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In March 2024, the US Department of Agriculture’s
Animal and Plant Health Inspection Service reported
detection of highly pathogenic avian influenza (HPAI)
A(H5N1) virus in dairy cattle in the United States for
the first time. One factor that determines susceptibil-
ity to HPAI H5N1 infection is the presence of specific
virus receptors on host cells; however, little is known
about the distribution of the sialic acid (SA) receptors in
dairy cattle, particularly in mammary glands. We com-
pared the distribution of SA receptors in the respira-
tory tract and mammary gland of dairy cattle naturally
infected with HPAI H5N1. The respiratory and mam-
mary glands of HPAlI H5N1—infected dairy cattle are
rich in SA, particularly avian influenza virus—specific
SA a2,3-gal. Mammary gland tissues co-stained with
sialic acids and influenza A virus nucleoprotein showed
predominant co-localization with the virus and SA a2,3-
gal. HPAI H5N1 exhibited epitheliotropism within the
mammary gland, and we observed rare immunolabel-
ing within macrophages.

he recent discovery that dairy cattle can be infect-

ed by highly pathogenic avian influenza (HPAI)
virus of the H5N1 subtype (1,2), in combination with
the virus’s propensity to replicate in the mammary
gland, has raised many questions and is causing fresh
concerns about HPAI H5N1 spread (3). Detection of
high levels of viral RNA in the milk during the acute
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stage of infection (1) has triggered public health alerts
and premovement testing requirements (4), and has
suggested the potential for the presence of the virus
in unpasteurized milk.

HPAI H5N1 clade 2.3.4.4b virus was first detected
in wild birds in the United States in late 2021 (5-7) and
spread widely across North America (7,8). In early 2022,
HPAI H5N1 virus began causing outbreaks in commer-
cial and backyard poultry flocks. The US Department of
Agriculture’s Animal and Plant Health Inspection Ser-
vice reported >6,400 cases in wild birds in 49 states and
>790 backyard flocks in 47 states during January 2022-
March 2023 (7). The widespread distribution of HPAI
H5N1 virus eventually spilled into multiple mammal
species within those areas, often presumably because
of the consumption of infected wild birds (8). By the
end of 2023, HPAI H5N1 had been reported in >20 dif-
ferent mammal species in the United States (9). Dairy
cattle were affected in the spring of 2024, when multiple
dairy herds were determined to be positive for HPAI
H5NI1 clade 2.3.4.4b virus (1,2). On the basis of genetic
sequencing, this introduction into dairy cattle is thought
to be from a wild bird source (1,2).

A major determinant of a virus-host range is re-
ceptor availability (9,10). Influenza A viruses (IAVs)
use host sialic acids as their receptors for initial attach-
ment and entry into the cells. Sialic acids (SAs) are a
diverse group of 9-carbon carboxylated monosaccha-
rides synthesized in animal species. IAVs from avian
species have been shown to preferentially bind to SA
receptors linked to galactose by an a2,3-galactose
linkage (SA a2,3-gal). More specifically, IAVs from
chickens preferentially bound to SA a2,3-gal-p (1-4)
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N-acetylglucosamine (GlcNAc), whereas IAVs from
ducks displayed a higher affinity for SA a2,3-gal-p
(1-3) N-acetylgalactosamine (GalNAc) (10). IAVs
originating from human and classical swine viruses
prefer SA receptors with an a2,6-galactose linkage
(SA a2,6-gal) (10-14). Various methods have been
used to characterize the SA receptor distribution pro-
files among multiple host species. Plant lectin binding
affinity toward SA is used to study SA distribution
in animal tissues (15). Plant lectins from the species
Sambucus nigra (SNA) are routinely used to detect
a2,6-linked SA; Maackia amurensis lectin-1 (MAL-I)
is used to detect SA a2,3-gal-p (1-4) GlcNAc and M.
amurensis lectin-II (MAL-II) to detect SA a2,3-gal-
(1-3) GalNAc.

