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Occupationally Exposed and
General Population Antibody
Profiles to Influenza A Viruses
Circulating in Swine as
Indication of Zoonotic Risk

Celeste A. Snyder, Garrett M. Janzen, Giovana Ciacci Zanella, Daniel C.A. Moraes,
Gustavo S. Silva, Jefferson J.S. Santos, Elizabeth M. Drapeau,
Scott E. Hensley, Tavis K. Anderson, Phillip C. Gauger, Amy L. Baker

Persons with occupational exposure to swine might be at
disproportionate risk for zoonotic swine influenza A virus.
To evaluate human antibody responses, we tested serum
or plasma from swine veterinarian, farm employee, and
general population cohorts by hemagglutination inhibition
assays against representative swine and human seasonal
influenza vaccine strains. We analyzed hemagglutination
inhibition data by antigenic cartography to assess strain
relationships and reproduction number modeling to evalu-
ate pandemic potential using age-stratified immunity pro-

nfluenza A viruses (IAVs) from the family Ortho-

myxoviridae cause respiratory disease in humans
and swine. Four influenza pandemics have occurred
since 1918, all with gene segments attributed to ani-
mal-origin IAVs. The 1918 HIN1 virus was thought
to arise from a reassorted human and avian influenza
virus (1). The 1957 H2N2 and 1968 H3N2 pandem-
ics were also reassorted viruses containing gene seg-
ments derived from human seasonal and avian-origin
IAVs (2). The 2009 pandemic strain (pHIN1) was a
reassortment of viruses containing gene segments
derived from avian, swine, and human IAVs (3),
transmitted from pigs to humans before spreading
globally (4,5). Viruses circulating in swine pose a
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files. Occupationally exposed groups had lower human
seasonal vaccine uptake (45.5% vs. 70%) and lower odds
of seropositivity to several H1 and H3 strains from swine
than did general population cohorts. One swine strain ex-
hibited significant antigenic drift (3.62 antigenic units) from
its nearest vaccine strain. Multiple strains required lower
reproduction number thresholds for pandemic spread
(1.09-1.35) than recorded pandemic strains (1.46—1.80),
demonstrating that population immunity gaps heighten
zoonotic risk to circulating swine H1 and H3 strains.

threat to public health; IAVs in swine resulted in 578
confirmed zoonotic cases in the United States since
2010 (6). As a consequence, determining strains with
zoonotic potential through measurements of genomic
diversity, antigenic drift relative to human seasonal
or candidate vaccine viruses, and human population
immunity derived from vaccination or natural IAV
infection is critical.

Commercial swine farms in the United States
have endemic circulation of HIN1, HIN2, and H3N2
IAVs. Each subtype has substantial genomic diver-
sity from historic human-to-swine introductions of
H1, H3, N1, and N2 gene segments that established
unique lineages, along with pH1N1 viruses (7). Three
lineages of H1 viruses are frequently detected in pigs
globally: classical swine (1A), which emerged coinci-
dent with the 1918 influenza pandemic; pre-2009 hu-
man-seasonal spillovers (1B); and Eurasian avian ori-
gin (1C) viruses (8). Human seasonal H3 viruses have
been regularly introduced into swine populations
since the 1968 H3N2 pandemic; lineages are grouped
by decade of introduction (9). Because swine are
susceptible to both avian and human [AVs, in addi-
tion to endemic swine-adapted strains, reassortment
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might result in novel genotypes with increased zoo-
notic potential (10,11).

The evolution of IAVs in swine results in antigen-
ically drifted viruses, to which humans might have
little prior immunity (12,13). Immune profiles to IAVs
derived from vaccination or exposure to IAVs are not
homogenous. Numerous demographic factors, such
as age, sex, ethnicity, income, and health insurance
status, influence influenza vaccination rates among
adults in the United States, subsequently affect-
ing their potential protection against influenza (14).
Veterinarians are at increased risk for infection with
many zoonotic pathogens (15). In addition, farm em-
ployees working at the human-swine interface might
be at heightened risk for zoonoses (16-18).

Understanding human population immunity to en-
demic IAV in swine, particularly among occupationally
exposed persons with regular swine contact, provides
critical context for zoonotic risk assessments. This study
quantified antibody response within different human
populations to representative strains of IAV in US swine
to evaluate whether occupation or other demographic
factors increased zoonotic risk. We tested swine antigens
from the most frequently detected IAV hemagglutinin
(HA) clades in US swine against human serum samples
derived from 2 occupationally exposed cohorts collect-
ed in the United States, swine veterinarians and swine
farm employees, and 2 general population cohorts from
the United States and Hong Kong, China. Profiling hu-
man antibody titers against circulating IAVs in swine
might highlight immunologic gaps across populations
to enable early identification of high-risk strains before
zoonotic outbreaks.

Materials and Methods

Human Cohorts

We collected human serum or plasma samples to as-
sess antibody cross-reactivity to IAVs in swine. Occu-
pational cohorts included veterinarians from a swine
conference in the fall of 2021 (self-identified as swine-
focused) and employees from 5 Midwest US swine
farms (2022). Occupational cohorts completed a ques-
tionnaire on demographics, swine contact history, and
recent seasonal influenza vaccination. General popula-
tion cohorts included participants from a vaccination
study at the University of Pennsylvania, sampled 28
days postvaccination (2021). For the purpose of com-
parison to a separate geographic region without circu-
lation of the US swine IAV, the fourth cohort consisted
of serum samples from an observational population
immunity study at the University of Hong Kong,
China (2022). Data on age or decade of birth, sex, and
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vaccination status were provided for both general pop-
ulation cohorts. The 4 cohorts were labeled Veterinar-
ian, Farm Employee, Philadelphia, and Hong Kong.

Written informed consent was obtained from all
participants. The study protocols were approved by
the institutional review boards of the University of
Hong Kong (approval no. UW 19-720), University of
Pennsylvania (approval no. 849398), and lowa State
University (approval no. 21-184).

