. PCR
products were run on a 1% agarose gel to validate the presence of PCR products. M:
Molecular marker.

Validation and optimization of HMPV MinION whole genome
sequencing

The sensitivity and specificity of primers for individual amplicons was first
determined using full genome HMPV NL/00/1 (A1) and HMPV NL/99/1 (B1)
plasmid DNA [30]. Dilution series ranging from 50 to 0.005 pg plasmid were
used as template DNA for PCR amplification of all described amplicons. The PCR
products were run on an agarose gel to confirm the presence of PCR product
(data not shown). Next, the primers were used for cDNA synthesis and PCR
amplification of viral RNA isolated from reference strains NL/00/1 (genotype
A1), NL/00/17 (genotype A2), NL/99/1 (genotype B1) and NL/94/1 (genotype
B2). To obtain equal input for all strains, viral RNA was subjected to quantitative
reverse-transcription PCR (gRT-PCR) and RNA samples were diluted in order
to match a Ct value of 20. From these samples, cDNA was generated using the
forward primers of primer pool 1 or primer pool 2 separately, followed by a
PCR reaction with primers for each individual PCR amplicon. The presence of
PCR product for each amplicon was validated on an agarose gel and primer




concentrations were optimized by increasing primer concentrations for
those PCR products that had a low intensity. Next, the cDNA was subjected
to multiplexed PCR using the primers from primer pool 1 or primer pool 2 in
two separate reactions (Figure 1). The multiplexed PCR products were then
subjected to MinlON sequencing and coverage plots were generated for each
HMPYV reference strains (data not shown). Primer concentrations from amplicons
which yielded a genomic coverage <100 reads per nucleotide were increased in
the multiplexed PCR reaction and the new primer concentrations were validated
by MinlON sequencing. This process was repeated until all amplicons had a
minimum genomic coverage of at least 100 reads per nucleotide throughout the
entire genome, including the highly variable G gene. The finally selected primer
concentrations are listed in table 1 (pool 1) and 2 (pool 2).

To validate the sensitivity of the HMPV whole genome MinlON sequencing
assay, three dilutions of the RNA extracted from each HMPV reference strain
were generated. The input of viral RNA varied based on Ct values obtained by
gRT-PCR, with a range of Ct values from 17.8 to 23.7. The presence of bands
from the multiplexed PCR products was validated on an agarose gel (Figure
2b). Samples were subjected to MinlON sequencing using the selected primer
concentrations from table 1 and 2. Whole genome consensus sequences were
obtained from all dilutions of the reference strains (Figure 3). The PCR product
of amplicon 9 had a size of 1,200 nucleotides and should run higher than the
other amplicons but was not visible on the agarose gel (Figure 2b). Despite this,
good genomic coverage of this region was obtained for all sample dilutions for
viruses of all lineages (Figure 3). For the viruses belonging to the A1 and B2
lineages, the genomic coverage was lower for the samples with higher Ct values
(23.0 and 24.0, respectively) (Figure 3a and 3d). However, a consensus sequence
with a minimum coverage of 100 reads per nucleotide throughout the genome,
including the G gene, was obtained for all dilutions. For the viruses belonging
to the A2 and B1 lineages, similar genomic coverages were obtained for the
different dilutions of these samples, with the exception of the 5" end of the
genome. For all three dilutions of these viruses a coverage of at least 100 reads
per nucleotide was obtained, including good coverage of the G gene (Figure 3b
and 3c¢). Although multiplexed PCR amplification for NL/94/01 (lineage B2) with
a Ct value of 24.0 resulted in bands with lower intensities on the agarose gel
(Figure 2b), a whole genome sequence was still obtained (Figure 3d). Thus, we
were able to obtain HMPV whole genome sequences of viruses from all four
HMPV lineages with good genomic coverage throughout the genome using RNA
with Ct values obtained by qRT-PCR up to at least 25.0.
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Figure 3. Coverage plots generated by MinION sequencing of serially diluted HMPV
reference strains. Three dilutions of each reference strain were sequenced, with Ct values
ranging from 17.3 to 25.0 obtained by qRT-PCR. Coverage indicated on the y-axis is
expressed as the number of reads per nucleotide. (a) Coverage plots of serially diluted
HMPV NL/00/1. Blue line: Ct 17.8, black line: Ct 20.0, red line: Ct 23.0. (b) Coverage plots
of serially diluted HMPV NL/17/00. Blue line: Ct 17.3, black line: Ct 20.0, red line: Ct 22.9.
(c) Coverage plots of serially diluted HMPV NL/99/1. Blue line: Ct 18.8, black line: Ct 21.7,
red line: Ct 25.0. (d) Coverage plots of serially diluted HMPV NL/94/1. Blue line: Ct 17.3,
black line: Ct 19.4, red line: Ct 24.0.




Table 3. Summary of MinION sequencing results of HMPV-positive clinical samples. The
mean genomic coverage is expressed as the mean number of reads per nucleotide in
the genome.

Clinical Material Ctvalue Genotype Totalreads mapped Mean
sample obtained reads genomic
(x1000) (x1000) coverage
(x1000)
1 Throat 20.1 Al 393 292 18.5
swab (74.3%)
2 Nasal 22.4 A2 580 362 16.2
wash (62.4%)
3 Sputum  19.5 A2 365 307 8.4
(83.8%)
4 Sputum 21 A2 400 316 8.1
(79%)
5 Nasal 211 B1 376 206 12.5
wash (54.9%)
6 Sputum  18.7 B1 163 133 6.1
(81.6%)
7 Throath  22.5 B1 110 58 2.5
swab (52.7%)
8 Lung 21.6 B2 208 78 4.9
Lavage (37,7%)
9 Lung 21.6 B2 208 78 49
Lavage (37,7%)
10 Nasal 22.7 B2 391 269 9.0
wash (68,7%)

MinlON sequencing of HMPV-positive clinical samples

The HMPV whole genome MinlON sequencing assay was subsequently used
to sequence HMPV genomes from clinical specimens. HMPV-positive clinical
samples were obtained and their genotype was determined by sanger
sequencing of the HMPV F gene. Three samples belonged to sublineage A2,
three to B1, three to B2 and one to sublineage A1, and Ct values ranged from
18.7 to 22.7 (Table 3). AHMPV whole genome consensus sequence was obtained
for all 10 selected clinical specimens with a minimum genomic coverage of 100
reads per nucleotide, with the exception of the 5" and 3' ends of the genome
and a small region of the virus belonging to the A1 sublineage (Figure 4). The
genomic coverage, expressed as the mean number of reads per nucleotide in
total number of reads ranged from 110,000 to 580,000 per sample. The mean
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Figure 4. Coverage plots generated by MinlON sequencing of 10 HMPV-positive clinical
isolates. Ct values of HMPV clinical samples ranged from 18.7 to 22.7. Coverage indicated
on the y-axis is expressed as the number of reads per nucleotide. (a) Coverage plot for
a virus belonging to the A1 sublineage with a Ct of 20.1 (b) Coverage plots for viruses
belonging to the A2 sublineage. Blue line: sample 2 (Ct 22.4), black line: sample 3 (Ct 19.5),
red line: sample 4 (Ct 21.0). (c) Coverage plots for viruses belonging to the B1 sublineage.
Blue line: sample 5 (Ct 21.1), black line: sample 6 (Ct 18.7), red line: sample 7 (Ct 22.5). (d)
Coverage plots for viruses belonging to the B2 sublineage. Blue line: sample 8 (Ct 21.6),
black line: sample 9 (Ct 22.4), red line: sample 10 (Ct 22.7).

genomic coverage, expressed as the mean number of reads per nucleotide in
the genome, ranged from 2,500 to 18,500. The total reads and mean genomic
coverage for HMPV A lineage viruses (total reads: 365,000-580,000, mean
coverage in reads per nucleotide: 8,100-18,500) was somewhat higher than
for the HMPV B lineage viruses (total reads: 110,000-391,000, mean coverage



in reads per nucleotide: 2,500-12,500), a full-length consensus sequence with
a minimum genomic coverage of 100 reads per nucleotide was obtained for
viruses from both lineage A and B. The mean Ct value of lineage A viruses
was similar to that of lineage B viruses (20,75 for HMPV A, 21,35 for HMPV
B), therefore the difference in total reads and genomic coverage between the
two genotypes were not attributable to differences in Ct values. The genomic
coverage of the highly variable G gene was above 100 reads per nucleotide for
viruses from all four sublineages. This was similar to the genomic coverage of
other regions of the genome, which demonstrated that the high variability of
the G gene was not problematic for this assay. In conclusion, this method can be
used for sensitive whole genome sequencing of viruses from all four sublineages
from clinical specimens.

Discussion

Monitoring genetic evolution of HMPV is crucial for the design of diagnostic
assays, for studying virus epidemiology, for identifying transmission events
and nosocomial outbreaks, and for the rational design of future vaccines or
other intervention strategies. Monitoring HMPV genetic evolution is classically
done by sequencing of the F and G genes, of which the HMPV G gene is the
most variable gene of the virus and is therefore used to distinguish between
HMPV sublineages (Van Den Hoogen et al., 2004). In contrast, the HMPV F gene
is relatively conserved but contains a number of distinct amino acids that can
be used to distinguish between viruses from lineage A, B1 and B2 (Van Den
Hoogen et al., 2004).

HMPV whole genome sequencing will provide additional important
information about virus evolution which could be missed by partial genome
sequencing (Radford et al., 2012). Here, we introduce a method to obtain whole
genomes from HMPV positive clinical specimens that is equally sensitive to all
four genetic sublineages. This method was optimized based on the intensity of
PCR products on agarose gels and based on optimal genomic coverage obtained
by MinlON sequencing. However, a low band intensity of PCR products on gel did
not translate to poor genomic coverage, as a whole genome consensus sequence
with a 100 reads per nucleotide threshold was still obtained from samples with
a low band intensity on gel. Adjustments to the primer concentrations did affect
genomic coverage, as higher primer concentrations resulted in higher genomic
coverage obtained by MinlON sequencing. Using this method, a HMPV whole
genome sequence was obtained from samples with an RNA input that equals a
Ctvalue up to 25.0. However, the genomic coverage of the 5' end of the genome
from samples with Ct values above 23.0 was relatively low. Additionally, we used
our assay to sequence one clinical specimen with a Ct value of 28.0. This sample



had reduced genomic coverage as well as regions with poor genomic coverage
(in comes cases even below 10 reads per nt).

A number of studies explored the option of HMPV whole genome sequencing,
either by lllumina sequencing, lon Torrent, or Nanopore technology (Kamau
et al., 2020; Pollett et al., 2018; Xu et al., 2020, 2018). All three methods can
be used to generate whole genome sequences, but the cost and scale of
MinlON sequencing is a benefit of the Nanopore technology for sequencing of
viral genomes (Oude Munnink et al., 2019; Van Nimwegen et al., 2016). While
metagenomics Nanopore sequencing of HMPV-positive clinical specimens
can yield HMPV whole genome sequences, the sensitivity of metagenomic
sequencing, as well as the coverage of the G gene, was sub-optimal in general
(Xu et al., 2020, 2018). As the HMPV G gene is used for virus classification, good
coverage of this gene in HMPV whole genome sequencing techniques is desired,
but this can be challenging due to the high genetic variability (between 50%-
57% nucleotide identity between lineages A and B) (Xu et al., 2018). We aimed to
develop a whole genome sequencing method that detects HMPV from genotype
A and B with equal sensitivity and with good coverage of the G gene. To this
end, degeneracies were introduced in primer sequences or multiple primers
were used for each PCR amplicon to improve the sensitivity of this assay. The
introduction of multiple degenerate primers per amplicon resulted in an optimal
coverage of the G gene for strain of all lineages.

A recent study, analyzing 2212 sequences, highlighted a notable difference
between partial and whole genome sequences of respiratory syncytial virus
(Ramaekers et al., 2020). Phylogenetic analyses of ten whole genome sequences
obtained in our study, combined with 70 sequences obtained from Genbank,
revealed no differences with phylogenetic analysis of only the fusion protein
gene of these sequences (data not shown). This could be due to the limited
availability of HMPV whole-genome sequences.

In conclusion, we introduce a HMPV whole genome sequencing technique
using a MinlON platform with virus-specific PCR amplicons. This assay is able to
generate HMPV whole genome sequences from clinical specimens of all HMPV
genotypes with good genomic coverage throughout the genome, including
the variable G gene. This method can be used for in-depth studies of HMPV
epidemiology and virus evolution, for following transmission routes during virus
outbreaks, and can provide the foundation for the design of novel intervention
strategies.
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Abstract

Human metapneumovirus (HMPV) is one of the leading causes of respiratory
illness (RI), primarily in infants. Worldwide, two genetic lineages (A and B) of
HMPV are circulating that are antigenically distinct and can each be further
divided into genetic sublineages. Surveillance combined with large-scale whole
genome sequencing studies of HMPV are scarce but would help to identify viral
evolutionary dynamics. Here, we analyzed 130 whole HMPV genome sequences
obtained from samples collected from individuals hospitalized with Rl and
partial fusion (n=144) and attachment (n=123) protein gene sequences obtained
from samples collected from patients with Rl visiting general practitioners, from
2005 through 2021 in the Netherlands. Phylogenetic analyses demonstrated
that HMPV continued to group in the four sublineages described in 2004 (A1, A2,
B1, B2). However, one sublineage (A1) was no longer detected in the Netherlands
after 2006, while the others continued to evolve. No differences were observed
in dominant (sub)lineages between samples obtained from patients with Rl being
hospitalized and those consulting general practitioners. In both populations,
viruses of lineage A2 carrying a 180-nucleotide or 111-nucleotide duplication in
the attachment protein gene became the most frequently detected genotypes.
In the past, different names for the newly emerging lineages have been,
demonstrating the need for a consistent naming convention. Here, criteria
are proposed for the designation of new genetic lineages to aid towards a
systematic HMPV classification.

Importance

Human metapneumovirus is one of the major causative agents of human
respiratory tract infections. Monitoring of virus evolution could aid towards
the development of new antiviral treatments or vaccine designs. Here, we
studied HMPV evolution between 2005 and 2021 with viruses obtained from
samples collected from hospitalized individuals and patients consulting general
practitioners with respiratory infections. Phylogenetic analyses demonstrated
that HMPV continued to group in the four previously described sublineages (A1,
A2, B1, B2). However, one sublineage (A1) was no longer detected after 2006,
while the others continued to evolve. No differences were observed in dominant
(sub)lineages between patients being hospitalized and those consulting
general practitioners. In both populations, viruses of lineage A2 carrying a
180-nucleotide or 111-nucleotide duplication in the attachment protein gene
became the most frequently detected genotypes. This data was used to propose
criteria for the designation of new genetic lineages to aid towards a systematic
HMPYV classification.