We explored the presence and distribution of cel-
lular and receptor factors that enable HPAI H5N1 vi-
rus infection in Holstein dairy cattle. The previously
reported index cases highlighted a multifocal or seg-
mental distribution of IAV within provided mammary
gland samples (1). This type of distribution was of par-
ticular interest regarding potential binding sites within
the lactiferous tree. Specifically, our study reports the
expression and distribution of SA receptors using lec-
tin histochemistry and viral binding assay in the bovine
respiratory tract and mammary glands of dairy cattle
that were affected with HPAI H5N1 clade 2.3.4.4b virus
(A/dairy_cattle/Texas/24_009110). Our study seeks to
uncover the underlying reasons behind the uncommon
mammary gland infection by HPAI H5N1 virus.

Materials and Methods

Sample Collection

We used formalin-fixed and paraffin-embedded sec-
tions of trachea, lung, and mammary gland tissues,
as well as milk in EDTA tubes, from 2 adult Holstein
dairy cows in Texas, USA, diagnosed with HPAI
H5NT1 virus infection at the Iowa State University
Veterinary Diagnostic Laboratory (Ames, 1A, USA)
on March 2024 (1). The cows reportedly exhibited a
nonspecific illness, including reduced lactation and
thickened, yellow milk with a similar appearance to
colostrum. The diagnosis was based on detection of
HPAI H5N1 IAV by real-time reverse transcription
PCR (rRT-PCR) in the mammary gland and lung, as
well as by detecting IAV nucleoprotein by immuno-
histochemistry in the mammary glands (1). In addi-
tion, we confirmed affected tissue sections to be posi-
tive for [AV matrix gene nucleic acid by RN Ascope in
situ hybridization assay (Appendix Figure 1, https://
wwwnc.cdc.gov/EID/article/30/7/24-0689-Appl.
pdf). Testing of macroscopic and microscopic lesions,
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including IAV chromogenic immunohistochemis-
try and rRT-PCR, was previously described (1). The
mammary glands from the cows had a multifocal le-
sion pattern, which enabled the dissection of affected
and unaffected regions of the mammary gland. We
used unaffected regions as control tissue. To be clas-
sified as unaffected, the sections could not have any
inflammation or epithelial changes. In addition, unaf-
fected sections were required to have a negative IAV
immunohistochemistry result.

Cytologic Evaluation of Milk Sample

We used milk from EDTA tubes to make direct smears
onto cytocentrifuged slides. We performed cytocen-
trifugation of milk by using a Shandon Cytospin3
(ThermoFisher Scientific, https:/ /www.thermofisher.
com) at 72 g for 10 minutes (low acceleration). We pre-
pared air-dried slides and stained them with modified
Wright stain on an automated stainer (Siemens Health-
ineers, https://www.siemens-healthineers.com). We
determined differential cell counts under x1,000 origi-
nal magnification by counting 100 nucleated cells.

Fluorescently Labeled Dual Lectin and
Immunochemistry Staining

We characterized mammary tissues for sialic acids
by using an automated adaptation of a lectin histo-
chemistry assay previously described (16) combined
with influenza A nucleoprotein (IAV-Np) staining.
We sectioned formalin-fixed, paraffin-embedded tis-
sue sections of the bovine mammary gland at 4 pm
with placement on Superfrost Plus slides (VWR Inter-
national, https://www.vwr.com). We dried slides at
60°C for 20 minutes before deparaffinization and stain-
ing on the Ventana Discovery Ultra research platform
(Roche Diagnostics, https://diagnostics.roche.com).
We accomplished heat retrieval by using cell condi-
tioning solution at 100°C for 24 minutes (Roche Diag-
nostics). We blocked slides with 1X Carbo-Free block-
ing solution (Vector Laboratories, https:/ /vectorlabs.
com) for 32 minutes, then used a Streptavidin/Biotin
Blocking Kit (Vector Laboratories) with a separate ap-
plication each of 12 minutes. We incubated the sections
for 4 hours at room temperature with 1 of the 3 lectins
(SNA, MAL-I, MAL-II) from Vector Laboratories at the
specified concentrations (Appendix Table) (17), where
SNA is specific for a2,6-gal/ GalNAc, MAL-I is specific
for N-linked or O-linked glycans with SAa2,3-gal-p
(1-4) GlcNAc, and MAL-II is specific for O-linked
glycans with SA a2,3-gal-p (1-3) GalNAc. After lectin
incubation, we applied streptavidin conjugated with
Alexa Fluor 647 (ThermoFisher Scientific) and incu-
bated the sections for 2 hours at room temperature.

Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 30, No. 7, July 2024



We performed immunostaining with IAV-Np by in-
cubating sections with rabbit recombinant monoclonal
anti-nucleoprotein for IAV labeled with DyLight 594
(Novus Biologicals, https:/ /www.novusbio.com) for 4
hours at room temperature. We manually performed
counterstaining and mounting with Prolong Gold an-
tifade mountant with DAPI (ThermoFisher Scientific).
Negative assay controls consisted of primary lectin or
antibody omission. We evaluated nonspecific lectin
labeling by using sialidase-A treated sections (Appen-
dix). We performed positive lectin assay controls on
porcine tissues because lectin labeling has been pre-
viously established (17). We also performed positive
IAV-Np controls on porcine lung tissue with known
IAV infection status (data not shown). We performed
multicolor fluorescent staining by using lectin and
IAV-Np assay to aid co-labeling.

We conducted multicolor immunofluorescent
staining by using mouse monoclonal anti-human cy-
tokeratin, Clone AE1/AE3 (Agilent Technologies,
https:/ /www.agilent.com), and rabbit monoclonal
anti-ionized calcium binding adaptor molecule 1 (Ibal)
(Abcam, https://www.abcam.com), along with the
primary IAV-Np antibody previously described (Ap-
pendix Table). Modifications to this lectin-antibody
procedure include heat retrieval with cell conditioning
solution for 48 minutes at 100°C, replacing the lectin
with an antibody incubation at 37°C (Ibal at 60 min-
utes and cytokeratin at 32 minutes), as well as incuba-
tion of a Biotinylated Link from a Universal LSAB2 Kit
(Agilent Technologies) for 1 hour before application of
the streptavidin conjugate. We then examined slides
and imaged them by using a BX-53 Olympus trin-
ocular microscope equipped with an Olympus DP23
camera, Excelitas X-Cite mini+ compact illumination
system, and CellSyns Dimension software.

Results

We selected retrospectively collected respiratory tract
and mammary gland samples from 2 naturally infect-
ed lactating Holstein dairy cows with HPAI H5N1
virus infections for evaluation. The clinicopathologic
manifestations, detection methods, and sequencing
data pertaining to the dairy cows in this study have
been previously reported (1,2).

In brief, the HPAI H5N1 virus-infected mamma-
ry gland had acute multifocal moderate mastitis with
epithelial attenuation lining the secretory alveoli and
interlobular ducts, as well as intraluminal neutro-
philic inflammation (Figure 1, panel A, C). Immuno-
histochemistry for IAV-Np on the affected mammary
gland showed intranuclear and intracytoplasmic im-
munoreactivity in alveolar and interlobular ductal
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epithelial cells (Figure 1, panel B, D). We examined
the milk from the affected gland cytologically, which
had not previously been reported. Routine cytologic
assessment identified moderate to marked neutro-
philic and mild macrophagic inflammation consistent
with mastitis (Figure 1, panel E, F).

We considered the evaluation of bovine tissue
distribution for SA a2-3 and SA a2-6 receptors to be
warranted, given the detection of HPAI H5N1 virus
and lesion development in the dairy cows. We evalu-
ated the distribution of SA a2-3 and SA a2-6 recep-
tors in the respiratory and mammary tissues from the
cows through fluorescent and chromogenic-based
lectin histochemistry.

