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Influenza A viruses (IAVs) of subtype H3 that infect hu-
mans are antigenically divergent from those of birds,
horses, and swine. Human immunity against these vi-
ruses might be limited, implying potential pandemic risk.
To determine human risk, we selected 4 avian, 1 equine,
and 3 swine IAVs representing major H3 lineages. We
tested serum collected during 2017—2018 from 286 per-
sons in Belgium for hemagglutination inhibiting antibod-
ies and virus neutralizing antibodies against those ani-
mal-origin IAVs and tested replication in human airway
epithelia. Seroprevalence rates for circulating I1AVs from
swine in North America were >51%, swine in Europe
7%—37%, and birds and equids <12%. Replication was
efficient for cluster 1AVs from swine in North America
and IAVs from swine in Europe, intermediate for IAVs
from horses and poultry, and absent for IAVs from wild
birds and a novel human-like swine IAV in North Ameri-
ca. Public health risk may be highest for swine H3 IAVs.

Inﬂuenza A viruses (IAVs) of the H3 subtype are
endemic to humans, swine, and wild birds; they
also cause outbreaks in horses and are often detected
in domestic birds. An H3 IAV that crosses the spe-
cies barrier from animals to humans can result in a
pandemic if the virus carries a hemagglutinin (HA)
against which humans lack protective antibodies and
the virus readily replicates in and spreads among hu-
mans. For example, in 1968, transmission of an IAV
with an avian-origin H3 HA to humans caused the
influenza A(H3N2) pandemic (1).

The natural IAV reservoir is considered to be wild
waterfowl], but transmission to domestic poultry is fre-
quent. Avian H3 IAVs are classified as Eurasian and
North American lineages, although the HA of these
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viruses is antigenically closely related (2,3). In contrast,
after being introduced to humans in 1968, the HA of
human H3 IAVs quickly drifted away from that of the
avian precursor IAV. Consequently, contemporary hu-
man H3 IAVs are antigenically divergent from those in
birds (2). Similarly, avian H3 IAVs were introduced into
horses in the 1960s, after which their HA antigenically
drifted. That evolution was, however, different and
slower than for human H3 IAVs (4). Equine H3 IAVs
of Florida clade 1 (FC1) are currently predominant (5).
All swine H3 IAVs derived their HA from human IAVs.

H3 IAVs from swine in Europe originated from a
human IAV that circulated in the late 1970s. Of the 2
major lineages cocirculating in North America, clus-
ter IV-A was derived from human IAVs from the late
1990s and novel human-like swine H3 IAVs from hu-
man IAVs from the early 2010s (6). H3 IAVs undergo
slower antigenic drift in swine than in humans. Con-
sequently, persons born after the swine viruses” hu-
man ancestor IAV had circulated are unlikely to have
cross-reactive antibodies against the swine H3 IAVs.
Therefore, with time, human population immunity
against swine H3 IAVs decreases, increasing the pan-
demic risk (7-10).

The infectious potential of swine H3 IAVs for
humans is evident from >400 recorded zoonotic in-
fections in the United States caused by North Amer-
ican cluster IV-A or novel human-like H3 swine
IAVs. Four zoonotic infections with H3 IAVs from
swine in Europe have also been reported (6,11-13).
H3 IAVs from equids can infect humans under ex-
perimental conditions, but there are no confirmed
cases of natural transmission (14). Animal H3 IAVs
might, however, become more adapted to humans
by accumulating mutations in their viral proteins,
reassortment of gene segments with IAVs of differ-
ent species, or both (6,15). Avian H3 IAVs can infect
humans directly or via an intermediate host, such as
poultry or swine (2,15). In 2019, an H3N1 IAV that
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originated from wild birds caused outbreaks at 82
poultry farms in Belgium and 3 in France without in-
fecting humans but was unusually virulent for poul-
try (16). In 2022, two zoonotic infections with avian
H3NS8 IAVs were reported (17).

H3 IAVs continue to evolve in each host spe-
cies. Therefore, frequent re-evaluation of human
seroprevalence and replication potential in humans
for circulating animal H3 IAVs is recommended.
Serum hemagglutination inhibiting (HI) and virus
neutralizing (VN) antibodies correlate with protec-
tion. Thus, prevalence of such antibodies against
animal H3 IAVs in persons of different age groups
can be used to estimate the public health risk (18).
Recent seroprevalence studies are available for H3
IAVs from swine in North America, but studies in
Europe were conducted with samples and IAVs col-
lected before 2011 (7-10,19). Studies for H3 IAVs
from birds and equids are generally lacking, ex-
cept for a few small-scale studies with historic IAV
strains (20-24). The infectivity of animal H3 IAVs in
humans was previously evaluated with mammalian
models, outdated IAV strains, or both (15,25-29). To
help evaluate the public health risk posed by differ-
ent animal H3 IAVs, we analyzed serum samples
collected from persons of different age groups in
Belgium for prevalence and titers of HI and VN an-
tibodies against all major circulating swine, avian,
and equine H3 IAV lineages. We also assessed the
replicative capacity of selected IAVs in human air-
way epithelia. The Commission for Medical Ethics of
the Ghent University Hospital approved the study
(approval no. 2017 /834).

