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Effect of Seasonal Influenza
Vaccines on Avian Influenza

A(H5N1) Clade 2.3.4.4b
Virus Infection in Ferrets
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Highly pathogenic avian influenza A(H5N1) clade
2.3.4.4b viruses have infected >1,000 herds of dairy
cattle and hundreds of poultry flocks in the United States
since the beginning of 2024. Seventy human cases have
been reported during that period, mainly through occu-
pational exposure. Although prior influenza A(H1N1)
pdmQ9 virus infection has been shown to confer pro-
tection against influenza A(H5N1) clade 2.3.4.4b virus
infection in the ferret model, it remains unclear if influen-
za vaccines, known to elicit a less potent and narrower
cross-reactive immune response, can achieve a similar
effect. In this article, we demonstrate that immunization
with commercially available human seasonal influenza
vaccines also confers partial protection against disease
caused by H5N1 clade 2.3.4.4b virus in ferrets, which is
partially associated with the presence of cross-reactive
antibodies targeting H5N1 virus antigens.

Human seasonal influenza A viruses (IAVs) are
endemic in humans, causing 9.3-41 million cas-
es, 120,000-710,000 hospitalizations, and 6,300-52,000
deaths annually in the United States (I). Humans
might also be infected by IAVs with zoonotic poten-
tial circulating in many species, including wild and
domestic birds and mammals. Although human in-
fections with zoonotic IAVs are sporadic, the viruses
have the potential for sustained transmission in hu-
mans, potentially leading to global pandemics with
relatively high morbidity and mortality rates, as seen
in 1918, 1957, 1968, and 2009 (2,3).
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Most adult humans have been repeatedly in-
fected with or vaccinated against multiple seasonal
influenza A and B viruses and have antibody and
T-cell responses against IAV components, includ-
ing the major surface glycoproteins hemagglutinin
(HA) and neuraminidase (NA). Although antigenic
drift in HA and NA enables IAVs to reinfect persons
despite immunity, immune responses that are even
partially matched to the infecting virus are believed
to confer some protection against disease (4). Zoo-
notic strains of IAV often express HA subtypes that
are distantly related to endemic seasonal strains,
and the general population typically exhibits low
levels of or no HA head binding antibodies to poten-
tial pandemic viruses (5; Z.-N. Li et al., unpub. data,
https:/ /www.medrxiv.org/content/10.1101/2025.
03.30.25323419v1).

Since the first documented human infection with
highly pathogenic avian influenza (HPAI) A(H5N1)
virus was reported in China and Hong Kong in 1997,
this virus subtype has remained a major public health
concern because of its ability to cross species barri-
ers and infect humans (6,7), often causing severe or
fatal disease. Originally found in Asia, HPAI H5N1
viruses have spread widely in birds, likely because
of wild bird migration routes. HPAI H5N1 viruses
have undergone extensive evolution and countless
reassortments, leading to many different clades on
the basis of HA sequence. Of those clades, clade
2.3.4.4b has emerged as the most widespread in re-
cent years. In 2021, HPAI H5N1clade 2.3.4.4b virus-
es began to spread widely across the Americas (8,9),
continuing to diversify, and leading to outbreaks in
commercial and backyard poultry across the United
States. In 2024 and 2025, clade 2.3.4.4b virus of the
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B3.13, D1.1, and D1.3 genotypes caused infections
in dairy cows and poultry in North America (10,11).
As of April 10, 2025, there have been 70 H5N1 hu-
man infections with those clades reported and 1
death (12). Of note, in contrast to the severe disease
that has historically been associated with H5N1 vi-
rus infections outside of the United States (13,14),
most of the human infections with the clade 2.3.4.4b
B3.13 and D1.1 genotypes have been relatively mild
(15,16), manifesting primarily as conjunctivitis and
mild respiratory symptoms.

Ferrets are a small-animal model used for human
IAV infection because they often show similar clini-
cal manifestations and severity of infection with IAV
strains, without needing to adapt the virus to ferrets
(17). However, in contrast to the mild disease in hu-
mans, ferrets infected with clade 2.3.4.4b viruses have
typically shown severe or lethal infections (18,19).
One possible explanation for this contrasting sever-
ity is that humans might have cross-protective im-
munity to this clade of viruses because of prior infec-
tion with human seasonal strains of IAV, whereas the
laboratory ferrets used are immunologically naive
to all strains of influenza. Several groups have dem-
onstrated that prior infection of ferrets with human
influenza A(HIN1)pdm09 (pHIN1) virus confers
major cross-protection against 2.3.4.4b B3.13 viruses
(20,21; P.H. Brigleb et al., unpub. data, https:/ /www.
biorxiv.org/content/10.1101/2024.10.23.619695v1).
However, the mechanisms underlying that cross-pro-
tection remain unclear.

Although vaccination against human seasonal IAV
remains the most effective way of protecting against
seasonal influenza virus infection, it is unclear wheth-
er seasonal influenza vaccine immunity could confer
cross-protection against H5SN1 viruses. In this article,
we report the results of testing the ability of several hu-
man seasonal vaccines to protect ferrets against disease
induced by clade 2.3.4.4b B3.13 IAV infection.

Materials and Methods

Vaccines, Ferrets, and Viruses

The vaccines used in this study were for the 2024-25
Northern Hemisphere influenza season. The vaccines
were the egg-based trivalent inactivated influenza
vaccine (IIV3) Fluarix (GlaxoSmithKline Biologicals,
https:/ /www.gsk.com), theliveattenuated influenza
vaccine (LAIV) FluMist (AstraZeneca, https:/ / www.
astrazeneca.com), and the recombinant hemagglu-
tinin vaccine (RIV) Flublok (Sanofi, https://www.
sanofi.com). Six-month-old male fitch ferrets (Triple
F Farms, https://www. tripleffarmsresearch.com)

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 10, October 2025

Effect of Influenza Vaccines on H5N1 in Ferrets

were housed in Duo-Flo Bioclean units (Lab Prod-
ucts, Inc., https:/ /labproductsllc.com) at Centers for
Disease Control and Prevention (CDC) animal facili-
ties. Animal studies were approved by CDC’s Insti-
tutional Animal Care and Use Committee and were
conducted in American Association for Accredita-
tion for Laboratory Animal Care accredited animal
facilities.