Introduction

Human metapneumovirus (HMPV) is a non-segmented negative-strand RNA
virus belonging to the Pneumoviridae family. Globally, HMPV is responsible
for 5-15% of respiratory infections and one of the leading causative agents of
respiratory illness in young children, only second to respiratory syncytial virus
(RSV) (1-8). Clinical symptoms caused by HMPV range from mild respiratory
iliness to bronchiolitis and pneumonia, similar to those caused by RSV (reviewed
in (9)).

HMPV has a genome of approximately 13,3 kb in size, containing 8 genes which
encode 9 proteins. This includes three surface proteins: the short hydrophobic
protein (SH), the attachment glycoprotein (G), and the fusion protein (F). These
surface proteins can be used for virus genotyping, also in relation to antigenic
variation of circulating HMPV (10, 11). In 2004 it was reported that HMPV isolates
clustered in two main genetic lineages that are also antigenically distinct (A and
B), and that each diverged in two sublineages (A1, A2, B1 and B2) (10). In 2006,
a further split of sublineage A2 into A2a and A2b was reported (12). Although
the presence of a third lineage (A2c) was reported, another study suggested
that the A2b lineage should be further divided in A2b1 and A2b2 and that A2b2
can be mistaken for lineage A2c (13, 14). There were also suggestions that the
B2 lineage should be further divided into lineages B2a and B2b, although a
consensus on this matter has not been achieved (15). Recently, circulation of
lineage A2 viruses carrying a 180-nucleotide or 111-nucleotide duplication in the
G gene was reported for the first time in Japan in 2014 and 2017, respectively (16,
17). In the following years, these viruses were also detected in Spain, Vietnam
and China (16-18). One of these genotypes, with a 111-nucleotide duplication,
became the dominant circulating genotype in Yokohama city in Japan (16-18).

Studies on HMPV evolution have mainly focused on the genetic variation
of the F and G genes (10, 11, 13, 16, 17, 19-21). However, whole genome
sequencing of HMPV might provide insights into virus evolution that will be
missed by analyzing (partial) F and G sequences. Recent genetic changes,
such as sequence duplications in the HMPV G gene, highlight the importance
to monitor HMPV evolutionary dynamics, but partial genome sequencing will
miss any evolutionary events that occur in genes other than F and G. With next-
generation sequencing (NGS) platforms rapidly improving, obtaining viral whole
genome sequences has simplified considerably (22). Recent studies reported
assays for HMPV whole genome sequencing, using either Illumina sequencing,
lon Torrent, or Nanopore technology (23-26). We recently introduced an HMPV
whole genome sequencing method using MinlON Nanopore technology (27).
In this study, using this method, whole genome sequences were generated
from 130 HMPV strains obtained from samples collected from hospitalized
individuals suffering from respiratory tract infections (RTI) between 2005 and



2021. Additionally, partial F and G gene sequences were analyzed from 144
viruses obtained from patients with a RTI that visited general practitioners from
2005 through 2021, to compare circulation of viruses between the hospitalized
patients and patients consulting general practitioners. Phylogenetic analyses
were performed to study recent evolutionary patterns and used to propose a
robust HMPYV classification system for emerging virus lineages.

Results

Phylogenetic analyses of HMPV whole genome sequences
Full-length genome sequences were generated for 130 viruses obtained from
hospitalized individuals between 2005 and 2021 and for 13 additional viruses
from earlier years (1993-2004) that were also not sequenced previously.
Phylogenetic analysis of these 143 whole genome sequences, in combination
with all 56 whole genome sequences available from GenBank (total n=199),
demonstrated clustering of the viruses in the two main genetic lineages A
and B (Figure 1, Figure A1, Table A1). Within these lineages, separation into the
four previously described sublineages A1, A2, B1 and B2 was still observed.
Additional subdivisions within lineage A2 were clearly possible, as suggested
before (12, 13), but clear criteria for such novel lineage designations are needed.
Moreover, different names for the newly emerging lineages have been used
in the past, demonstrating the need for a consistent naming convention. For
simplicity, lineages from here on forward are referred to as A1, A2,A2.1, A2.2,
A2.2.1, A2.2.2, B1, and B2. Hereby, A and B are used to distinguish between
different phenotypes and phylogenetic clusters are defined numerically.

Table 1. Increase in incidence of viruses carrying a 180 and 111-nucleotide duplications
in the G gene from samples obtained from hospitalized patients within lineage A2.2.2
between 2014 and 2021.

Year 180-nt duplication 111-nt duplication No duplication Total

2014 - - 5(100%) 5
2015 - 2 (29%) 5(71%) 7
2016 3 (38%) 2 (25%) 3 (38%) 8
2017 2 (29%) 3 (43%) 2 (29%) 7
2018 1(50%) 1(50%) - 2
2019 - 2 (100%) 2
2020 - - -

2021 - 4 (100%) - 4
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Figure 1. Maximum likelihood phylogenetic tree based on 199 whole HMPV genome
sequences. The tree was reconstructed using the GTR +G +| substitution model with
1000 bootstraps. The tree with bootstrap values and virus names is shown in Figure A1.
Markers on the right indicate the main virus lineages A and B, which could be divided
in 6 sublineages (A1, A2.1, A2.2.1, A2.2.2, B1, B2). Lineage A2.2.2 viruses with a 180nt-
duplication (V, red line) or a 111nt-duplication (A, blue line) in the G gene are highlighted.
Different names that have been used for each lineage are shown.

In this sample set, viruses with a duplication in the G gene were detected
for the first time in 2015 (Table 1). Viruses containing either a 111-nucleotide or
a 180-nucleotide duplication in the G gene clustered within the A2.2.2 lineage
in two smaller clusters (Figure 1). The most recent virus with a 180-nucleotide
duplication in the G gene was detected in 2018, while from 2019 onwards only
viruses with a 111-nucleotide duplication in the G gene were detected. After
2018, no more lineage A2.2.2 viruses without a duplication in the G gene were

detected.
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Figure 2. Scatterplots of p-distances between viruses from phylogenetic trees
reconstructed from (a) whole genome sequences vs full-length F gene sequences, (b)
whole genome sequences vs partial F gene sequences, (c) full-length F gene sequences
vs partial F gene sequences. The trees from which pdistances were compared are shown
in figures A1, A2, and A3.

Comparison of virus clustering based on whole genome,
full-length F, or partial F gene sequences

The majority of reported phylogenetic analyses have been based on either full-
length or partial F gene sequences (in general nt 778-1226 of the F gene (10)).
To compare clustering of viruses based on full-length genome sequences with
that based on full-length F or partial F gene sequences, phylogenetic trees were
reconstructed from nucleotide alignments of full-length F gene and partial F
gene sequences (nt 778-1226 of the F gene) derived from the 143 full genome
sequences described above. No difference in clustering of the viruses was
observed between the three analyses, which demonstrates the consistency of
lineage topology (Figures A1, A2, and A3). Interestingly, viruses with a duplication
in the G gene also clustered together based on full-length or partial F gene
sequences, demonstrating that full-length or partial F gene sequences by
themselves carry sufficient information to accurately genotype a virus. To assess
whether the phylogenetic distances between viruses were similar in each of the
three trees, scatterplots were generated from the p-distances (the proportion
of nucleotide sites at which sequences differ) between all viruses from one tree
plotted against those from another tree. The variation in p-distance between
the trees reconstructed from whole genome sequences and full-length F gene
sequences were the smallest (Figure 2a), while the variation in p-distances
between trees reconstructed from partial F gene sequences and either full-
length F gene sequences or whole genome sequences were slightly larger
(Figure 2b and 2c¢), indicating that full-length F gene sequences can be used
for phylogenetic analysis with similar accuracy as whole genome sequences.



Designation of HMPV lineages

Although the majority of HMPV evolution studies are based on analysis of F
gene sequences, some studies rely on analysis of the more variable G gene,
while the SH gene is rarely used for these studies. To compare genetic clustering
based on the F, G, and SH genes, an alignment was generated from HMPV whole
genome sequences obtained in this study combined with those available from
GenBank (n=199). From this alignment, the F, G, and SH genes were selected
and used to analyze genetic clustering. For all three proteins, genetic maps were
constructed from the sequence alignments. Genetic maps were generated by
multidimensional scaling of genetic distance matrixes, which contain all pairwise
numbers of nucleotide substitutions between viruses. Distances in the map,
represented by a grid, demonstrate the number of nucleotide substitutions
between viruses, which each line of the grid representing 10 substitutions. The
genetic maps demonstrated clear clustering into six distinct lineages: A1, A2.1,
A2.2.1, A2.2.2, B1, and B2 (Figure A4). Clustering based on F gene sequences
resulted in the highest resolution between these six lineages, which supported
the use of F gene sequences for designation of lineages.

Table 2. Nucleotide substitutions within and between all HMPV lineages including the
proposed A2.2.1 and A2.2.2 lineages.

Lineage A1 A21 A2.21 A2.2.2 B1 B2

Al 0-57 68-114 68-122 84-129 234-275 236-264
A2.1 0-59 21-75 39-87 239-278 240-275
A2.2.1 0-45 26-70 247-288 248-284
A2.2.2 0-41 245-281 240-274
B1 0-88 62-126

B2 0-73
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Figure 3. Genetic evolution of HMPV based on full-length F gene sequences. A genetic
map was generated from full-length F gene sequences obtained in this study combined
with those from GenBank (n=744) with color coding per (a) lineage or (b) year of isolation.
The axes represent genetic distance, with each square of the grid representing a
10-nucleotide distance. Sequences were color coded by year of isolation using a
greyscale. (c) Maximum likelihood phylogenetic tree based on 744 full-length HMPV F
gene sequences. The tree was reconstructed using the GTR +G +| substitution model
with 1000 bootstraps. The tree is color coded according to the colors used in the map
shown in (a). The tree with bootstrap values and isolate names is shown in Figure A5.
Markers on the right indicate virus lineages and sublineages.
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Figure 4. (a) The number of obtained sequences from each lineage of viruses isolated
from hospitalized patients suffering from RTI per epidemiologic season. Seasons started
in week 40 and ended in week 39 of the next year. Samples were selected based on a
Ct value <=25.0, with exceptions as described in the Methods section, and genotyped
by phylogenetic analyses of whole genome sequences. (b) Clustering of viruses isolated
from patients suffering from RTI visiting general practitioners per year. Samples were
selected as described in the Methods section and genotyped based on phylogenetic
analyses of partial F and G gene sequences. Bars are color coded based on the map
shown in Figure 3a.

To propose a robust HMPV classification system, genetic evolution was
analyzed based on alignment of full-length F gene sequences obtained in this
study combined with those from GenBank (n=744). Analysis of a genetic map
and phylogenetic tree reconstructed from this alignment demonstrated that
the viruses clustered in six distinct lineages (Figure 3a-3c, Figure A5), identical
to described above. The A2.2 lineage displayed gradual evolution over time,
while in other lineages directional evolution is not as clear (Figure 3b). In
the genetic map, there appeared to be a segregation within the B2 lineage,
although the border between these two lineages was not clear. This was in
agreement with the phylogenetic tree, in which the distance between these two
lineages was relatively small (Figure 3c). In order to accurately designate the
different sublineages, the ranges of nucleotide substitutions between viruses



within and between lineages were calculated (Table 2). Overall, the genetic
distances within the main lineages A and B were comparable (0-129 and 0-126
nucleotide substitutions between viruses within lineage A and B, respectively).
Between lineage A1 and A2, the genetic distance ranged from 68-129 nucleotide
substitutions. The genetic differences between viruses within the B1 and B2
lineage ranged from 0-88 and 0-73 nucleotide substitutions, respectively, while
between B1 and B2 the genetic distance ranged between 62-126 nucleotide
substitutions. The genetic distances between viruses within the lineage A2.1,
A2.2.1 and A2.2.2 ranged between 0 and 59 nucleotide substitutions, while
between A2.1 and the two A2.2 lineages (A2.2.1 and A.2.2.2), this distance was
21-75 and 38-87 for A2.2.1 and A.2.2.2 lineage viruses respectively. The distance
between viruses from lineage A2.2.1 and A.2.2.2 ranged between 26 and 70
nucleotide substitutions. Although genetic distances within lineage A and B
were comparable, two new lineages had evolved within lineage A while no new
lineages have evolved in lineage B.

Based on this analysis, we suggest that the nucleotide substitutions between
a newly sequenced virus and viruses from each known lineage can be used to
determine to which lineage the new virus belongs. For example, a virus from
lineage A2.2.2 should contain between 0-41 nucleotide substitutions compared
to other lineage A2.2.2 viruses, between 26-70 nucleotide substitutions
compared to A2.2.1 lineage viruses, etc. If the number of nucleotide
substitutions fall within the ranges of each lineage as described in Table 2,
the newly sequenced can be classified accordingly. Alternatively, if the genetic
distance of a newly isolated virus exceeds the ranges of nucleotide substitutions
between lineages as described in Table 2, this virus might be considered part of
anew lineage. These calculations provide a means to determine which lineage
a newly isolated virus belongs to.

Table 3. The number of viruses belonging to lineage A or lineage B sorted by Ct
values (<=25.0 and >25.0) from both hospitalized patients and people visiting general
practitioners.

Ct <=25.0 Ct >25.0 Total

Virus lineage A B A B A B

Hospitalized patients 81/130  49/130 11/33 22/33 92/163  71/163
(62.3%) (37.6%) (33.3%) (66.7%) (56.4%) (43.5%)

General practitioners 20/34 14/34 52/110  58/110 72/144 72/144
(58.8%)  (41.2%) (47.2%) (52.8%) (50.0%) (50.0%)

Total 101/164 63/164 62/143  80/143
(61.6%)  (38.4%) (43.4%) (56.6%)




Circulation of virus lineages over time

Among viruses obtained from hospitalized individuals between 2005 and 2021,
one virus belonged to lineage A1, 15 to lineage A2.1, 21 to lineage A2.2.1, 44 to
lineage A2.2.2, 14 to B1, and 35 to the B2 lineage (Figure 4a). The earliest virus
of lineage A2.2.2 was obtained in 2008, similar to described by others (Nao et
al., 2020). The last virus belonging to the A1 lineage was collected in 2006. In
this data set, a significantly higher number of lineage A viruses (81/130, 62.3%)
were detected than lineage B viruses (49/130, 37.7%) (Chi?, p=0.046) (Table 3).
It is possible that this is due to the selection bias of samples based on a cutoff
gRT-PCR Ct-value <=25.0. To investigate whether the underrepresentation of
B lineage viruses was due to this Ct cutoff value, 33 additional samples with
a Ct value >25.0 (Ct range: 25.3-30.7) were sequenced and genotyped based
on lineage specific amino acid residues of partial F gene sequences (Van Den
Hoogen et al., 2004). Eleven of these viruses (33.3%) belonged to lineage A (one
A1 virus from 2006 and ten A2 viruses) and 22 (66.6%) to lineage B (eight B1 and
14 B2). Thus, a higher number of lineage B viruses than lineage A viruses was
detected in samples with a Ct value >25.0.

