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Abstract: To better understand the phylogenomics of the hemagglutinin-neuraminidase
(HN) gene and HN protein in human parainfluenza virus type 4 (HPIV4), we performed
phylogenomic analyses using various bioinformatics methods. The main bioinformat-
ics analyses included a time-scaled phylogeny, genetic distance assessments, and three-
dimensional (3D) structure mapping of the HN protein with conformational epitope and
selective pressure analyses. The time-scaled phylogenetic tree indicated that the most recent
common ancestor of the HN gene emerged approximately 100 years ago. Additionally,
the tree revealed two distinct clusters corresponding to HPIV4a and HPIV4b. The diver-
gence times for the most recent common ancestors of the HN gene in HPIV4a and HPIV4b
strains were estimated to be around 1993 and 1986, respectively. The evolutionary rates
of the gene varied significantly between clusters, ranging from approximately 1.2 × 10−3

to 8.7 × 10−4 substitutions per site per year. Genetic distances within each cluster were
relatively short (less than 0.04). Phylodynamic analyses demonstrated an increase in the
genome population size around the year 2000. Structural analyses revealed that the active
sites of the HN protein were located at the protein’s head. Furthermore, the most conforma-
tional epitopes were located in adjacent active sites of the protein. These results suggested
that reinfection may be unlikely to occur in the case of most HPIV4. Together, the HN
gene and protein of HPIV4 strains isolated in Japan have undergone unique evolutionary
changes. In addition, antibodies targeting the conformational epitopes of the HPIV4 HN
protein may contribute to protection against the virus.

Keywords: human parainfluenza virus type 4; HN gene/HN protein; phylogenomics

1. Introduction
Human parainfluenza virus type 4 (HPIV4), also known as human rubulavirus type

4, belongs to the family Paramyxoviridae and the genus Orthorubulavirus [1]. It can cause
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various respiratory diseases, including the common cold, croup, bronchitis, and pneumo-
nia [2]. Previous studies have classified HPIV4 into two subtypes, HPIV4a and HPIV4b,
based on serological and phylogenetic analyses [3]. Epidemiological data suggest that the
most prevalent types are HPIV3 (also known as human respirovirus type 3, HRV3) and
HPIV1 (also known as human respirovirus type 1, HRV1), which belong to a different
genus, Respirovirus [4,5]. However, the epidemiological profiles of HPIV2 and HPIV4
remain largely unknown because of the small case numbers reported in clinics for these two
types [6,7]. Additionally, other epidemiological studies indicate that HPIV4, similarly to
other respiratory viruses, such as human respiratory syncytial virus (HRSV) and influenza
viruses, can cause reinfections, although this has not been fully addressed in previous
research [8,9]. Clinically, human parainfluenza viruses (HPIVs) are commonly associated
with acute upper respiratory tract diseases. However, in cases of lower respiratory tract ill-
ness or croup, a hospitalization rate of up to 17% has been reported among infected children
under 5 years of age. Croup can occur with all HPIV types but is particularly prevalent in
children infected with HPIV1 and HPIV2. In contrast, bronchiolitis is frequently observed
in infants with HPIV3 infection. While HPIV4 typically causes only mild illness, it has also
been reported to cause lower respiratory tract infections in some cases [10–12].

HPIV4 virions contain two major surface antigens: hemagglutinin-neuraminidase (HN
protein) and fusion (F) protein [13]. The HN protein has dual functions, exhibiting both
hemagglutinin and neuraminidase activities [14]. These activities play essential roles not
only in the infection of host cells, but also in the budding process from infected cells [9,14].
Moreover, some monoclonal antibodies targeting the HN protein can neutralize the virus,
thereby inhibiting infection of host cells [15,16]. These functions may be associated with
the structure and evolution of the HN protein [17]. However, phylogeny, antigenicity, and
the detailed molecular structure/function of the HN protein remain poorly understood.

Phylogenomic analyses using advanced bioinformatics technologies enable the study
of evolutionary relationships among biological entities, including various viruses [18,19].
Phylogenomics involves analyzing viral RNA or protein sequence data to uncover the
evolutionary history and connections between different organisms, providing insights into
how they have evolved and diversified [20]. In this study, we performed phylogenomic
analyses of the HN gene/HN protein in HPIV4 isolates from Japan to elucidate their
evolutionary relationships.