Materials and Methods

Human Serum and Tissue Samples
During August 2017-January 2018, we selected 286 se-
rum samples from immunocompetent persons in Bel-
gium born during 1921-2017 who had unknown influ-
enza infection or vaccination history. The male:female
ratio was ~1:1, and we used ~3 samples per birth year.
From Epithelix Sarl (https://www.epithelix.
com), we purchased human airway epithelia (Mu-
cilAir) reconstituted from primary cells of biopsy
samples from 6 donors (Table 1). We maintained the
tissues at the air-liquid interface with MucilAir cul-
ture medium (Epithelix) according to the manufac-
turer’s instructions.

Viruses
IAVsforseroreactivity and replication studies includ-
ed representatives of major H3 lineages circulating
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in wild birds (mlIOH18, mIBE18), horses (eqCH18),
and swine (swG17, swIN16, swMO15); the avian
H3N1 IAV that caused outbreaks in poultry in Bel-
gium in 2019 (chG19); the 1968 human pandemic vi-
rus (HK68); and the presumed avian ancestor IAV
of HK68 (dkUK63) (Table 2; Figure 1, panel A). We
used epidemiologic data to select major H3 lineages
(5,30-32). We selected test viruses on the basis of
antigenic relatedness and amino acid homology to
currently circulating IAVs of each lineage available
in GenBank.

The major target of neutralizing antibodies is
HA1. We downloaded the viruses” HA1 nucleotide
sequences from GenBank and translated them to
amino acids. We aligned sequences with the MUS-
CLE algorithm (https:/ /www.ebi.ac.uk/Tools/msa/
muscle) and constructed maximum-likelihood trees
by using the Jones-Taylor-Thornton model and the
nearest-neighbor-interchange heuristic method in
MEGA?7 (https://www.megasoftware.net) (33). We
determined numbers of identical amino acids in pre-
sumed antigenic sites (34) and percentages of amino
acid homology between test viruses by using MEGA7
and R version 3.5.3 (The R Foundation for Statistical
Computing, https:/ /www.r-project.org).

We received avian IAVs from the Flemish Insti-
tute for Biotechnology (Flanders, Belgium) and Ohio
State University (Columbus, Ohio, USA), equine
IAVs from St. Jude Children’s Research Hospital
(Memphis, Tennessee, USA), North American swine
IAVs from the US Department of Agriculture-Ag-
ricultural Research Service (Bethesda, Maryland,
USA), and the human IAV from Philipps University
Marburg (Marburg, Germany). Viruses for serolog-
ic assays and inoculation of MucilAir tissues were
grown in MDCK cells; only avian and equine viruses
for HI assays were propagated in allantoic cavities
of 10-day-old embryonated chicken eggs; and all un-
derwent <4 passages.

Serologic Assays

HI and VN assays for antibodies against each test
virus were performed according to standard proce-
dures (35). We performed HI assays with 1% horse
erythrocytes for avian and equine IAVs and 0.5%
turkey erythrocytes for human and swine IAVs. An-
tibody titers represent the reciprocal of the highest
serum dilution showing complete hemagglutination
inhibition of 4 hemagglutinating units of virus (HI)
or 50% neutralization of 100 tissue culture infective
doses (TCID,) of virus (VN). Starting dilutions were
1:20in HI and 1:10 in VN. We considered a titer of >40
to be positive.
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Table 1. Characteristics of MucilAir donors and tissues used for study of human susceptibility to influenza A(H3) viruses of avian,

equine, and swine origin*

Age of ALI TEER £ SD,
Donor ID Donor no. Age, y/sex Ethnicity Smoking status Tissue type at inoculation, wk Q.cm*t
ND1 MD0738 32/F Caucasian Nonsmoker Nasal 11 774 + 27
ND2 MD0436 46/M Caucasian Unknown Nasal 11 1,256 + 15
ND3 MD0722 61/M Unknown Unknown Nasal 11 611+ 27
BD1 MDO0802 55/F African Nonsmoker Bronchial 9 669 + 32
BD2 MDO0670 15/M Caucasian Nonsmoker Bronchial 11 477 + 23
BD3 MD0810 52/F Hispanic Nonsmoker Bronchial 11 424 + 24

*MucilAir, Epithelix Sarl (https://www.epithelix.com). ALI, air-liquid interface; ID, identifier; TEER, transepithelial electrical resistance.
tAverage and SD on the basis of 12 values as mentioned in the certificate of analysis provided by the manufacturer, Epithelix.