We inoculated ferrets with the manufacturers’
recommended human doses of 0.5 mL IIV3 intra-
muscularly (IM) (containing 15 png HA from each vi-
rus strain), 0.5 mL of RIV IM (containing 45 pg HA
of each strain), or 0.2 mL of LAIV intranasally (IN)
(containing 10%°75 fluorescent focus units of live at-
tenuated influenza virus reassortant of each strain).
IIV3 also contains NA from each virus, although the
quantity of NA included is not regulated and varies
between virus strains (22). The RIV does not contain
NA.

We challenged ferrets with A /Michigan/90/2024
A(H5N1) (MI/24) (GISAID [https://gisaid.org] ac-
cession no. EPI_ISL._19162802), a clade 2.3.4.4b, B3.13
genotype virus isolated from a human experiencing
mild disease (23), which has been shown to cause
moderate, nonfatal disease in laboratory ferrets (24).
We conducted all HPAI preparation and animal in-
fection experiments in Biosafety Level 3 containment
laboratories, including enhancements regulated by
the US Department of Agriculture and the Federal Se-
lect Agent Program.

Ferret Inmunization and Challenge

We confirmed ferrets to be initially serologically
negative for current circulating human influenza
viruses (pH1N1, H3N2, and influenza B) by hemag-
glutination inhibition assay (HAI). We immunized
groups of 6 ferrets 2 times at 3-week intervals IM
with RIV or with phosphate-buffered saline (PBS)
and IN with LAIV. The IIV3 group did not achieve
serologic titers that are correlated with protection
after 2 immunizations and therefore received a third
IM immunization, 3 weeks apart. We used a separate
mock-immunized control group for those animals.
Because the outcomes of infection in both mock-
immunized groups were statistically similar (body
weight, p = 0.093; temperature, p = 0.96; viral shed-
ding, p = 0.64), we have presented them as 1 merged
group. We challenged ferrets by IN inoculation un-
der anesthesia, with 10° plaque-forming unit (PFU)
MI/24 diluted in PBS in 1 mL volume, 24-25 days
after final immunization. We monitored ferrets daily
for clinical signs of infection, including body weight,
temperature, and lethargy (25,26). We calculated
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the relative inactivity index for each group on the
basis of a previously published scoring system (27).
We collected nasal wash samples for virus titers at
1-4, 6, and 8 days postinoculation (DPI).

Hemagglutination Inhibition Assay

We conducted HAI assays by using a World Health
Organization kit (International Reagent Resource,
https://www.internationalreagentresource.org)
against A/Victoria/2570/2019 (HIN1)pdm09 and
A/Delaware/01/2021(H3N2), as previously de-
scribed (28). We treated ferret serum with a receptor-
destroying enzyme (Denka Seiken, https://www.
denka.co.jp). We then serially diluted the treated se-
rum samples 2-fold with PBS, mixed with virus di-
luted to 8 hemagglutination units; we then incubated
the samples at room temperature with 0.5% turkey
red blood cells in PBS. We conducted HAI against
MI/24 virus by using 1% horse red blood cells in PBS
as previously described (29). We expressed HAI titers
as the reciprocal of the highest dilution of the serum
samples completely inhibiting hemagglutination.

Enzyme-Linked Lectin Assay

We assessed the neuraminidase inhibition (NAI) ac-
tivity of ferret immune serum against A/Wisconsin/
67/2022 A(HIN1)pdm09, A/Massachusetts/18/2022
A(H3N2), and A/Texas/37/2024 A(H5N1) (clade
2.3.44b, genotype B3.13) by using an enzyme-linked
lectin assay (ELLA) with a fetuin-based method, as pre-
viously described (30). We added serum and virus to a
96-well plate precoated with 25 pg/mL of fetuin (Sigma-
Aldrich, https://www.sigmaaldrich.com), followed
by overnight incubation at 37°C. We then quantified
NAI activity by using horseradish peroxide-labeled
peanut lectin with O-phenylenediamine dihydrochlo-
ride substrate. We calculated the percentage of inhibi-
tion by using the formula 100 x optical density (OD)
virus only - OD test sample)/OD virus only. We as-
signed samples below the limit of detection a titer of 10.

Multiplex Influenza Antibody Detection Assay

We performed a high-throughput multiplex in-
fluenza antibody detection assay (MIADA), as de-
scribed previously (31). We included HA globular
head, HA ectodomain, HA stalk, NA ectodomain,
and nucleoprotein (NP) antigens from IAVs and
the HA globular head from influenza B viruses
(Appendix Table, http://wwwnc.cdc.gov/EID/
article/31/10/25-0668-Appl.pdf). In a 96-well black-
wall plate, we added 50 puL of microsphere suspen-
sion (2,000 microspheres/antigen) to each well in
assay buffer. We added diluted ferret serum (1:200)
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in duplicate. We incubated the plates for 60 minutes,
washed, and then added 100 pL of protein A-phy-
coerythrin conjugate. After another 60-minute incu-
bation and washing, we read the plates by using a
Bio-Plex MAGPIX Multiplex Reader (Bio-Rad Labo-
ratories, https://www.bio-rad.com). We calculated
median fluorescence intensities by using GraphPad
version 7.05 (GraphPad Software Inc., https:/ /www.
graphpad.com).

Virus Titration

At 3 DPI, we euthanized a subset of ferrets (n = 3/
group) and collected tissue samples from the upper
respiratory tract (nasal turbinate, ethmoid turbi-
nate, soft palate, and trachea), lower respiratory tract
(lung), gastrointestinal tract (intestine), olfactory bulb,
and brain tissues. We then determined viral loads in
the tissues and nasal wash (NW) by using standard
plaque formation assays in MDCK cells (limit of de-
tection is 10 PFU/mL or PFU/ g of tissues).

Statistical Analysis

We analyzed body weights and NW titers with a lin-
ear mixed model with repeated measures by using R
version 4.4.0 with ImerTest version 3.1.3 (The R Proj-
ect for Statistical Computing, https:/ /www.r-project.
org). We analyzed the tissue virus titers and anti-
body titers by using analysis of variance with Dun-
nett’s posthoc test for multiple comparisons by using
GraphPad version 7.05.

