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Zoonotic infections (swine-human) caused by influenza A viruses (IAVs) have
been reported and linked to close contact between these species. Here, we
describe eight human IAV variant infections (6 mild and 2 severe cases,
including 1 death) detected in Paran4, Brazil, during 2020-2023. Genomes
recovered were closely related to Brazilian swlAVs of three major lineages
(1A.3.3.2/pdm09, 1B/human-like, and H3.1990.5), including three HIN1v, two
HIN2v, two H3N2v and one Hlv. Five Hlv were closely related to pdm09
lineage, one Hlv (HIN2v) grouped within 1B.2.3 clade, and the two H3v
grouped within a clade composed exclusively of Brazilian H3 swlAV (clade
H3.1990.5.1). Internal gene segments were closely related to HINIpdmO0?9 iso-
lated from pigs. IAV variant rarely result in sustained transmission between
people, however the potential to develop such ability is of concern and must
not be underestimated. This study brings into focus the need for continuous
influenza surveillance and timely risk assessment.

Continued influenza surveillance remains important especially since
the emergence of a novel Influenza A virus (IAV) with pandemic
potential continues to be a worldwide threat. The first pandemic event
of this century was caused by a triple reassortant virus, named 2009
pandemic influenza A HINI1 virus (HINIpdmQ9), which was simulta-
neously reported in Mexico and USA and spread rapidly across the
globe'™. 1AV is an enveloped virus which belongs to the Orthomyx-
oviridae family and has an octa-segmented genome composed of

single strand negative sense RNA*. The eight gene segments are
composed of hemagglutinin (HA) and neuraminidase (NA), which
encode the surface glycoproteins; and the internal genes polymerase
basic 1and 2 (PB1 and PB2), polymerase acidic (PA), and nucleoprotein
(NP), which encode the ribonucleoprotein (RNP) complex, matrix gene
(M) and the non-structural protein (NS)*. Currently, 18 HA (H1-H18)
and 11 NA subtypes (N1-N11) are known, including H17N10 and HI18NI11
described in fruit bats in Central and South America®®. During the
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replication cycle of IAV, two main evolutionary processes can occur:
antigenic drift, characterized by point mutations due to the absence of
polymerase proofreading activity that causes antigenic changes com-
monly observed in influenza seasonal viruses; and antigenic shift, when
two or more distinct viruses infect the same cell and generate a new
virus with a novel gene constellation, which can be potentially
pandemic®.

The IAVs are continuously evolving, eventually resulting in a new
strain causing epidemics and requiring annual revision of influenza
vaccine composition for the Northern and Southern Hemispheres.
Despite these efforts, the major concern regarding a potential influ-
enza pandemic event is associated with animal-human transmission’.
Better understanding the dynamics of this interface is crucial to
identify and mitigate influenza cross-species transmission. Swine are
susceptible to avian and human influenza viruses since they have
compatible sialic acid (SA) receptor binding sites for both avian (alpha
a-2.3) and human (a-2.6) viruses. This facilitates reassortment events
among avian/swine/human strains, generating new viruses that can be
transmitted to humans®’. During 2009, the emergence of the 1AV
HIN1pdmO9 as a pandemic strain heightened public concern about the
bidirectional transmission of IAV between humans and swine, recog-
nized as a major, hard to control, global threat. During 2012, over 300
human cases of swine-origin IAV (H3N2)v were reported in the United
States, predominantly acquired through close contact with pigs at
agricultural fairs, leading to 11 hospitalizations' .

The IAV HIN1 and H3N2 are both established subtypes in humans,
with a seasonal and well-described circulation worldwide. However,
swine IAVs (swlAVs) are occasionally transmitted to humans, especially
due to close contact with these animals. In this case, a “v” from “var-
iant” is added to the virus subtype identifier, indicating its swine
origin™. The subtypes HIN1, HIN2, and H3N2 are enzootic in swine
populations, causing contagious respiratory disease in pigs in many
regions of the world”. These three subtypes are reservoirs of a vast
genetic diversity that is mainly the result of reverse-zoonosis events,
i.e.,, when human seasonal viruses are transmitted to pigs, followed by
sustained transmission among these animals, and establishing novel
and distinct lineages of human-origin IAVs in swine'*", The genetic
classification of swlAVs follows a phylogenetic nomenclature system
that classifies swlAV H1 into three major lineages: 1 A or classical swine
lineage, 1B or human seasonal lineage, and 1 C or Eurasian avian line-
age. Swine H3N2 viruses are classified by decade of introduction of
human seasonal influenza viruses’. Although swlAVs are genetically
related to human IAV, they are mainly limited to their reservoir host
and only sporadically cross the host range barrier and infect humans”.
It has occurred with IAV HINIpdmO09, a virus bearing gene segments
from classical swine lineage (H1, NP, and NS), human seasonal viruses
(PB1), North American avian-like swine viruses (PA and PB2), and Eur-
asian avian-like swine viruses (M and NA)®". Viruses with a similar
genomic constellation circulated in the North American swine popu-
lation from 2005 to 2009, causing sporadic zoonotic transmission
events**?,