Both fluorescent and chromogenic lectin histo-
chemistry methodologies concur with the distribu-
tion of lectins (Table; Figures 2, 3). We only observed
SNA labeling in goblet cells, submucosal glands, and
intraepithelial and lamina proprial immune cells (sus-
pected to be lymphocytes) of the trachea and bronchi
(Figure 2; Figure 3, panels C, F). MAL-I and MAL-II
labeling was multifocal, weak to moderate, apical, and
membranous in the respiratory epithelium of the tra-
chea (Figure 2; Figure 3, panels A, B). MAL-Iand MAL-
I labeling in the tracheal and bronchial goblet cells
and submucosal glandular epithelial cells was intense,
granular, and cytoplasmic (Figure 2; Figure 3, panels A,
B, D, E). However, MAL-I and MAL-II labeling differed
in the bronchial respiratory epithelium, where MAL-I
labeling (Figure 2; Figure 3, panel D) was more diffuse,
whereas MAL-II labeling (Figure 2; Figure 3, panel E)
was multifocal. MAL-I (Figure 2; Figure 3, panels G, J)
and MAL-II (Figure 2; Figure 3, panels H, K) labeling of
the respiratory epithelium was similar in the bronchi-
oles and alveoli, where labeling was diffuse.

In the mammary gland, MAL-II (Figure 4; Figure
5, panels C, D) and SNA (Figure 4; Figure 5, panels E,
F) labeling were expressed in unaffected secretory al-
veoli. We only observed unaffected interlobular ducts
to have SNA labeling (Figure 4; Figure 5, panel F) but
observed no detectable MAL-I (Figure 4; Figure 5,
panels A, B) or IAV-Np labeling in unaffected mam-
mary gland sections. SNA labeling was moderate to
intense, granular to fibrillary, membranous to cyto-
plasmic, and predominately apically located within
the alveolar lining epithelium (Figure 4; Figure 5,
panel E), and the expression was abundant in the
epithelial cells lining the interlobular ducts (Figure 4;
Figure 5, panel F). MAL-II labeling was intense, fibril-
lary, membranous, and exclusively apical (Figure 4;
Figure 5, panel C), but we did not not observe MAL-
II labeling in interlobular duct epithelium (Figure 4;
Figure 5, panel D).
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Figure 1. Microscopic mammary
lesions of an index case in US
dairy cattle naturally infected with .
highly pathogenic avian influenza :
A(H5N1) virus clade 2.3.4.4b.

A) Mammary gland alveoli

show epithelial attenuation and
vacuolation (arrows), leading to
degeneration with intraluminal
sloughing and neutrophilic
intraluminal inflammation
(asterisk). Hematoxylin and
eosin stain. B) Mammary glad
alveoli show degenerative
epithelial cells (asterisks) and
strong intracytoplasmic and
nuclear immunoreactivity to
influenza A virus nucleoprotein.
C) Cuboidal epithelium lining of

attenuated (arrowheads) with
abundant intraluminal sloughing
and neutrophilic inflammation
(asterisk). Hematoxylin and
eosin stain. D) Interlobular

duct shows of attenuating and
degenerative epithelium by
intranuclear and cytoplasmic A
immunoreactivity (brown labeling) .« .~
with immunopositive intraluminal ;;;‘y:f(;
debris and inflammation (asterisk).. **
Scale bars indicate 200 um. ‘
E, F) Modified Wright's stained 4
representative cytology images of | & ﬁ 3
milk from a dairy cow with highly =
pathogenic avian influenza A(H5N1) virus infection, demonstrating moderate to marked neutrophilic inflammation (red arrows) with
low numbers of vacuolated macrophages (black arrows) among large numbers of lipid vacuoles. A 100-cell count was performed, and
nucleated cells were found to consist of 83% neutrophils, 12% macrophages, and 5% lymphocytes. Original magnifications x500 for
panel E and x1,000 for panel F.