Results

Serologic Response to Vaccination
Before challenge with A(H5N1), we evaluated the
antibody responses against HA and NA antigens
of seasonal IAV A/Wisconsin/67/2022 A(H1N1)
pdm09, A/Massachusetts/18/2022 A(H3N2), and
clade 2.3.4.4b A(H5N1) virus (MI/24 or TX/22) in the
serum of vaccinated ferrets and the control group by
using HAI assay or ELLA. Among the 3 vaccinated
groups, 2 doses of LAIV or RIV vaccination elicited
robust HALI titers against H1 HA (Table 1; Figure 1),
whereas the IIV3 vaccinated group exhibited much
lower titers even after a second vaccine booster (Table
1; Figure 1). HAI titers against the H3N2 virus were
generally lower than those against the pH1IN1 virus,
and IIV3 groups had no detectable HAI titers against
H3N2 virus. The HAI antibody titer against MI/24
virus was below detectable levels in all 3 vaccinated
groups (Table 1; Figure 1).

In naive ferrets immunized with LAIV, the pro-
duction of functional NAI antibodies against N1 from
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Table 1. Serologic response to vaccination in ferrets in study of the effect of seasonal human influenza vaccination on pathogenesis of
human influenza A(H5N1) clade 2.3.4.4b virus in the ferret model*

Vaccine group IAV lineage Vaccine strain Prechallenge HAI GMT Prechallenge ELLA GMT

LAIV A(H1N1)pdm09 NO/22 806 (606—1074) 320 (236-434)
A(H3N2) TH/22 718 (573-901) 71 (54-95)
A(H5N1) NA <10 <10

RIV A(H1N1)pdm09 WV/22 905 (668—1227) <10
A(H3N2) MA/22 202 (128-317) <10
A(H5N1) NA <10 <10

1Iv3 A(H1N1)pdm09 VIC/22 45 (30-68) <10
A(H3N2) TH/22 <10 <10
A(H5N1) NA <10 18.8 (13.0-27.3)

MOCK A(H1N1)pdm09 NA <10 <10
A(H3N2) NA <10 <10
A(H5N1) NA <10 <10

*Values in parentheses are 95% Cls. n = 6 ferrets per vaccine group, n = 12 ferrets in the mock group. The vaccines contained antigens recommended
for the 202425 Northern Hemisphere influenza season. ELLA, enzyme-linked lectin assay; GMT, geometric mean titer; HAI, hemagglutination inhibition
assay; IAV, influenza A virus; 1IV3, Fluarix trivalent inactivated influenza vaccine (GlaxoSmithKline Biologicals, https://www.gsk.com); LAIV, FluMist live
attenuated influenza vaccine (AstraZeneca, https://www.astrazeneca.com); MA/22, A/Massachusetts/18/2022 A(H3N2); NA, not available; NO/22,
A/Norway/31694/2022 A(H1N1)pdm09; RIV, Flublok vaccine (Sanofi, https://www.sanofi.com); TH/22, A/Thailand/8/2022 A(H3N2); WV/22, A/West
Virginia/30/2022 A(H1N1)pdm09; VIC/22, A/Victoria/4897/2022 A(H1N1)pdm09.

pHINT1 virus was readily detected by ELLA (geomet-
ric mean titer [GMT] of 319.9 [95% CI 236.0-433.6]),
whereas those immunized with IIV3 had an undetect-
able NAI antibody response to N1 from pH1N1 virus
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Figure 1. Hemagglutination-inhibiting antibody titers measured by
using HAI in study of the effect of seasonal influenza vaccines on
influenza A(H5N1) clade 2.3.4.4b virus infection in ferrets. n = 6
ferrets per vaccinated group, n = 12 ferrets in the mock vaccinated
group. Colored dots indicate individual values, horizontal lines
within boxes represent geometric mean titers, box tops and
bottoms indicate interquartile ranges, and error bars indicate
limits of the distribution. Dotted gray horizontal line indicates
limit of detection. H1, A/Victoria/2570/2019(H1N1)pdm09; H3,
A/Delaware/01/2021(H3N2); H5, A/Michigan/90/2024/(H5N1);
HAI, hemagglutination inhibition assay; 11V3, Fluarix trivalent
inactivated influenza vaccine (GlaxoSmithKline Biologicals, https://
www.gsk.com); LAIV, FluMist live attenuated influenza vaccine
(AstraZeneca, https://www.astrazeneca.com); RIV, Flublok
recombinant influenza vaccine (Sanofi, https://www.sanofi.com).

(Figure 2). Ferrets immunized with LAIV had a de-
tectable antibody response against N2 NA, whereas
those immunized with IIV3 did not. IIV3-immunized
ferrets had detectable responses to N1 from H5N1
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Figure 2. Neuraminidase-inhibiting antibody titers measured by
using ELLA in study of the effect of seasonal influenza vaccines
on influenza A(H5N1) clade 2.3.4.4b virus infection in ferrets.
n = 6 ferrets per the vaccinated group, n = 12 ferrets in the

mock vaccinated group. Colored dots indicate individual values,

horizontal lines within boxes represent geometric mean titers,

box tops and bottoms indicate interquartile ranges, and error
bars indicate limits of the distribution. Dotted gray horizontal
line indicates limit of detection. ELLA, enzyme-linked lectin
assay; IIV3, Fluarix trivalent inactivated influenza vaccine
(GlaxoSmithKline Biologicals, https://www.gsk.com); LAIV, FluMist
live attenuated influenza vaccine (AstraZeneca, https://www.
astrazeneca.com); MA/22, A/Massachusetts/18/2022(H3N2);
RIV, Flublok recombinant influenza vaccine (Sanofi, https://
www.sanofi.com); TX/24, A/Texas/37/2024(H5N1); WI1/22, A/

Wisconsin/67/2022(H1N1pdmQ9).
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Figure 3. Hemagglutinin-binding
antibody titers measured by using
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vaccine (GlaxoSmithKline Biologicals, https://www.gsk.com); LAIV, FluMist live attenuated influenza vaccine (AstraZeneca, https://www.
astrazeneca.com); RIV, Flublok recombinant influenza vaccine (Sanofi, https://www.sanofi.com).