As recommended by the Brazilian Ministry of Health (MoH),
influenza A or B not subtyped by the influenza panel that is available to
the LACEN are immediately sent to a World Health Organization
(WHO) National Influenza Centre (NIC), such as the one located at
Oswaldo Cruz Institute, Fiocruz, Rio de Janeiro for complementary
molecular and phenotypic analysis>**. Whenever a new variant virus is
identified, the MoH, Pan American Health Organization (PAHO)/WHO
and the International Health Regulation (IHR) must be notified. These
organizations immediately team up with local authorities to conduct a
thorough epidemiological investigation that aims at providing
actionable results to support public health control measures. The
Brazilian Agricultural Research Corporation (EMBRAPA) Swine and
Poultry monitors influenza in the swine population since 2009, when
outbreaks of acute respiratory infections in pigs became more

frequent, and were associated with the IAV HINIpdm09?**. In the
following years, HIN2 and H3N2 IAVs began to be identified*2®, and
subsequent studies revealed a comprehensive genetic diversity of
Brazilian swlAVs that was mostly shaped by many incursions of human
seasonal influenza viruses. Four genetic lineages of H1 viruses circulate
in pigs in Brazil: 1A.3.3.2 (Hlpdm09), 1B.2.3, 1B.2.4 and 1B.2.6%%,
HINIpdmO9 viruses were repeatedly introduced into swine in Brazil
since the beginning of the 2009 pandemic but only a few of these
introductions resulted in onward transmission in swine”. In contrast, it
was estimated that Brazilian swlAV of 1B lineage emerged from three
distinct human-to-swine transmission events that occurred in the mid-
1980s (1B.2.6), early 2000s (1B.2.4), and mid-2000s (1B.2.3). Similarly,
swlAV H3 emerged in the late-1990s after a human seasonal IAV H3N2
spillover to swine”?®. Regarding the NA, an even bigger genetic
diversity was observed, including distinct N2 (six) and N1 (one)
incursions, all of them derived from pre-2009 human seasonal
HINI1, HIN2 and H3N2 viruses”. Viral diversity increased after several
introductions of HINIpdmO09 virus into swine, followed by
reassortment with endemic swlAVs and replacement of all the internal
genes”*%, These surveillance efforts in Brazil were fundamental to
describe a case of influenza zoonotic transmission that occurred in
Castro, a municipality in Southern Brazil, in 2015: an HIN2v that was
detected in a 16-year-old girl, only three months after she started
working in a pig farm®. Events like this reinforce the need for inte-
grated surveillance under the One Health approach. Since 2005, WHO
has reported 38 cases of influenza A(HIN2)v, 18 1AV (HIN1)v and 439
IAV (H3N2)v®. In this study, we describe in detail eight cases of zoo-
notic infections of swlAV in humans that occurred in Brazil from 2020
to 2023.

Results

Between April 2020 and December 2023, eight cases of human infec-
tions with variant IAVs were detected in four municipalities in Parana
State, Southern Brazil: Ibipor3, Irati, Toledo, and Santa Helena (Fig. 1).
These cities have intensive swine production and, except for case 8,
most cases were reported to have direct or indirect contact with swine.
One HIN2v was identified in Ibipora (case 1), one HIN2v in Irati (case 2),
three HIN1v (cases 3, 6 and 8) and one Hlv (case 7) in Toledo, and two
H3N2v (cases 4 and 5) in Santa Helena. All variant viruses were found
closely related to Brazilian swlAVs of three major lineages (H1-1A.3.3.2
or pdmO09, H1-1B or human-like, and H3 1990.5) (Figs. 2 to 6). In Table 1,
we summarized the main epidemiological features of the eight cases.
Detailed epidemiological data for each case is described in Supple-
mentary Material and RT-PCR details for Influenza are in Supplemen-
tary Table 1. No respiratory virus co-detections were found in the
analyzed samples.

Swine-to-human transmission event in Ibipora: HIN2

Case 1 (#3625/2020/HIN2) was detected in 2020, in a pig slaughter-
house worker that lived in Ibipora. The HA from this variant virus
clustered with swlAVs that belong to the genetic lineage 1B.2.3 (SH-
aLRT 100% and UFBoot 100%) (Fig. 2). This lineage emerged in swine
after a human-to-swine spillover event that occurred between 2004
and 2009”7, Phylogenetically, the 1AVs from clade 1B.2.3 are most
closely related to human seasonal HIN1 influenza viruses that circu-
lated in humans during 2006 and were later replaced by the
HIN1pdmO9. Curiously, the first IAV variant reported in Brazil, A/
Parana/720/2015 (HIN2)v, was related to another Brazilian clade
(1B.2.4) which arose from a human-to-swine transmission event that
occurred between 2001 and 2003°%*, Both clades are well established
in swine herds in Brazil. On the N2 phylogeny, the variant #3625/2020/
HIN2 clustered within the largest Brazilian N2 clade (previously char-
acterized as Clade N2-#4)*, and close to the variant #28600/2020/
HIN2 (case 2) (Fig. 3B). The internal gene segments of Case 1 virus were
closely related to swlAVs of the HINIpdmOQ9 lineage and displayed a
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Fig. 1| Geographic and sample information of eight influenza A variant viruses
collected from human infections in Brazil. a Locations in the State of Parana,