Representative IAVs in Swine and Reference

Human Seasonal Virus Selection

We selected IAV strains to represent the genetic diver-
sity of viruses circulating during the period of human
sample collection. We queried the octoFLUdb data-
base (19) for swine HA genes collected during July
2021-June 2022. The data included 686 H3 HA genes
and 1,294 H1 HA genes from 25 US states, covering
98.2% of the US swine population (20). After align-
ment with mafft version 7.526 (21), we inferred maxi-
mum-likelihood trees using IQ-Tree version 2.2.2 (22)
with automatic model selection (23). For each HA
clade, we made a representative selection using PAR-
NAS version 0.1.6 (24) and requested isolates from
the US Department of Agriculture-administered sur-
veillance system of IAV in swine (19), including 7 H1
viruses from the 1A classical swine and 1B human-
seasonal lineages and 3 H3 viruses from 3 different
lineages (Table). The 1A viruses share a common an-
cestor and emerged in pigs coincident with the 1918
influenza pandemic (1). The 1A.3.3.2 (pHIN1) and
1A.3.3.3 HA genes share a common ancestor in the
early 2000s (5). The 1B.2.1 and 1B.2.2.x viruses in the
United States resulted from 2 independent human-to-
swine spillovers of pre-2009 human seasonal viruses
in #2003 (2). The H3 viruses share a common ancestry
with human seasonal H3: from the mid-1990s for the
1990.4 lineage, ~2012 for the 2010.1 lineage, and ~2016
for the 2010.2 lineages. We downsampled the inferred
trees for visualization using smot version 0.17.4 (25).
The virus antigen panel included contemporary hu-
man seasonal H1 and H3 vaccine strains (HuVac)
derived from the World Health Organization-recom-
mended 2020-2021 Northern Hemisphere influenza
vaccine strains and a pre-2009 H1 vaccine strain that
shared a common ancestor with the swine H1 1B
strains. (Extended methods and code are available at
https:/ / github.com/flu-crew/datasets.)

Serology

We treated serum and plasma samples with receptor-
destroying enzyme (RDE; Sigma-Aldrich, https://
www.sigmaaldrich.com) at 37°C for 18-20 hours. We
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Table. Representative influenza A virus antigens from swine and human seasonal influenza vaccines included in hemagglutination
inhibition assays in study of occupationally exposed and general population antibody profiles to influenza A viruses circulating in swine

as indication of zoonotic risk*

Strain Abbreviation Subtype HA cladet NA clade
rg-A/Hawaii/70/2019 HI19.HuVac H1N1 6B.1A.5a.1 B.2
AJswine/lllinois/A02524514/2020 IL20.1A.1.1.3 H1N2 1A.1.1.3 N2-1998B
Alswine/lowa/A02524480/2020 1A20.1A.3.3.2 H1N1 1A.3.3.2 N1-pdm
Alswine/Indiana/A02636365/2022 IN22.1A.3.3.3-c1 H1N1 1A.3.3.3-c1 N1-classical
A/swine/Minnesota/A02635908/202 MN21.1A.3.3.3-c3 H1N1 1A.3.3.3-c3 N1-classical
A/Beijing/262/1995 BJ95.HuVac H1N1 NA NA
Alswine/lowa/A02635863/2021 1A21.1B.2.1 H1N2 1B.2.1 N2-1998B
AJswine/lowa/A02478968/2020 1A20.1B.2.2.1 H1N2 1B.2.2.1 N2-2002B
Alswine/lowa/A02524534/2020 1A20.1B.2.2.2 H1N2 1B.2.2.2 N2-LAIV-98
A/Hong Kong /45/2019 HK19.HuVac H3N2 3C.2a1b.1b A22
AJswine/lowa/A02635890/2021 I1A21.1990.4.a H3N2 1990.4.a N2-2002B
Alswine/Kansas/A02245675/2020 KS20.2010.1 H3N2 2010.1 N2-2002A
A/swine/Indiana/A02635878/2021 IN21.2010.2 H3N2 2010.2 N2-2016

*HA, hemagglutinin; NA, not applicable.

tHA lineage and clade designations: 1A = classical swine (1918 spillover), 1B = human seasonal spillover (2000s), 1990.4 and 2010.x = human H3N2

spillovers (1990 or 2010 decade indicated).

inactivated RDE at 56°C for 30minutes and absorbed
serum samples using packed turkey red blood cells at
0.5% for 1 hour to remove nonspecific agglutinins. We
expanded representative swine strains and human sea-
sonal influenza vaccines in Madin-Darby canine kid-
ney cells and tested them against human serum and
plasma in hemagglutination inhibition (HI) assays (26).
We calculated geometric mean titers (GMT) by the log?2
transformation of reciprocal titers divided by 10. HI ti-
ters of <10 were given a pseudo count 10 to permit log2
transformation. We considered a reciprocal HI titer of
>40 or a log2 scale of 2 positive and a correlate of pro-
tection. That threshold is for seasonal human influenza
characterization; although it has not been validated for
swine-to-human cross-protection, we maintained this
metric for our zoonotic risk assessment.

Antigenic Characterization

We generated antigenic maps with HI assay data us-
ing Racmacs (27) (https://acorg.github.io/Racmacs)
in R version 4.4.1 (The R Project for Statistical Comput-
ing, https:/ /www.r-project.org). We used Euclidean
distances between pairs of antigens to determine the
antigenic distances between selected IAVs circulating
in swine and human seasonal vaccine strains. We cal-
culated antigen-serum distances to determine the pro-
portion of persons with a significant antigenic distance
from circulating swine strains. One antigenic unit (AU)
equates to a 2-fold difference in HI titer. We used an
antigenic distance of >3 AU (8-fold difference in HI ti-
ter) as a threshold to indicate a potential need to revise
human seasonal influenza vaccine components (28).

Odds Ratio Analysis

We calculated odds ratios (ORs) using cohort type (oc-
cupational exposure and general population), birth
year (divided into groups of 1946-1977 and 1978-
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2003), sex, and vaccination status to evaluate how
those factors influenced the odds of seropositivity
(reciprocal HI titer >40). Birth decade was not includ-
ed because of small sample sizes within individual
decades, although we included descriptive analysis
of seropositivity by birth decade (Appendix Figure
1, https://wwwnc.cdc.gov/EID/article/32/8/25-
1995-Appl.pdf). The birth year cutoff of 1977 repre-
sents the reemergence of HIN1 after the H2N2 and
H3N2 pandemics. We calculated OR analyses in R
version 4.4.1 with the epitools package (https://
cran.r-project.org/web/packages/epitools),  using
median-unbiased estimation and Fisher exact meth-
ods for CI calculation. We did not calculate ClIs for
contingency tables containing >1 values of zero. We
conducted OR analyses for composite groups of oc-
cupational exposure (veterinarian + farm employee)
and general population (Philadelphia + Hong Kong)
to increase sample size and improve precision.