2. Materials and Methods
2.1. Sample Collection, Virus Isolation, and Ethics Status

Clinical samples, including nasal swabs, nasopharyngeal swabs, and pharyngeal
swabs, were collected when the patients visited the pediatric department at National
Hospital Organization Sendai Medical Center or Nagai Pediatric Clinic in Sendai City for
respiratory symptoms from July 2002 to December 2015. Additionally, samples were sent
to the Sendai Medical Center from medical institutions in Japan for virus identification
during the same period. The samples were stored in virus transport medium (Eagle
MEM, 0.5% gelatin, 500 µg/mL streptomycin, 100 units/mL penicillin G) at 4 ◦C and
transported to the virus research center. Virus isolation was performed using the microplate
method [21]. Briefly, cell culture microplates containing human embryonic fibroblast (HEF),
HEp-2, Vero, MDCK, and LLC-MK2 cells were prepared. The supernatant of the virus
transport medium was inoculated into the microplates and incubated for several days.
When specific cytopathic effects (CPEs) were observed in LLC-MK2 cells, the supernatant
was harvested and stored at −20 ◦C. All samples were subjected to virus isolation for
diagnostic purposes. Oral consent was obtained from the patients or their guardian(s) prior
to the examination, and the test samples were collected. The implementation of this study,
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including the fact that written consent was not obtained, was reviewed and approved by
the ethics committee. In addition, an opt-out procedure was also implemented. As a result,
the study protocol was approved by the Ethics Committee on Human Research of National
Hospital Organization Sendai Medical Center (approval Nos. 24-80, 24-81) on 15 October
2024, and the protocols were carried out in accordance with the approved guidelines.

2.2. RNA Extraction, Reverse-Transcription PCR, and Sequencing

The RNA of isolated viruses was extracted using the Viral RNA Mini Kit (QIAGEN,
Hilden, Germany). Complementary DNA (cDNA) was synthesized with random primers.
Polymerase chain reaction (PCR) targeting the P gene of PIV4 was performed to confirm
the isolates as PIV4 [22]. The extracted RNA and cDNA were stored at −20 ◦C. The isolates
confirmed for PIV4 were further analyzed using RT-PCR for the HA region. The PCR was
carried out using the PrimeScript One Step RT-PCR Kit (TaKaRa, Kusatsu, Japan), in a
reaction mixture containing 3 µL of RNA, 0.4 µM of forward and reverse primers, 12.5 µL of
2 × RT-PCR buffer, and 1.0 µL of enzyme mixture, with a final volume of 25 µL. The primer
pairs and the product sizes are described elsewhere [23]. The reaction conditions included
an initial incubation for 30 min at 50 ◦C, followed by 2 min at 94 ◦C. The cycling program
consisted of 30 cycles of 30 s at 94 ◦C, 30 s at 45 ◦C, and 1 min and 30 s at 72 ◦C, with a final
extension step at 72 ◦C for 7 min, using a thermal cycler (BIORAD, Hercules, CA, USA).
The PCR products were analyzed by gel electrophoresis on 2% agarose with a 100 base-pair
(bp) ladder. After purification using the Illustra ExoStar Kit (GE Healthcare, Chicago, IL,
USA), the amplicon concentrations were quantified using a NanoDrop spectrophotometer
(Thermo Fisher, Waltham, MA, USA). Sequencing was performed by Eurofins Operon
(Japan) using the same primers used for PCR (Supplementary Table S1). Subtyping was
conducted using a BLAST search, and a total of 140 strains were classified in this process.

2.3. Strains in the Present Study

To analyze the molecular evolution of the HPIV4 HN gene, we downloaded reference
strains of HPIV4a and HPIV4b subtypes from GenBank [https://www.ncbi.nlm.nih.gov/
genbank/; last accessed on 23 July 2024] (4a: MH892407 and KY460515, 4b: EU627591 and
MN306032). A total of 129 strains, including these reference strains, were aligned using
MAFFT software version 7 [24]. Irregular strains were excluded, resulting in a final dataset
of 113 strains, including the reference strains. Details of the strains used in this study are
shown in Supplementary Table S2.