Brazil, where cases were detected. Concentric circles depict the proportion of cases
identified in each location. b Genetic composition of viruses identified in the swine-
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to-human transmissions. The vertical bars correspond to the colors of the locations
in (a). Horizontal bars identify the eight genomic segments of IAVs: (i) PB2, (ii) PBL,
(iii) PA, (iv) HA, (v) NP, (vi) NA, (vii) MP, and (viii) NS. The figure key shows the
subtype of each segment.

Not sequenced

distant evolutionary relationship with other cases (Table 2, Supple-
mentary Figs. 1-6).

Case 1 patient sought medical assistance and was fully recovered
after treatment. Notably, one co-worker presented similar symptoms
at the same week, and 218 employees of the slaughterhouse presented
ILI symptoms within a window of one month before and two months
after Case 1 diagnostic (Supplementary material). Despite the lack of
sampling, the possibility that other individuals have been infected by
this HIN2v, or the occurrence of human-to-human transmission,
should not be dismissed.

Swine-to-human transmission event in Irati: Hipdm N2

Case 2 (#28600/2020/H1pdmN2) was detected in a girl living in a farm
with livestock production (cattle, sheep, poultry, and swine) in the Irati
municipality. The HA segment of this variant clustered within a well-
characterized clade of HINIpdmO9 viruses circulating among swine in
Brazil®®, but it’s not directly related to any of the other cases described
here (Fig. 4). On the N2 phylogeny, Case 2 was directly linked to
another variant sample already described previously (A/Parana/720/

2015/HIN2)* isolated in 2015 in the municipality of Castro (Fig. 3),
127 km from Irati. These two samples clustered within the largest
Brazilian swine N2 clade (Fig. 3B)”. All internal segments of Case 2
belong to the HINIpdmO09 clade, and similarly to the HA segment, all of
them show a distant evolutionary relationship to the other cases
identified in this study (Supplementary Figs. 1-6, Table 2). This result
indicates that different lineages of HINIpdmQ9 are being transmitted
from swine to humans in Parana.

Swine-to-human transmission event in Toledo: HiIpdm N1pdm
Cases 3 (#10835/2021/H1IN1), 6 (#20675/2022/HIN1) and 8 (#138697/
2023/HIN1) were all identified in Toledo. Together with Case 7, for
which only the HA segment could be sequenced, all samples were
classified within the HINIpdmO9 lineage, including its internal seg-
ments (Figs. 4, 5 and S1-S6, Table 2).

The HA segment of Case 3 falls within a clade composed of human
and swine sequences but presents no evolutionary relationship with any
of the other variant samples described in this study (Fig. 4C). On the
other hand, the NA segment grouped in a well-supported clade with
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Fig. 2 | Maximum Likelihood phylogenetic tree inferred for 374 H1 hemagglu-
tinin gene sequences of pre-2009 human influenza A viruses, and swine influ-
enza A viruses collected globally from 1977 to 2020, including the Hlv

described in this study, A/Parana/3625/2020(HIN2)v (Case 1). Swine sequences
isolated in Brazil contains the state of isolation within its names (Brazil MG = Minas
Gerais, Brazil_MS = Mato Grosso do Sul, Brazil_PR = Parani, Brazil_RS = Rio Grande
do Sul, Brazil_ SC = Santa Catarina, Brazil_SP = Sao Paulo). Branches are colored by
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host as shown in the figure key. The tree is midpoint rooted for clarity, and all
branch lengths are drawn to scale representing nucleotide substitutions per site.
Black-circles at the internal nodes identify clades supported by SH-aLRT >80% and/
or UFB > 95%. A Phylogenetic tree showing the three genetic clades of H1 viruses of
the 1B lineage that circulate in swine in Brazil (1B.2.3, 1B.2.4, and 1B.2.6). The swine-
to-human introduction is highlighted by a gray-shaded form. B Topology details for
Clade H11B.2.3 that comprises the HA of A/Parana/3625/2020(HIN2)v.

Case 6 and Case 8 (Fig. 5B) inside of a well-characterized HINIpdmO09
swine cluster”. Corroborating this result, all the phylogenetic recon-
structions for the internal segments suggest a close evolutionary rela-
tionship of Cases 3, 6 and 8. The uneven phylogenetic relationship
between HA and all the other segments could be explained by reas-
sortment, most likely prior to the swine-to-human transmission®.