Modeling Reproduction Number Thresholds from
Serologic Data

We calculated reproduction number (R)) threshold es-
timates using age-stratified HI data from combined co-
horts into 7 age groups (0-19, 20-29, 30-39, 40-49, 50-59,
60-69, >70 years). This approach models the theoretical
minimum viral transmissibility requirements for pan-
demic emergence on the basis of population immunity
gaps, rather than measuring basic R values from trans-
mission data. Reciprocal titer values ranged from <10 to
10,240; values <10 were assigned a value of 5. Param-
eters were derived from previously described studies
(29). We estimated values with 500 Monte Carlo boot-
strap simulations, incorporating a previously described
empirical contact matrix, aggregated to align with age
stratification (30) and adaptive titer-protection relation-
ships. Protection levels ranged linearly from 0% to 95%
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across titer levels, following prior pandemic risk as- GMT, and minimum R threshold required for pandem-
sessment approaches (31). That approach estimated the ic emergence. The R threshold reflects the minimum
population immunity proportion, relative R reduction, inherent viral transmissibility needed to overcome

Alswine/lowa/A02636064/2021|1A.3.3.3-¢3|2021-08-16 i i -
H1 Alswine/Missouri/101668/2022|1A.3.3.3-¢3]2022-01-04 |.=|g|.1re 1. Maximum
Alswine/Missouri/A02636440/2022|1A.3.3.3-¢3|2022-01-26 likelihood phylogeny
. A/swine/Missouri/A02636628/2022|1A.3.3.3-¢3|2022-04-14 .
HA ||neage A/swine/Ohio/A02636491/2022|1A.3.3.3-¢3|2022-02-14 of swine and human
A/swine/lowa/A02636342/2021|1A.3.3.3-¢3|2021-12-14 influenza H1 HA
1A.3.3.3-c3 Alswine/South_Dakota/A02636437/2022|1A.3.3.3-¢3|2022-01-25
.9.9.9-C A/swine/Minnesota/A02246978/2021|1A.3.3.3-¢3|2021-10-18 genes from study
[ Alswine/lowa/A02636682/2022|1A.3.3.3-03|2022-05-09 .
O 1A.3.3.3-c1 A/swine/lowa/A02711806/2022|1A.3.3.3-c3|2022-04-14 of occupationally
EATeRSe Alswine/lllinois/F2_2/2022|1A.3.3.3-¢3|2022-03-25
‘ 1A.3.3.2 Alswine/lllinois/F2_19/2022|1A.3.3.3-¢3|2022-03-25 exposed and general
3.3, Alswine/lllinois/F2_26/2022|1A.3.3.3-¢3]|2022-04-01 i i
Alswine/lllinois/F2_8/2022|1A.3.3.3-¢3|2022-03-25 popglatlon.antlbody
. 1A.4 Alswine/lllinois/F2_10/2022|1A.3.3.3-¢3|2022-03-25 profiles to influenza
. Alswine/lowa/A02636601/2022]1A.3.3.3-¢3|2022-03-30 . . .
‘ 1A11.3 L A/swine/lllinois/A02636452/2022|1A.3.3.3-¢3|2022-01-31 A viruses circulating
11. Alswine/lowa/A02750621/2022|1A.3.3.3-¢3|2022-05-16 ; ; indicati
Alswine/lowa/A02635996/2021|1A.3.3.3-¢3]2021-07-29 in swine as indication
— A/swine/KansaslAO2636331/2022|1A 3.3.3-¢3[2022-01-18 ic ri
. 1B.2.1 A/swine/lowa/A02636015/2021|1A.3 .3-¢3|2021-08-05 of Z.OOI’]OtIC ”S!(' Two
O 1B.2.2.2 A/swine/lowa/A02636136/2021|1A.3.3.3-c3[2021-09-14 major H1 HA lineages
2.2. Alswine/lowa/A02246972/2021|1A.3.3.3-¢3|2021-10-05 . .
A/swine/lowa/A02636600/2022|1A.3.3.3-¢3|2022-03-29 in US swine resulted
A/swine/lowa/A02636360/2022|1A.3.3.3-¢3|2022-01-05 ;
O 1B.2.2.1 rA/swine/Minnesota/A02635908/2021[1A 3.3.3-03(2021-06-14 AN from mdgpendent
. Human seasonal AA//s Wi{]e//l10wa//‘)\00226633569154501/2200221 1| |1 1&333333 C33||22002211 0079 0195 introductions of H1N1
- swine/lowa C Ly - .
A/swine/lowa/A02636506/2022|1A.3.3.3-¢3|2022-02-14 and H1N2 viruses from