(GMT 18.8 [95% CI 13.0-27.3]; p = 0.005 compared
with mock-immunized ferrets). Titers against N1
from H5N1 exceeded the limit of detection of 10 in
only 1 of 6 LAIV-immunized animals (Figure 2). Be-
cause NA is not present in RIV, no anti-NA response
was detected in ferrets immunized with this vaccine.

In addition, we tested ferret serum from prevac-
cination and prechallenge and postchallenge time
points in each group with MIADA to assess levels
of binding antibodies against a range of antigens,
including HA globular head, ectodomain, stalk, and
NA ectodomain of pH1N1, H3N2, H5N1 viruses, and
HA globular heads of influenza B virus and NP anti-
gen. In agreement with HAI and NAI antibody titers,
antibodies binding the H1 and H3 HA globular head
and N1 and N2 NA ectodomains were readily detect-
ed in LAIV-immunized ferrets (Figures 3, 4). RIV-im-
munized ferrets also had antibodies targeting H1 and
H3 HA. In addition, LAIV and RIV groups elicited
detectable binding antibodies targeting group 1 (H1),
but not group 2 (H3), HA stalk regions after 2 vac-
cinations, whereas these antibodies were not detected
in the IIV3 group even after 3 vaccinations (Figure 3).
Three of 6 ferrets immunized with LAIV and 2 of 6
immunized with IIV3 had detectable levels of cross-
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reactive binding antibodies to N1 of H5N1 (LAIV,
GMT 2233 [95% CI 194.5-252.0]; p = 0.37 relative
to mock-immunized ferrets; 1IV3, GMT 2285 [95%
CI 190.8-266.2]; p = 0.23) (Figure 4). Ferrets immu-
nized with LAIV and IIV3 also possessed detectable
NP binding antibody before challenge, which mark-
edly increased postchallenge (Figure 5). As expected,
RIV-immunized animals did not develop antibodies
against NP or cross-reactive H5N1 NA antibodies
before challenge (Figures 4, 5). Antigens used in the
MIADA are provided (Appendix Table), and the re-
sults of the assay for all 27 antigens are also provided
(Appendix Figure).

Vaccine Protection Against H5N1 Disease

Twenty-four days after receiving a vaccine booster
(LAIV and RIV), or 25 days after the second vac-
cine booster (IIV3), we inoculated ferrets with 10°
PFU of H5N1 MI/24 and observed them for clinical
signs of disease. Mock-immunized ferrets showed
signs of moderate disease as previously described
(24), including sporadic nasal discharge, sneezing,
mild lethargy, transient fever (average maximum
temperature rise 2.2°C above baseline), and a maxi-
mum weight loss of 15.3% (95% CI 12.5%-18.1%)
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Figure 4. Neuraminidase
antibody titers measured by using
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distribution. Dotted gray horizontal line indicates limit of detection. 11V3, Fluarix trivalent inactivated influenza vaccine (GlaxoSmithKline
Biologicals, https://www.gsk.com); LAIV, FluMist live attenuated influenza vaccine (AstraZeneca, https://www.astrazeneca.com); RIV,
Flublok recombinant influenza vaccine (Sanofi, https://www.sanofi.com).

(Table 2). In contrast, ferrets immunized with LAIV
displayed milder symptoms with less frequent nasal
discharge and sneezing, characterized by a lower av-
erage maximum temperature rise and lethargy score,
along with a maximum weight loss of 6.2% (95% CI
2.5%-9.9%; p = 0.0292). Those vaccinated with RIV
and IIV3 also demonstrated limited protection and
reduced frequency of nasal discharge and sneezing;
although their maximum weight loss of 9.3% (95%
CI 6.2%-12.3%) in the RIV group and 13.6% (95% CI
8.9%-18.2%) in the IIV3 group were not significantly
less than the mock-immunized group (RIV, p = 0.083;
IIV3, p = 0.84). Each group recovered significantly
more weight than did mock-immunized groups after

7 DPI (onday 7, p =7.9 x 107 for LAIV, p =1.6 x 10”7
for RIV, and p = 0.006 for 11V3) (Figure 6, panel A).

Vaccine Protection Against H5N1 Virus Replication
and Shedding

Next, we evaluated the effect of seasonal influenza
vaccination on viral replication and shedding after
infection with H5N1 MI/24 virus in ferrets. As we
demonstrated (Figure 6, panel B), ferrets in the mock
group shed infectious virus above a GMT of 10°2
PFU/mL through 4 DPI and maintained a GMT of
~10*2> PFU/mL at 6 DPI, whereas ferrets vaccinated
with LAIV exhibited significantly lower level of in-
fectious virus in the NW (4 DPI, p = 2x 107), with

Table 2. Pathogenicity of A(H5N1) influenza virus in naive and vaccinated ferrets in study of the effect of seasonal human influenza
vaccination on pathogenesis of human influenza A(H5N1) clade 2.3.4.4b virus in the ferret model*

Vaccine group Mean maximum weight loss, % Mean temperature rise, °C RII Mean log+o peak titer
Mock 15.3 (12.5-18.1) 2.2 (2.0-2.4) 1.4 5.8 (5.4-6.2)
LAIV 6.2 (2.5-9.9) 1.2 (0.7-1.7) 1.0 4.5 (3.9-5.0)
RIV 9.3 (6.2-12.3) 1.2(1.1-1.4) 1.1 5.6 (5.3-5.9)
1\ 13.6 (8.9-18.2) 1.2 (1.0-1.4) 1.1 5.9 (5.5-6.3)