The HA segments of Case 6, Case 7 and Case 8 grouped together
in a well-supported clade that shares a common ancestor with swine
sequences (Fig. 4). This swine cluster was previously characterized and
represents one of the major HINIpdmOQ9 lineage to be circulating
among swine in Brazil®. The close relationship among these three
cases is corroborated by all phylogenetic reconstructions of the
available internal segments (Supplementary Figs. 1-6). The accordant
clustering and by assuming that these are not related human infections
indicate that this lineage is circulating among pigs without any reas-
sortment. The recognition that this lineage is being maintained in the
swine population and managed to be transmitted from swine to
humans, on at least three different occasions, is alarming and suggests
that this combination of genes may facilitate the jump of the virus
between the two species.

Swine-to-human transmission event in Santa Helena: H3N2

In July 2021, two human cases involving an H3N2v virus were detected
in individuals from the same family, a mother (Case 4, #440706/2021)
and her son (Case 5, #51528/2021), residents of Santa Helena (Fig. 1).
The two H3N2v strains contain identical gene segments, although the

N2 NA of the variant in Case 4 could not be successfully sequenced. On
the H3 HA phylogenetic tree, these variants were most closely related
to an H3N2 virus isolated from swine in 2019, in Nova Santa Rosa
(Parana), 76 km from Santa Helena (SH-aLRT 100% and UFBoot 100%)
(Fig. 6). Both H3v belong to the swine lineage H3 1990.5 and clustered
within the genetic clade H3 1990.5.1. It was previously estimated that
viruses from this lineage derived from a human seasonal H3N2 virus
introduced in the mid-late 1990s in pigs in Brazil, that subsequently
evolved in pigs to form three clades (1990.5.1,1990.5.2 and 1990.5.3)%.
Viruses of genetic clade 1990.5.1 have been detected in several Brazi-
lian states and are most closely related to human viruses that circu-
lated around 1996%*%. The N2 of Case 5’ variant virus (#51528/2021)
clustered with four swlAVs collected in 2019, also in Parana, that
together compose the Brazilian swine genetic clade N2-#2 (Fig. 3C). It
was estimated previously that this genetic clade emerged in pigs
between 2011 and 2017 after a human seasonal H3N2 virus spillover
into swine””?®, The most closely related human seasonal virus circu-
lated around 2010-2011 (e.g., A/Idaho/03/2011 (H3N2)). All the internal
gene segments of Case 4 and Case 5 were of swine lineage and classi-
fied within the HINIpdmO9 lineage (Supplementary Figs. 1-6, Table 2).
Although these H3N2v presented a single genomic composition, some
internal genes (PB2, PB1, PA, PA, NP) showed a close relationship with
other variants (Cases 3, 6, 7 and 8) (Table 2), indicating additional
reassortment events that likely occurred in swine prior to the zoonotic
transmission. The epidemiological investigation revealed that four
close contacts of Cases 4 and 5 developed ILI symptoms (no samples
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number of inhabitants per State. Unlike other Brazilian states, Parana, o z
by state decision, has the highest number of sentinel units in the 2 s z 812 |» | [l IS o]
country, totalizing 34 units for monitoring ILI cases. Some of these : ‘§ g 5 g & § § &g E & g
sites are located near municipalities with a high density of pigs, which g 32 |8 |38 (8 |8 |g3]|8 |88
could have facilitated the detection of the variant cases described here. | £ |©° |§ |[§¥=|8 |§ |§ |&=|8 80
Recently, in an effort to improve the surveillance and sampling in other | &
states, the Brazilian MoH decided to increase the number of samples Tg B o
collected to 20 per week**°. One of the requirements established by |5 |82
the MoH for a city to have a sentinel unit was a population of over % S E
300,000 inhabitants*. This criterion excludes many rural areas where | g § £
variant influenza likely circulates initially. Strategically placing unitsin [ 8 (2 g
rural regions of swine and poultry production or advising the popu- |'a 8 -g_§
lation and workers in these areas to seek care at existing sentinel units, u = Es
can help enhance the capacity to detect influenza variants. P Lol R L R N L O A
Influenza A viruses can be regularly transmitted from humansto | 2 §
swine®. The viruses can adapt to the swine host, evolve over time, and e O A B IR I B LT I L
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Fig. 3 | Maximum Likelihood phylogenetic tree inferred for 3209 N2 neur-
aminidase gene sequences of influenza A viruses collected worldwide from
1969 to 2022, and including the three N2v described in this study, A/Parana/
3625/2020(HIN2)v (Case 1), A/Parana/28600/2020(HIN2)v (Case 2), and A/
Parana/51528/2021(H3N2)v (Case 5). Swine sequences isolated in Brazil contains
the state of isolation within its names (Brazil PR = Paran4, Brazil RS = Rio Grande do
Sul, Brazil_SC = Santa Catarina). The tree is midpoint rooted for clarity. Branches are
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A/swine/Brazil/074-20/2020(H1N2) | Brazil_PR
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Clade N2 #2

A/Reims/039/2011(H3N2)|France
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colored by host and cases are color-coded according to the figure key. Branch
lengths are drawn to scale representing nucleotide substitutions per site. Black-
circles at the internal nodes identify clades supported by SH-aLRT > 80% and/or
UFB >95%. A Phylogenetic tree indicating the swine-to-human introductions
occurred in Brazil by gray-shaded forms. B Topology details for N2 #4 Brazilian
clade. C Topology details for N2 #2 Brazilian clade.