. < A/swine/Wyoming/A02711819/2022|1A.3.3.3-¢3|2022-05-04 :
Representative selections Alswine/lowa/A02636376/2022]1A.3.3.3-¢3|2022-01-10 humans to swine and are
A/swine/Minnesota/A02248206/2021]1A.3.3.3-¢3|2021-08-28
- Human seasonal A/swine/Minnesota/A02246980/2021|1A.3.3.3-¢3|2021-10-20 grogped by the, 1A aﬁd
vaccine A/swine/Minnesota/A02711832/2022|1A.3.3.3-3|2022-05-19 1B lineage designations.
A/swine/lowa/A02636677/2022|1A.3.3.3-¢3|2022-04-28 . .
. Alswine/lowa/A02711703/2022|1A.3.3.3-¢3|2022-03-07 Each lineage is
A Characterized A/swine/lllinois/A02636392/2022|1A.3.3.3-¢3|2022-01-14 divided and colored b
swine A/swine/lowa/A02636164/2021|1A.3.3.3-¢3|2021-09-17 y
A/swine/Missouri/A02636464/2022|1A.3.3.3-¢3|2022-02-02 statistically supported
A/swine/lowa/A02636138/2021|1A.3.3.3-¢3|2021-09-15
Alswine/Arizona/A02636443/2022|1A.3.3.3-¢3]2022-01-27 clades: 1A.1.1.3,
A/swine/lowa/A02636317/2021|1A.3.3.3-¢3|2021-10-01
e A/swine/Minnesota/A02248049/2021|1A.3.3.3-¢3|2021-12-03 A 1A.3.3.2, 1A.3.3.3-c1
A/swine/Indiana/A02636365/2022|1A.3.3.3-c1]2022-01-06 1A.3.3.3-c3. 1A.4: and
A/swine/North_Carolina/A02636265/2021|1A.3.3.3-¢1]2021-12-11 e v
A/swine/Indiana/A02750668/2022|1A.3.3.3-¢1]2022-06-14 1B.2.1, 1B.2.2.1, and
Alswine/North_Carolina/A02636109/2021|1A.3.3.3-¢1]2021-08-26 .
A/swine/Ohio/22TGSU0490/2022]1A.3.3.2]2022-04-30 1B.2.2.2. Triangles
Alswine/Minnesota/A02248045/2021|1A.3.3.2/2021-11-29
Alswine/Nebraska/A02711851/2022|1A.3.3.2|2022-06-29 and squares annotate
A/swine/lowa/A02524480/2020|1A.3.3.2|2020-07-06 A selected reference
A/swine/lowa/A02636302/2021|1A.3.3.2]2021-09-27 )
\/I\/swine/Wisconsin/A0263fi‘10'\}/20219|1AA3A3.2|2021-09—14 and test antigens. HA,
huVaccine|A/Hawaii/70/2019|H1N1|201 .
Alswine/lllinois/F1_56_22122/2022|1A.3.3.2|2022-02-21 hemagglutinin.

A/swine/Colorado/A02636469/2022|1A.4|2022-02-04
A/swine/lowa/A02636616/2022|1A.4|2022-04-05
A/swine/Oklahoma/A02246915/2022|1A.4|2022-01-07
A/swine/Kansas/A02636184/2021|1A.4|2021-09-21
A/swine/Kansas/A02636388/2022|1A.4|2022-01-14
A/swine/Kansas/A02248199/2021|1A.4/2021-09-21
A/swine/North_Carolina/A02750689/2022|1A.1.1.3|2022-06-29
A/swine/North_Carolina/A02636421/2022|1A.1.1.3|2022-02-01
A/swine/North_Carolina/A02248194/2021|1A.1.1.3|2021-08-30
A/swine/North_Carolina/A02750642/2022|1A.1.1.3|2022-06-08
A/swine/lllinois/A02524514/2020|1A.1.1.3|2020-07-31
A/swine/lowa/A02635970/2021[1A.1.1.3]2021-07-12
A/swine/Indiana/22TOSU1774/2022|1A.1.1.3|2022-06-23
A/swine/lowa/22TOSU1534/2022|1A.1.1.3]|2022-06-16
A/swine/lowa/C61729/2022|1A.1.1.3|2022-06-24
A/swine/Texas/A02710703/2022|1B.2.1]|2022-06-08
A/swine/Minnesota/A02246989/2021|1B.2.1|2021-11-10
A/swine/Minnesota/A02711800/2022|1B.2.1|2022-03-25
A/swine/Indiana/100774/2021|1B.2.1|12021-08-20
A/swine/South_Dakota/A02636513/2022|1B.2.1|2022-02-22
A/swine/Minnesota/A02636002/2021|1B.2.1|2021-07-15
A/swine/lowa/A02636374/2022|1B.2.1]2022-01-10
A/swine/lowa/A02635863/2021|1B.2.1|2021-06-04 A
A/swine/lowa/A02750677/2022|1B.2.1|2022-06-23
A/swine/Minnesota/A02246918/2022|1B.2.1|2022-01-26
A/swine/lowa/22TOSU1435/2022|1B.2.1|2022-06-16
A/swine/lowa/22TOSU1438/2022|1B.2.1|2022-06-16
A/swine/lowa/A02750683/2022|1B.2.1|2022-06-22
A/swine/lllinois/100789/2021|1B.2.1|2021-11-23
Al/swine/Indiana/A02636151/2021|1B.2.1|2021-09-20
A/swine/lowa/A02636075/2021|1B.2.1]|2021-08-23
A/swine/Indiana/A02636316/2021|1B.2.1|2021-09-29
A/swine/Indiana/A02636031/2021|1B.2.1]2021-08-04
A/swine/lndiana/A02636123/2021|1B 2.1]2021-09-16
A/swine/lowa/A02635968/2021|1B.2.1|2021-07-12
A/swine/lowa/101016/2021|1B.2.2 2|2021 -07-28
A/swine/lllinois/100772/2021|1B.2.2.2 |2021 -08-11
A/swine/lllinois/A02636018/2021|1B.2.2.2|2021-08-02
A/swine/lllinois/101686/2021|1B.2.2.2|2021-07-26
A/swine/lowa/A02524534/2020(1B.2.2.2|2020-08-12 A
- A/swine/lowa/A02636391/2022|1B.2.2.2|2022-01-17

- A/swine/Kansas/A02248208/2021|1B.2.2.2|2021-09-30
A/swine/Nebraska/101641/2022|1B.2.2.1|2022-06-01
0.04 A/swine/lowa/A02636288/2022|1B.2.2.1|2022-01-03

A/swine/lowa/A02478968/2020|1B.2.2.1|2020-01-02 A
huVaccine|A/Beijing/262/1995|H1NX|1995
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H3
HA lineage