*Values in parentheses are 95% Cls. n = 6 ferrets per vaccine group, n = 12 ferrets in the mock group. The maximum values for each individual ferret
were used to calculate maximum weight loss, temperature, and virus titer in nasal washes.lIV3, Fluarix vaccine (GlaxoSmithKline Biologicals,
https://www.gsk.com); LAIV, FluMist vaccine (AstraZeneca, https://www.astrazeneca.com); R, relative inactivity index; RIV, Flublok vaccine (Sanofi,

https://www.sanofi.com).
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GMT of 10*442 PFU/mL on 1-4 DPI, and cleared the
virus by 6 DPI (Figure 6, panel B). Ferrets vaccinated
with 1IV3 and RIV shed comparable amounts of vi-
rus through 4 DPI; however, both groups displayed a
major reduction in viral shedding by 6 DPI, with no
detectable virus present by 8 DPI. Beyond virus shed-
ding in the NW specimens, the MI/24 virus was capa-
ble of replicating in both the upper and lower respi-
ratory tract, as well as extrapulmonary tissues such
as the olfactory bulb and brain, which was consistent
with previous findings (24). Compared with the mock
group, all 3 vaccinated groups exhibited similar lev-
els of viral replication in the ethmoid turbinate, soft
palate, the olfactory bulb, and brain tissues at 3 DPI.
Of note, ferrets in the LAIV group had significantly
reduced infectious virus levels in the nasal turbinates
(p = 0.004, relative to the mock-immunized group),
trachea (p = 0.004), and lung (p = 0.043); only 1 of 3
LAIV-vaccinated ferrets had low levels of virus (10'#
PFU/g) in the trachea, and none of the ferrets in this
group showed detectable virus in the lung (Figure 6,
panel C). In contrast, both IIV3 and RIV vaccination
did not result in substantial effects on viral replication
or detection frequency across respiratory tract and ex-
trapulmonary tissues (Figure 6, panel C).
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12,000+

0
p<0.001

10,000
8,000+
6,000+
4,000+

Mean influorescence
intensity

2,000+

& - -

1IvV3
Figure 5. Nucleoprotein antibody titers for A/
Brisbane/10/2007(H3N2) virus measured by using multiplex
influenza antibody detection assay in study of the effect of seasonal
influenza vaccines on influenza A(H5N1) clade 2.3.4.4b virus
infection in ferrets. n = 6 ferrets per vaccinated group, n = 12 ferrets
in the mock vaccinated group. Colored dots indicate individual
values, horizontal lines within boxes represent geometric mean
titers, box tops and bottoms indicate interquartile ranges, and

error bars indicate limits of the distribution. Dotted gray horizontal
line indicates limit of detection. 11V3, Fluarix trivalent inactivated
influenza vaccine (GlaxoSmithKline Biologicals, https://www.gsk.
com); LAIV, FluMist live attenuated influenza vaccine (AstraZeneca,
https://www.astrazeneca.com); RIV, Flublok recombinant influenza
vaccine (Sanofi, https://www.sanofi.com).

Mock LAIV ~ RIV
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Discussion

In this article, we demonstrate that immunization of
naive ferrets with commercially available vaccines
against human seasonal influenza confers some cross-
protection against infection and disease caused by
HPAI H5N1 virus. This evidence of cross-protection
is consistent with previous observations that prior in-
fection of ferrets with pH1N1 virus provides a degree
of cross-protection against subsequent infection with
HPAI H5N1 virus (21). Although human seasonal
influenza vaccines confer protection against disease
without the risks associated with natural influenza
virus infection, the immunity that is induced in vac-
cinated persons is less potent and less cross-reactive
than immunity induced by natural infection (32-34).
Our findings indicate that despite minimal detectable
cross-reactive anti-H5 responses, commercially avail-
able influenza vaccines can reduce disease severity in
immunologically naive H5SN1-infected ferrets.

Vaccination of naive ferrets with LAIV, RIV, or
IIV3 induced serologic responses against the vaccine
antigens, as expected. No cross-reactive response
against H5 was detected after vaccination (Figures
1, 3). H5 and H1 HAs are in the same phylogenetic
group and cross-reactive antibodies that recognize
both H1 and H5 were identified, which includes both
antibodies that react with the relatively conserved
stalk region of HA (35) and some that interact with
the less conserved globular head (36-38). Both LAIV
and RIV immunization did induce binding antibod-
ies against the stalk region from H1 (Figure 3). Titers
of those antibodies increased after H5N1 infection,
whereas those against the globular head region of H1
and H3 waned, demonstrating that serologic cross-
reactivity between H5 and H1 is mainly limited to the
stalk region (Figure 3).

H5N1 viruses share an NA subtype with the
pHINT1, and antibodies against N1 from both human
HIN1 and HPAI H5N1 have been identified after in-
fection with pHIN1 (39-41). Because of the shared
NA subtype, substantial cross-reactive binding anti-
bodies to N1 NA of H6N1 2.3.4.4b A have been detect-
ed in the human population (5; Z.-N. Li et al., unpub.
data). Some ferrets vaccinated with LAIV and IIV3
did develop low but detectable cross-reactive bind-
ing antibodies against N1 from H5N1 clade 2.3.4.4b
virus, and antibodies against N1 from pH1N1 virus
were somewhat boosted by H5N1 infection (Figures
2, 4), again demonstrating cross-reactivity between
these antigens. The RIV vaccine contains no NA and
therefore did not induce any anti-NA response.

Despite the low cross-reactive response induced
by the vaccines, vaccination still conferred some
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Figure 6. Body weight and influenza A(H5N1) clade 2.3.4.4b viral titers from nasal wash and tissue samples collected during study of the
effect of seasonal influenza vaccines on clade 2.3.4.4b H5N1 virus infection in ferrets. n = 6 ferrets per vaccinated group, n = 12 ferrets

in the mock vaccinated group. A) Body weights were monitored for 14 days postinfection and scaled to each ferret's weight on day 0. We
assessed p values relative to the mock-infected group by using a linear mixed model with repeated measures in R with ImerTest version
3.1.3 (The R Project for Statistical Computing, https://www.r-project.org); p values are indicated in colors matching the relevant body
weight traces. Lines are plotted as means + SDs. B) We collected nasal washes with phosphate buffered saline and measured the amount
of virus by standard plaque formation assays. We assessed p values by using a linear mixed model with repeated measures in R with
ImerTest version 3.1.3. C) Three days after infection, we euthanized 3 ferrets per immunized group and 6 ferrets in the mock control group.
We measured the amount of virus present in each tissue sample by standard plaque formation assay and assessed p values relative to
the mock-infected group. In panels B and C, colored dots indicate individual values, horizontal lines within boxes represent geometric
mean titers, box tops and bottoms indicate interquartile ranges, and error bars indicate limits of the distribution. Dotted gray horizontal line
indicates limit of detection. 1IV3, Fluarix trivalent inactivated influenza vaccine (GlaxoSmithKline Biologicals, https://www.gsk.com); LAIV,
FluMist live attenuated influenza vaccine (AstraZeneca, https://www.astrazeneca.com); RIV, Flublok recombinant influenza vaccine (Sanofi,
https://www.sanofi.com).
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protection against H5N1 disease in ferrets. LAIV,
which induced both antistalk antibodies and cross-re-
active anti-N1 antibodies, gave the strongest protec-
tion against disease and reduced virus shedding. RIV,
which induced antistalk HA antibodies but no anti-
NA response, also provided some protection against
weight loss and reduced the duration of virus shed-
ding. IIV3, which induced only low levels of antistalk
HA antibodies but did induce cross-reactive N1 an-
tibodies, provided limited protection against weight
loss and reduced the duration of virus shedding.