Virus Replication Kinetics

To standardize the amount of mucus, we washed the
apical side of fully differentiated MucilAir tissues (1/
donor/condition) 1 time with culture medium. Three
days later, we inoculated the tissues apically with 250
pL of medium (mock inoculation) or IAV at multi-
plicity of infection 0.01 TCID,, After incubating the
samples for 1 hour at 34°C and 5% CO,, we removed
the inoculum and washed the apical side of the tis-
sues 1 time. At 0-4 days postinoculation (dpi), we
measured transepithelial electrical resistance (TEER)
with a Millicell-ERS2 Voltohmmeter (Merck KGaA,
https:/ /www.merckmillipore.com) and took sam-
ples for virus titration. For titration, we added 250
pL medium apically, allowed it to equilibrate for 30
min at 34°C, and collected it. We determined TCID,,
titers of inocula and samples by titration on MDCK
monolayers, which 5 days later underwent immuno-
cytochemical staining of IAV nucleoprotein, as previ-
ously described (36); the start dilution was 1:2.

Statistical Analyses

We used log,-transformed antibody titers to calculate
geometric mean titers (GMTs) and 95% Cls against
each virus for samples from persons each birth de-
cade. We used log, -transformed virus titers to cal-
culate the area under the curve (AUC) for each virus
in each MucilAir tissue. Samples that tested negative
were assigned a titer of half the detection limit (HI

10, VN 5, virus titration 0.65 TCID, /mL). We used
Kruskal-Wallis and Mann-Whitney U tests to com-
pare antibody titers between viruses for a certain age
group or between age groups for a certain virus. We
used the same tests to compare AUCs between virus-
es for a certain tissue or between tissues for a certain
virus. We compared proportions of positive samples
by using Fisher exact tests. We determined Spearman
correlation coefficients (CCs) between HI titers or
between VN titers against different viruses by using
nonstratified data. For serologic data, we applied the
Bonferroni adjustment of the p values and considered
adjusted p<0.05 significant. For AUCs, we considered
p<0.1 significant. We performed all analyses with R
version 3.5.3.

Results

Genetic Relatedness Between Test Viruses

For seroreactivity and replication studies in humans,
we selected 9 H3 IAVs from humans, birds, horses,
and swine. Their genetic relatedness was determined
on the basis of HA1 amino acid sequence homology
(Table 3; Figure 1). Human virus HK68 was closely re-
lated to the avian IAVs, showing 93%-96% homology
and 32-34/40 identical amino acids in presumed anti-
genic sites. HK68 and avian [AVs were <83 % homolo-
gous with recent equine and swine IAVs. Swine IAVs
shared 24-26 aa in antigenic sites with HK68 and

Table 2. IAV H3 strains used for study of human immunity and susceptibility to influenza A(H3) viruses of avian, equine, and swine

origin®

H3 GenBank
Virus strain Abbreviation  Subtype Host H3 lineage accession no.
Al/duck/Ukraine/1/63 dkUK63 H3N8 Duck Eurasian avian HE802062
A/mallard/Ohio/180S1219/2018 mIOH18 H3N8 Mallard American avian MN431078
AlAnas platyrhynchos/Belgium/7827/2018 mIBE18 H3N8 Mallard Eurasian avian MT407033
Alchicken/Belgium-Gent/136/2019 chG19 H3N1 Chicken Eurasian avian OP417305
Alequine/Chile/EQCL003/2018 eqCH18 H3N8 Horse Equine Florida clade 1 OP467551
A/Hong Kong/1/68 HK68 H3N2 Human Human pandemic CY044261
A/swine/Gent/48/2017 swG17 H3N2 Pig European swine OP415564
A/swine/Indiana/A01729047/2016 swIN16 H3N2 Pig N. Am. cluster IV-A swine KU598305
A/swine/Missouri/A01840724/2015 swMO15 H3N2 Pig N. Am. novel human-like swine KP901306

*Horizontal rules represent grouping of IAVs isolated from similar host species; groups of host species are ordered chronologically according to the first
detection of H3 IAVs in each of those species, and viruses of each species are ordered chronologically according to the time point at which the
corresponding lineages first arose. 1AV, influenza A virus; N. Am., North American.
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Figure 1. Epidemiologic and phylogenetic relationship between avian, equine, human, and swine influenza A test viruses. A) Schematic
positioning of the test viruses in the influenza A(H3) virus epidemiology. B) Maximum-likelihood neighbor-joining phylogenetic tree of the
hemagglutinin 1 of the test viruses. Complete isolate names are provided in Table 2. Scale bar indicates amino acid substitutions per site.

17-23 aa with avian IAVs. Equine and swine IAVs
were most distantly related; homology was <78%
and 18-21 amino acids in antigenic sites. Whereas all
avian IAVs were closely related, swine [AVs were an-
tigenically distant from each other.