Table 2 | Phylogenetic clades defined to the influenza A virus variants described in this study

Case Viral strain HA NA PB2 PB1 PA NP MP NS

1 A/Parana/3625/2020 (HIN2)v H11B.2.3 ® N2 #4 2 pdm #2 pdm #2 pdm #2 pdm #1 pdm #3 pdm #3
2 A/Parana/28600/2020 (HIN2)v H1 pdm #1 N2 #4 @ pdm #3 pdm #3 pdm #1 pdm #3 pdm #2 pdm #2
3 A/Parana/10835/2021 (HINT)v H1 pdm #3 N1 pdm #1 pdm #1 pdm #1 pdm #3 pdm #2 pdm #4 pdm #1
4 A/Parana/44706/2021 (H3N2)v H31990.5.1 0 n/o pdm #1° pdm #1° pdm #3° pdm #2° pdm #1° pdm #1°
5 A/Parana/51528/2021 (H3N2)v H31990.5.1 *° N2 #2 2 pdm #1° pdm #1° pdm #3 © pdm #2 © pdm #1° pdm #1°
6 A/Parana/20675/2022 (HINT)v H1 pdm #2 N1 pdm #1 pdm #1 pdm #1 pdm #3 pdm #2 pdm #4 pdm #1
7 A/Parana/5210/2023 (H1)v H1 pdm #2 n/o n/o n/o n/o n/o pdm #4 n/o

8 A/Parana/13897/2023 (HIN1)v H1 pdm #2 N1 pdm #1 pdm #1 pdm #1 pdm #3 pdm #2 pdm #4 pdm #1

n/o = not obtained.

2 genetic clade nomenclature defined for swine influenza A viruses.
b identical sequences.

H1pdm, 1A.3.3.2 lineage of H1 swine viruses.

H11B, human seasonal lineage of H1 swine influenza viruses.

might then be reintroduced to humans as novel reassortant viruses.
The eight influenza variant viruses described here were first detected
by LACEN and sent for sequencing at the NIC, that is responsible for
characterizing strains for which regional laboratories detect either
influenza A or B viruses but are not able to identify the viruses to the
subtype or lineage level. With few exceptions, the gene segments of all
variant viruses grouped within swine clades, exhibiting a full-genome
of swine-origin. In a few cases, some gene segments were closely
related to human viruses (for instance, the HA of case 3); however, the
intensive surveillance of human influenza along with the long branch
observed in the phylogenetic tree suggest the absence of swine
sequences rather than unsampled human viruses.

The IAV (HIN2)v of Case 1, detected in the municipality of Ibipora
in 2020, had apparently no onward transmission in humans and pre-
sented a swine-origin genomic composition not seen in the other
cases. This HIN2v carries an HA derived from a pre-2009 HIN1 human

seasonal virus that disappeared from the human population after 2009
pandemic, but continued to evolve in pigs, ultimately giving rise to a
well-established and antigenically distinct lineage of H1 viruses in
Brazilian pig population. Phylogenetic analysis of sequences sampled
from Case 6, Case 7, and Case 8 show a close phylogenetic relationship
among these samples for all available segments. These sequences were
isolated in the municipality of Toledo and were found clustering
together within a well-characterized HlpdmO9 swine cluster circulat-
ing in Brazil since 2010%. The HA segment isolated from Case 2 was
also found within this well-characterized swine Hipdm cluster, despite
being identified in a different geographic area (Irati), and all the other
segments were distantly related to Case 6, Case 7, or Case 8. On the
other hand, Case 3 has an HA that clusters outside the big swine Hipdm
clade, but all the remaining segments clustered together with Case 6,
Case 7 and Case 8. In total, four of the eight variants described in this
study harbor HA segments derived from the same swine clade. This
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Fig. 4 | Maximum Likelihood phylogenetic tree inferred for 2853 Hipdm09
hemagglutinin gene sequences collected worldwide from 2009 to 2023 and
including five HIpdmO9v isolated in this study (A/Parana/10835/2021, A/
Parana/20675/2022, A/Parana/5210/2023, A/Parana/28600/2020, and A/
Parana/13897/2023). Swine sequences isolated in Brazil contains the state of iso-
lation within its names (Brazil_PR = Paran4, Brazil_RS = Rio Grande do Sul, Brazil_SC
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= Santa Catarina,). Branches are colored by host and cases are color-coded
according to the figure key. Branch lengths are drawn to scale representing
nucleotide substitutions per site. Black-circles at the internal nodes identify clades
supported by SH-aLRT > 80%. A Phylogenetic tree indicating swine-to-human
introductions occurred in Brazil by gray-shaded forms. B Topology details for
Clades H1 pdm #1 and #2. ¢ Topology details for Clade H1 pdm #3.