2.4. Time-Scaled Phylogenetic Analyses

To estimate the phylogenetic relationships of the present strains, we constructed a
phylogenetic tree using the Bayesian Markov Chain Monte Carlo (MCMC) method in the
BEAST 2 package (v.2.6.7) [25]. First, we used jModelTest to determine the appropriate
substitution model, selecting the TIM-Γ model. Next, we used the path-sampling/stepping-
stone sampling marginal likelihood estimation method to select the best fit among four clock
models (strict clock, relaxed clock exponential, relaxed clock log-normal, and random local
clock) and two prior tree models (coalescent constant population and coalescent exponential
population). These analyses were performed independently for all strains, and the relaxed
clock log-normal along with the coalescent exponential population model were selected
for the molecular evolutionary analysis. The effective sample size (ESS) was estimated
using Tracer (v.1.7.2), and an ESS greater than 200 was confirmed for all parameters [26].
After applying a 10% burn-in, the phylogenetic tree was generated using TreeAnnotator
(v2.6.7) and visualized with FigTree (v1.4.0). Evolutionary rates were estimated using the
models selected for each dataset, as described previously. Statistics were analyzed using

https://www.ncbi.nlm.nih.gov/genbank/
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the Bonferroni method and Kruskal–Wallis test with EZR [27]. A p-value of less than 0.001
was considered statistically significant.

2.5. Phylogenetic Distance Analyses

To evaluate the phylogenetic distance among the present strains, we constructed the
Maximum Likelihood tree using MEGA software version 7 and estimated it using the
Patristic program [28]. In addition, to estimate the best substitution models, we used
jModelTest2. Statistics were analyzed using the Bonferroni method and Kruskal–Wallis test
with EZR [27]. A p-value of less than 0.001 was considered statistically significant.

2.6. Phylodynamic Analyses

To calculate the phylodynamics of the strains in this study, the effective population
sizes (EPS) of the HN gene were estimated using Bayesian skyline plot (BSP) analysis
with the BEAST package. The best models were estimated as previously described. The
estimation for HPIV4b/II could not be made due to the small number (six strains). The
BSP and the 95% highest probability density (HPD) intervals were visualized using Tracer.

2.7. Selective Pressure Analyses

To estimate positive or negative selection in the HN protein of the strains used in this
study, we calculated the non-synonymous (dN) and synonymous (dS) substitution values at
each codon position using the Datamonkey package 2.0 (last accessed on 20 October 2024).
We applied the fixed effects likelihood (FEL), internal fixed effects likelihood (IFEL), sin-
gle likelihood ancestor (SLAC), and fast unconstrained Bayesian approximation (FUBAR)
methods. Positive selection (dN/dS > 1) and negative selection (dN/dS < 1) were identi-
fied based on p-values < 0.05 for SLAC, FEL, and IFEL, and posterior probabilities > 0.9
for FUBAR.

2.8. Construction of the 3D Structure of HN Proteins

In order to assess the relationship of amino acid substitutions between the strains
in this study, we constructed three-dimensional structural models of the HN protein for
each lineage using homology modeling. The 4JF7 (PDB ID) searched by protein BLAST
was used as the template. The PDB file and the FASTA file were downloaded from the
Protein Data Bank (PDB) (last accessed on 20 October 2024). The recent strain for each
lineage was extracted; however, in cases where the dates overlapped, the selection was
performed randomly. These amino acid sequences were aligned using MAFFTash, and the
models were constructed with MODELER v.10.4 [29]. The optimal models for each lineage
were selected based on Ramachandran plot analysis using WinCoot v.0.9.4.1 [30]. The best
models were subjected to energy minimization using GROMOS96 within the Swiss–PDB
Viewer software v4.1.0 [31].

2.9. Prediction of the Conformational Epitope

To evaluate the conformational B-cell epitopes of the constructed HN protein models,
we applied SEPPA 3.0 [URL; http://www.badd-cao.net/seppa3/; last accessed on 24
October 2024] method with a cutoff value of 0.064 [32]. Regions with contiguous amino acid
sequences, predicted by SEPPA 3.0 to contain more than three residues, were identified as
conformational epitopes. These epitopes were subsequently mapped onto the constructed
HN protein models.

http://www.badd-cao.net/seppa3/
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3. Results
3.1. Time-Scaled Phylogeny and Evolutionary Rates