Seroreactivity against HK68

When we tested human serum samples for antibodies
against HK68 to evaluate potential exposure to this
virus, we found that, overall, 51% were seropositive
for HK68 in HI and 40% in VN assays (Figures 2, 3).
Seroprevalence and GMTs were higher for persons

born before 1977 (71% in HI, 65% in VN, GMTs >51)
than for persons born during 1977-2017 (25% in HI,
6% in VN, GMTs <18; p<0.001) (Tables 4, 5). Seroreac-
tivity was highest in those born during 1947-1966 and
lowest in those born during 1997-2017.

Seroreactivity against Avian H3 IAVs

DkUKG®63 is the presumed avian ancestor IAV of HK68.
MIOH18 and mIBE18 represent North American and
Eurasian lineage H3 IAVs currently circulating in
wild birds. For these IAVs, <10% were seropositive
in HI and <12% in VN (Figures 2, 3). Differences in

Table 3. Percentage amino acid homology (lower left) and number of identical amino acids out of 40 aa in presumed antigenic sites
(upper right) (34) between hemagglutinin 1 of the H3 influenza A viruses used for study of human immunity and susceptibility to

influenza A(H3) viruses of avian, equine, and swine origin*

Avian Equine Human Swine
dkUK63 mIiOH18 mIBE18 chG19 eqCH18 HK68t swG17 swIN16 swMO15

Virus strain Eurasian  American  Eurasian  Eurasian FC1 Pandemic European N. Am. N. Am.
dkUK63 37 36 36 24 33 22 20 18
mIOH18 93.9 39 37 25 34 22 18 18
mIBE18 96.7 95.1 38 26 34 21 18 17
chG19 94.5 91.5 95.1 26 32 22 20 17
eqCH18 82.1 80.9 82.4 80.5 24 21 20 18
HK68 95.7 92.7 95.7 93.0 82.1 23 18 18
swG17 81.4 81.1 82.1 80.8 77.9 83.4 22 22
swIN16 80.8 78.7 80.8 80.8 73.2 81.4 79.4 26
swMO15 79.6 775 79.0 77.8 71.4 79.9 79.2 82.9

*Viruses are ordered according to host species and chronologically according to the emergence of each of the influenza A virus lineages in these species.
Blank cells indicate crossover points between comparisons. Complete isolate names are provided in Table 2. FC1, Florida clade 1; N. Am., North

American.
tHuman influenza A virus that no longer circulates.
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Figure 2. Number of positive
human serum samples in the
hemagglutination inhibition
assay (titer >40) for each test
virus compared with the total
number of samples tested
per birth cohort. Birth cohorts
are represented by colors. A
total of 286 serum samples
collected during August
2017-January 2018 from
immunocompetent persons
in Belgium were tested.
Complete isolate names are
provided in Table 2.
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seroprevalence rates between the 3 IAVs for each age
group or between age groups for each IAV were not
significant, except VN seroprevalence for mIBE18 of
persons born during 1947-1956 (9%) and those born
during 2007-2017 (0%; p<0.04). GMTs were <20 for all
age groups, and no HI or VN antibodies against the
3 IAVs of wild birds were detected in persons born
during 1997-2017 (Tables 4, 5).

ChG19 represents the avian H3N1 IAV that
caused outbreaks in poultry in Belgium during 2019.
Overall seroprevalence rates for chG19 were 2% in HI
and 1% in VN (Figures 2, 3), and differences in se-
roprevalence rates between age groups were not sig-
nificant. GMTs were below the detection limit for all
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age groups and no antibodies against chG19 were de-
tected in persons born during 1987-2017 (Tables 4, 5).

Seroreactivity Against Equine H3 IAVs

The predominant H3 IAVs in horses belong to FC1,
represented by eqCH18. Only 1% of all serum samples
tested positive against eqCH18 in Hland 3% in VN (Fig-
ures 2, 3). GMTs were below the detection limit for all
age groups (Tables 4, 5). Seroreactivity against eqCH18
did not differ significantly between age groups.

Seroreactivity against Swine H3 IAVs
SwG17 represents contemporary H3 IAVs in swine in
Europe. Of all persons tested, 37% were seropositive

Figure 3. Number of positive
human serum samples in the
virus neutralization assay

(titer >40) for each test virus
compared with the total

number of samples tested per
birth cohort. Birth cohorts are
represented by colors. A total of
286 serum samples collected
during August 2017—-January
2018 from immunocompetent
persons in Belgium were tested.
Complete isolate names are
provided in Table 2.
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Table 4. Geometric mean of hemagglutination inhibition antibody titers against H3 influenza A viruses of different species in different