result is noteworthy and suggests that the major HINIpdmO9 lineage
circulating in swine, already detected in different states in Brazil*®, has
‘genetic potential’ to be transmitted from pigs back to humans. The
same clustering pattern across different phylogenetic trees for some
of the cases (especially Cases 6, 7 and 8) also brings into the discussion
the possibility of a sustained transmission of this lineage within the
human population instead of separate swine-to-human transmissions.
Also, the genomic pattern observed in the H3N2v in Case 4 and Case 5,
together with the epidemiological data, suggest the occurrence of
limited transmission among individuals sharing the same residence.
These findings highlight the remarkable ability of swlAVs in crossing
inter-species barriers and to quickly be transmitted between close
contacts. The phylogenetic clades defined for the influenza A virus
variants described in this study also revealed differences in the gen-
ome constellations. This demonstrates the high diversity of strains that
can cross the animal-human barrier, reinforcing the need to improve
surveillance both throughout the country and in the region.

A constellation of genes in a particular influenza strain within a
specific host determine the pathogenicity or virulence of an influenza
virus. Few described genetic markers associated with pathogenicity,
increased transmissibility, antiviral resistance, or virulence were
observed in the analyzed genomes. However, these viral genomes,
with this set of mutations, are new to the human population, and no
phenotypic studies have been conducted on them. Despite causing
limited infections, we cannot exclude the possibility that these viruses
possess as-yet unidentified markers that may confer an advantage in
adapting to the human species. We emphasize the need to preserve the
collected samples to ensure viral integrity and allow the virus isolation
for functional and phenotypic testing.

The comparison of the current seasonal influenza vaccine strains,
HIN1 and H3N2 components, recommended for the Southern
Hemisphere® with the variants reported in this study revealed a

significant genetic distance from the current vaccine, consistent with
the phylogenetic analysis. The genetic data observed may indicate
antigenic mismatch and a potential lack of immune protection against
the IAV variants.

Increased surveillance of swine and human viruses in this region
of Parana could potentially contribute to the solution of this issue and
even help control the spread of these virus strains. Besides, vaccination
of pigs in Brazil may be perhaps the easiest way to control and block
new infections in humans, since cartography data indicates that no
vaccine recommended for controlling the influenza virus in humans
would offer protection against the H1 and H3 viruses currently circu-
lating in swine*’. The worker’s swine industry should be included in the
preferential group for influenza vaccination of the Brazilian MoH, once
the transmission of human seasonal influenza viruses to swine has
heavily influenced the extensive genetic diversity observed in
swlAVs (15).

Continuous influenza surveillance and monitoring are decisive
to timely assess the associated risks of seasonal, zoonotic, and pan-
demic outbreaks. The strengthening of One Health approaches
would allow the monitoring of cross-species transmission events and
the identification of potential pandemic situations*®. These new
Brazilian IAV variant cases were considered as sporadic cases and had
good clinical outcomes that did not spread throughout the local
human population. However, a worst-case scenario could have
occurred. Maintaining sensitive, articulated, and actionable surveil-
lance systems remains the key to early detection of the threat posed
by new influenza variants.

Methods

Ethical aspects

This study was conducted under the terms established by the Ethical
Certificate presented for appreciation (CAAE) to the Brazilian Platform
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Fig. 5 | Maximum likelihood phylogenetic tree inferred for 2159 NIpdm09
neuraminidase gene sequences collected worldwide from 2009 to 2023 and
including three N1pdmO9yv isolated in this study (A/Parana/10835/2021, A/
Parana/20675/2022, and A/Parana/13897/2023). Swine sequences isolated in
Brazil contains the state of isolation within its names (Brazil_ MG = Minas Gerais,
Brazil_PR = Parana, Brazil_RS = Rio Grande do Sul, Brazil SC = Santa Catarina).
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Branches are colored by host and cases are color-coded according to the figure key.
Branch lengths are drawn to scale representing nucleotide substitutions per site.
Black-circles at the internal nodes identify clades supported by SH-aLRT > 80%.
A Phylogenetic tree indicating swine-to-human introductions occurred in Brazil by
gray-shaded forms. B Topology details for Clade N1 pdm #1.

(http://plataformabrasil.saude.gov.br/) and approved by the number
68118417.6.0000.5248. The SISGEN (National System for Management
of Genetic Heritage and Associated Traditional Knowledge) number is
A15FAF3.

The samples were collected within the National Surveillance Sys-
tem for Influenza viruses, and individual consent is not required. In this
report, individual identities have been safeguarded by ensuring that
personal data, such as age or other numeric information, is presented
in aggregate or averaged for relevant identifier categories. Information
on sex and/or gender has been maintained in compliance with the
study’s sex and gender reporting policies.