In addition, both LAIV and IIV3 were able to in-
duce antibodies against NP, which is relatively con-
served across different IAV subtypes, and NP anti-
bodies might also contribute to cross-protection 42).
Cell-mediated immunity against influenza might be
more broadly cross-protective against disease than an-
tibodies because T-cell responses often target highly
conserved internal proteins such as NP (43). Although
both LAIV and IIV3 immunization induce T-cell re-
sponses, cell-mediated immune responses to inacti-
vated vaccines are expected to be low and to target
mainly the less conserved HA and NA, because NP
and other internal proteins are only present at low and
variable levels. The same is true for RIV, which does
not include any influenza antigens other than HA.

Immunization with LAIV leads to some replica-
tion of the attenuated vaccine virus in the nasal cav-
ity and induces localized inflammation and cytokine
expression (44). Although we waited for 24 days after
the last immunization before challenging ferrets with
H5NT1, it is possible that low-level localized inflamma-
tion might have contributed some nonspecific protec-
tion against infection. However, the IM-administered
RIV vaccine also conferred major protection against
disease, although its effect on virus shedding was
more limited, suggesting that nonspecific local im-
munity alone was not required for cross-protection.

The findings that both prior human seasonal
IAV infection and vaccination with commercially
available human seasonal influenza vaccines confers
some cross-protection against disease caused by the
B3.13 genotype H5NT1 in the ferret model is intrigu-
ing. However, unlike most adult humans who receive
seasonal influenza vaccination, the laboratory ferrets
used in this study are completely naive to influenza,
and their response to the vaccines might not fully
reflect the adult human response. The function and
extent of cross-protection between immunity to hu-
man seasonal viruses and potentially zoonotic HPAI
requires further investigation, particularly given the
complex landscape of existing IAV immunity in the
general population and its potential influence on

1958

the immune response elicited by seasonal influenza
vaccination. This consideration is especially true for
LAIV. Despite the cross-protection against the H5N1
virus observed in LAIV-vaccinated ferrets, the abil-
ity of LAIV to replicate in the upper respiratory tract
of humans with existing immunity and to elicit anti-
body response is limited (45).

In conclusion, this study demonstrates that sea-
sonal influenza vaccination can potentially provide
cross-protection against the B3.13 genotype of H5N1
virus. Although the applicability to humans is cur-
rently unknown, revealing this benefit in the naive
ferret model is a crucial step to further exploring the
benefits of seasonal influenza vaccination in reducing
the effects of HPAI H5N1 in human populations.

About the Author

Dr. Sun is a microbiologist in the Influenza Division,
National Center for Immunization and Respiratory
Diseases, Centers for Disease Control and Prevention.
Her research primarily focuses on using the ferret
model to understand influenza virus pathogenicity
and transmissibility.

References

1. Centers for Disease Control and Prevention. Estimated range
of annual burden of flu in the US from 2010-2024. 2025
[cited 2025 Mar 30]. https:/ /www.cdc.gov/flu-burden/php/
about/index.html

2. Kang M, Wang L-F, Sun B-W, Wan W-B, Ji X, Baele G,
et al. Zoonotic infections by avian influenza virus:
changing global epidemiology, investigation, and control.
Lancet Infect Dis. 2024;24:e522-31. https:/ /doi.org/10.1016/
51473-3099(24)00234-2

3. Lee C-Y. Exploring potential intermediates in the cross-
species transmission of influenza A virus to humans. Viruses.
2024;16:1129. https:/ /doi.org/10.3390/v16071129

4. Patel MM, York IA, Monto AS, Thompson MG, Fry AM.
Immune-mediated attenuation of influenza illness after
infection: opportunities and challenges. Lancet Microbe. 2021;
2:€715-25. https:/ /doi.org/10.1016/52666-5247(21)00180-4

5. Wang W, Chen X, Wang Y, Lai S, Yang ], Cowling B]J, et al.
Serological evidence of human infection with avian influenza
A (H7NY) virus: a systematic review and meta-analysis.
J Infect Dis. 2022;226:70-82. https:/ /doi.org/10.1093/infdis/
jiaa679

6. The Lancet Infectious Diseases. What is the pandemic
potential of avian influenza A(H5N1)? Lancet Infect Dis.
2024;24:437. https:/ /doi.org/10.1016 /S1473-3099(24)00238-X

7. Claas EC, Osterhaus AD, van Beek R, De Jong JC,
Rimmelzwaan GF, Senne DA, et al. Human influenza A
H5NT1 virus related to a highly pathogenic avian influenza
virus. Lancet. 1998;351:472-7. https:/ /doi.org/10.1016/
50140-6736(97)11212-0

8. Bevins SN, Shriner SA, Cumbee JC Jr, Dilione KE,
Douglass KE, Ellis JW, et al. Intercontinental movement
of highly pathogenic avian influenza A(H5N1) clade 2.3.
4.4 virus to the United States, 2021. Emerg Infect Dis.
2022;28:1006-11. https:/ / doi.org/10.3201/eid2805.220318

Emerging Infectious Diseases « www.cdc.gov/eid * Vol. 31, No. 10, October 2025



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Caliendo V, Lewis NS, Pohlmann A, Baillie SR, Banyard AC,
Beer M, et al. Transatlantic spread of highly pathogenic avian
influenza H5N1 by wild birds from Europe to North America
in 2021. Sci Rep. 2022;12:11729. https:/ /doi.org/10.1038/
s41598-022-13447-z

Hu X, Saxena A, Magstadt DR, Gauger PC, Burrough ER,
Zhang ], et al. Genomic characterization of highly pathogenic
avian influenza A H5N1 virus newly emerged in dairy cattle.
Emerg Microbes Infect. 2024;13:2380421. https:/ /doi.org/
10.1080/22221751.2024.2380421