Prevalence of HMPV lineages in patients with RTI consulting
general practitioners

To address circulation of HMPV lineages among patients with RTI consulting
general practitioners, 144 viruses collected from samples obtained from
patients with RTI consulting general practitioners in the Netherlands from 2005
through 2021 were genotyped by sequencing of partial F and G genes. The
Ct value of these samples determined by qRT-PCR ranged from 18.6 to 38.1.
Phylogenetic analysis of these sequences indicated clustering of the viruses in
the six lineages similar to the viruses obtained from hospitalized patients (Figure
4b, Figure 5, Figure A6). Viruses belonging to lineage A1 were not detected. From
the 144 viruses, 71 (49.3%) clustered in lineage A and 73 (50.7%) in lineage B
(Table 3). In the samples with Ct value <=25.0 the number of A and B lineage
viruses were not significantly different (20/34 (58.8%) lineage A and 14/34
(41.2%) lineage B, p=0.4651). In samples with a Ct >25.0, the number of lineage
A (52/110, 47.2%) and lineage B viruses (58/110, 52.8%) were not significantly
different (p=>0.05), although a slightly higher number of lineage B viruses was
detected. This contrasted that of samples isolated from hospitalized patients,
in which a significantly higher number of lineage B viruses was detected among
samples with a Ct value >25.0 (Table 3).
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Figure 5. Maximum likelihood phylogenetic tree reconstructed from partial F gene
sequences from viruses obtained from patients with RTI visiting general practitioners
combined with those of six viruses obtained from hospitalized individuals. The tree
was reconstructed using the GTR +G +| substitution model with 1000 bootstraps. The
tree with bootstrap values and isolate names is shown in Figure A6. Lines indicate virus
lineages (e.g. A2).

Discussion

After the identification of HMPV in 2001, it was reported that worldwide viruses
clustered into two genetic lineages that were also antigenically distinct (A and
B), which both split into two genetic lineages (A1, A2, B1, B2) (10). Here we
investigated the evolution of HMPV over the last decades in the Netherlands
using phylogenetic analysis of full genome sequences. In this study, phylogenetic
analysis of 130 full-length genomes of viruses collected from hospitalized
patients with respiratory tract infection from 2005 through 2021 indicated
that viruses within our sample set clustered in six genetic lineages: A1, A2.1,
A2.21, A2.2.2, B1, and B2. Additionally, this data indicates that since 2003, a
splitin the A2 lineage into lineages A2.1 and A2.2 was observed, and since 2008



lineages A2.2 splitinto lineages A2.2.1 and A2.2.2. All viruses in lineage A2.2.2
were relatively recent viruses, with the first collected in 2008, and since 2015
this lineage is primarily defined by viruses with a duplication in the G gene. A
gradual evolution over time was only clear for lineage A2.2.2 and not so much
for the other lineages.

In this study, HMPV evolution based on full genome sequences was studied
using viruses circulating in the Netherlands between 2005 and 2021. However,
analysis of the F gene sequences of these Dutch isolates together with those
circulating worldwide (figures A1-3 and fig 2), demonstrated that the Dutch
strain cluster among those collected worldwide, indicating that the circulation
of different genotypes is not specific for the Netherlands.

Viruses clustering in the A2.2.2 lineage with a 111-nucleotide or 180-nucleotide
duplication in the G gene have been reported to circulate worldwide since 2014
and 2017, respectively, and the prevalence of viruses carrying a duplication
in the G gene has increased over the years (Saikusa, Kawakami, et al., 2017;
Saikusa, Nao, et al., 2017; Pifiana et al., 2017; Saikusa, Kawakami, et al., 2017;
Saikusa, Nao, et al., 2017; Pinana et al., 2020; Saikusa et al., 2019). In our study,
although the number of viruses were limited, all A2.2.2 viruses circulating
between 2018-2021 carried a 111-nucleotide or 180-nucleotide duplication in
the G gene.

In line with other studies, no viruses belonging to lineage A1 were detected
after 2006. As most RT-qPCR assays used for HMPV diagnostics target the N
gene, one explanation for this could be that viruses from this lineage are still
circulating but became undetectable due to mutations in the region used in
diagnostic assays. More likely, this virus lineage is now extinct or circulating in
an area without surveillance.

The samples for the study in hospitalized patients were selected on
basis of Ct values <=25 and a maximum of 10 samples per year, therefore no
conclusions can be drawn on the yearly incidence of viruses from the different
lineages. However, our study does show that viruses from the different lineages
circulate in the same year. Among viruses obtained from hospitalized patients
in the Netherlands, a higher number of lineage A than lineage B viruses was
detected for most years. This in contrast to the study among patients with
RTI visiting general practitioners, where lineage A and B viruses were equally
often detected. This could be explained by the selection bias of samples from
hospitalized patients, with a Ct value <=25.0, as in samples with a Ct >25.0 a
higher number of lineage B than lineage A viruses was detected. Additionally,
among all samples obtained in this study (from both hospitalized individuals and
people visiting general practitioners combined), there was a significantly lower
numbers of B lineage viruses among samples with a Ct value <25.0 (101/164
(61.6%) lineage A, 63/164 (38.4%) lineage B, (p=0.0347)). This indicates that, in
general, in samples with a Ct value <=25.0, lineage A viruses are more often




detected than lineage B viruses. Whether this difference in Ct values between
lineage A and B viruses corresponds to differences in clinical impact remains
to be investigated. Of note, since 2019, diagnostics for detection of HMPV for
hospitalized patients has switched from in-house primers and probe to the
Panther Fusion System (Hologic), of which the primer and probe sequences are
unknown. Primers and probes used to detect HMPV in samples from patients
consulting general practitioners were similar to those used to detect HMPV in
samples from hospitalized individuals before the introduction of the Panther
Fusion System. These differences in assays used for virus diagnostics might
result in different sensitivities to detect A or B lineage viruses after 2019.

One of the challenges of comparing HMPV molecular evolution studies is the
use of different classification criteria for designating lineages. For other viruses,
criteria have been used according to a more unified system, such as for SARS-
CoV-2 and influenza virus. For SARS-CoV2, the Pangolin nomenclature system
provides detailed cluster information (29), similar to the GISAID nomenclature
system (https://www.gisaid.org/resources/statements-clarifications/clade-
and-lineage-nomenclature-aids-in-genomic-epidemiology-of-active-hcov-19-
viruses/), while the Nextstrain nomenclature system offers a more large-scale
view of clade trends (https://nextstrain.org/blog/2020-06-02-SARSCoV2-clade-
naming). The influenza A(H5) nomenclature system designates new lineages
based on monophyletic clusters with bootstrap support values >70% with
defined average pairwise p-distances within and between clades (30). Since
2016, a nomenclature system was proposed for swine influenza A viruses that
is in concordance with the nomenclature system for Influenza A(H5) viruses
(31). While a robust nomenclature system for these viruses is in place, attempts
to unify a nomenclature system for RSV have recently started (32). Here, we
propose a simple, yet robust HMPV classification system based on genetic
clustering of F gene sequences. The number of nucleotide substitutions of a
newly sequenced virus compared to the ranges of nucleotide substitutions
within and between the known virus lineages can be used to determine to
which lineage a virus belongs. A newly sequenced virus belonging to lineage
A2.2.2 should fall within the range of nucleotide substitutions compared to
A2.2.1, A2.1, A1, B1, and B2 as described in this study. Alternatively, a virus of
which the number of nucleotide substitutions exceeds the ranges of nucleotide
substitutions between each of these lineages could be considered part of a new
lineage. In addition to this proposed numerical system, to achieve a uniform
system for naming new HMPV isolates we suggest using the guidelines of the
ICTV for other viruses, including country codes according to the ISO 3166-1
alpha-2 standards, i.e. HMPV/Country/IsolateNumber/Year/Lineage (e.g. HMPV/
NL/17/06/A).

The proposed classification system described above supports the split
between the A2.2.1 and A2.2.2 lineages. Although a split within lineage B2



seems to be developing, the data thus far does not support this split yet. These
findings are in accordance with a study reporting division of the A2.2 lineage into
A2.2.1 and A2.2.2 (13), which were referred to as A2b1 and A2b2. However, for
HMPV nomenclature, the A and B lineages were initially named as such to define
two lineages that were antigenically distinct. The A and B lineages both split
into two phylogenetic lineages, which were not antigenically different, named
A1, A2, B1, and B2. To prevent confusion about antigenic differences in HMPV
nomenclature, we propose to use the nomenclature that follows the guidelines
of the ICTV for other viruses, e.g. A2.1 instead of A2a and A2.2 instead of A2b
(30, 33). There have been reports about the presence of a A2.3 lineage (nhamed
A2c in other reports (14), however viruses from this proposed lineage cluster
within the A2.2.2 lineage in other studies as well as in ours.

Monitoring HMPV evolution is generally done by analyzing sequences of
(partial) F or G genes (10, 11, 13, 16, 17, 20, 21, 34). More recently, analyzing
whole genome sequences is being explored as it adds important information
as compared to partial genome sequences and the cost-efficiencies of obtaining
full genomes by next-generation sequencing have increased considerably (22).
Here, we show that phylogenetic clustering based on whole genome sequences
is similar to that of full-length F or partial F gene sequences, although trees
reconstructed from partial F gene sequences are slightly more variable.

In conclusion, this study reports on the emergence and potential extinction
of genetic HMPV lineages throughout recent decades in the Netherlands. This
study suggests that using whole genome sequences of HMPV captures similar
phylogenetic information as the use of full-length F gene sequences. However,
new evolutionary events, such as the reported duplication in the G gene, will
be missed when only the full-length F gene is analyzed. Finally, phylogenetic
analyses were used to propose robust classification criteria for future HMPV
lineage designation and virus nomenclature.

Methods

Sample selections from hospitalized patients

HMPV-positive samples obtained from patients hospitalized for RTI between
2005 and 2021 with a gRT-PCR Ct value of <25.0 were selected. For samples
obtained before the year 2019, gRT-PCR was performed as described previously
(35). For samples obtained after 2019, gRT-PCR was performed using a Panther
Fusion system (Hologic), of which the primers and probe sequences are
unknown. To obtain an even distribution throughout the years, ten samples
were selected from each year. For seasons with more than ten samples with
a Ct value of <25.0, the samples with the lowest Ct values were selected. For
seasons with less than ten samples with a Ct value of <25.0, additional samples
were selected with a Ct value between 25.0 and 29.0. For some years, either a




total number of 10 samples could not be obtained or 10 full genome sequences
could not be obtained. Nine additional samples obtained between 1993 and
2004 were selected based on available materials. Already available full-length
genome sequences of prototype viruses for each lineage (e.g. NL/1/00 for
lineage A1, CAN83-97 for lineage A2.1) were also included for references. Patient
data was anonymized prior to receiving the samples and as a consequence,
additional medical ethics review was not needed as consented by the Erasmus
MC Medical Ethical Board (MEC-2015-306).

Selection of samples obtained from patients with RTI consulting
general practitioners

The General Practitioner (GP) sentinel surveillance by the Nivel Netherlands
Institute for Health Services Research Primary Care Database and the RIVM
reference laboratory (about 40 GP practices spread throughout the Netherlands
representing about 0.7% of the Dutch population) collected nasopharyngeal
and oropharyngeal swabs combined in one tube virus transport medium from
patients consulting the GP for an RTI (including influenza-like iliness). Based
on weekly virological records of about 20 clinical diagnostic laboratories in the
Netherlands under the auspices of the Dutch Working Group for Clinical Virology
(https://www.rivm.nl/virologische-weekstaten) the HMPV epidemic period for
each season 2005-2020 was determined. From these periods a mean 95 samples
(range 84-100) per epidemic period evenly spread over the epidemic period were
selected from the GP sentinel surveillance biobank that were negative by RT-
gPCR for influenza virus, RSV, rhinovirus and enterovirus. These samples were
subjected to RT-gPCR for HMPV as described previously (10), following nucleic
acid isolation by MagNA Pure 96 (Roche) extraction of 200 pl specimen using
DNA and Viral NA Small Volume Kit (Roche). A mean 10 (range 4-19) samples
per epidemic period were found positive for HMPV. In 2020/2021 there was
no hMPV season due to COVID-19 measures. From January 2021 onwards all
collected samples in the GP sentinel surveillance were prospectively tested for
HMPV by RT-gPCR. A total of 15 HMPV positive samples were detected up to
October 2021 that were included in the study. Due to lower viral loads in the GP
sentinel surveillance patients than in hospitalized patients, all RT-gPCR HMPV
positive specimens irrespective of Ct value (median Ct value 29; range 19-39)
were subjected to partial F-gene and G-gene PCR and Sanger sequencing. For
these samples, a nested PCR was performed to increase efficiency for lower
viral load specimens (F PCR: forward primer 5- TGTTGTGCGGCARTTTTCAGAGC-3/,
reverse primers 5"GCACTGCTTAGGATTCTGTTTGA-3’ and
5'TGCACTGTTYAGRATTTTGTTTGAC-3". Nested F PCR: forward primers
5'TGGAATAACACCAGCAATATCCTT-3" and 5-AATGCAGGGATAACACCAGCAAT-3',
reverse primer 5'CTGTTCRCCYTCAACTTTGCT-3'. G PCR:
forward primer 5'TACAAAACAAGAACATGGGACAAGS3’,



reverse primers 5'GTTTCACTGAAAGATATTACTCCTTT3" and
5-GTCTCACTAAAAGAAATCACTCCTTT-3". Nested G PCR:
forward primers 5'ATGGAGGTGAAAGTGGAGAACATTC3'’
and 5'ATGGAAGTAAGAGTGGAGAACATTC3', reverse primer
5'GAGATAGACATTAACAGTGGATTC3'). The primers used for Sanger sequencing
of PCR products were the same as those used for the nested PCR.

Virus nomenclature
Nomenclature of viruses followed the guidelines of the ICTV for other viruses,
e.g. HMPV/Country/IsolateNumber/Year/lineage (i.e. HMPV/NL/17/06/A) (33).