Molecular detection of Influenza A viruses

As part of the National Influenza Surveillance established by the Bra-
zilian Ministry of Health (MoH), Influenza-like Illness (ILI) and Severe
Acute Respiratory Infections (SARI) are continuously monitored. In the
state of Parani, sentinel sites collect respiratory samples from suspect
cases and the Central Public Health Laboratory of Parana State (LACEN-
PR) routinely performs real time RT-PCR tests for influenza A and B,
SARS-CoV-2 and other respiratory viruses (Respiratory Syncytial Viru-
ses, Parainfluenzavirus 1, 2 and 3, Metapneumovirus, Adenovirus,
Rhinovirus, Bocavirus, human Coronavirus (hCoV) hCoV-HKU, hCoV-
NL63, hCoV-0C43, hCoV-229E)*3, The real time RT-PCR influenza
assay performed by LACEN-PR covers all influenza seasonal viruses,
with IAV being recognized by the target InfA (M gene), and the sub-
types HIN1 and H3N2 by the targets Hipdminfa (NP gene), H1 or H3
(HA gene) and N1 or N2 (NA gene)**, Supplementary Table 1. Addi-
tionally, Influenza B, Victoria and Yamagata lineages are detected by
the targets InfB (NP gene), HA-Yam and HA-Vic (HA gene for each
lineage)™.

Influenza A virus molecular characterization

As part of the routine surveillance, samples containing unsubtyped
IAVs were sent to NIC Fiocruz for further characterization. The viral
RNA was extracted from 140 pL of clinical samples (nasopharyngeal
swab) using the RNA Viral mini kit (Qiagen) in a final 80 uL AVE elution,
following the manufacturer’s instructions. The NIC repeated the
molecular analysis performed at LACEN Parana and was also not able
to identify a seasonal IAV subtypes. Thus, the samples were submitted
to additional testing for exotics IAV HA and NA genes, such as H5a,
H5b, H7, HA seasonal Eurasian, H9, H1 and seasonal N1. All reactions
were performed using the SuperScript ™ Il One-Step RT-PCR kit
(Invitrogen) and following RT-PCR protocols established by the NIC**.

Influenza A virus isolation

Each clinical sample was inoculated in Madin-Darby Canine Kidney
(MDCK) cell culture in the Biosafety Level 3 (BSL3) laboratory. In
summary, MDCK cells were seeded at a density of 2.0E + 5 per well in a
24-well culture plate and incubated for 24 h in Dulbecco’s Modified
Eagle’s - Medium (DME-M) supplemented with pen-strep and 10% Fetal
Bovine Serum (FBS). The viral inoculum was prepared by mixing
200 uL of the original clinical sample with 100 uL of an inoculation
medium constituted of DMEM supplemented with 2% bovine serum
albumin (BSA), antibiotic-antimycotic (A/A solution 1x), and 0,1% TPCK
(N-tosyl-L-phenylalanine chloromethyl ketone) trypsin. Prior to
inoculation, MDCK monolayers were washed once with Phosphate
Buffered Saline (PBS) and once with inoculation medium. Inoculum
was then added to cells and incubated for one hour at 37 °C. After that,
the inoculum was removed, and cells were cultured in the inoculation
medium described above for up to 72h or until cultures displayed
evidence of cytopathic effect.
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Fig. 6 | Maximum Likelihood phylogenetic tree inferred for 3661 H3 hemag-
glutinin gene sequences of influenza A viruses collected worldwide from 1973
to 2023, and including the two H3v obtained in this study, A/Parana/44707/
2021(H3N2)v (Case 4) and A/Parana/51528/2021(H3N2)v (Case 5). Swine
sequences isolated in Brazil contains the state of isolation within its names (Bra-
zil_ MG = Minas Gerais, Brazil_MS = Mato Grosso do Sul, Brazil_PR = Parana, Brazil RS
=Rio Grande do Sul, Brazil_SC = Santa Catarina, Brazil_SP = Sao Paulo). Branches are
colored by host and cases are color-coded according to the figure key. The tree is
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nucleotide substitutions per site. Black-circles at the internal nodes identify clades
supported by SH-aLRT > 80% and/or UFB > 95%. A Phylogenetic tree showing the
major clade of H3 viruses that circulate in swine in Brazil (H3 1990.5). The swine-to-
human introduction is highlighted by a gray-shaded form. B Topology details of the
H3 Brazilian clade and subclades (1990.5.1, 1990.5.2, and 1990.5.3), with emphasis
on the variant viruses.

Influenza A whole-genome sequencing

To recover the whole genome, 8 uL of the viral RNA extracted from the
clinical samples was submitted to a multisegmented reverse tran-
scription PCR (M-RTPCR) protocol®®, which uses the IAV universal
primers for the amplification of the eight gene segments of all influ-
enza subtypes in a multiplex reaction. Then, the library was con-
structed using the Nextera XT DNA Library Preparation Kit (Illumina)
and submitted to sequencing by the Illumina MiSeq System using
MiSeq Reagent Kit v2 Micro (300 cycles, lllumina) to achieve an esti-
mative of at least 3000x depth of genome coverage. Conventional
Sanger sequencing was also used in some cases due to the low cov-
erage observed in some genes. The first round of PCR was performed
using the universal primers and a second round of PCR using HA gene
specific primers was performed according to the CDC protocol
(available by CDC under request). Subsequently, the DNA fragments
were purified using the ExoSAP-IT™ PCR Product Cleanup Reagent
(Invitrogen) and quantified by Qubit™ dsDNA HS Assay Kit (Thermo
Fisher Scientific). The products were then sequenced using the BigDye
Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific),
3.2 M of the internal primers, and the DNA products were read by a
96-capillary 3730xI DNA Analyzer (Thermo Fisher Scientific).