Overall, lectin histochemistry results within unaf-
fected (i.e., respiratory tract and mammary gland) and
affected (i.e., mammary gland) tissues closely mirrored
fluorescent microscopic findings (Table). Not surpris-
ingly, the sensitivity and localization of labeling with
chromogenic, lectin-based assays were not as definitive

as fluorescent labeling. We detected no MAL-I labeling
in the mammary gland with lectin histochemistry.

As described previously, the HPAI H5N1 virus-
infected mammary gland had multifocal acute moder-
ate mastitis with prominent epithelial changes in the
secretory alveoli and ducts with sloughed intraluminal

Table. Distribution of «2,3 and a.2,6 receptors with influenza A virus nucleoprotein in the respiratory tract and mammary gland of US
dairy cattle naturally infected with highly pathogenic avian influenza A(H5N1) virus*

Site MAL-I MAL-II SNA IAV-Np
Respiratory tract
Tracheal epithelium + (mem, goblet) + (mem, goblet) +/- (goblet) -
Bronchial epithelium + (mem, goblet) + (mem, goblet) - -
Bronchiolar epithelium + (mem) + (mem) - -
Pneumocytes, alveolus + (mem) + (mem) - —
Mammary gland
Glandular epithelium - + (mem) + (mem) + (IN, IC)
Interlobular ductal epithelium - - + (mem) + (IN, IC)

*Goblet, goblet cells; IC, intracytoplasmic; IN, intranuclear; IAV-Np, influenza A virus nucleoprotein; MAL, Maackia amurensis lectin; mem, membranous;
SNA, Sambucus nigra lectin; —, no labeling observed; +, positive labeling.

ta2,3-gal-B (1-4) N-acetylglucosamine.

Fa2,3-gal-B (1-3) N-acetylgalactosamine.

§a.2,6-gal.

1364 Emerging Infectious Diseases * www.cdc.gov/eid « Vol. 30, No. 7, July 2024



epithelial cells, macrophages, and neutrophils (Figure
6, panel A). We used pancytokeratin (epithelial marker)
and Ibal (macrophage marker) to evaluate the intracel-
lular distribution of IAV-Np. We observed co-labeling
of IAV-Np labeling with pan-cytokeratin in cells lining
the secretory alveoli and interlobular ducts (Figure 6,
panels B, C). IAV-Np labeling was more widely dis-
tributed and intense in the secretory alveolar epithe-
lium than in the ductal epithelium. Some intraluminal
cells within secretory alveoli and ducts had both intra-
nuclear and cytoplasmic IAV-Np expression. Intralu-

IAV-Np/MAL |

B

Bronchus Trachea

Bronchiole

Alveoli

Dairy Cattle Infected with HPAI H5N1 Virus

minal cells are commonly labeled with pancytokeratin
(sloughed epithelial cells) and rare Ibal-positive cells
(macrophages) (Figure 6, panels B, D). Interstitial Ibal-
labeled cells did not have IAV-Np co-labeling (Figure
6, panel D). We observed co-labeling with intranuclear
IAV-Np labeling and MAL-II (Figure 7; Figure 8, panel
C) and SNA (Figure 7; Figure 8, panel E) in epithelial
cells lining the secretory alveoli. We observed only co-
labeling with intranuclear IAV-Np labeling and SNA
in the ductal epithelial cells (Figure 7; Figure 8, panel
F), given that we did not observe MAL-II labeling in

IAV-Np/SNA

Figure 2. Respiratory tract tissues from a US dairy cow infected with highly pathogenic avian influenza A(H5N1) virus, showing IAV-
Np (teal chromogen), individually duplexed with MAL-l (magenta chromogen), MAL-Il (magenta chromogen), and SNA (magenta
chromogen) using chromogenic staining. Representative images are shown for IAV-Np/MAL-I (A, D, G, J), IAV-Np/MAL-II (B, E, H,
K), and IAV-Np/SNA (C, F, I, L) are shown. No IAV-Np was observed in the unaffected respiratory tissue sections. Intense granular
to punctate labeling for MAL-I (A) and MAL-II (B) were observed within goblet cells (arrowheads), along the apical ciliated margin
(arrows), and glands of the trachea. SNA labeling (C) was confined to intraepithelial round cells (arrows), endothelium, and glands of