O2010.1

20102

@ 1990.4
@ 1990.4.a
@ 1990.4.b1
@ Human seasonal

Representative selections

Il Human seasonal
vaccine

A Characterized
swine

A/swine/Minnesota/A02711799/2022|2010.1]|2022-03-25
A/swine/Minnesota/A02711803/2022(2010.1[2022-04-08
A/swine/lowa/A02636488/2022|2010.1|2022-02-11
A/swine/lowa/A02636384/2022|2010.1|2022-01-13
Al/swine/lowa/22TOSU1698/2022|2010.1|2022-06-16
A/swine/Indiana/22TOSU0505/2022|2010.1]2022-06-23
A/swine/lowa/A02636674/2022|2010.1|2022-05-09
A/swine/Indiana/A02636354/2022]2010.1|2022-01-03
A/swine/Indiana/100792/2021]2010.1]2021-12-06
A/swine/Indiana/A02636646/2022|2010.1|2022-04-19
A/swine/Indiana/100783/2021|2010.1|2021-11-02
A/swine/Ohio/22TOSU0360/2022|2010.1]|2022-04-23
A/swine/Ohio/22TOSU0441/2022[2010.1|2022-04-23
A/swine/Minnesota/A02636090/2021(2010.1|2021-09-01
A/swine/lowa/A02636091/2021]|2010.1|2021-08-27
A/swine/lllinois/101683/2021|2010.1|2021-09-23
A/swine/lowa/A02636448/2022|2010.1|2022-01-28
A/swine/lowa/A02750654/2022|2010.1|2022-06-15
A/swine/Missouri/A02636185/2021|2010.1|2021-09-23
A/swine/lowa/A02636096/2021|2010.1|2021-08-30
A/swine/Texas/A02246993/2021]2010.1]2021-11-11
A/swine/Texas/A02711823/2022]|2010.1|2022-05-06
A/swine/Texas/A02248195/2021]|2010.1|2021-09-01
A/swine/Texas/A02248051/2021|2010.1|2021-11-24
A/swine/Minnesota/A02710707/2022|2010.1|2022-06-28
A/swine/Texas/A02710697/2022|2010.1|2022-01-21
A/swine/Texas/A02711846/2022|2010.1|2022-06-09
A/swine/Minnesota/A02636078/2021|2010.1|2021-08-25
A/swine/Oklahoma/A02246912/2022]|2010.1/2022-01-06
A/swine/Kansas/A02245675/2020(2010.1|2020-06-24
A/swine/Minnesota/A02711811/2022|2010.1|2022-04-22
A/swine/lowa/A02636369/2022|2010.1|2022-01-10
A/swine/Minnesota/A02711825/2022|2010.1|2022-05-09
A/swine/lowa/A02636341/2021|2010.1[2021-12-13
A/swine/Oklahoma/A02248047/2021|2010.1|2021-12-02
A/swine/Oklahoma/A02711708/2022|2010.1]2022-03-10
A/swine/Kansas/A02711700/2022(2010.1|2022-02-24
A/swine/lowa/A02750612/2022|2010.1|2022-05-19
A/swine/Missouri/A02636066/2021|2010.1|2021-08-17
A/swine/Minnesota/A02246902/2021|2010.1[2021-12-15
A/swine/lowa/A02246903/2021|2010.1|2021-12-14
A/swine/Nebraska/A02246971/2021(2010.1]2021-10-04
A/swine/Nebraska/A02750644/2022|2010.1|2022-06-13
A/swine/Indiana/A02636512/2022|2010.2|2022-02-21
A/swine/Indiana/A02635878/2021/2010.2|2021-05-27
A/swine/Indiana/A02635943/2021|2010.2|2021-07-06
A/swine/Indiana/A02636521/2022|2010.2|2022-02-23

I— huVaccine|A/Hong_Kong/45/2019|H3N2|2018-12-24

A/swine/Indiana/A02636368/2022|1990.4.a|2022-01-10
A/swine/North_Carolina/A02711812/2022|1990.4.a|2022-04-27
A/swine/Ohio/OH21-16295/2021|1990.4.a|2021-07-07
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A/swine/North_Carolina/A02636057/2021|1990.4.a|2021-08-12
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A/swine/Ohio/A02636535/2022|1990.4.a|2022-02-23
A/swine/Pennsylvania/A02636531/2022|1990.4.a|2022-02-28
A/swine/lllinois/A02636634/2022|1990.4.a|2022-04-12
A/swine/Ohio/OH22-2488/2022|1990.4.a|2022-02-09
A/swine/Ohio/OH21-25591/2021(1990.4.a|2021-11-02
A/swine/lowa/A02636299/2021|1990.4.a2|2021-10-01
] A/swine/lowa/A02711711/2022(1990.4.a|2022-03-17
A/swine/Ohio/A02635995/2021(1990.4.a|2021-07-28
A/swine/Ohio/OH22-608/2022|1990.4.a|2022-01-11
A/swine/Ohio/OH-22545/2021|1990.4.a|2021-09-30
A/swine/Ohio/21TOSU2997/2021|1990.4.a|2021-07-15
A/swine/Missouri/100809/2022(1990.4.a|2022-01-05

A/swine/Ohio/OH21-22192/2021|1990.4.a|2021-09-27
A/swine/Minnesota/A02246983/2021|1990.4.a|2021-10-25
A/swine/Minnesota/A02711696/2022|1990.4.a|2022-02-07
A/swine/lowa/A02635890/2021[1990.4.a|2021-06-10

y A/swine/lowa/A02636332/2022|1990.4.a|2022-01-11

¥ A/swine/lowa/A02636489/2022|1990.4.a[2022-02-14
A/swine/lowa/A02636431/2022|1990.4.a|2022-01-21
A/swine/lowa/A02636498/2022[1990.4.a|2022-02-17
A/swine/lowa/A02636596/2022|1990.4.a|2022-03-22
A/swine/lowa/A02636640/2022|1990.4.a]2022-04-11
A/swine/lowa/101646/2022|1990.4.a|2022-04-26
A/swine/Nebraska/101653/2022|1990.4.a|2022-03-07

-

A/swine/Missouri/A02636322/2021[1990.4|2021-09-27
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huVaccine|A/Port_Chalmers/1/1973|H3N2|1973 .