Influenza A genomic assembling
The bioinformatics pipeline for assembling the reads and obtaining the
consensus was carried out by the CLC Genomics platform (Qiagen).

First, reads were mapped against a database containing all IAV avail-
able references (a panel including around 120 influenza genomes from
different subtypes). Then, the genes with the best score of reads were
selected to be mapped, at this point just genes with the highest
number of reads were mapped, and then the consensus was retrieved
for further phylogenetic analysis.

Data set construction

In addition to the eight viral genomes sequenced for this study,
all available South American human, and swine HIN1, HIN2 and
H3N2 IAV genomes were downloaded from GISAID Epiflu, BV-BRC,
and NCBI Influenza Virus databases. Additionally, the consensus
of each gene segment was submitted to BLASTN integrated in
GISAID and NCBI and the 100 sequences with the closest identity
with the target viral gene were recovered. WHO recommended
human seasonal HA/NA vaccine and Reference sequence data
were also included. Each dataset was submitted to the octoFLU
classifier pipeline to filter out unrelated sequences of distinct
lineages®’. These data were manually curated, and sequences were
removed when: (i) presented a mixed serotype, (ii) data with “lab”
or “laboratory” in the host record, (iii) sequences with more than
5 ambiguous bases, and (iv) sequences with less than 75% of the
total alignment size. Duplicate sequences were identified, and a
single representative was retained. This process resulted in 11
discrete datasets: Hlpdm (1A.3.3.2 lineage; 2851 viruses), Hlhu

Nature Communications | (2024)15:10748


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-024-53815-z

(pre-2009 human seasonal virus-like or 1B lineage; 374 viruses),
H3 (3634 viruses), NIpdm (2158 viruses), N2 (3209 viruses), and
the 6 internal gene segments: PB2 (2378 viruses), PB1 (2485
viruses), PA (2406 viruses), NP (632 viruses), MP (601 viruses) and
NS (501 viruses). Each data set included swine and human IAV
sequences isolated within the period from 1969 to 2023.

Phylogenetic and evolutionary analysis

Sequence alignments were generated separately for each data set
using MAFFT v7.453 with default options® followed by manual cor-
rection using AliView*’. Maximum likelihood (ML) phylogenetic trees
were inferred with IQ-TREE v.2.1.3°, following the standard auto-
matic best-fit model selection for each alignment (Supplementary
Table 2). Statistical support for branches within the inferred trees
was assessed using SH-like approximate Likelihood-Ratio Test (SH-
aLRT)® and Ultrafast Bootstrap (UFBoot) approximation with 1000
pseudoreplicates®®®. The visualization and annotation of phyloge-
netic trees were performed using FigTree v.1.4.4 (http://tree.bio.ed.
ac.uk/software/figtree/) and edited using Inkscape v.1.2 (https://
inkscape.org/). For amino acid comparisons and analysis of identity,
the Flusurver (https://flusurver.bii.a-star.edu.sg/) was used.

Epidemiological and additional actions to elucidate the
zoonotic cases

The objectives of the epidemiological investigation were to describe
the events in terms of person, time, and place; to identify potential
causal factors contributing to the case, and to provide evidence-based
recommendations for prevention and control measures. The strategies
used for the investigation included videoconferencing with local sur-
veillance to discuss the case, provide guidance, and establish the
necessary following steps. Furthermore, field investigations were
conducted, which involved interviewing the infected individual and/or
their family members, and, when appropriate, collecting new samples.
A search for the contacts of the index case, relatives, patients, and
healthcare professionals who remained in the same ward and attended
to the case was conducted. Additionally, at the reference health unit
for the case, all records of ILI treated during the investigation period
(1 month before and 1 month after the onset of symptoms) were sur-
veyed to identify potential cases that meet the case definition, whether
or not they have undergone sample collection for detailed investiga-
tion. Also, SARI positive cases for IAV were used to survey the circu-
lating respiratory viruses among the residents of the municipality or
region where the case occurred.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The sequencing data generated in this study have been deposited in
the NCBI GenBank under the accession numbers PQ451850-PQ451906,
additionally the sequences were also submitted to the EpiFlu database
in GISAID (Global Initiative on Sharing Avian Flu Data) platform under
the accession numbers listed in Table 1. Additional metadata asso-
ciated with the sequences, including information on sample collection
and some clinical characteristics are available in the metadata of both
platforms. Previously published sequences used in this study are listed
in Supplementary Data Set 1. All other data supporting the findings of
this study are included within the manuscript and its supplementary
information files.
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