the trachea. Similar labeling for MAL-I (D) and MALII (E) was observed within the bronchial lumen within goblet cells (arrowheads) and
along the apical cell margin (arrows). SNA (F) labeling was only observed in rare goblet cells (arrowheads) and lamina proprial round
cells (arrows) in the bronchus. Bronchioles had diffuse, fine, fibrillary to apical membranous labeling (arrows) MAL-I (G) and MALII (H).
No substantial labeling was detected within the mucosal epithelial cells of bronchioles with SNA (). Diffuse, fine, apical membranous
labeling of pneumocytes lining alveoli was observed with MAL-I (J) and MAL-II (K) (arrows). SNA (L) labeling within the alveolar portions
of the lung was confined to endothelium and interstitial round cells. Scale bars indicate 200 um. IAV-Np, influenza A virus nucleoprotein;
MAL, Maackia amurensis lectin; SNA, Sambucus nigra lectin.
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the ducts (Figure 7; Figure 8, panel D). MAL-I label- Discussion

ing could not be detected with IAV-Np because MAL-I The presence of HPAI H5N1 virus in dairy cattle,
labeling was not observed in the secretory alveoli or more so in the mammary gland and milk, once again
ducts (Figure 7; Figure 8, panels A, B). highlights the importance of IAV adaptability to

Bronchus

Q
Q
=
(8]
=
o
S
o

Alveolus

Figure 3. Respiratory tract tissues from a US dairy cow infected with highly pathogenic avian influenza A(H5N1) virus, labeled with IAV-Np
(yellow pseudocolor, DyLight 594), individually duplexed with MAL-I (red pseudocolor, Alexa Fluor 647), MAL-II (red pseudocolor, Alexa Fluor
647), and SNA (red pseudocolor, Alexa Fluor 647) using fluorescent staining. Representative merged images are shown for IAV-Np and MAL-I
(A, D, G, J), IAV-Np and MAL-II (B, E, H, K), and IAV-Np and SNA (C, F, I, L). IAV-Np labeling was not detected within the respiratory tissue
sections. Intense, granular to punctate, cytoplasmic MAL-I, MAL-Il, and SNA labeling was observed in goblet cells (arrowheads) and glands
of the trachea (A-C). Similar goblet cell labeling (arrowheads) for MAL-I (D) and MAL-II (E) was observed in the bronchi with weak SNA
labeling (F). Multifocal, moderate, fibrillar, apical, membranous MAL-I (A) and MAL-II (B) labeling (white arrows) was observed on the tracheal
epithelium. The respiratory epithelium of the bronchi, bronchioles, and alveoli had diffuse, moderate to intense, apical, fibrillar MAL-I labeling
(white arrows) (D, G, J). The respiratory epithelium of the bronchi had multifocal, moderate, fibrillar, apical MAL-II labeling (white arrows) (E).
The respiratory epithelium of the bronchioles and alveoli had diffuse MAL-II labeling (white arrows) (H, K). Intraluminal secretory material
(asterisks) in the bronchi and bronchioles were intensely labeled with MAL-l and MAL-II (G, H). Membranous, granular SNA labeling (yellow
arrows) was observed in intraepithelial and lamina proprial round cells in the trachea and bronchi (C, F). Scale bars indicate 50 um. IAV-Np,
influenza A virus nucleoprotein; MAL, Maackia amurensis lectin; SNA, Sambucus nigra lectin.
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Figure 4. Unaffected region of
the mammary gland from a US
dairy cow infected with highly
pathogenic avian influenza
A(H5N1) virus, showing
IAV-Np (teal chromogen),
individually duplexed with
MAL-I (magenta chromogen),
MAL-II (magenta chromogen),
and SNA (magenta chromogen)
using chromogenic staining.
Representative images of IAV-
Np/MAL-I (A, B), IAV-Np/MAL-II
(C, D), and IAV-Np/SNA (E, F)
showing no |AV-Np labeling
within unaffected mammary
gland tissue sections. No
MAL-I was detected in the
mammary glandular (A) or
interlobular duct epithelium
(B). Within the alveolar gland
epithelium, intense, granular,
fibrillar labeling (arrows) of

the apical portion labeling of
MAL-II (C) was noted, with no
epithelial labeling within the
interlobular duct (D). Multifocal,
strong, punctate, apical
labeling (arrows) with SNA was
observed within the mammary
glandular epithelium (E). Scant