A/swine/Kansas/A02246982/2021(1990.4.b1]2021-10-22

Figure 2. Maximum-likelihood
phylogeny of swine and

human influenza H3 HA genes
from study of occupationally
exposed and general population
antibody profiles to influenza

A viruses circulating in swine

as indication of zoonotic risk.
Three major H3 HA lineages

in US swine were derived from
interspecies transmission in the
1990s (1990.4.x) and 2010s
(2010.1 and 2010.2). Each
lineage is divided and colored
by statistically supported clades.
The H3 tree was rooted on the
human seasonal HA gene A/Port
Chalmers/1/1973 (H3N2). Branch
lengths were drawn to scale.
Scale bar indicates number of
nucleotide substitutions per site.
The phylogeny with tip labels
included is available at https://
github.com/flu-crew/datasets. HA,
hemagglutinin.

existing population immunity and achieve sustained
human-to-human transmission.

Results

Human Cohorts Demographics
The veterinarian cohort (n = 51) consisted of 38 (74.5%)
men and 13 (25.5%) women; the median age was 43

years. In the self-reported questionnaire, 31 (60.8%)

reported recent seasonal influenza vaccination. The
cohort reported residences across lowa, Kentucky, II-
linois, Indiana, Nebraska, Missouri, Minnesota, North
Carolina, Pennsylvania, and Kansas. The farm cohort (n
= 47) came from farms in lowa, Illinois, and South Da-

kota; 29 participants (61.7%) were men and 18 (38.3%)
were women. Median age was 37 years. Among farm
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employees, 14 (29.8%) reported that they received re-
cent seasonal influenza vaccination. Persons in the
farm and veterinarian cohorts were considered to have
occupational exposure; 72% (n = 98) reported their last
contact with swine within 1 day.

The Philadelphia cohort (n = 40) consisted of 17
(42.5%) men and 23 (57.5%) women; median age was 33
years. All (100%) persons received the 2021-2022 human
seasonal influenza vaccine. The Hong Kong cohort (n =
48) consisted of 16 men (33.3%) and 32 women (66.7%);
median age was 46 years. Among those persons, 16
(33.3%) reported receiving vaccination the prior year.

Genetic Diversity of H1 and H3 IAV in Swine

During the human blood collection period in July 2021-
June 2022, 8 H1 1A, 3 H1 1B, and 6 H3 clades from 3
lineages (1990.4, 2010.1, 2010.2) were detected from 25
US states. The H1 subtype (645 sequences, 65.4%) had
more detections than the H3 subtype (341 sequences,

A
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Antibody Profiles to Influenza A Viruses in Swine

34.6%). The 1A.1.1.3 (10.6%), 1A.3.3.2 (7.1%), 1A.3.3.3-
c3 (24.7%), and 1B.2.1 (15.7%) were the most frequent-
ly detected clades (Appendix Figure 2) (19). The H3
1990.4 lineage diversified to 4 distinct groups, but only
the 1990.4.a (13.6%) represented >1% of detections.
The H3 lineages 2010.1 and 2010.2 represented 14.5%
and 1.1% of the detections. We selected 10 viruses with
HA genes (Table; Figures 1, 2) representing 97.8% of
detections during July 2021-June 2022 (19).

Antibody Levels to IAVs in Swine by Cohort

HI antibody titers to representative swine and hu-
man seasonal vaccine strains demonstrated low re-
sponses to several swine IAV strains across cohorts.
Titers to [IA20.1A.3.3.2 and MN21.1A.3.3.3-c-3 were
higher than titers to 1L20.1A.1.1.3, IN22.1A.3.3.3-c-1,
[A21.1B.2.1, and 1A20.1B.2.2.2 (Figure 3). Swine H3N2
representatives elicited higher GMT and percentages
of seropositive persons overall, although 10.2%-28.5%
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Figure 3. Box and whisker plots of log2 transformed hemagglutination inhibition (HI) titers among participants in 4 human cohorts against
contemporary swine H1 and H3 influenza A virus strains in study of occupationally exposed and general population antibody profiles to
influenza A viruses circulating in swine as indication of zoonotic risk. A) Veterinarians (n = 51); B) farm employees (n = 47); C) Philadelphia
general population cohort (n = 40); D) Hong Kong general population cohort (n = 40). Box plots show median log2 transformed Hl titers

on the x-axis, test strains on the y-axis, interquartile ranges, and outliers. Purple dots represent the geometric mean log2 transformed Hl
titers/10. Gray box plots represent responses against human seasonal influenza vaccine strains, and white box plots represent responses
against swine strains. Reverse-transformed HI geometric mean titers in purple and percentages of positive persons in black are shown next
to virus names on each panel. The gray dotted line indicates the HI titer threshold of 40 (log2 scale of 2).
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Figure 4. Seropositivity for influenza A virus in swine clades in study of occupationally exposed and general population antibody profiles
to influenza A viruses circulating in swine as indication of zoonotic risk. Swine clades shown are H1 1A (A), H1 1B (B), and H3 (C) for
demographic and vaccination status variables. Symbols indicate odds ratios; error bars indicate 95% Cls. Odds ratios displayed on

logarithmic x-axis scale. Ref., referent.

of participants remained below the positive cutoff
(Log2[titer/10] or 40 GMT).

In the veterinarian cohort, 88% were HI positive
(GMT =162) for the human HIN1 vaccine component,
HI19.HuVac, 61% (GMT = 51) tested positive for the
pre-2009 historical HIN1 vaccine strain BJ95.HuVac,
and 80% (GMT = 105) tested positive for the human
H3N2 vaccine component, HK19.HuVac (Figure 3, pan-
el A). Farm cohort seropositivity was 83% (GMT = 82)
for HI19.HuVac, 64% (GMT = 38) for BJ95.HuVac, and
77% (GMT = 68) for HK19.HuVac (Figure 3, panel B).

The Philadelphia cohort displayed the highest re-
sponses with 98% (GMT = 206) HI positivity for HI19.
HuVac, 88% (GMT = 87) for BJ95.HuVac, and 100%
(GMT = 288) for HK19.HuVac (Figure 3, panel C). HI
results for contemporary swine strains clades 1A.1.1.3,
1A.3.3.3¢c-1, 1B.2.1, and 1B.2.2.2 showed broader anti-
body cross-reactivity than in other cohorts, although
some persons in every cohort were seronegative (Fig-
ure 3, panel C). Hong Kong cohort seropositivity was
79% (GMT = 71) for HI19.HuVac, 58% (GMT = 44)
for BJ95.HuVac, and 88% (GMT = 199) for HK19.Hu-
Vac (Figure 3, panel D). This cohort followed similar
trends to the other cohorts, except titers to IN21.2010.2,
which displayed higher GMTs and percent positives
like the human seasonal vaccine strain HK19.HuVac
(Figure 3, panel D).