MinlON sequencing and PCR of the G gene and partial HMPV F
gene

HMPV-positive samples were used for RNA isolation and MinlON sequencing
as described previously (27). PCR of HMPV F gene was performed as described
previously (27). The presence or absence of 111-nucleotide and 180-nucleotide
duplications was confirmed by Sanger sequencing as described previously
(27). Gaps in consensus sequences were resolved by PCR amplification of
the missing amplicon followed by Sanger sequencing as described previously
(27). Sequencing of partial F genes (nucleotide position 778-1226 of the F ORF)
for genotyping of samples obtained from hospitalized individuals with a Ct
value >25.0 was performed as described previously (10). All full-length F gene
sequences available from GenBank were downloaded as a FASTA alignment file.

Phylogenetic analysis

Nucleotide sequence alignments were generated using MAFFT (https://
mafft.cbrc.jp/alignment/server/). Maximum likelihood phylogenetic analyses
were conducted using the MEGA-X software with the best fit DNA model as
determined by the MEGA-X software with 1000 bootstraps. The best fit model
for each phylogenetic tree is described in the figure legends. Pairwise distances
were generated by MEGA-X software.

Clustering of HMPV in genetic maps

To visualize the clustering of HMPV sequences based on the number of
nucleotide substitutions between them, genetic maps representing HMPV
nucleotide sequences were generated essentially as described (36, 37).
Nucleotide sequence alignments were generated for various HMPV open
reading frames using MAFFT and a genetic distance matrix was generated with
all pairwise numbers of nucleotide substitutions. A multidimensional scaling
algorithm was employed to generate two-dimensional representations of the
matrices with Euclidian distances (36).




Data availability

All full genome sequences from viruses isolated from hospitalized individuals
generated in this study were submitted to GenBank with accession numbers
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from patients visiting general practitioners were submitted to GenBank with
accession numbers ON461481-ON461747.
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Abstract

The production of type | interferon (IFN) is the hallmark of the innate immune
response. Most, if not all, mammalian viruses have a way to circumvent this
response. Fundamental knowledge on viral evasion of innate immune responses
may facilitate design of novel antiviral therapies. To investigate how human
metapneumovirus (HMPV) interacts with the innate immune response,
recombinant viruses lacking G, SH, or M2-2 protein expression were assessed
for IFN induction in A549 cells. HMPV lacking G or SH protein expression induced
asimilarly low levels of IFN as wild type virus, whereas HMPV lacking M2-2
expression induced significantly more IFN than the wild type virus. However,
sequence analysis of the genomes of M2-2 mutant viruses revealed high
numbers of mutations throughout the genome. Over 70% of these nucleotide
substitutions were A-to-G and T-to-C mutations, consistent with the properties
of the adenosine deaminase acting on RNA (ADAR) protein family. Knockdown
of ADAR1 by CRISPR-interference confirmed the role of ADAR1 in editing of
M2-2 deletion mutant virus genomes. More importantly, Northern blot analyses
revealed the presence of defective interfering RNAs (DlIs) in M2-2 mutant viruses
and not in in wild type or G and SH deletion mutant viruses. DIs are known to be
potent inducers of the IFN response. The presence of DIs in M2-2 mutant virus
stocks, as well as hyper mutated virus genomes, interfere with studies on HMPV
and the innate immune response and should be addressed in future studies.

Importance

Understanding the interaction between viruses and the innate immune
response is one of the barriers towards the design of antiviral therapies.
Here, we investigated the role of the G, SH, and M2-2 proteins of the human
metapneumovirus (HMPV) as type-l interferon-antagonists. In contrast to other
studies, no interferon antagonistic functions could be observed for the G and SH
proteins. HMPV with a deletion of the M2-2 protein did induce type | interferon
production upon infection of airway epithelial cells. However, during generation
of virus stocks, these viruses rapidly accumulated defective interfering RNAs,
which are strong activators of the type-I interferon response. Additionally,
the genomes of these viruses were hypermutated, which was prevented by
generating stocks in ADAR knockdown cells, confirming a role for ADAR in
hypermutation of HMPV genomes or defective interfering RNAs. These data
indicate that a role of the HMPV M2-2 protein as bona fide interferon-antagonist
remains elusive.



Introduction

Human metapneumovirus (HMPV), a member of the Pneumoviridae family,
is @ major cause of respiratory tract illness, primarily in young children,
immunocompromised individuals, and the elderly (1-3). Clinical symptoms
caused by an HMPV infection are similar to those caused by infection with
human respiratory syncytial virus (HRSV), ranging from mild respiratory illness
to severe pneumonia (1, 4-6).

The innate immune system is pivotal in the host defense against virus
infections. Antiviral immunity is initiated by sensing and recognition of
pathogen-associated molecular patterns (PAMPs) by pattern-recognition
receptors (PRRs). The main cytosolic sensors for RNA viruses include the
retinoic acid-inducible gene | (RIG-I)-like receptors (RLRs), such as RIG-1 and
melanoma differentiation associated factor 5 (MDAS5) (7-12). Activation of PRRs
triggers expression of a myriad of downstream effectors, such as stimulator of
interferon genes (STING), mitochondrial antiviral signaling protein (MAVS), and
type-l and type-lll interferons (IFN), ultimately resulting in an antiviral state (13,
14). Protein Kinase R (PKR) can amplify this IFN response and has shown to be
important for defense against many viruses (reviewed in (15)). In addition, the
Toll-like receptor (TLR) protein family contains extracellular viral sensors which
signal through Myeloid differentiation primary response 88 (MyD88) and the
TNF receptor associated factor (TRAF) protein family to induce IFN production
(reviewed in (16)). Most, if not all, mammalian viruses have ways to antagonize
this innate immune response and therefore HMPV, being a human pathogen,
must possess mechanisms to avoid or suppress IFN production as well.

Since the identification of HMPV in 2001 (17), the interaction between HMPV
and the innate immune system has been investigated by several research
groups. Studies have suggested that the HMPV attachment glycoprotein
(G) inhibits IFN production by physically interacting with RIG-I in A549 cells.
Additional studies reported that G interfered with TLR4 mediated signaling in
monocyte-derived dendritic cells (moDCs)(18, 19). However, a study using siRNA
knockdown of the HMPV G protein reported that G was not an IFN antagonist
(20). Another viral glycoprotein, the short hydrophobic (SH) protein, for which
the function is not completely understood, was found to block IFN production by
inhibiting the TLR7/MyD88/TRAF6 signaling pathway in plasmacytoid dendritic
cells (pDCs)(21). Additionally, the SH protein was shown to downregulate IFN
signaling by affecting STAT1 expression and phosphorylation in A549 cells (22).
However, de Graaf et al., using a genomics approach, did not find an interaction
between the SH protein and the IFN pathway (23). The HMPV M2-2 protein,
encoded as second open reading frame (ORF) of the M2 gene, is involved in
the regulation of viral mMRNA and genome synthesis (24-28). A virus lacking
M2-2 protein expression, generated by deletion of the part of the M2-2 ORF



that does not overlap with the M2-1 ORF, was found to be attenuated in
hamsters. However, deleting this part of the M2-2 ORF resulted in insertions
of U nucleotides in poly-U tracts of the genomic RNA and high mutation rates
in the part of the genome that was investigated, showing that viruses without
M2-2 are genetically unstable (26). Based on this data, another study employed
a virus with ablated M2-2 protein expression by the introduction of nucleotide
substitutions leading to stop codons in the ORF, thereby keeping the genome
length intact. In studies with this virus, it was suggested that M2-2 had a role
as IFN antagonist in A549 cells (25). The same research group reported that the
PDZ-binding motifs of the M2-2 protein were important for the interaction with
MAVS (29). However, in these studies the genetic stability of the M2-2 mutant
viruses was not determined. Another study suggesting an IFN antagonistic role
for the M2-2 protein, by inhibiting TLR7/9 dependent signaling, also did not
assess the genetic stability of the mutant virus (30).

Previously, we have shown that, upon passaging of HMPV with a high
multiplicity of infection (m.o.i), defective interfering particles (DIs) rapidly
accumulated in these virus stocks, which are potent inducers of IFN production
(31). This finding might explain inconsistencies between previously reported
studies, in which virus stocks could have contained Dls. Alternatively,
discrepancies in previous reported studies might relate to the methods of viral
gene deletion, as deleting parts of the genome will alter genome length. Non-
segmented, negative-sense RNA virus gene expression is a polar transcriptional
gradient (reviewed in (32)). Therefore, deletion of complete genes, including
gene-start and gene-end signals, could disrupt the transcriptional gradient
leading to altered gene expression.

To examine the role of the G, SH, and M2-2 proteins as IFN antagonist, as
well as the effect of genome length and the presence or absence of gene-start
and gene-end signals, recombinant viruses were generated that lacked HMPV
G, SH, or M2-2 protein expression by 1) deletion of the ORF, 2) deletion of the
ORF including gene-start and gene-end signals, or 3) by the introduction of
nucleotide substitutions leading to stop codons throughout the ORF. Using
viruses that were generated at low MOI and with a maximum of two passages
to limit formation of DlIs, we re-examined the roles of the HMPV G, SH, and M2-2
proteins as potential IFN antagonists in A549 cells.
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Figure 1. Schematic overview of HMPV NL/1/00 genomes lacking G, SH, or M2-2 protein
expression. Protein expression was ablated either by deletion (dashed line) of the open
reading frame (e.g. HMPV, . ..) or deletion of the ORF, gene-start, and gene-end signals
(e.g. HMPV, ) or through the introduction of several mutations leading to stop codons
in the open reading frame (e.g. HMPVStopG) (red stars). The figure was generated using
BioRender (https://biorender.com/). Image generated with Biorender.

Results

Phenotypic characterization of HMPV lacking G, SH, or M2-2
protein expression

Recombinant viruses lacking expression of the G, SH, or M2-2 proteins were
generated using three different approaches (Figure 1): deletion of only the
ORFs (HMPV,,, .. HMPV,_ .- HMPV, ), deletion of ORFs including GS and GE
signals (HMPV,.; HMPV, ), and introduction of mutations leading to stop codons
throughout the ORFs (HMPV . -HMPV - HMPV, . -). These deletions and

mutations in the viral genomes were conflrmed by Sanger sequencing (data not



shown). Recombinant viruses were phenotypically characterized by assessing
the replication kinetics in both IFN deficient (Vero-118) and IFN competent (A549)
cells. These replication kinetics demonstrated that all three SH mutant viruses
replicated similar as the wild type virus (HMPV,, ) in both Vero-118 and A549
cells (Figure 2a, 2b). The three G mutant viruses showed attenuated replication
in both Vero-118 and A549 cells (Figure 2c, 2d). The replication of M2-2 mutant
viruses was attenuated in A549 cells but not in Vero-118 cells (Figure 2e, 2f).
Only minimal differences in replication were observed between viruses with
a deletion of the ORF, deletion of the ORF including gene-start and gene-end
signals or viruses in which expression of the protein was ablated by introduction
of mutations throughout the ORF.
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Figure 2. Replication kinetics of HMPV lacking (a, b) SH, (c, d) G, or (e, f) M2-2 protein
expression in Vero-118 and A549 cells. Samples were collected at indicated time points.
Data shown is representative of three individual experiments. Error bars indicate
standard deviations (n=2).
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Figure 3. Fold increase in IFN production of A549 cells inoculated with HMPV mutants.
(@) IFN-B expression levels were indirectly quantified by a luciferase-based bioassay and
plotted as fold induction compared to mock inoculated cells and (b) infection percentages
were determined by FACS analysis. Data shown is representative of three individual
experiments. Error bars indicate standard deviations (n=3).

Induction of IFN-B production upon inoculation with HMPV
mutants

Upon inoculation of A549 cells, the G and SH mutant viruses induced similarly
low levels of IFN-B as the HMPV - and negative control Parainfluenza virus type
5 (PIV-5)(Figure 3a), while infection efficiencies of SH and G mutant viruses were
above 60% (Figure 3b). Inoculation of A549 cells with HMPV,,,, -.and HMPV, . .
induced significantly more IFN-B production than inoculation with HMPV, or
PIV-5 (p=<0.0001 for both viruses). However, inoculation of A549 cells with
HMPV,, ., induced more IFN-B production than inoculation with HMPV, .,
(Figure 3a), while this was not observed for G or SH mutant viruses with an
altered genome length. The differences between the M2-2 mutant viruses
probably relates to difference in infection efficiency, being substantially lower
for HMPV,,,, ,than that of HMPV . . (Figure 3b). Consistent with the attenuated

replication in A549 cells, these data suggest that the M2-2 protein could play a
role as IFN antagonist.

The role of RIG-I, PKR, and MAVS in sensing of HMPV mutants
during infection of A549 cells

To investigate which part of the IFN pathway was involved during HMPV infection,
A549 cells with a knockout of the RIG-1, PKR or MAVS genes were generated using
CRISPR/Cas9 technology (Figure A1). Inoculation of these knockout (or wild type)
cells with viruses lacking SH, G or M2-2 protein expression resulted in infection



efficiencies above 85% for the HMPV,, . and SH mutant viruses, above 60% for
the G mutant viruses, and 25-50% for the M2-2 mutant viruses. Inoculation of
A549APKR cells with the M2-2 mutant virusesresulted in similar IFN-3 expression
levels as inoculation of A549 WT cells, indicating that PKR did not play a role in
the interaction between M2-2 mutant viruses and the IFN pathway (Figure 4a).
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Figure 4. IFN induction in A549WT, A549ARIG-I, A549APKR, and A549AMAVS upon
inoculation with HMPV mutants. Western blot analysis of clonal A549 cells with a
knockout of (a) MAVS, (b) PKR, (c) RIG-I M: marker, C: control (A549WT cells). All analyzed
clones for MAVS or PKR contained a knockout and two out of four clones for RIG-I had
a knockout. IFN-S levels produced by cells inoculated with HMPV lacking (c) M2-2 (d) G
or (e) SH protein expression in (knockout) A549 cells. Each virus was used to inoculate
three replicates which were used to quantify IFN- production in the supernatant and
three replicates to determine the percentage of infected cells by FACS analysis. IFN-
production was quantified by a luciferase-based bioassay at 18 h.p.i. in (knockout) A549
cells inoculated with HMPV mutants at an m.o.i. of 3. Data shown is representative
of three individual experiments. Error bars indicate standard deviations (n=3). Asterix
indicate significance (**** =P>0.0001) as calculated by an unpaired t-test.