Centers for Disease Control and Prevention. USDA reported
H5NT1 bird flu detections in poultry. 2025 [cited 2025 Mar 30].
https:/ /www.cdc.gov/bird-flu/situation-summary/
data-map-commercial.html

Centers for Disease Control and Prevention. CDC A(H5NT1)
bird flu response update March 19, 2025. 2025 [cited 2025
Mar 19]. https:/ /www.cdc.gov/bird-flu/spotlights/
h5n1-response-03192025.html

World Health Organization. Avian influenza A(H5N1) virus.
2024 [cited 2025 Mar 30]. https:/ /www.who.int/teams/
global-influenza-programme/avian-influenza/
avian-a-h5nl-virus

World Health Organization. Cumulative number of
confirmed human cases for avian influenza A(H5N1)
reported to WHO, 2003-2025. 2025 Jan 20 [cited 2025

Jan 20]. https:/ /www.who.int/ publications/m/item/
cumulative-number-of-confirmed-human-cases-for-avian-
influenza-a(h5n1)-reported-to-who-2003-2021-15-april-2021
Uyeki TM, Milton S, Abdul Hamid C, Reinoso Webb C,
Presley SM, Shetty V, et al. Highly pathogenic avian
influenza A (H5N1) virus infection in a dairy farm worker.
N Engl ] Med. 2024;390:2028-9. https:/ /doi.org/10.1056/
NEJMc2405371

Zhu S, Harriman K, Liu C, Kraushaar V, Hoover C, Shim K,
et al.; California Department of Public Health H5 Laboratory
Response Team. Human cases of highly pathogenic avian
influenza A(H5N1)— California, September-December 2024.
MMWR Morb Mortal Wkly Rep. 2025;74:127-33.

https:/ /doi.org/10.15585/ mmwr.mm?7408al

Belser JA, Katz JM, Tumpey TM. The ferret as a model
organism to study influenza A virus infection. Dis Model
Mech. 2011;4:575-9. https:/ /doi.org/10.1242/dmm.007823
Eisfeld AJ, Biswas A, Guan L, Gu C, Maemura T, Trifkovic S,
et al. Pathogenicity and transmissibility of bovine H5N1
influenza virus. Nature. 2024;633:426-32. https:/ /doi.org/
10.1038/s41586-024-07766-6

Pulit-Penaloza JA, Belser JA, Brock N, Kieran TJ, Sun X,
Pappas C, et al. Transmission of a human isolate of clade
2.3.4.4b A(H5NT1) virus in ferrets. Nature. 2024;636:705-10.
https:/ /doi.org/10.1038 /s41586-024-08246-7

Le Sage V, Werner BD, Merrbach GA, Petnuch SE,
O’Connell AK, Simmons HC, et al. Influenza A (H5N1)
immune response among ferrets with influenza A(HINT1)
pdm09 immunity. Emerg Infect Dis. 2025;31:477-87.

https:/ /doi.org/10.3201/eid3103.241485

Sun X, Belser JA, Li Z-N, Brock N, Pulit-Penaloza JA,

Kieran TJ, et al. Effect of prior influenza A(HIN1)pdm09
virus infection on pathogenesis and transmission of human
influenza A(H5NT1) clade 2.3. 4.4 b virus in ferret model.
Emerg Infect Dis. 2025;31:458-66. https:/ /doi.org/10.3201/
€id3103.241489

Eichelberger MC, Morens DM, Taubenberger JK.
Neuraminidase as an influenza vaccine antigen: a low
hanging fruit, ready for picking to improve vaccine
effectiveness. Curr Opin Immunol. 2018;53:38-44.

https:/ /doi.org/10.1016/j.c0i.2018.03.025

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 31, No. 10, October 2025

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Effect of Influenza Vaccines on H5N1 in Ferrets

Centers for Disease Control and Prevention. Technical
report: June 2024 highly pathogenic avian influenza A
(H5NT1) viruses. 2024 [cited 2024 Jun 05https:/ /www.cdc.gov/
bird-flu/ php/technical-report/h5n1-06052024.html

Brock N, Pulit-Penaloza JA, Belser JA, Pappas C, Sun X,
Kieran TJ, et al. Avian influenza A(H5NT1) isolated

from dairy farm worker, Michigan. Emerg Infect Dis.
2025;31:1253-6. https:/ /doi.org/10.3201/eid3106.250386
Belser JA, Eckert AM, Huynh T, Gary JM, Ritter JM,
Tumpey TM, et al. A guide for the use of the ferret model
for influenza virus infection. Am J Pathol. 2020;190:11-24.
https://doi.org/10.1016/j.ajpath.2019.09.017

Huang SS, Banner D, Fang Y, Ng DC, Kanagasabai T,
Kelvin DJ, et al. Comparative analyses of pandemic HIN1
and seasonal HIN1, H3N2, and influenza B infections depict
distinct clinical pictures in ferrets. PLoS One. 2011;6:€27512.
https:/ /doi.org/10.1371/journal.pone.0027512

Reuman PD, Keely S, Schiff GM. Assessment of signs of
influenza illness in the ferret model. ] Virol Methods.
1989,24:27-34. https:/ /doi.org/10.1016/0166-0934(89)90004-9
World Health Organization. WHO manual on animal
influenza diagnosis and surveillance. 2002 [cited 2024 Nov
20]. https:/ /iris.who.int/handle/10665/ 68026

Levine MZ, Liu F, Bagdasarian N, Holiday C, Jefferson S,
Li Z-N, et al. Neutralizing antibody response to influenza
A(H5NT1) virus in dairy farm workers, Michigan, USA.
Emerg Infect Dis. 2025;31:876-8. https:/ /doi.org/10.3201/
€id3104.250007

Smith GE, Sun X, Bai Y, Liu YV, Massare M], Pearce MB,

et al. Neuraminidase-based recombinant virus-like
particles protect against lethal avian influenza A(H5N1)
virus infection in ferrets. Virology. 2017;509:90-7.

https:/ /doi.org/10.1016/j.virol.2017.06.006

Li ZN, Cheng E, Poirot E, Weber KM, Carney P, Chang ],

et al. Identification of novel influenza A virus exposures by
an improved high-throughput multiplex MAGPIX platform
and serum adsorption. Influenza Other Respir Viruses.
2020;14:129-41. https:/ /doi.org/10.1111/irv.12695