Impact of Demographics and Vaccination on
Seropositivity Patterns

Demographic factors significantly affected patterns of
seropositivity across all IAV strains tested (Figure 4).

1292

Occupational exposure to swine was associated with
significantly lower odds of seropositivity for H1 1B
(OR 0.23 [95% CI 0.11-0.48]; p<0.001) and H3 lineages
(OR 0.17 [95% CI 0.05-0.44]; p<0.001) compared with
general population cohorts. Uptake of the human sea-
sonal vaccine produced the strongest seropositivity as-
sociation across all subtypes, H1 1A (OR 5.30; p<0.001),
H11B (OR 5.48; p<0.001), and H3 (OR 14.44; p<0.001). In
addition, persons born during 1978-2003 showed high-
er seropositivity than those born during 1946-1977, for
H1 1A (OR 1.94; p = 0.038), H1 1B (OR 3.47; p = 0.002),
and H3 (OR 2.35; p = 0.036) lineages (Appendix Table 1).

At the strain level, tested H1 1B strains showed
vulnerabilities in the occupational cohorts across the
lineage (OR 0.23); IA21.1B.2.1 and 1A20.1B.2.2.1 dem-
onstrated strong negative associations (ORs 0.22-0.24;
p<0.001) (Appendix Table 2). H3 lineages displayed
the strongest overall negative association with occu-
pational exposure (OR 0.16), although that result was
driven primarily by KS20.2010.1 (OR 0.06; p<0.001)
(Appendix Table 3).

Antigenic Distance between IAVs in Swine

and Representative Human Seasonal Vaccine Strains
and Seropositive Individuals

We used antigenic maps to visualize HI data, indepen-
dent of vaccination status or other demographic factors,
relative to the nearest human seasonal vaccine strain
and displayed for each phylogenetic lineage of the
swine strains (Figure 5). In the H1 1A lineage, the swine
representative of the pH1N1 pandemic group (1A.3.3.2)
was the most closely related antigen to the human
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vaccine strain HI19.HuVac (0.39AU). The 1A.1.1.3 strain
displayed the highest antigenic distance from HI19.Hu-
Vac (3.62 AU); 69% of persons were >3 AU distance to
the vaccine (Figure 5, panel A). However, the associa-
tion between previous vaccination and responses to this
strain could not be assessed because of low seropositiv-
ity (Appendix Table 4). Clade 1A.3.3.3-c1 had 31% of
persons with >3 AU antigenic distance and was 2.54 AU
to the vaccine strain (Figure 5, panel A). In the H1 1B lin-
eage, the 1B.2.2.1 strain was the most closely related an-
tigen to the historic human seasonal vaccine strain BJ95.
HuVac (1.07 AU). For the clade 1B.2.1 strain, 22% of per-
sons exhibited significant antigenic distance from the
swine strain; for the clade 1B.2.2.2 strain, that percentage
was 19% (Figure 5, panel B). H3 lineage antigens dis-
played relatively minimal antigenic distance compared
with the human seasonal vaccine strain HK19.HuVac.
However, 10% of persons exhibited significant antigenic
distance to the 1990.4.a clade antigen (2.17 AU distance
to the vaccine strain) (Figure 5, panel C).

Assessment of Pandemic Potential from

Population Immunity

Because occupational and general population catego-
rization was not a significant indicator of HI seroposi-
tivity, individual data for participants were combined
to give better distribution across the age classes. R
modeling revealed that pandemic vulnerability on

Antibody Profiles to Influenza A Viruses in Swine

the basis of human population immunity ranged from
16.3% to 52.5% across tested antigens; minimum R
thresholds required for pandemic emergence ranged
from 1.09 to 2.36 among the swine strains (Figure 6).
Four swine strains demonstrated low R; pandemic
thresholds, indicating the potential to achieve pan-
demic spread by overcoming population immunity,
with lower minimum inherent human transmissibil-
ity than the 2009 pHINT1 virus (minimum R <1.46)
(32). The H1 1A strains had low to moderate R,
thresholds (range 1.09-1.83). All H1 1B lineage strains
showed low thresholds (range 1.11-1.35), whereas
H3 strains had relatively higher R; threshold values
(range 1.93-2.36). The lowest R thresholds were ob-
served for [L20.1A.1.1.3 (minimum R = 1.09 [95% CI
1.07-1.28]) and IA21.1B.2.1 (minimum R = 1.11 [95%
CI 1.09-1.30]); only 16% of persons demonstrated im-
munity (Appendix Figure 3), indicating those swine
strains have the potential to emerge in the human
population even with relatively low inherent trans-
missibility requirements.

Discussion

This study assessed zoonotic risk across 4 human co-
horts using population immunity and antigenic relat-
edness, elements of the Centers for Disease Control
and Prevention’s Influenza Risk Assessment Tool
(33). Neutralizing antibodies were measured by HI

H1 1A Antigens H1 1B Antigens

O HI19.HuVac O BJ95.HuVac
@ IL20.1A1.1.3 O 1A21.1B.2.1
@ |A20.1A3.3.2 O 1A20.1B.2.2.1

© IN22.1A.3.3.3-¢c1
O MN21.1A.3.3.3-c3

O 1A20.1B.2.2.2

H3 Antigens
HK19.HuVac
1A21.1990.4.a
KS20.2010.1
IN21.2010.2

OO0 @O0

Figure 5. Antigenic map showing the relationships between human antibody immunity and selected strains of influenza A virus (IAV)

in swine and human seasonal vaccines in study of occupationally exposed and general population antibody profiles to IAVs circulating

in swine as indication of zoonotic risk. Each sphere on the map represents an antigen; squares represent individual participant serum
samples from the combined veterinarian, farm, Philadelphia, and Hong Kong cohorts. A) H1 1A classical swine lineage derived from the
1918 human influenza pandemic; B) H1 1B human seasonal lineage derived from introductions of pre-2009 human seasonal H1 1AV; C) H3
lineages derived from decadal introductions of human seasonal H3N2 viruses into swine. Rings around each strain display 3 antigenic units
or 8-fold change in titer from the associated antigen. Persons outside the ring are predicted to have significant loss in cross-protection.
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Figure 6. Minimum R estimates required for swine strains to
cause a human pandemic derived from serologic data in study of
occupationally exposed and general population antibody profiles
to influenza A viruses circulating in swine as indication of zoonotic
risk. Error bars represent 95% Cls. Strains are ordered by
increasing minimum R thresholds. R, reproduction number.