age groups, Belgium, 2017-2018*

Birth year Avian Equine Human Swine

range dkUK63 mIOH18 mIBE18  chG19 eqCH18 HK68% swG17 swIN16 swMO15
(age, y)t No. Eurasian Am. Eurasian Eurasian FC1 Pandemic European  N. Am. N. Am.
1921-1926 14 16 16 13 12 10 30 23 42 80
(96-91) (10-25)  (10-23) (10-19) (10-16) (10-10) (17-52) (14-38) (24-75) (29-219)
1927-1936 30 15 16 14 13 10 26 14 25 59
(90-81) (12-19) (12-21) (11-16) (10-16) (10-11) (20-35) (11-18) (17-36) (35-99)
1937-1946 30 13 15 13 11 10 37 12 16 52
(80-71) (11-16)  (12-19) (11-15) (10-12) (10-10) (27-51) (11-14) (12-22) (32-83)
1947-1956 30 15 18 16 11 10 180 29 30 59
(70-61) (12-19)  (14-23) (12-21) (10-13) (10-10) (128-252) (21-39) (20-43) (39-91)
1957-1966 30 13 16 16 11 11 327 44 31 58
(60-51) (11-16)  (13-20) (13-20) (10-12) (10-13) (249-432) (30-63) (22—44) (40-83)
1967-1976 30 14 14 12 10 12 80 58 61 78
(50—-41) (11-18)  (11-17) (10-15)  (10-11) (10-15) (43-150) (40-83) (40-91) (49-124)
1977-1986 30 13 13 11 10 10 32 45 146 98
(40-31) (10-17)  (10-15) (10-14) (10-11) (10-11) (21-50) (34-58) (105-202) (60-162)
1987-1996 30 10 10 10 10 10 30 25 139 254
(30-21) (10-11)  (10-10) (10-10) (10-10) (10-10) (21-42) (18-35)  (87-224) (170-380)
1997-2006 30 10 10 10 10 10 10 11 19 101
(20-11) (10-10)  (10-10) (10-10) (10-10) (10-10) (10-12) (10-13) (14-26) (64—158)
2007-2017 32 10 10 10 10 10 1" 1" 11 37
(10-0) (10-10)  (10-10) (10-10) (10-10) (10-10) (10-12) (10-13) (10-13) (25-54)
1921-2017 286 13 13 12 11 10 42 23 36 75
(96-0) (12-13)  (12-14) (12-13)  (10-11) (10-11) (36—49) (21-26) (31-42) (64-87)

*Values represent geometric mean hemagglutination inhibition titers (95% Cl). Viruses are ordered according to host species and chronologically
according to the emergence of each of the influenza A virus lineages in these species. Complete isolate names are provided in Table 2. Am., American;

FC1, Florida clade 1; N. Am., North American.
tAge at the end of 2017.
tHuman influenza A virus that no longer circulates.

for swG17 in HI and 7% in VN (Figures 2, 3). Serop-
revalence rates and GMTs were higher among per-
sons born before 1997 (HI 46%, VN 9%, GMTs >28)
than among persons born during 1997-2017 (HI 2%,
VN 0%, GMTs <11; p<0.02) and peaked among those
born during 1967-1976 (Tables 4, 5).

The 2 predominant H3 IAV lineages currently
circulating among swine in North America are North
American cluster IV-A (represented by swIN16)
and novel human-like swine IAVs (represented by
swMO15). At least half of all serum samples tested pos-
itive for swIN16, 51% in HI and 54% in VN (Figures 2,
3). Seroprevalence rates and GMTs were higher among
persons born before 1997 (61% in HI, 65% in VN, GMTs
>46) than for those born during 1997-2017 (13% in HI,
16% in VN, GMTs <14; p<0.001) and peaked among
persons born during 1977-1986 (Tables 4, 5).

Overall seroprevalence rates for swMO15 were
76% in HI and 72% in VN (Figures 2, 3). At least 50%
of persons in each age group were positive in both HI
and VN, with GMTs of 235 (Tables 4, 5). Seroreactivity
was highest for persons born during 1987-1996, and
significant differences in seroprevalence were found
only between those in this group and those born dur-
ing 2006-2017 in HI (97% vs. 59%; p = 0.02) and those
born during 1947-1956 in VN (93% vs. 53%; p = 0.04).
Seroreactivity was higher against IAVs of the swine
H3 lineages that were more recently introduced to
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swine and peaked among persons born shortly before
these introductions.

Correlations between Antibody Titers

against Different H3 IAVs

Antibody titers against avian IAVs were highly cor-
related (CC = 0.39-0.85 in HI, CC = 0.47-0.85 in VN)
(Table 6). Titers against HK68 were highly correlated
with those against IAVs of wild birds (CC = 0.45-0.50
in HI, CC = 0.48-0.72 in VN). CCs between titers
against other epidemiologically related IAVs of differ-
ent species (dkUK63 and eqCH18, HK68 and sw(G17)
were lower (CC = 0.28-0.58 in HI, CC = 0.22-0.29 in
VN). Titers against different swine IAVs showed vari-
able CCs (0.35-0.61 in HI and 0.14-0.50 in VN [the
first value of which is not significant]).