To estimate the phylogenetic evolution of the HPIV4 HN gene, we constructed a time-
scaled phylogenetic tree and calculated the evolutionary rates using the MCMC method
(Figures 1 and 2). Initially, it was estimated that the common ancestor of the present
strains emerged around March 1921 (mean; 95% HPDs, 1865.2–1968.7). It was further esti-
mated that this common ancestor diverged into two subtypes (HPIV4a and HPIV4b). The
common ancestor of HPIV4a and HPIV4b diverged around June 1993 (mean; 95% HPDs,
1988.10–1997.8) and June 1986 (mean; 95% HPDs, 1865.2–1968.7), respectively, and sub-
sequently formed two lineages (HPIV4a/I, HPIV4a/II, and HPIV4b/I, HPIV4b/II). The
evolutionary rate of the present strains was estimated to be approximately 1.23 × 10−3 sub-
stitutions per site per year (mean; 95% HPDs, 8.82 × 10−4–1.58 × 10−3). The evolutionary
rates for the four lineages (HPIV4a/I, HPIV4a/II, HPIV4b/I, and HPIV4b/II) were esti-
mated to be 1.22 × 10−3, 1.38 × 10−3, 8.66 × 10−4, and 2.09 × 10−3 substitutions per site
per year, respectively. The evolutionary rates of each lineage showed statistically significant
differences compared to the other lineages (p < 0.001). Detailed 95% HPDs for each lineage
are provided in Figure 2. These results suggested that the lineages in the present strains
evolved at different evolutionary rates, independently.
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3.2. Phylogenetic Distance of the HN Gene in HPIV4

In this study, to evaluate the genetic distance of the HPIV4 HN gene, we calculated
phylogenetic distance using MEGA7 software (Figure 3). Firstly, the phylogenetic distances
for the four lineages (HPIV4a/I, HPIV4a/II, HPIV4b/I, and HPIV4b/II) were as follows:
0.0173 ± 0.0085 (mean ± SD), 0.0076 ± 0.0045, 0.0138 ± 0.0068, and 0.0146 ± 0.0066,
respectively. The phylogenetic distance of each lineage showed statistically significant
differences compared to the other lineages (p < 0.001). Furthermore, when all strains were
compared, a bimodal graph was obtained. This result suggests evolutionary differences,
indicating that HPIV4a and HPIV4b have each experienced independent evolution.
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Figure 3. The phylogenetic distance of the HN gene in HPIV4 is represented as a bar graph. The
vertical axis indicates the number of pairwise comparisons, and the horizontal axis indicates the
phylogenetic distance. The mean and standard deviation of the phylogenetic distances are indicated
in the figure.

3.3. Phylodynamics of the HN Gene in HPIV4

To assess the phylodynamics of the present strains, we estimated the effective pop-
ulation size using the BSP method (Figure 4). In HPIV4a/I, the effective population size
increased around 2006 and has remained constant since 2008. In HPIV4a/II, both a drop
and an increase were observed in 2003, but no significant change occurred in the effective
population size (EPS), which has remained nearly constant. In HPIV4b/I, an increase in
effective population size was observed around 2002 and has remained nearly constant since
2003, despite slow fluctuations. For all strains, an increase in effective population size was
observed around 2000, after which it has remained nearly constant.
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3.4. Relationships Between Selective Pressure and Active Sites of the HN Protein in HPIV4

To determine the selective pressure on the host, positive and negative selection sites in
the HN protein of total HPIV4 were predicted using the Datamonkey package. Several neg-
ative selection sites were predicted, but no positive selection sites were identified (Figure 5).
No selective pressure was identified near the active site. More details on the active site
relationships of influenza and other Paramyxoviridae are provided in Supplementary
Table S3. These results suggested that the HN protein of HPIV4 may be less susceptible to
selection pressure.

3.5. Relationships Between HN Protein Active Sites and Conformational Epitopes

To understand the relationships between active sites and conformational epitopes
on the HN protein, we constructed a 3D structure of the protein and mapped them. As
shown in Figure 6, this protein formed a tetramer and exhibited a unique asymmetric
structure. By rotating the viral particle and setting the D chain as a reference to bring
the HN protein to the center front, it was observed that the active site of the HN protein
on the A chain was positioned in a location visible from almost directly above the viral
particle. However, the active sites of the HN proteins on the B and C chains were found
to be similar to that of the A chain. Structurally, for HN proteins other than those in
HPIV4b, conformational epitopes are positioned near or overlap with the HN active
sites. These findings demonstrate that the HN protein activity of HPIV4 has a unique
three-dimensional orientation. Additionally, antibodies induced by the conformational
epitopes may inhibit HN activity, thereby suppressing intercellular infection, except in
the case of HPIV4b. Moreover, the HN protein is less susceptible to positive selective
pressure from the host.
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HPIV4b (clusters 4b/I and 4b/II). The divergence times for the most recent common ances-
tors of the gene in the HPIV4a and HPIV4b strains were estimated to be around 1993 and 

Figure 6. Three-dimensional (3D) structure and mapping of the HN protein in HPIV4. The negative
selection sites and active sites of the HN protein are shown in blue and red, respectively. The
conformational epitopes are colored in cyan. In cases of overlap, the color assignment follows this
priority: active sites, conformational epitopes, and negative selection sites.