However, inoculation of A549ARIG-Iand A549AMAVS cells with the M2-2 mutant
viruses resulted in significantly lower IFN production compared to inoculation of
A549 WT cells with these viruses (HMPV, . : p=<0.0001 for both A549ARIG-I and
A549AMAVS, HMPV, .- p=<0.0001 for both A549ARIG-I and A549AMAVS). No
differences in IFN-3 expression levels were observed between cells inoculated
with the HMPV,, . and the G or SH mutant viruses (Figure 4b, 4c). This indicated
that the RIG-I - MAVS signaling pathway is involved in activation of the IFN
pathway by HMPV lacking M2-2 protein expression, which is in line with previous

reported findings (25, 29).

Next-generation sequencing analysis reveals hyper mutation of
HMPV,,.,,and HMPV ., genomes

To assess whether the G, SH, and M2-2 mutant viruses were genetically
stable, mutation frequencies in the viral genomes of passage 2 viruses were
analyzed. To this end, RNA was directly isolated from virus stocks and used for
illumina sequencing. In the HMPV, _genome, 32 minor variants were observed
(Figure 5a). Between 30 and 60 minor variants were observed in the genomes
of the G and SH mutant viruses, which is in the same range as detected in
the HMPV, . genome (Figure 5b-5g). The viral genomes of the M2-2 mutants
displayed significantly more minor variants than the genome of HMPV, ,
with 205 minor variants for HMPV,, , . (Chi?: p=<0.0001, Figure 5h)and 135 for
HMPV,, v, (Chi% p=<0.0001, Figure 5i). None of the G, SH, or M2-2 mutant
virus genomes contained an increased number of insertions of deletions in
the genome as compared to HMPV, .. The HMPV, . .and HMPV,,, - genomes
contained hotspots of mutations between nucleotide 4000-7000 of the genome,
and the HMPV,, , , genome also contained a mutation hotspot at the 5" end
of the genome. Mutations in these hotspots were present in 10-15% of the
reads. Notably, 71.5% of the 135 mutations of HMPV, . ,and 72.6% of the 205
mutations of HMPV, . were either A-to-G or T-to-C substitutions. This mutation
pattern was similar to a previous report for viruses that were passaged 5 times
at m.o.i. 3 (P5H) (31). This mutation pattern is consistent with the properties
of the adenosine deaminase acting on RNA (ADAR) protein family (41, 42). The
ADAR protein family consists of two catalytically active proteins, ADAR1 and
ADAR?2 (42). ADAR2 is primarily expressed in neurons, therefore ADAR1 is
most likely responsible for the A-to-G and T-to-C mutation patterns observed
in M2-2 mutant virus genomes. ADAR1 consists of isoforms ADAR1-p110, which
is expressed in the nucleus, and ADAR1-p150 which is expressed in both the
cytoplasm and the nucleus and is IFN-inducible (42). Since HMPV replication is
restricted to the cytoplasm, we hypothesized that ADAR1-p150 was responsible
for editing of M2-2 mutant virus genomes.
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Figure 5. Mutations in HMPV, . and mutant genomes detected by Illumina next
generation sequencing. The percentages of reads with specific mutations are shown.
A schematic presentation of the genome drawn to scale is shown at the top. A variant
analysis with a minimum coverage of 100 reads per nucleotide and a 2% cut off value was
performed using the CLC genomic workbench software. Image generated with Biorender.

ADART1 is responsible for mutations in M2-2 mutant virus
genomes

To investigate the role of ADART1 in editing of M2-2 mutant viral genomes, we
used CRISPR-interference to knockdown ADAR1 expression (43). Two different
guide RNAs (gRNAs), controlled by a doxycycline-inducible promoter, were
used to knockdown ADAR1 in Vero-118 cells. As compared to the non-induced
counterparts (from here on referred to as control cells), cell line 1 had a 60%
knockdown of ADAR1-p150 and a 54% knockdown of ADAR1-p110, while cell line
two had a 85% knockdown of ADAR1-p150 and a 67% knockdown of ADAR1-p110
(Figure 6a). After validation of ADAR1 knockdown, these cell lines were used to



generate new HMPV, . and HMPV, . . stocks. In order to magnify the effect of
an ADAR1 knockdown, passage three virus stocks were generated and genomes
were sequenced to assess the number of A-to-G and T-to-C substitutions
throughout the genomes (Figure 6b-e).
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Figure 6. ADAR1 editing of M2-2 mutant virus genomes. (a) Percentages of ADAR1
knockdown (KD%) by CRISPR-interference in Vero-118 cells quantified by western blot.
Two different gRNAs were used for knockdown of ADART (gRNA1, gRNA2). Different
exposure times were used to visualize the ADAR-p110 and ADAR-p150 bands. (b-e)
Mutation maps of viral genomes generated in Vero-118 cells expressing gRNA 2 are
shown. (f-g) Zoom in of nucleotide positions 12.500-13.378 from the HMPV, . , virus
genomes, to highlight mutation hotspots. Control cells used in these experiments (b, d,
f) were transduced cells that were not treated with doxycycline. A variant analysis with
a minimum coverage of 100 reads per nucleotide and a 2% cut off value was performed
using the CLC genomic workbench software.




Figure 7. Northern blot analysis of RNA isolated from virus stocks of HMPV mutants.
An RNA equivalent of 107 TCID,, was loaded as input in each gel lane. The probe was
complementary to a 180-nucleotide stretch of the trailer region.

HMPV . generated in control cells displayed 97 minor variants (Figure 6b) as
compared to 78 minor variants in the viruses generated in cells with ADAR1
knockdown (Figure 6¢). HMPV, .. . generated in control cells displayed 291
minor variants, of which 222 (76,3%) were A-to-G or T-to-C (Figure 6d). In
contrast, HMPV, ., generated in cells with ADAR1 knockdown displayed a
significantly lower rate with 89 minor variants (Figure 6e, Chi?: p=<0.0001), which
is similar to observed in the genomes of HMPV . generated in control cells. In
addition, the genomes of HMPV, ., generated in control cells contained a
hotspot of mutations at the 5’ end of the genome, in which up to 80% of the
reads contained A-to-G and T-to-C mutations (Figure 6f). The mutation rate
at this hotspot was drastically lower in the genome of HMPV, . . generated
in cells with ADAR1 knockdown (Figure 6g), with A-to-G and T-to-C mutations
presentin only 10% of the reads. This data confirms the role of ADAR1 in editing

of HMPV,, ., Viral genomes.



Northern blot analysis of HMPV mutants reveals DlIs in M2-2
mutant virus stocks

The mutation patterns observed in the genomes of HMPV, ;. and HMPV,, . ,
were similar to those observed in the genomes of the P5H virus, described in
our previous study, where it was demonstrated that this virus stock contained
Dis (31). To assess the presence of DIs in the HMPV ., HMPV, .. and
HMPV,, ., Stocks, the presence of Dis was assessed by means of Northern
blot analysis uing RNA directly isolated from passage two virus stocks. This
analysis showed that each HMPV stock contained the full-length viral genome
(Figure 7, top bands), and two additional bands with a size of approximately 7
kb and 4.5 kb of unknown origin. In addition, the HMPV, . - stock contained
a large amount of smaller RNA molecules with a size range from <0.5 to 4.5 kb,
similar to previously reported for the P5H stock, demonstrating the presence
of DIs in this virus stock. These smaller RNA molecules were far less abundant
in the HMPV,, or HMPV, . and HMPV, ., stocks. These data demonstrate
the presence of large amounts of DIs in M2-2 mutant virus stock, but not G or

SH mutant virus stock.
Discussion

This study was set out to explore the role of the HMPV G, SH, and M2-2 proteins
as IFN antagonist during infection. Overall, these data indicate that the HMPV
G and SH proteins are no interferon antagonists and that the role of the M2-2
protein as bonafide interferon antagonist needs further investigation.

A number of studies reported on the mechanisms used by HMPV to subvert
cellular innate immune responses (18, 19, 21, 22, 25, 29, 30), however data from
these reports were sometimes contradictive. For HMPYV, it has been shown that
the method for generation of virus stocks is important for studies regarding
the interaction with the innate immune system, as HMPV rapidly accumulates
snapback DlIs upon passaging at high m.o.i. (31). Double-stranded RNA snapback
Dls in virus stocks results in production of IFN upon inoculation of cells (44,
45). The presence of snapback Dls in virus stocks could explain inconsistencies
between previously reported studies. Therefore, we aimed to investigate the
role of the G, SH, and M2-2 proteins in activation or subversion of the type |
IFN pathway using viruses generated in a way to prevent DI accumulation. All
viruses used in this study were passaged two times at an m.o.i. of 0.01. While
the NL/1/00 virus used in this study did contain two mutations that resulted
in trypsinindependent virus replication, these mutations did not alter the IFN-
antagonistic phenotype, as the wild type virus did not induce the type-I IFN
response upon infection of A549 cells.

Additionally, we aimed to address whether the design of knocking out protein
expression affected the interaction of the virus with the type I IFN pathway.



To this end, G, SH, or M2-2 protein expression was ablated either by deletion
of the ORF, deletion of the ORF including the gene-start and gene-end signals
or by the introduction of multiple stop codons throughout the ORF, keeping
the genome length and transcriptional gradient intact. An effect of genome
length or accumulation of gene-start and gene-end signals on replication or
IFN inducing capabilities of G, SH, or M2-2 mutant viruses was not observed.
The attenuated replication of the mutant viruses in IFN-competent cells (A549)
in contrast to IFN-deficient cells (Vero-118) indicated a role for the M2-2 protein
in inhibiting interferon induction. In contrast to previous reports, we did
not observe induction of IFN-B production by HMPV lacking G or SH protein
expression upon inoculation of A549 cells (18, 19, 21, 22). The finding that
the M2-2 mutant viruses induced IFN-3 production upon inoculation of A549
cells was in agreement with other studies (25, 29). However, infection with
HMPV induced more IFN than infection with HMPV which is most

StopM2-2 AM2-27
likely related to the lower infection rates of HMPV,, ., infection. Whether this
is due to differences in genome length needs further investigation, although a
similar effect was not observed for G or SH mutants.

Analysis of virus induced IFN-3 production in A549 cells with a knockout of the
RIG-1, MAVS, or PKR gene revealed a role of the RIG-I - MAVS signaling pathway in
sensing of HMPV,,, .and HMPV, ..., consistent with previous reported studies
(25, 29, 30). A role for PKR in induction of IFN-B production upon inoculation
with M2-2 mutant viruses was not observed. However, PKR could still play a role
during HMPV infection, which requires further investigation.

As previously mentioned, all the G mutant viruses, used at passage two,
did not induce IFN- production in inoculated A549 cells, contrary to previous
reports (18, 19). All G mutant viruses displayed attenuated replication in Vero-118
cells, which resulted in low titers of produced virus stocks. To obtain high titers,
virus stocks could be generated with a higher m.o.i., or by multiple passages.
The use of a higher m.o.i. during generation of G mutant virus stocks or multiple
passaging of the virus could result in the production of snapback Dls, as shown
in our previous study (31). This might explain the contradictory results on the
IFN inducing capacity of G mutants in other studies, which used virus stocks up
to passage 5 (18). In addition, the contradicting results might be due to the use
of different virus strains. Previously, we have shown that inoculation of A549
cells with NL/1/99 (genotype B1) did not induce the production of IFN. Additional
experiments with inoculation of A549 cells with G and SH deletion mutants of
NL/199 also demonstrated the absence of induction of IFN production (data not
shown). In addition, IFN-antagonists are often, if not always, shared within virus
families (e.g. V proteins of paramyxoviruses, NST proteins from influenza viruses).
Therefore, we do not expect different results when different virus strains are used.

Previously, Schickli et al. reported on a high mutation frequency and an
increased number of insertions in a part of the genomes of a M2-2 mutant



virus, which was generated by deletion of the part of the M2-2 ORF that does
not overlap with the M2-1 ORF (26). In our study, both HMPV _\. . and HMPV, .
, contained increased mutation frequency throughout the whole genome as
compared to that of HMPV, , but an increased frequency of insertions or
deletions was not observed. This might be due to the method used to assess
genetic stability. Schickli et al. used Sanger sequencing of cloned PCR fragment
of a region surrounding the M2-2 ORF (26), while in our study illumina next-
generation sequencing of the complete genome was used. Hyper mutation in
the HMPV,,,, . and HMPV, .., genomes in this study was present in 10-15%
of all reads in passage 2 virus stocks. Sanger sequencing will most likely not
detect these hyper mutated genomes, as the mutation detection limit of
Sanger sequencing is between 15-20% (46). The high rate of mutations in the
viral genome may lead to the loss of function of other HMPV proteins or could
disrupt secondary RNA structures, causing the virus to be sensed differently by
the infected cell. However, viral protein expression levels during infection were
not assessed in this study.

Previously, we showed that repeated passaging of HMPV at a high m.o.i.
(P5H) resulted in the generation of snapback Dls (31), and substantial A-to-G
and T-to-C editing of Dls or viral genomes. The observed mutation patterns
were consistent with the properties of ADAR proteins, which deaminate
adenosine residues to inosines in double-stranded RNA (41, 42). Inosines are
then recognized as guanosines by polymerases during replication, leading to
A-to-G mutations during replication of RNA viruses. The observed high rates of
A-to-G or T-to-C mutations in HMPV ., and HMPV v, 8€NOmMes suggested
a role for ADAR editing. This was confirmed by generating M2-2 mutant virus
stocks in ADAR1 knockdown Vero-118 cells. Since the A-to-G and T-to-C hyper
mutation was observed in both HMPV, . .and HMPV, ., . genomes, this editing
is independent of the genome length. More importantly, similarities in mutation
patterns as well as the percentage of A-to-G and T-to-C mutations between
HMPV,,,, ,and HMPVStOPMZ_Zand the P5H virus in our previous studies suggested
that the M2-2 mutant virus stocks contained Dls (31). Northern blot analysis of
RNA isolated from the HMPV, . . stock confirmed the presence of Dlis, which
were absent in the wild type, SH, or G mutant virus stocks. As snapback Dls are
potent inducers of the interferon response, the presence of DIs complicates
studies regarding interaction between the innate immune system and HMPV
M2-2 mutants. The M2-2 protein is involved in the regulation of viral mMRNA and
genome synthesis (24, 25), therefore deletion of the M2-2 protein might affect
viral transcription or replication which could result in production of snapback
Dls. Since snapback Dls are double-stranded RNAs, which are a template for
ADAR1, the A-to-G and T-to-C mutations observed in M2-2 mutant viruses
might be hyper mutated Dls rather than viral genomes. ADAR1 editing of viral

genomes can either be antiviral or proviral (reviewed in (42, 47)), however




editing of M22 mutant virus genomes could be an artefact of the Dls rather
than a natural interaction between HMPV and ADAR1. This issue will require
further investigation.