Replication Kinetics of H3 IAVs in Human

Airway Epithelia

Human HK®68 virus replicated to titers of up to 9.6
log,, TCID,,/mL in all human airway epithelia except
that of ND2 (Figure 4). Similar high titers of cluster
IV-A H3 IAV swIN16 from swine in North America
and swG17 from swine in Europe were detected in all
nasal tissues and tissues of BD1 (Figure 4). Replication
of these 3 IAVs peaked at 2-4 dpi and generally caused
irreversible tissue damage, indicated by a decrease in
TEER to values of <100 Q.cm? (37) (Figure 5).
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Table 5. Geometric mean of virus neutralization antibody titers against H3 influenza A viruses of different species in different age

groups of the human population, 2017—2018, Belgium*

Birth year Avian Equine Human Swine

range dkUK63 mIOH18 mIBE18 chG19 eqCH18 HK681 swG17 swIN16 swMO15
(age, )T No. Eurasian Am. Eurasian Eurasian FC1 Pandemic European N. Am. N. Am.
1921-1926 14 7 10 8 6 7 30 10 104 116
(96-91) (5-9) (7-15) (6-12) (5-7) (5-10) (12-72) (5-19) (44-247)  (38-351)
1927-1936 30 6 12 12 6 7 43 9 60 105
(90-81) (5-7) (9-18) (8-17) (5-7) (5-8) (27-68) (6-11) (34-106)  (62-176)
1937-1946 30 5 9 10 5 6 48 9 33 79
(80-71) (5-6) (7-12) (7-14) (5-6) (5-6) (32-72) (6-12) (21-53) (46-137)
1947-1956 30 7 14 15 6 7 69 8 31 35
(70-61) (5-9) (10-21) (11-22) (5-7) (5-9) (44-110) (6-11) (18-52) (20-60)
1957-1966 30 6 15 19 7 6 100 12 28 37
(60-51) (5-7) (11-20) (13-27) (5-9) (5-6) (72-138) (8-16) (17-47) (24-56)
1967-1976 30 7 11 12 6 6 31 18 94 60
(50-41) (5-9) (8-17) (8-17) (5-7) (5-7) (17-55) (13-25) (56-157)  (35-103)
1977-1986 30 6 7 6 5 8 9 9 285 84
(40-31) (5-7) (6-8) (5-7) (5-6) (6-10) (6-13) (7-12) (175-462) (45-154)
1987-1996 30 5 6 5 5 6 6 7 219 225
(30-21) (5-5) (5-6) (5-6) (5-5) (5-7) (5-6) (6-8) (129-372) (156-323)
1997-2006 30 5 5 5 5 5 5 6 18 163
(20-11) (5-5) (5-5) (5-5) (5-5) (5-6) (5-6) (5-7) (11-29) (96-275)
2007-2017 32 5 5 5 5 6 6 6 8 40
(10-0) (5-5) (5-5) (5-5) (5-5) (5-7) (5-7) (5-6) (6-10) (24-67)
1921-2017 286 6 9 9 6 6 21 9 49 77
(96-0) (5-6) (8-10) (8-10) (5-6) (6-7) (18-25) (8-9) (40-60) (64-91)

*Values represent geometric mean virus neutralization titers (95% Cl). Viruses are ordered according to host species and chronologically according to the
emergence of each of the influenza A virus lineages in these species. Complete isolate names are provided in Table 2. Am., American; FC1, Florida clade

1; N. Am., North American.
tAge at the end of 2017.
tHuman influenza A virus that no longer circulates.

Equine IAV eqCH18 replicated efficiently in tis-
sues of ND1, BD1, and BD3 without considerably af-
fecting TEER (Figures 4, 5). Peak titers were detected
at 3-4 dpi and were 1.5-2.7 log,, TCID, /mL lower
than those for HK68, swIN16, and swG17.

ChG19 isolated from poultry replicated to titers of
up to 3.9 log, TCID,,/mL in bronchial tissue of BD3
without affecting TEER (Figures 4, 5). ChG19 was also
detectable in tissues of ND1 and BD1 at 4 dpi.

For the 3 IAVs of wild birds and North Ameri-
can novel human-like swine IAV swMO15, no virus
was detectable in any of the tissues except dkUK63,
mlOH18, and mIB18 had titers of <2.2log, TCID, /mL

at 4 dpi in tissues of ND1 and BD1, and an swMO15
titer of 3.0 log,, TCID, /mL was detected at 2 dpi in
the tissue of ND2 (Figures 4, 5). Because of large do-
nor-to-donor variation, only a few differences in virus
replication AUCs were significant (p<0.1). In nasal
tissues, AUCs were significantly higher for swG17
and swIN16 than for all avian IAVs and swMO15. In
bronchial tissues, AUCs were significantly higher for
HK®68 than for all avian IAVs, eqCH18, and swMO15.