4. Discussion
Most studies regarding the HN gene in HPIV focus on HPIV1 or HPIV3, while there are

few studies on HPIV2 and HPIV4 [33–39]. Therefore, to better understand the molecular
genetics of human parainfluenza virus type 4 (HPIV4), we performed phylogenomic
analyses of the major antigen from 125 virus strains isolated from patients with respiratory
illnesses in Japan. A time-scaled phylogenetic tree estimated that the most recent common
ancestor of the HN gene emerged approximately 100 years ago (Figure 1). The tree also
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revealed two distinct clusters for both HPIV4a (clusters 4a/I and 4a/II) and HPIV4b
(clusters 4b/I and 4b/II). The divergence times for the most recent common ancestors of
the gene in the HPIV4a and HPIV4b strains were estimated to be around 1993 and 1986,
respectively (Figure 1). The evolutionary rates of the gene in each cluster were significantly
different, ranging from approximately 1.2 × 10−3 to 8.7 × 10−4 substitutions per site per
year (Figure 2). Phylogenetic distance analyses indicated that the genetic distances of
the HN gene within each cluster were relatively short, showing less than 0.04 (Figure 3).
Next, phylodynamic analyses showed an increase in the genome population size of the
gene around the year 2000 (Figure 4). Moreover, while these epitopes were located near
the active sites in the HPIV4b protein, they were not found in similar proximity in the
HPIV4a protein. Thus, antibodies induced by the conformational epitopes of the HPIV4b
HN protein may contribute to protection against this virus. These results indicated that the
HN gene in HPIV4 isolated in Japan has uniquely evolved over 100 years. To the best of
our knowledge, these findings may be the first regarding the HN gene in HPIV4 isolated
in Japan.

To estimate the time-scaled phylogeny of the HN gene of HPIV4 isolates in Japan,
we constructed a phylogenetic tree using the Bayesian Markov Chain Monte Carlo
method [25,40]. The results showed that the common ancestor of the HN gene in these
isolates dated back over 100 years ago. Subsequently, its progeny diverged into two major
lineages, resulting in HPIV4a and HPIV4b. Furthermore, HPIV4a and HPIV4b diverged
after the 1980s or 1990s, forming two distinct clusters each. On the phylogenetic tree, both
HPIV4a/I and 4b/I were estimated to be the prevalent types (Figure 1). A previous study
showed that the common ancestor of the F gene (another major antigen-coding gene) of
HPIV4, detected in various countries, dated back to approximately 200 years ago [13].
The phylogenetic topologies between the present and previous phylogenetic trees were
significantly different, although the used strains were distinct [13]. This indicates that the
HN and F genes in HPIV4 evolved independently, despite the use of distinct strains. Addi-
tionally, we estimated the evolutionary rate of the HN gene to be approximately 1.2 × 10−3

to 8.7 × 10−4 substitutions per site per year (Figure 2). Among them, the strain belonging
to HPIV4a/II exhibited the fastest rate of evolution, although the reason is not known. A
previous study assumed the evolutionary rate of the F gene to be 4.41 × 10−4 substitutions
per site per year [13]. Therefore, the evolutionary rates of the HN and F genes are relatively
similar. These findings suggest that the HN gene of HPIV4 isolates in Japan has evolved
uniquely and acquired diversity over the past 100 years.

Next, we calculated the phylogenetic distance to evaluate the diversity among the
strains (Figure 3). Long phylogenetic distances (over 0.2) were observed between the HN
genes of HPIV4a and HPIV4b. However, the distances among lineages were relatively short
(less than 0.04). Previous reports on the F gene of the virus also showed similar data [41].
Therefore, although genetic divergences are evident, the genetic distances for both major
antigen-coding genes (F and HN genes) may remain relatively short [17,41].

We also examined the phylodynamics of the HN gene in HPIV4 (Figure 4). The results
showed an increase in the genome population size of the HN gene in HPIV4a and 4b/I
after 2000. A previous study on the F gene of HPIV4 based on globally collected data
demonstrated differing phylodynamics. Specifically, the genome population sizes of HPIV4
and HPIV4a remained constant, while a notable increase (from approximately 20 to around
50) in the genome population size of HPIV4b was observed after 2010 [13]. The difference
in the results of the phylodynamic analysis might be attributable to the difference in the
epidemic dynamics of HPIV4, which may have varied between Japan and other regions of
the world, or to a mere increase in viral detection bias with more frequent trials that started
around the time in Japan. The present study became possible by utilizing regional strains
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that have become available since 2000 with the development of the isolation system, and
this may represent a limitation of the study.