Ideally, to confirm the role of the M2-2 protein as a bonafide IFN antagonist,
M2-2 mutant virus stocks should be generated in cells stably expressing the
M2-2 protein. This could result in M2-2 mutant virus stocks without of Dls.
Unfortunately, using various expression systems we have failed to stably
express the M2-2 protein in Vero-118 cells due to protein expression and
degradation issues.

In conclusion, in contrast to reported studies, this study showed that the
HMPV G and SH proteins do not function as IFN antagonist. HMPV lacking M2-2
protein expression did induce IFN production, which is in agreement with
reported studies. However, the role of DIs and hyper mutated genomes in M22
mutants needs to be further elucidated before the M2-2 protein is defined as
a bonafide IFN antagonist.

Materials and Methods

Cloning and rescue of recombinant HMPV

For cloning of all recombinant viruses lacking G, SH, or M2-2 protein expression,
synthetic DNA fragments spanning nucleotide 4460-7438 of the HMPV NL/1/00
(genotype A1) genome (GenBank accession no. AF371337.2) containing deletions
of- or mutations in- the G, SH, or M2-2 genes to ablate protein expression were
obtained from IDT (www.idtdna.com). Synthetic fragments were PCR amplified
and cloned into the full length HMPV NL1/00 genome using restriction enzymes
Stul (nt 4463-4468) and BsrGl (nt 7430-7435) (33). The following mutant viruses
were generated: HMPV,_ ..and HMPV ., .., where only the ORF of the gene was
deleted (from start-codon to stop-codon); HMPV, .and HMPV, ,, where both the
ORF and the gene-start and gene-end signals of the gene were deleted; HMPV,
,» Where the non-overlapping sequence of the M2-2 ORF with the M2-1 ORF was
deleted and nucleotide substitutions leading to stop codons were introduced
in the overlapping sequence with the M2-1 ORF without changing the amino
acids of the M2-1 protein; HMPV, . HMPV, ., and HMPV, ... nucleotide
substitutions leading to stop codons were introduced that resulted in coding
potential of less than 20 amino acids of the ORF of the gene (Figure 1). Virus

rescue was performed as described previously (34).

Cells and viruses

Vero-118, A549 and 293-T cells were cultured as previously described (31, 33).
HMPV NL/1/00 (genotype A1) virus stocks were generated as previously reported
using a trypsin-independent virus strain (31). All virus stocks used in this study
were generated as previously described and used at a maximum passage of



two using trypsin-free medium (31). Measles virus strain Edmonston (MeV-Edm)
and Parainfluenza virus type 5 (PIV-5) strain W3 were generated as previously
described (31, 35, 36). Titers of virus stocks, expressed as TCID,, ml”, were
determined by end-point dilution in Vero-118 cells. Virus inoculation of Vero-118
and A549 cells was performed as previously described (31).

Replication kinetics

108 Vero-118 and A549 cells were seeded in 25 cm? cell culture. Sixteen hours
after seeding, cells were inoculated with HMPV at an m.o.i. of 0.1 for two hours.
Cells were washed three times with PBS and inoculated in 5 ml infection medium
as described previously (31, 33). At each time-point, 100 pl supernatant was
diluted in 100 pl 50% sucrose in PBS and stored at -80°C until further use.
The titer of each sample, expressed asTCID,, mI" was determined as described
above.

RNA isolation and quantitative PCR

RNA was isolated with the use of the High Pure RNA Isolation kit (Roche)
according to the manufacturer’s instructions. Quantitative PCR was performed
using the Tagman Fast Virus 1-Step Master Mix (Applied Biosystems) according
to the manufacturer’s instructions. Input RNA was normalized using the 3-actin
housekeeping gene (forward primer 5'-ggcatccacgaaactacctt-3', reverse primer
5'-agcactgtgttggcgtacag-3' and probe 5'-FAM-atcatgaagtgtgacgtggacatccg-
TAMRA-3'). IFN-(B primers and probe were purchased from Applied Biosystems
(HS00277188_s1). IFN-B mRNA was quantified by calculating the fold induction
as compared to mock-infected cells using the AAC, method (37).

FACS analysis of HMPV infected cells and Interferon-f3 bioassay

At specified time points, cells were harvested and were washed in 2% fetal
calf serum (FCS) in PBS. Immunostaining was performed using a 1:100 dilution
of an in-house generated mouse anti-HMPV F hybridoma antibody followed
by a 1:100 diluted secondary polyclonal rabbit-anti-mouse immunoglobulins/
FITC (DAKO). Cells were fixed with 2% paraformaldehyde (PFA) in PBS and the
percentage of cells infected with HMPV was analyzed using a FACSLyric machine
(BD Biosciences). IFN- levels were quantified by a firefly luciferase reporter
assay as previously described (38).

CRISPR/Cas9 knock-out cell lines

To generate A549 knock-out cells, plasmid px458 (Addgene #48138) was
used. Synthetic guide RNA (gRNA) sequences targeting the exons of RIG-I
(5-GGGTCTTCCGGATATAATCC-3'), PKR (5-TAATACATACCGTCAGAAGC-3') and
MAVS (5-AGTTGATCTCGCGGACGAAG-3') were obtained as complementary
primers with an additional 5'-CACC sequence for the forward primer and an



additional 5-TTTG sequence for the reverse primer. The px458 plasmid was
digested by Bbsl (New England Biolabs), primers were annealed and 5’ overhang
sequences were used to ligate the gRNA fragment into the px458 vector. A549
cells were transfected overnight using FUGENE HD Transfection Reagent
(Promega) according to the manufacturer’s instructions and FACS sorted for
eGFP expression. Sorted cells were subjected to limiting-dilution in a 96-wells
plate and monitored to obtain clonal eGFP positive cell lines. The knockout of
RIG-I (A549ARIG-1), PKR (A549APKR) and MAVS (A549AMAVS) was validated by
western blot analysis as described below.

CRISPR-interference knockdown of ADAR1

To generate Vero-118 knockdown cells, lentiviral plasmids pHAGE TRE dCAS9-KRAB
(Addgene #50917) and pKLV-U6gRNA(BbsI)-PKGpuro2ABFP (Addgene #50946)
were used. Plasmids containing gRNA 1 (5-GCCAAACTTTCCGGAGGGGA-3)
or 2 (5-GCGGAGTTTCCCGTGCCGAC-3') targeting the promoter region of
ADAR1-p150 were a kind gift by Mart Lamers (Department of Virology, Erasmus
MCQ). Lentiviruses were produced by transfection of pHAGE TRE dCAS9-KRAB
or pKLV-U6gRNA(Bbsl)-PKGpuro2ABFP containing a gRNA sequence together
with plasmid pLenti1 (a kind gift from Didier Trono, Laboratory of Virology
and Genetics, Ecole polytechnique fédérale de Lausanne) and plasmid
pCMV-VSV-G (Addgene #8454). After two days, the lentivirus-containing
supernatant was harvested and used for transduction of target cells. Geneticin
(Invitrogen), puromycin (Invivogen) and doxycycline (Sigma-Aldrich) was added
to the medium according to the manufacturer’s instructions 48 hours post
transduction to select for transduced cells and to induce the expression of the
CRISPR-interference knockdown system. Fresh doxycycline was added to the
medium every other day. After two weeks of selection and induction, ADAR1
knockdown percentages were validated by western blot as described below.

Western blot analysis

(Knock out) cells were grown until confluent in a 6-wells plate, washed twice
with cold PBS and lysed in RIPA lysis and extraction buffer (Thermo Scientific)
supplemented with phosphatase inhibitors (PhosSTOP EASYpack, Roche)
and protease inhibitors (EASYpack Protease Inhibitor Cocktail, Roche). After
5 minutes of incubation at 4°C, cells were scraped, transferred into Eppendorf
tubes and incubated in a tube revolver (Thermofisher Scientific) for 1 hour at 4°C.
Samples were centrifuged for 15 minutes at 15.000xg at 4°C. The supernatants
were diluted in NUPAGE LDS Sample Buffer (4X) and analyzed by western blot
analysis as described previously (39). Monoclonal antibodies targeting RIG-I
(Bio-Connect, AG-20B-0009-C100), PKR (Abcam, ab226819), and MAVS (Abcam,
ab89825) were used according to the manufacturer’s instructions. Secondary
polyclonal rabbit-a-mouse-HRP (Agilent, P0260) and polyclonal swine-a-Rabbit-



HRP (Agilent, P0217) antibodies were used at a 1:1000 dilution. Imaging was
performed using an Amersham Imager 600 (GE Healthcare).

Next-generation sequencing of virus genomes and data analysis
For detection of mutated viral genomes in virus stocks, from here on referred to
as minor variants, RNA of virus stocks was isolated as described above. Random
cDNA synthesis was performed by Superscript IV reverse transcriptase (Invitrogen)
according to the manufacturer’s instructions using random hexamer primers
with a specific tail sequence (RF2596, 5'-CCCACCACCAGAGAGAAANNNNNN-3'
and RF2597, 5'-ACCAGAGAGAAACCCACCNNNNNN-3’) in individual reactions.
After the RT reaction samples were treated with Klenow DNA polymerase
(Thermo Scientific) according to the manufacturer’s instructions to repair
5' overhangs of the cDNA. Two separate PCRs were performed with
Amplitag Gold DNA polymerase (Applied Biosystems) using primer RF2602
(5'-CCCACCACCAGAGAGAAA-3') for cDNA synthesized with primer RF2596
and primer RF2603 (5-ACCAGAGAGAAACCCACC-3') for cDNA synthesized with
primer RF2597 in a total volume of 50 pl. The cDNA's were PCR amplified (2
min. 95°C, 40 cycles of 20 sec. 95°C, 1 min. 56°C, 2 min. 72°C, followed by 10
min. 72°C) and gel purified. Library preparation, lllumina sequencing and data
analysis was performed as previously described (40).

Northern blot and subsequent blot analysis

RNA was isolated from 1 ml virus stocks by TRIzol RNA isolation according to
the manufacturer’s instructions. Northern blotting was performed using the
NorthernMax-Gly kit according to the manufacturer’s instructions. A 3?P-labeled
radioactive RNA probe was generated using the MAXIscript T7 Transcription
Kit according to the Manufacturer’s instructions. A PCR product containing a
T7 minimal promoter sequence followed by a 180 nucleotide stretch of the
HMPYV trailer was used as template DNA to generate the probe, as described
previously (31). The activity of the probe was determined using a Beta counter
(which acted as a surrogate for the probe concentration). A probe concentration
of 5x10” cpm/ml of radiolabeled probe was used for hybridization. The Northern
blot was exposed to a phosphor-imager screen for three days and images were
generated using an Amersham Typhoon laser-scanner platform.

Statistics. Statistical analyses were conducted using GraphPad Prism5 software.
All comparisons were done using tests indicated at figure legends.
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Summarizing discussion




Human metapneumovirus (HMPV), identified in the Netherlands in 2001, has
been circulating worldwide for at least 50 years (1). Primarily young children,
immunocompromised individuals, and the elderly population are susceptible
to HMPV induced severe disease. In young children, HMPV is one of the leading
causative agents of respiratory illness, next to respiratory syncytial virus (RSV),
another member of the Pneumoviridae family, and influenza virus (2). The clinical
impact of RSV has resulted in the decision by the world health organization
(WHO) to focus efforts on RSV vaccines (3), for which in the last decades
significant progress has been made. For instance, a phase 3 clinical trial of
Pfizer's bivalent vaccine candidate, composed of a stabilized fusion (F) protein
in its pre-fusion state (RSVpreF) from viruses from lineage A and B, has shown
promising results (4). In addition, the Food and Drug Administration (FDA) has
accepted priority review for the biologics license application for this vaccine
candidate. With a potential RSV vaccine on its way, it seems logical that HMPV is
the next vaccine target, given that HMPV and RSV share seasonality, susceptible
population, and the clinical impact of HMPV ranks after that of Influenza and
RSV. To develop a vaccine against HMPV, similar approaches can be used as
those used for an RSV vaccine, as RSV and HMPV are genetically closely related.
It might even be feasible to develop a quadrivalent vaccine that is composed
of lineage A and B viruses from both RSV and HMPV, similar to the approach of
the quadrivalent influenza vaccine (5).

For the development of HMPV vaccines, knowledge on epidemiology,
evolution and virus-host interactions are indispensable. Even though significant
progress has been made towards understanding these viral properties, many
aspects remain relatively understudied.

Evolution of HMPV

To study virus evolution, it is crucial to have access to a solid whole genome
sequencing (WGS) pipeline. WGS provides unmatched insights for studying
virus evolution as compared to sequencing of partial genomes. For example,
the use of whole genome sequences has led to a better temporal resolution
of the West African Ebola virus epidemic of 2013-2015 (6), as well as the Zika
virus outbreak in 2015 in Brazil (7). More recently, an unprecedented number
of SARSCoV2 whole genome sequences has been generated that were used to
track transmission, detect the emergence of new variants, and aid public health
decision-making (8). Despite the advantages of whole genome sequencing
compared to sequencing of partial genomes, it has not been implemented
for other circulating viruses. For HMPV, the fusion protein (F) is most often
sequenced and used to study virus evolution (9-14). The main reason for this is
that the F protein is the main target for neutralizing antibodies and is therefore
under the highest selection pressure (15). However, the attachment protein G is
more variable between strains (9), and sequencing of this gene might provide



more details on evolution. Ideally, whole genome sequencing would provide
information on both the F and G gene, along all other genes. Methods for whole
genome sequencing of HPMV strains have been reported, but generating good
coverage of the highly variable G with these methods gene has been challenging
(16-19). Chapter 2 describes an HMPV whole genome sequencing method that
generates good coverage of the entire genome, including the G gene, from
all circulating HMPV lineages. This method was subsequently used to study
HMPV evolution in hospitalized and non-hospitalized individuals between 2005-
2021 in Chapter 3. This study showed that viruses clustered into six genetic
lineages (A1, A2.1, A2.2.1, A2.2.2, B1, B2) and that multiple lineages cocirculate
each year. The circulation of different genetic lineages was similar between
hospitalized and nonhospitalized individuals for respiratory tract infections (RTI)
throughout the years. This could indicate equal hospitalization rates of people
infected with viruses from each lineage. Finally, a robust HMPV classification
and nomenclature system was proposed based on the number of nucleotide
substitutions between viral F gene sequences, which could provide a solution
for comparing data between several reports.