Discussion
Antibody titers against animal H3 IAVs in serum sam-
ples from humans in Belgium depended on the virus

Table 6. Spearman correlation coefficients between hemagglutination inhibition antibody titers against influenza A(H3) viruses of different
species (upper right) and between virus neutralization antibody titers against H3 influenza A viruses of different species (lower left)*

Avian Equine Human Swine
dkUK63 mIOH18 mIBE18 chG19 eqCH18 HK681 swG17 swIN16 swMO15

Virus strain Eurasian  American  Eurasian  Eurasian FC1 Pandemic European N. Am. N. Am.
dkUK63 0.76 0.73 0.39 0.28 0.45 0.27 NS NS
mIOH18 0.49 0.85 0.45 0.28 0.49 0.27 NS NS
mIBE18 0.49 0.85 0.46 0.33 0.50 0.28 NS NS
chG19 0.55 0.47 0.49 0.25 0.22 NS NS NS
eqCH18 0.22 NS NS 0.27 0.27 0.21 NS NS
HK68 0.48 0.66 0.72 0.44 NS 0.58 0.26 NS
swG17 NS 0.25 0.28 0.22 NS 0.29 0.61 0.35
swIN16 NS NS NS NS NS NS 0.38 0.60
swMO15 NS NS NS NS NS NS NS 0.50

*Viruses are ordered according to host species and chronologically according to the emergence of each of the influenza A virus (IAV) lineages in these
species. Blank cells indicate crossover points between comparisons. Complete isolate names are provided in Table 2. FC1, Florida clade 1; N. Am., North

American; NS, not significant.
tHuman IAV that no longer circulates.
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Figure 4. Replication kinetics of influenza A(H3) viruses of different species in human airway epithelia (MucilAir; Epithelix Sarl, https://

www.epithelix.com). Tissues were infected with viruses at a multiplicity of infection of 0.01 TCID,

and supernatants were collected at

different days postinfection for virus titration in MDCK cells. A—C) Virus replication in nasal tissue of donors ND1 (A), ND2 (B), and ND3
(C). D) Virus yield in nasal tissues. E-G) Virus replication in bronchial tissue of donors BD1 (E), BD2 (F), and BD3 (G). H) Virus yield
in bronchial tissues. Virus yield in panels D and H was determined by calculating the area under the curve at 1—4 dpi; letters indicate
significant differences (p<0.1): mock (a), swG17 (b), swIN16 (c), or HK68 (d). Black dashed lines represent detection limit. Complete

isolate names are provided in Table 2. TCID,

50% tissue culture infectious dose.

strain and the person’s birth year. Overall seroprev-
alence rates were high (>51%) for IAVs from swine
in North America, intermediate (7%-37%) for IAVs
from swine in Europe, and low (£12%) for IAVs from
birds and equids. Seroreactivity against swine IAVs
was highest among persons born during 1967-1996,
and seroactivity against almost all IAVs was lowest
among the youngest persons, born during 1997-2017.

These results are consistent with findings of previous
studies with other, often older, swine IAV strains and
studies that tested only a low number of serum sam-
ples from adults against historic avian or equine IAVs
(7-10,19-24,31,38). Cluster IV-A IAVs from swine in
North America and H3 IAVs from swine in Europe
replicated efficiently in human airway epithelia,
whereas replication was intermediate for H3 IAVs of
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Figure 5. TEER of human airway epithelia (MucilAir; Epithelix Sarl, https://www.epithelix.com) at different days postinfection with
influenza A(H3) viruses of different species at a multiplicity of infection of 0.01 50% tissue culture infective dose. TEER is shown for
nasal tissue of donors ND1 (A), ND2 (B), and ND3 (C) and for bronchial tissue of donors BD1 (E), BD2 (F), and BD3 (G). Black dashed
lines represent the TEER below which tissue integrity is irreversibly lost (37). Complete isolate names are provided in Table 2. TEER,

transepithelial electrical resistance.
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horses and poultry, and minimal for H3 IAVs of wild
birds and a North American novel human-like swine
H3 IAV. Our results for cluster IV-A IAVs from swine
in North America and IAVs from swine in Europe
are consistent with previous findings in differenti-
ated human (tracheo)bronchial epithelial cells (25,27).
However, 1 study also reported efficient replication
of a zoonotic novel human-like IAV from swine in
North America (27). A previous study with historic
strains detected substantial replication of avian H3
IAVs, whereas an equine H3 IAV did not replicate
(25). Discrepancies between our findings and previ-
ous findings can result from the use of different cell
systems and variation in the genetic background of
human cell donors or IAV strains (39,40).