Centers for Disease Control and Prevention. Past seasons
vaccine effectiveness estimates. 2021 [cited 2025 Mar 30].
https:/ /www.cdc.gov/flu-vaccines-work/php/
effectiveness-studies/ past-seasons-estimates.html
Krammer F. The human antibody response to influenza

A virus infection and vaccination. Nat Rev Immunol.
2019;19:383-97. https:/ /doi.org/10.1038 /s41577-019-0143-6
Kubo M, Miyauchi K. Breadth of antibody responses
during influenza virus infection and vaccination. Trends
Immunol. 2020;41:394-405. https:/ /doi.org/10.1016/
j-it.2020.03.005

Andrews SF, Cominsky LY, Shimberg GD, Gillespie RA,
Gorman J, Raab JE, et al. An influenza H1 hemagglutinin
stem-only immunogen elicits a broadly cross-reactive B

cell response in humans. Sci Transl Med. 2023;15:eade4976.
https:/ /doi.org/10.1126 / scitranslmed.ade4976

Yoshida R, Igarashi M, Ozaki H, Kishida N, Tomabechi D,
Kida H, et al. Cross-protective potential of a novel
monoclonal antibody directed against antigenic site B

of the hemagglutinin of influenza A viruses. PLoS

Pathog. 2009; 5:1000350. https:/ /doi.org/10.1371/
journal.ppat. 1000350

Ekiert DC, Kashyap AK, Steel ], Rubrum A, Bhabha G,
Khayat R, et al. Cross-neutralization of influenza A viruses
mediated by a single antibody loop. Nature. 2012;489:526-32.
https:/ /doi.org/10.1038 /nature11414

Li T, Chen ], Zheng Q, Xue W, Zhang L, Rong R, et al. Identi-
fication of a cross-neutralizing antibody that targets

1959



RESEARCH

39.

40.

41.

42.

1960

the receptor binding site of HIN1 and H5N1 influenza
viruses. Nat Commun. 2022;13:5182. https://doi.org/
10.1038/s41467-022-32926-5

Daulagala P, Cheng SMS, Chin A, Luk LLH, Leung K,
Wu JT, et al. Avian influenza A(H5N1) neuraminidase
inhibition antibodies in healthy adults after exposure to

influenza A(HIN1)pdm09. Emerg Infect Dis. 2024;30:168-71.

https:/ /doi.org/10.3201/eid3001.230756

Hansen L, McMahon M, Turner HL, Zhu X, Turner JS,
Ozorowski G, et al. Human anti-N1 monoclonal antibodies
elicited by pandemic HINT1 virus infection broadly inhibit
HxNT1 viruses in vitro and in vivo. Immunity. 2023;56:1927-
1938.e8. https:/ /doi.org/10.1016/j.immuni.2023.07.004
Chen Y-Q, Wohlbold TJ, Zheng N-Y, Huang M, Huang Y,
Neu KE, et al. Influenza infection in humans induces
broadly cross-reactive and protective neuraminidase-
reactive antibodies. Cell. 2018;173:417-429.e10.

https:/ /doi.org/10.1016/j.cell.2018.03.030

Carragher DM, Kaminski DA, Moquin A, Hartson L,
Randall TD. A novel role for non-neutralizing antibodies

43.

44.

45.

against nucleoprotein in facilitating resistance to

influenza virus. ] Immunol. 2008;181:4168-76.

https:/ /doi.org/10.4049/jimmunol.181.6.4168

Sidney J, Kim A-R, de Vries RD, Peters B, Meade PS,
Krammer F, et al. Targets of influenza human T-cell response
are mostly conserved in H5N1. MBio. 2025;16:€0347924.
https:/ /doi.org/10.1128 /mbio.03479-24

Barria MI, Garrido JL, Stein C, Scher E, Ge Y, Engel SM,

et al. Localized mucosal response to intranasal live
attenuated influenza vaccine in adults. J Infect Dis.
2013;207:115-24. https:/ / doi.org/10.1093/infdis /jis641
Mohn KG-I, Smith I, Sjursen H, Cox R]. Immune responses
after live attenuated influenza vaccination. Hum Vaccin
Immunother. 2018;14:571-8. https:/ /doi.org/10.1080/
21645515.2017.1377376

Address for correspondence: Ian A. York, Centers for Disease
Control and Prevention, 1600 Clifton Rd NE, Mailstop H17-5,
Atlanta, GA 30329-4018, USA; email: itel@cdc.gov

August 2025

Mpox and Other Viral Diseases

e A Roadmap of Primary
Pandemic Prevention Through
Spillover Investigation

* Preparedness and Response
Considerations for High-
Consequence Infectious
Disease

e Emergence of Clade Ib
Monkeypox Virus—Current
State of Evidence

e Surveillance of Viral
Respiratory Infections within
Maximum-Security Prison,
Australia

¢ Transmission Dynamics of
Highly Pathogenic Avian
Influenza A(H5N1) and
A(H5N®B) Viruses in Wild Birds,
South Korea, 2023-2024

2023-2024

e Variance among Public Health
Agencies’ Boil Water Guidance

e Recombinant Myxoma Virus
in European Brown Hares,

¢ Rapid Emergence and Evolution
of SARS-CoV-2 Intrahost
Variants among COVID-19
Patients with Prolonged
Infections, Singapore

e Estimated COVID-19
Periodicity and Correlation
with SARS-CoV-2 Spike
Protein S1 Antigenic Diversity,
United States

e Group A Streptococcus among
American Indian Persons,
White Mountain Apache
Tribal Lands, United States,
2016-2019

e Multidisciplinary Tracking
of Highly Pathogenic Avian
Influenza A(H5N1) Outbreak
in Griffon Vultures,
Southern Europe, 2022

e Scheffersomyces spartinae
Fungemia among Pediatric
Patients, Pakistan, 2020-2024

e ACE2 Receptor Usage across
Animal Species by SARS-CoV-2
Variants

EMERGING
INFECTIOUS DISEASES

To revisit the August 2025 issue, go to:
https://wwwnc.cdc.gov/eid/articles/issue/31/8/table-of-contents

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 31, No. 10, October 2025