Next, we compared the catalytic amino acid residues in the HN proteins among
HPIV4, influenza virus, HPIV3, and Newcastle disease (ND) virus (Table S3). Interestingly,
a detailed amino acid sequence alignment analysis revealed that the amino acid residues
of influenza virus, HPIV3, and Newcastle disease (ND) virus involved in neuraminidase
activity are identical (Arg (R), Tyr (Y), Glu (E), and Asp (D)), although structural differences
exist in the HN proteins among these viruses. Based on these results, it is estimated that
the amino acid residues involved in the active site of neuraminidase in HPIV4 and their
corresponding positions in the primary structure are as follows: R1: R175, R4: R417, R5:
R507, Y6: Y535, E4: E402, E6: E556, and D1: D199 (Figure 5). To the best of our knowledge,
these findings may also be novel.

Furthermore, selection pressure analysis was conducted to estimate host selection
on the antigenic HN protein. The results indicated that while no positive selection sites
were identified on the HPIV4 HN protein, relatively few negative selection sites were
observed (fewer than nine sites). A previous report on the HPIV3 HN protein showed that
some positive selection sites (five sites) were found in the strains [17]. Furthermore, many
negative selection sites (18–160 sites) were estimated in the protein [17]. As a foreign antigen
protein, it is subject to selection pressure due to the host’s immune defense responses [2].
Consequently, amino acid mutations in the antigen protein emerge as a means to evade
this selection pressure [2,42]. Additionally, the presence of negative selection pressure
suggests a role in maintaining the functional integrity of the protein [42,43]. Thus, it is
possible that the HN protein of HPIV4 exhibits low antigenicity and is less susceptible to
positive selection pressure from its human host [2]. Furthermore, the limited number of
negatively selected sites suggests that the HN protein of HPIV4 may not require amino
acid substitutions to maintain its functionality [2].

Additionally, to elucidate the relationship between the HN protein activity and con-
formational epitopes on the HPIV4 HN protein, we constructed the 3D structure of the
protein and mapped them onto it (Figure 6). As a result, active sites were located at the top
and on multiple sides of the protein. It is suggested that the HN protein has two functions.
Hemagglutinin (HA) facilitates the virus’s entry into host cells by binding to sialic acid
receptors on the surface of the host cell, promoting viral uptake. Neuraminidase plays a
role in the release of new viral particles from the host cell after infection [44]. By cleaving
sialic acid, it allows newly formed viruses to detach from the cell surface and spread to
other cells [45]. Thus, these two functions are critical for the virus’s ability to infect cells
and propagate within the host [46]. Neutralizing antibodies target viral proteins, inhibiting
receptor binding and protein activity, thereby preventing the spread of viral infection.
These antibodies bind to specific epitopes in the head region of the HN protein, which
inhibits hemagglutinin activity and blocks viral entry into host cells [47,48]. In this study,
with the exception of strains belonging to HPIV4b/II, the conformational epitopes and
active site of the HN protein generally coincided. It is well-known that antibodies binding
near the active site of an enzyme typically inhibit its activity. Thus, the loss of function at
the active sites, along with steric inhibition caused by antibodies, might prevent binding
to substrates such as sialic acid, similar to the influenza virus [47,48]. On the other hand,
a previous report on HPIV3 suggested that the active sites and conformational epitopes
of the HN protein do not align well, which may contribute to reinfection [49]. Therefore,
antibodies induced following HPIV4 infection may inhibit the HN activity of most HPIV4
strains, resulting in the prevention of HPIV4 reinfection. Thus, HPIV4 may be a pathogen
less prone to reinfection compared to HPIV3. To the best of our knowledge, these findings
may also be novel.
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Finally, there are two possible biases in the results of this analysis. First, most of the
virus strains used were isolated in a limited area located in the northern part of Japan, and
thus may not be generalizable. Second, these virus strains were propagated in LLC-MK2
cells after isolation, and possible mutations in the viral genes may have occurred during
culture, as has been reported in influenza viruses [50–52]. Further studies are warranted to
address these concerns.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/microorganisms13020384/s1, Table S1: Primers used for PCR
and sequencing; Table S2: Detailed data on the strains used in this study; Table S3: Catalytic and active
site residues in influenza virus neuraminidase and Paramyxoviridae hemagglutinin-neuraminidase
(HN). Reference [53] is cited in the supplementary materials.
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