Antibody titers against swine H3 IAVs reflect
cross-reactive titers against human ancestor IAVs.
Antibodies against human ancestor IAVs can be
deduced from the theory of antigenic seniority: hu-
mans are likely to have antibodies against human
IAVs that circulated after their birth, with peak ti-
ters against IAVs encountered early in life (41),
confirmed by our results for HK68. Our findings,
together with those of previous studies showing
similar seroreactivity against older swine H3 IAVs
and their human ancestor IAV (7,9,10), suggest slow
antigenic drift of H3 HA in swine and indicate swine
as a reservoir for historic human IAVs. We estimate
that HA1 amino acid homology between our swine
test viruses and their human ancestor is 87%-93%,
with 29-32 identical amino acids in antigenic sites
(Figure 6). Although the HA1 sequences of the avian
H3 IAVs were more closely related to that of human
virus HK68, cross-reactive serum antibody titers
were minimal. Accordingly, ferret serum against
human H3 IAVs showed low cross-reactivity with
avian H3 IAVs (42), which might be caused by a few
key amino acid differences between HK68 and avian
H3 IAVs. Compared with all avian IAVs, HK68 has

4 mutations in antigenic sites, of which N1455 might
be of particular relevance. This mutation mediated
antigenic cluster transitions for swine and human
H3 IAVs (43,44). Furthermore, higher HA glycosyl-
ation of human IAVs might mask certain epitopes
shared with avian IAVs, preventing humans from
raising antibodies against these epitopes. For ex-
ample, glycosylation at positions 122, 133, and 144
masks epitopes in antigenic site A. In contrast, HA
glycosylation patterns for swine IAVs and for the
human ancestor IAV are similar (45). For equine H3
IAVs, the lack of cross-reactive antibodies can be ex-
plained by the closer relatedness to avian than to hu-
man IAVs and substantial antigenic drift in horses
after the introduction from the avian reservoir (2,3).

Seroprevalence rates of <12% for avian and
equine H3 IAVs suggest that these IAVs pose a high
pandemic risk. Comparable seroprevalences of 2%-
19% against the 2009 pandemic influenza A(HI1N1)
virus were detected right before the pandemic start-
ed (46). However, more efficient replication of H3
IAVs of swine in human respiratory tissues as op-
posed to those of birds or horses suggests that swine
pose the highest risk for introduction of H3 IAVs to
humans. Indeed, 434 human infections with cluster
IV-A and novel human-like H3 IAVs from swine
in North America and 4 infections with H3 IAVs
from swine in Europe have been reported (11-13),
whereas only 2 zoonotic infections with avian H3
IAVs and no zoonotic infections with equine H3
IAVs have been reported. Swine IAVs are derived
from past human IAVs, which can explain their
higher potential to infect humans. Swine IAVs pre-
fer human-type a-2,6 sialic acid receptors, whereas
avian and equine [AVs prefer avian-type a-2,3 re-
ceptors. Human cells also support polymerase activ-
ity of swine but not avian IAVs (47). In addition, hu-
mans frequently encounter dense swine populations
and, unlike for horses and poultry, H3 IAVs are

Antigenic site A Antigenic site B Antigenic site C Antigenic site D Antigenic site E

133 137 140 141 142 143 144 145 146|155 156 157 158 159 160 185 186 187 188 189 193 51 52 53 276 277 278 279 280|201 205 207 208 217 220| 61 62 78 81 83
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Figure 6. Amino acids at presumed antigenic sites of the hemagglutinin 1 (34) of the influenza A(H3) viruses used in this study and
their presumed ancestor viruses. Dots indicate that the amino acid is the same as that for dkUK63. Gray indicates the presumed human
ancestor viruses of swG17 (A/Victoria/3/75 [VI75]), swIN16 (A/Nanchang/933/95 [NC95]), and swMO15 (A/Victoria/361/2011 [VI11]),
which were not included as test viruses in this study. Complete isolate names are provided in Table 2.
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endemic among swine. Because zoonotic infections
generally result from close contact with infected
animals, swine IAVs are also more likely than IAVs
of horses or birds to be transmitted to humans (48).
On the basis of the seroprevalence rates of >30% for
persons >16 years of age, swine H3 [AVs are con-
sidered a lower pandemic risk (18). They do, how-
ever, pose a zoonotic risk to the youngest persons
who lack cross-reactive antibodies, which can ex-
plain why most human infections with swine H3
IAVs occurred in persons <18 years of age (11-13).
Our results suggest that population immunity will
wane over time and that the human population will
sooner become fully susceptible to H3 IAVs from
swine in Europe than to H3 IAVs from swine in
North America.

We estimated the infection potential of animal H3
IAVs in humans on the basis of their replicative ca-
pacity in nasal and bronchial MucilAir tissues. How-
ever, adaptive and some innate immune responses
that are not represented in this model might cause
more restricted replication of swine, equine, or avian
H3 IAVs in vivo. Also, in vitro experiments in differ-
entiated human airway epithelia will, in the best case,
reflect only replication efficiency in a single person
and are in no way indicative of airborne transmission
between humans (49).

In conclusion, our results stress the need to closely
monitor circulating H3 IAVs in different animal spe-
cies and to frequently evaluate humans for antibod-
ies against these IAVs. This need applies especially
to H3 IAVs of swine, which seem to pose the highest
zoonotic risk.
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