Similar to other research groups (20-24), our study reported on viruses
with a duplication in the G gene and all these viruses clustered together within
lineage A2.2.2. We detected the first virus containing a duplication in the G gene
in the Netherlands in 2015. From 2018 onwards, all of the viruses carrying a
duplication in the G gene contained a 111-nucleotide duplication rather than a
180-nucleotide duplication. Interestingly, the 111nucleotide and 180nucleotide
duplicated sequences were copied from the same part of the G gene, i.e.
the 111nucleotide duplication is a shortened version of the 180nucleotide
duplication. This suggests that the 180-nucleotide duplicationcontaining virus
could be the parental strain from which 111nucleotide duplicationcontaining
viruses emerged. This could explain why no more viruses containing a
180nucleotide duplication in the G gene were detected after 2018, not only by
us but also by others (11).

The rapid global distribution and dominance of these viruses with
duplications in the G gene suggests a fitness advantage over viruses without
a duplication in the G gene. It is notable that similar duplication events in the
G gene of RSV have occurred (25). Most RSVs from lineage Buenos Aires (BA,
subtype B viruses) and Ontario 1 (ON1, subtype A viruses) carry a 60nucelotide
and 72nucleotide duplication in the G gene, respectively (26, 27). After their initial
detection, these duplication-containing viruses have rapidly spread globally and
have become the predominant circulating viruses in many countries (28, 29).
One of these isolates, a BA virus containing a 60-nucleotide duplication in the
G gene, was suggested to have increased attachment capacity which resulted
in increased fitness in vitro (30). However, evidence for increased virulence of
RSV carrying duplication in the G gene is lacking (31, 32). For HMPV, one study




suggested that an increased glycoprotein length, combined with additional
glycosylation sites, might result in a G protein that protrudes further over the
F protein, therefore further limiting the accessibility of neutralizing antibodies
against the F protein (33). However, experimental evidence for this hypothesis
is lacking, therefore the clinical relevance of this duplication eventin the G gene
remains unknown.

Waning immunity against pneumoviruses could explain the reported
reinfections with these viruses, sometimes even with homologous viruses (34).
Therefore, once a vaccine has been developed, it is possible that this vaccine has
to be administered every year. Vaccines for respiratory viruses, like the influenza
virus, are usually administered before the winter season, as most respiratory
viruses, including HMPV, tend to have a winter seasonality. This was previously
thought to be explained by winter temperature and humidity, a generally lower
immune status of the host population due to a lack of sunlight and vitamins, or
that people were more likely to be inside together which facilitates viral spread
(reviewed in (35)). However, alleviating the lockdown measures which were in
place for the SARS-CoV-2 pandemic has caused several respiratory viruses to
resurge out of the regular winter season (36-38), including HMPV (Chapter 4
and (39)). This might have resulted in a relatively naive immune status against
many of these viruses on a population level with a relatively large size, resulting
inincreased population spread of respiratory viruses regardless of the current
season. Itis unclear how long it will take for respiratory viruses to assume their
regular winter seasonality, however this altered virus seasonality is important
to monitor, as the timing of vaccination might require adjustment.

Interaction between HMPV and the innate immune system

Several approaches to develop an RSV vaccine are currently being employed.
Stabilized F proteins are being used for maternal immunization (4), and a
clinical trial using live-attenuated vaccines to vaccinate infants and toddlers is
currently ongoing (clinicaltrials.gov identifier NCT04491877). For development
of live-attenuated vaccines, different approaches have been employed. One
of the approaches comprises the generation of viruses lacking expression of
their interferon-antagonists (40, 41). For HMPV, a clear consensus on how the
virus subverts the type-I IFN response is thus far lacking, therefore studying
the interaction between HMPV and the host innate immune system would
provide fundamental knowledge that can be used for the rational design of
liveattenuated vaccines.

Previously, we showed that HMPV rapidly accumulates defective interfering
particles (DIs) upon passaging at a high multiplicity of infection (MOI). This
complicates studies between HMPV and the innate immune response, as DIs are
potentinducers of the type-I IFN response (42, 43). In Chapter 5, we investigated
the role of the G, SH, and M2-2 proteins as IFNantagonists using virus stocks



generated in a way to prevent DI accumulation (44). We demonstrated that the G
and SH proteins of HMPV did not function as IFNantagonist in epithelial (A549) cells.
The findings that the G protein did not act as IFN antagonist was in contrast with
other studies (45-48), but in line with a study utilizing siRNA knockdown of the G
gene (49). The finding that the SH protein did not function as IFN antagonist was in
contrast with one study (50), but in agreement with another study using a genomics
approach (51). Additionally, the SH protein was suggested to inhibit IFN-signaling
by inhibiting STAT1 phosphorylation and signaling (52). Our study in chapter 5 was
limited to the assessment of proteins involved in inhibiting IFN production, therefore
we cannot confirm this observation. In line with other reports (53-55), our studies
demonstrated that M2-2 deletion mutants induced IFN production upon infection
of A549 cells. However, we showed that M22 deletion mutant virus stocks contained
Dls. The results suggested a function for the M22 protein in preventing production
and accumulation of DlIs during infection, which in turn activate the IFN response
(Figure 1). Therefore, future studies on HMPV and the innate immune system should
assess whether the virus stocks contain Dls.
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Figure 1. A model for induction of IFN production by cells infected with M2-2 deletion
mutant viruses. During infection of cells with HMPV _ (left side of the image), after
release of the genome into the cytoplasm, the viral negative sense RNA (RNA) is
transcribed into a fulllength positive sense RNA (+RNA) copy of the genome by the viral
polymerase complex. This +RNA (also called the antigenome) then serves as template
for transcription of -RNA genome copies that are packaged into new virions. However,
during transcription of +RNA in absence of the M2-2 protein (right side of the image),
snapback DIs are generated. These DIs potently activate RIG-I that leads to induction of
IFN production. Image generated with Biorender.




The finding that M2-2 deletion mutants contained hypermutated genomes
and DIs complicates studies on the interaction between HMPV and the innate
immunity. To generate a M22 deletion mutant virus stock without mutated
genomes or DlIs, we attempted to generate Vero118 cells stably expressing
the M2-2 protein in which M2-2 deletion mutants could be generated without
genomic hypermutations or DlIs. Retroviral vectors encoding the M22 gene were
used to transduce Vero-118 cells. Initially, we found that splicing prevented M2-2
protein expression. Addition of a woodchuck hepatitis virus post-transcriptional
regulatory element (WPRE), a sequence known to promote nuclear export
of unspliced RNAs (56), to the retroviral vector solved the issues of spicing.
However, upon transduction of Vero-118 cells, M22 protein expression could
not be confirmed, even though the mRNA was expressed, presumably due to
degradation of the protein. Therefore, we were unable to generate cells stably
expressing the M22 protein. The mechanism for this degradation still needs to
be elucidated.

The observation that genomes of M2-2 deletion mutants were edited by
ADART1, as shown in Chapter 5, raised the hypothesis that the M2-2 protein
inhibits ADART1 activity. Preliminary experiments, such as coimmunoprecipitation
assays, showed no interaction between the M2-2 protein and ADAR1 and
suggested that the M22 protein does not actively inhibit ADAR1 editing (data
not shown). Previously, the Dls in a high MOI passaged virus stock (P5H) were
shown to be double-stranded hairpin RNAs, which is the template for ADAR1
(44). However, whether viral genomes or Dls in either wild-type or M22 deletion
mutant virus stocks are edited by ADAR1 remains unclear.

The pneumovirus M2-1 and M2-2 proteins have been described to play a
role in virus transcription and replication (57-61). In Chapter 6 we show that
homologous M2-1 and M2-2 proteins act in a concerted manner to maintain
virus transcription, thereby preventing the production of Dls. This transcription
mechanism was maintained when both HMPV M2 proteins were exchanged
for that or RSV or APV-C, but was disrupted when only the M2-2 protein was
exchanged.

The function of the M2-2 protein in preventing accumulation of Dls, and
thereby induction of type-I IFN production, is similar to what has been described
for the C protein of several paramyxoviruses. Deletion of C protein expression
from the genome of parainfluenza virus type 1 (PIV-1), measles virus (MeV), and
Sendai virus (SeV) leads to the production of dsRNAs, which in turn activate the
innate immune response (62-65). Notably, both paramyxovirus C proteins and
the HPMV M2-2 protein have been described to function in the transcription
process. These data indicate a shared transcriptional function of these viral
proteins that is important to prevent accumulation of Dls in virus stocks.

Similar to other non-segmented single-stranded negative-sense RNA
viruses, HMPV gene expression is a polar transcriptional gradient (57, 66).



Genes expressed from a more promoter-distal location of the genome
therefore have lower expression levels. The M2 gene is encoded as the 5" most
promoterproximal gene of HMPV, therefore the M2-1 and M2-2 proteins have
relatively low expression levels. In addition, expression of the M2-2 protein by
HMPV  is regulated by a ribosomal termination reinitiation process (67), which
further reduces M2-2 protein expression levels. The viruses expressing the M2-2
protein from the 3 position of the genome as an individual gene bypass this
mechanism and are expressed from a more promoter-proximal position of the
genome. Therefore, the levels of M2-2 protein expression are expected to be
higher. The virus expressing the HMPV M22 protein from the 3 position of the
genome was phenotypically identical to HMPV, , indicating that M2-2 protein
levels, as well as expression by a ribosomal termination re-initiation mechanism,
might not be of critical importance in vitro. As the production of type-I IFN
is detrimental for virus infections, counteracting this response is critical.
Therefore, expression levels of a virus' IFN-antagonist should be sufficiently
high to prevent production of type-I IFNs. For example, the RSV NS1 and NS2
proteins that function as IFN antagonists are the two most promoter-proximal
genes (68). The Paramyxovirus V proteins, which function as IFN-antagonists (69,
70), are encoded as second ORF within the P gene that are expressed from the
second most promoter-proximal gene position. The relatively low expression
levels of the HMPV M22 protein should be taken into mind when considering
the M2-2 protein as IFNantagonist.

Additionally, in Chapter 6, we demonstrated that the HMPV M2-2 protein
was not able to substitute the function of the RSV NS1 and NS2 proteins
as IFNantagonist, indicating that the M22 protein of HMPV is not a potent
IFNantagonist. However, it cannot be ruled out that it might still function as a
relatively weak IFNantagonist.

Most, if not all, viruses that cause disease in humans encode active IFN-
antagonists. While some viruses encode nonstructural proteins as active IFN
antagonist, such as influenza viruses, RSV, and members of the Paramyxoviridae
family (70-73), some viruses encode essential proteins that function as active
IFNantagonist, such as the SARS-CoV-2 matrix protein and nucleoprotein (74-
76). Therefore, while the non-essential proteins of HMPV (G, SH, M2-2) might
not function as active IFNantagonist, other proteins that are essential for virus
replication, for which deletion mutants cannot be rescued, could function
as active IFNantagonist. Alternatively, none of the known proteins of HMPV
function as active IFN-antagonist and the virus passively avoids detection by
innate immune responses. However, to our knowledge, a virus that causes
disease in humans without an active IFNantagonist has not been described yet.
Therefore, it is likely that another protein of HMPV, possibly one that has not
been discovered yet, or a concerted action of multiple proteins, act as HMPVs
IFN-antagonist.




Future perspectives

In the two decades after identification of HMPV, many advances have been
made in knowledge regarding epidemiology, evolution, and molecular biology
of HMPV. While immortalized cell lines are useful for studying certain aspects
of viral-host interactions, these models do not resemble the physiological
complexity of human airways. Over the past few years, induced pluripotent
stem cells (iPSCs) and primary cell models have been developed and used to
study several respiratory viruses (reviewed in (77)). iPSCs or human respiratory
tissues have been used to generate organoid models in vitro that can be cultured
and differentiated in transwell inserts as air-liquid interface (ALI) models,
which better resemble the physiological complexity of human airway tissue.
These models have led to rapid advances in virus research. For example, using
this model, the RSV CX3CR1 receptor has been implicated to function as the
receptor for RSV (78, 79). Some studies have reported the use of primary human
material to study HMPV infections (80, 81), but the use of organoid-derived
airliquid interface models have not been described for HMPV studies yet. The
development and use of these models for HMPV could aid towards a better
understanding of virushost interactions in the future.

The reported duplication events in the G gene highlight the importance to
monitor HMPV evolution, preferably using whole genome sequencing methods
as sequencing of (partial) F genes will miss any important evolutionary event
in other regions of the genome. While a duplication in G could result in better
binding efficiency to target cells, or differences in antigenic properties of
these viruses, experimental data that support these hypotheses are lacking.
Elucidating the nature of the duplication events in the G gene could aid towards a
better fundamental understanding of the virus life cycle or antigenic properties,
which in turn could impact the development of vaccine candidates.

There is no consensus about which HMPV proteins function as IFN-antagonist.
However, the wild-type virus does not induce IFN production upon inoculation of
A549 cells (44), which suggests that it possesses mechanisms to block or avoid
the IFN response. Studies thus far have focused on the interaction between the
G, SH, and M22 proteins and the innate immune response, but data on other
HMPV proteins as IFN-antagonists is lacking. Additionally, the IFNantagonist of
HMPV might be encoded by a gene that has not been identified yet. For example,
several new influenza A virus proteins have been identified since the early 2000s
(82-87), from which some are known to regulate host immune responses. For
example, analysis of peptides that are recognized by CD8+ T cells has led to
the identification of the Influenza PB1-F2 protein (87), a ribosomal frameshift
in segment 3 that results in production of the PA-X protein (86), and expression
of the M42 protein as a result of alternative splicing of the M2 protein (85). For
HMPYV, the alignment of whole genome sequences generated in Chapter 3 can
be used to search for conserved putative ORFs. Knockout of these putative ORFs



could then serve as alternative approach to identify a possible IFN-antagonist
of HMPV. Second, tagging viral genes at the Nterminus and C-terminus by
reverse genetics, followed by western blot analysis of these tagged proteins,
could be used to identify proteins that are expressed by a ribosomal frameshift
or alternative start-codon usage. Nevertheless, identification of the new viral
proteins for influenza viruses has been challenging, and this will also be the
case for HMPV.

Several approaches were used to investigate the potential function of the
M22 protein as IFNantagonist. In Chapter 6, we used RSV as model to determine
whether heterologous proteins can function as IFNantagonist when expressed
by RSVANS1+2. Using this model, the IAV protein, a potent IFNantagonist,
only partially blocked the IFN response. Therefore, relatively weak interferon
antagonists might not be able to inhibit IFN-responses when expressed in this
model. This suggests that validating the HPMV M2-2 protein as IFNantagonist
might require an alternative model. Previously, the IAV NS1 protein was shown
to completely block induction of IFN production during infection with Newcastle
disease virus (NDV), a virus that induces the IFN response (88). Therefore,
NDV could be an alternative model to study the function of HMPV proteins as
IFNantagonist. Additionally, Chapter 6 demonstrated that the transcriptional
function of the M2-2 protein requires the expression of the autologous M2-1
protein. Therefore, generation of NDV expressing both M2-1 and M2-2 proteins
of HMPV might elucidate knowledge on the possible concerted action of the M2
proteins as active interferon-antagonists.