assays against a panel of representative US swine AV
and human seasonal vaccine strains. Regardless of ex-
posure to swine, all cohorts had gaps in population
immunity against several strains of IAVs circulating
in US swine, indicating zoonotic transmission vulner-
ability. In contrast to the hypothesis that occupation-
ally exposed persons are more likely to be infected
with swine IAV and seropositive to swine strains,
our findings revealed significantly lower odds of se-
ropositivity to H1 1B and H3 swine strains for those
persons compared with the general population.
Demographic variables and vaccination status
significantly influenced seropositivity to swine IAVs.
Whereas combining cohorts improved statistical
power, it might have masked key differences in im-
munity patterns across groups. Occupational exposure
to swine was associated with reduced seropositivity
compared with general population cohorts for H1 1B
(OR 0.23; p<0.001) and H3 lineages (OR 0.17; p<0.001),
likely reflecting lower seasonal influenza vaccination
rates. The Philadelphia cohort displayed the high-
est overall antibody responses because those samples
were collected within a vaccine study. Although the
Hong Kong cohort vaccination rate was similar to that
of farm workers and showed patterns similar to both
occupational groups, we noted exceptions to some
strains, suggesting factors beyond vaccination con-
tribute to those differences. Significant demographic
associations included birth year; persons born after
1977 demonstrated higher seropositivity to H1 1A
(OR 1.94; p = 0.038), H1 1B (OR 3.47; p = 0.002), and
H3 (OR 2.35; p = 0.036). This 1978-2003 birth year ef-
fect might reflect the timing of human-to-swine spill-
over events when initial influenza exposures to com-
mon ancestral strains created lasting immunological
imprints that resulted in cross-reactivity to related
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contemporary swine strains (34). Swine farm employ-
ees displayed low vaccination rates (33.3%), 18% less
than the national coverage estimates for the 2021-2022
season (51.4%) (35). Vaccination was associated with
correlates of protection for H1 1A (OR 5.30; p<0.001),
H1 1B (OR 5.48; p<0.001), and H3 (OR 14.44; p<0.001),
where seropositivity was significantly higher for vacci-
nated persons than for unvaccinated persons, regard-
less of occupational exposure. Strain-specific analyses
revealed vulnerabilities; occupational groups demon-
strated significantly lower seropositivity to H1 strains
IA21.1B.2.1 and 1A20.1B.2.2.1 (OR 0.22-0.24; p<0.001)
and H3 strain KS20.2010.1 (OR 0.06; p<0.001). Persons
from all cohorts lacked protective immunity against
IL20.1A.1.1.3, IN22.1A3.3.3-c-1, 1A21.1B.21, and
[A20.1B.2.2.2, indicating increased zoonotic risk for
these clades of endemic swine IAV strains.

Gaps in seropositivity were further supported by
the magnitude by which the swine strains differed
antigenically from human vaccine strains. Whereas
antibody titers from many occupational and general
population persons were within an 8-fold range of rep-
resentative human seasonal vaccine strains, the repre-
sentative clade 1A.1.1.3 had the highest significant an-
tigenic distance from the H1 human seasonal vaccine
strain (3.62 AU), suggesting a mismatch between cir-
culating swine viruses and existing human immunity.
This result signals a need for regular assessment and
update of pandemic preparedness vaccines, because
the human seasonal vaccine likely provides little cross-
protection against this swine H1 clade.

Four strains representing those circulating in
the US swine population demonstrated minimum
R, thresholds <1.46, the R of the 2009 IAV pandem-
ic from swine. Two swine strains, IL20.1A.1.1.3 (R,
threshold 1.09) and [A21.1B.2.1 (R, threshold 1.11),
were estimated to achieve pandemic spread with
lower inherent transmissibility than any recorded in-
fluenza pandemic (32). Those 2 H1 clades were de-
tected consistently (19) and represented 26.3% of the
swine IAV detections across multiple US states dur-
ing the study period. If the swine strains acquired
moderate transmissibility in humans, existing popu-
lation immunity would not be sufficient, and pan-
demic spread could be established.

Although the persons in this study were sampled
from specific participating groups and not a random
population sample, patterns of vulnerability were
identified. Persons occupationally exposed to swine
were significantly less likely to have protective an-
tibody levels against contemporary IAVs in swine.
Some persons might have accumulated antibod-
ies against swine virus strains over decades, but our
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representative selection represents HA clades consis-
tently detected in swine surveillance. In addition, low-
er seropositivity in occupational groups suggests that
possible historical exposures did not provide antibody
recognition against currently circulating antigens,
although longitudinal studies are needed to reveal
changes in antibody profiles over time. Farm workers
exhibited lower vaccination rates and reduced sero-
positivity, underscoring a heightened risk for zoonotic
infection. Those findings demonstrate that immunity
profiling can identify high-risk populations and poten-
tial pandemic threats before widespread transmission
occurs. Risk analysis must be paired with preventive
measures to reduce AV infections and protect pub-
lic health. Swine-exposed populations, such as farm
workers and veterinarians, should be targeted for sea-
sonal IAV vaccination to reduce zoonotic risk and re-
duce human-to-swine transmission (36). Swine strains
representing HA clades 1A.1.1.3, 1A.3.3.3-c-1, 1B.2.1,
and 1B.2.2.2 demonstrated increased pandemic risk
through low population immunity, limited cross-re-
activity to seasonal vaccine strains, and low transmis-
sibility thresholds. Candidate vaccine virus selections
should prioritize those strains for regularly updated
pandemic preparedness vaccine development.

This article was preprinted at https:/ /doi.org/10.64898/
2026.01.08.26343691.
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