Analysis of RNAs present in HMPV stocks demonstrated the presence of
DIsin M22 deletion mutant virus stocks (Chapter 5). Therefore, deletion of the
transcriptional function of the HMPV M22 protein results in accumulation of Dls,
and thereby induction of type-I IFN production. Interestingly, during detection
of DIs by northern blot analyses, an RNA band with a size of approximately 7kb
was observed in addition to the full-length 13kb genome fragment. This RNA
species was present in all tested virus stocks and was also observed in our
previous study (44). While this RNA could represent a partially deleted genome,
the exact nature of this RNA is currently unknown. Identification of the sequence
and function of this RNA species may lead to a better understanding of HMPVs
molecular biology.

In conclusion, knowledge on the molecular biology of viruses and the
interactions with the host aids to the design of novel intervention strategies
and vaccines. Together, the studies presented in this thesis contribute towards
a better fundamental understanding of HMPV evolution and its interaction with
the host innate immune response.
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Nederlandse samenvatting

Het humaan metapneumvoirus (HMPV), een pneumovirus, is een belangrijke
veroorzaker van luchtweginfecties met name in jonge kinderen. Tussen de 5-15%
van luchtweginfecties in deze groep wordt veroorzaakt door HMPV. De piek van
infecties is in kinderen in de leeftijd van 3 tot 6 maanden oud en zo goed als elk
kind heeft een HMPV infectie doorstaan tegen de tijd dat ze 5 jaar zijn. Naast
kinderen zijn ook ouderen en immuun gecompromitteerde mensen vatbaar voor
ziekte die veroorzaakt wordt door HMPV infecties. De klinische symptomen van
een HMPV infectie zijn vergelijkbaar met die veroorzaakt door een infectie met
het respiratoir syncytieel virus (RSV), het enige andere humane pneumovirus,
wat varieert van hoesten en keelpijn in milde gevallen tot bronchiolitis en
pneumonie in ernstigere gevallen. HMPV wordt voornamelijk gedetecteerd in
het winterseizoen, met over het algemeen een piek rond het einde van de winter
en begin van de lente. Ondanks de morbiditeit die veroorzaakt wordt door
HMPV is er op dit moment nog geen vaccin of antivirale therapie beschikbaar.

Het bestuderen van HMPV evolutie en epidemiologie is belangrijk voor het
updaten van diagnostische testen en het rationeel ontwerpen van vaccins of
antivirale behandelingen. Op basis van serologische studies zijn HMPV stammen
geclassificeerd in twee serotypes, A en B, welke beide op basis van genetische
verschillen onderverdeeld zijn in twee genotypes (A1, A2, B1, B2). Recent zijn
er door verschillende groepen afsplitsingen gerapporteerd binnen genotype
A2, waar verschillende naamgevingen voor zijn gebruikt. Ondanks dat er
verschillende studies zijn gedaan naar de evolutie van HMPV, is er binnen het
onderzoeksveld nog geen consensus over de classificatie of nomenclatuur van
de verschillende nieuwe genotypes van het virus, en grootschalige evolutie
studies voor HMPV zijn nog schaars.

De genotypes van HMPV worden voornamelijk geclassificeerd op basis van
de sequenties van het fusie eiwit (F) gen of het glycoprotein (G) gen. Dit komt
doordat G het meest variabele eiwit is, wat een groot onderscheidend vermogen
geeft, en F onder druk staat van het immuunsysteem waardoor mutaties
kunnen ontstaan die leiden tot nieuwe genotypes. Ondanks dat voornamelijk
de F en G genen gesequenced worden in HMPV evolutie studies, kunnen door
het sequencen van het complete HMPV genoom accuratere evolutie studies
uitgevoerd worden. Technieken om complete virale genomen te sequencen zijn
over de afgelopen jaren makkelijker in uitvoering en goedkoper geworden, maar
er zijn maar weinig studies waarbij hele genomen van HMPV gesequenced zijn.
In de meeste studies bleek het gevoelig detecteren van het G gen lastig, wat
mede komt door de hoge variabiliteit van het gen.

In de studie in hoofdstuk 2 is een methode opgezet voor het sequencen
van hele HMPV genomen die geisoleerd zijn uit klinische monsters. Deze
methode had een goede detectie van het G gen en detecteerde de vier voorheen



beschreven HMPV genotypes met een gelijke gevoeligheid. In hoofdstuk 3 is
deze methode gebruikt voor het sequencen van de complete genomen van
130 HMPVs geisoleerd uit klinische monsters. Deze sequenties zijn gebruikt
om de evolutie van HMPV in Nederland tussen 2005 en 2021 te bestuderen.
Hieruit bleek dat er zes genotypes circuleerde (A1, A2.1, A2.2.1, A2.2.2, B1, en
B2), waarvan genotype Al niet meer gedetecteerd werd sinds 2006. Dit zou
kunnen betekenen dat dit genotype uitgestorven is, of dat het virus circuleert
in een populatie waar geen surveillance plaatsvindt. Net als door andere
onderzoeksgroepen zijn binnen genotype A2.2.2 varianten gevonden met een
duplicatie in het G gen, waarvan de functie tot dusver nog onbekend is. De
varianten met een duplicatie in het G gen werden in Nederland voor het eerst
gedetecteerd in 2015 en na 2018 hadden alle genotype A2.2.2 virussen een
duplicatie in het G gen. Al eerder zijn er ook voor RSV virussen met duplicaties
in het G gen gedetecteerd, welke zich snel wereldwijd verspreid hebben. Het
feit dat er nu ook HMPVs met een duplicatie in het G gen zijn gedetecteerd
suggereert dat pneumovirussen met een duplicatie in het G eiwit een voordeel
hebben over virussen zonder duplicatie, maar op dit moment is er nog geen
bewijs voor deze hypothese.

In hoofdstuk 3 is vervolgens de circulatie van de verschillende genotypes
in de klinische setting vergeleken met die in een niet-klinische setting. Voor
deze laatste populatie zijn de F en G gen sequenties geanalyseerd van 144
HMPVs geisoleerd uit patiénten die huisartsen bezoeken voor luchtwegklachten.
Een vergelijking tussen de circulatie van de verschillende genotypes tussen
de twee populaties liet zien dat alle genotypes in beide populaties even vaak
voorkwamen. Dit suggereert dat er geen verschil is in pathogeniteit tussen de
verschillende genotypes. Daarentegen is er in andere studies wel meer viraal
RNA gevonden in monsters van ziekenhuispatiénten die geinfecteerd waren
met genotype A virussen dan in patiénten die geinfecteerd waren met type B
virussen. Of deze hogere hoeveelheid viraal RNA bijdraagt aan een ernstiger
ziekteverloop is nog onduidelijk.

De meeste virussen die luchtweginfecties veroorzaken zijn voornamelijk
prevalent in de winter. Dit werd voorheen verklaard door meerdere factoren,
waaronder humaan gedrag, klimaatfactoren zoals luchtvochtigheid, of een
minder functionerend immuunsysteem in de populatie door een gebrek
aan zonlicht. Na het opheffen van de niet-medische interventiemaatregelen
betreffende de SARSCoV2 pandemie zijn er echter meerdere respiratoire
virussen gedetecteerd buiten het normale winterseizoen, waaronder het
influenzavirus en RSV. Dit is ook zo gerapporteerd voor HMPV, waarvoor in
hoofdstuk 4 een HMPV uitbraak in het Zuyderland Medisch Centrum in Heerlen
in de zomer van 2021 wordt beschreven. Detectie van deze virussen buiten
het normale seizoen zou kunnen komen doordat mensen minder in contact
zijn geweest met seizoensgebonden virussen tijdens de lockdown periodes,



waardoor de immuniteit op populatieniveau verminderde. Hierdoor zou men
vatbaarder kunnen zijn voor respiratoire virussen, ongeacht het seizoen. Het
is onduidelijk hoelang deze virusuitbraken in de zomer zullen blijven gebeuren
nu dat de SARS-CoV-2 lockdown maatregelen voorbij zijn. Circulatie buiten
het seizoen kan een gevolg hebben voor de timing van het toedienen van
seizoensgebonden influenzavirus vaccinaties en andere seizoensgebonden
vaccinaties in de toekomst.

Het aangeboren immuunsysteem is een belangrijke barriere in het menselijk
lichaam dat een virus moet overkomen om de gastheer te infecteren. Deze
immuunreactie wordt gekenmerkt door de productie van type-1 interferonen.
De meeste virussen die ziekte veroorzaken in mensen kunnen deze reactie
ontwijken. In de meeste gevallen gebruiken deze virussen eiwitten die ervoor
zorgen dat interferonen niet worden aangemaakt. Deze eiwitten worden
interferonantagonisten genoemd. Voor HMPV nog niet bekend welke eiwitten
functioneren als interferon-antagonist. Fundamenteel onderzoek naar hoe
virussen deze interferon reactie ontwijken kan leiden tot een rationeel ontwerp
van levendverzwakte vaccins.

Voor HMPV hebben een aantal studies gesuggereerd dat de G,
shorthydrophobic (SH), en matrix 2-2 (M2-2) eiwitten een rol spelen als interferon-
antagonist. Echter is in deze studies voor alle drie de eiwitten dezelfde functie
beschreven en in het onderzoeksveld is nog geen consensus bereikt over welk
eiwit als interferon antagonist functioneert of over het mechanisme dat HMPV
hiervoor gebruikt. Dit zou kunnen komen doordat het genereren en passeren
van HMPV in cellen kan leiden tot de productie van defecte viruspartikels,
welke bekend staan om het induceren van interferon productie. In hoofdstuk
5 is de rol van het G, SH, en M2-2 eiwit als interferonantagonist onderzocht,
waarvoor virussen zijn gegenereerd die geen G, SH, of M2-2 eiwitexpressie
hebben. Deze virussen zijn geproduceerd door middel van een methode die
de productie van defecte viruspartikels voorkomt. Uit deze studie bleek dat, in
tegenstelling tot de gepubliceerde studies, de G en SH eiwitten geen rol spelen
in het blokkeren van de interferon productie. Virussen die geen M2-2 eiwit
tot expressie brachten induceerde wel interferon productie, maar deze virus
stocks bleken toch ook defecte viruspartikels te hebben ondanks dat deze virus
stocks zodanig waren geproduceerd waarbij het wildtype virus geen defecte
viruspartikels produceerde. Daarnaast werd er in het genoom van deze M2-2
deletie virussen een hoog aantal mutaties gevonden. Hierdoor is het onduidelijk
of de inductie van interferon door deze virussen komt door de afwezigheid
van het M2-2 eiwit als interferon-antagonist, of door de defecte viruspartikels
en mutaties in het genoom van deze virussen. Deze vraag is tot dusver nog
onbeantwoord, waardoor het nog onzeker is of het M2-2 eiwit functioneert als
een interferonantagonist.



De M2-1 en M2-2 eiwitten van pneumovirussen spelen een rol tijdens virus
replicatie, maar hoe deze eiwitten daarin precies functioneren is nog onbekend.
Ook is bekend dat de genen van pneumovirussen tot expressie worden gebracht
door middel van een transcriptie gradient, waarbij de expressie van genen die
dichter bij de promoter gelegen zijn hoger is dan dat van genen die verder weg
van de promoter gelegen zijn. Het M2-1 eiwit bijdraagt bij aan het behouden
van deze transcriptie gradient. In hoofdstuk 6 is de functie van de M2-1 en
M2-2 eiwitten van pneumovirussen tijdens transcriptie onderzocht. Hiervoor
zijn chimere HMPVs gegenereerd waarbij het M2 gen, wat zowel M2-1 en M2-2
codeert, vervangen werd voor het M2 gen van RSV of avian pneumovirus type-C
(APV-C). APV-Cis ook een pneumovirus, maar heeft vogelsoorten als gastheer.
Om de rol van het M2-2 eiwit los te koppelen van die van het M2-1 eiwit, zijn
virussen gegenereerd waarin alleen het M2-2 gen werd vervangen voor dat
van RSV of APV-C. Fenotypische karakterisatie van deze virussen toonde aan
dat wanneer beide M2 eiwitten van HMPV werden vervangen door die van
RSV of APV-C, deze virussen hetzelfde fenotype lieten zien als wildtype HMPV
wat betreft inductie van interferon, afwezigheid van hypermutatie in de virale
genomen en RNA transcriptie profielen in de eerste 48 uur na infectie. Dit was
in tegenstelling tot de virussen waarin alleen het M2-2 eiwit was uitgewisseld.
Deze virussen induceerde interferon productie, bevatte hypermutaties in
hun genoom en hadden een andere RNA transcriptie gradiént gedurende de
eerste 48 uur na infectie dan het wild type HMPV. Deze resultaten laten zien
dat het M2-2 eiwit van pneumovirussen, maar alleen in samenwerking met
het homologe M2-1 eiwit, een functie heeft tijdens transcriptie elongatie en
de productie van defectieve RNAs en hyper gemuteerde genomen voorkomt.

Als laatste is geprobeerd om de potentiéle functie van het M2-2 eiwit als
interferon-antagonist te onderzoeken. Hiervoor is een chimeer RSV gegenereerd
waarin de NS1 en NS2 genen, welke coderen voor interferon-antagonisten,
werden vervangen voor het HMPV M2-2 gen. Hiermee werd onderzocht of het
HMPV M2-2 eiwit de functie kon overnemen van de RSV interferon-antagonisten.
De resultaten in hoofdstuk 6 laten zien dat het HMPV M2-2 eiwit de functie als
interferon antagonist van de RSV NS1 en NS2 eiwitten niet kon overnemen,
waardoor een functie van het HMPV M2-2 eiwit als interferon-antagonist als
onwaarschijnlijk kan worden geacht.

Op dit moment is er nog geen vaccin of antivirale therapie beschikbaar
voor HMPV. De fundamentele studies beschreven in dit proefschrift dragen
bij aan het in kaart brengen van HMPV evolutie en het begrijpen van virale
mechanismes voor het ontwijken van ons aangeboren immuunsysteem. Deze
studies zijn belangrijk voor het rationeel ontwerpen van antivirale therapieén
of vaccins, welke in de toekomst kunnen bijdragen aan het verminderen van
de morbiditeit van HMPV.
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