IAV-Np/MAL |

IAV-Np/MAL I

IAV-Np/SNA

Mammary gland, secretory alveoli

Dairy Cattle Infected with HPAI H5N1 Virus

Mammary gland, interlobular duct

B

apical labeling (arrow) was observed within the interlobular ductal epithelium with SNA (F). Scale bars indicate 200 um. IAV-Np,
influenza A virus nucleoprotein; MAL, Maackia amurensis lectin; SNA, Sambucus nigra lectin.

other nontraditional species and cross-species trans-
mission. This finding reiterates the need for active
IAV surveillance efforts in animal species. Like coro-
naviruses, IAVs have a broad host range involving
avian and mammal species. RNA viruses are inher-
ently error-prone, and infection of new host species
gives the virus additional opportunities to replicate
and subsequently mutate to be better adapt to novel
hosts. Another contributing factor to the broad host
range of IAV is the presence of virus SA receptors.
Many RNA and DNA viruses, including SARS-CoV-2
(co-receptor), use SA as host receptors for initial at-
tachment and entry into the cells (18).

In general, IAVs originating from humans and
swine preferentially bind to SA linked to galactose
through a2,6 linkage (14,19), whereas the IAVs of avi-
an and equine species preferentially bind to SA linked
to galactose through a2,3 linkage (10,20,21). The sus-
ceptibility of a host to IAV infection is determined by
the type of SA receptor present on the host cell sur-
face, along with other host factors. Previous studies
indicated that the HPAI H5N1 virus preferentially
binds to a2,3-linked SA receptors (22-24) and is ex-
pressed abundantly in avian upper airways and their
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gastrointestinal tracts (20,21). IAV strains established
in mammals, particularly in humans and swine, ex-
hibit a higher tropism or affinity for a2,6-linked SA
receptors, which are predominantly expressed on the
epithelial lining of their upper airways (23,25).

SAs are 9-carbon carboxylated monosaccharides
synthesized in animals but not in plants (26,27). The
most common forms of SAs are N-acetylneuraminic
acid (NeuSAc) or N-glycoloylneuraminic acid (Neu5Gc)
(26). Although IAVs bind to both Neu5Ac and Neu5Gc,
the role of NeubGc was reported to be nonfunctional
(28,29). SAs are also a major component of milk (30).
Cattle and goat milk predominantly contain Neu5Gc
versus NeubAc, and their content decreases with the
progression of the lactation stage (31,32).

Our study explores the expression and distri-
bution of SAs in the respiratory tract and mammary
glands of Holstein dairy cows naturally infected with
HPAI H5N1 virus. The lectins such as SNA, MAL-I,
and MAL-II used in this study specifically detect the
NeubSAc form of SA (12,33). Our findings suggest
that SAs are widely expressed in these tissues with
predominant SA a2,3-gal-p (1-3) GalNAc (MAL-II),
followed by a2,6-linked SA (SNA) and SAa2,3-gal-f3
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(1-4) GIcNAc (MAL-I). However, the expression and
distribution varied across tissues. The lectin binding
specificity was further validated in a normal mamma-
ry gland of a biobanked slide, in which, after removing
SAs (90%) by using sialidase A, lectin expression was
negative, and so was low pathogenicity H5 virus bind-
ing affinity in those tissues (Appendix Figures 2-4).
Although HPAI H5N1 and low pathogenicity avian
influenza H5N9 viruses were of completely different
clades, the findings suggest that no limitations would
exist regarding receptor availability and distribution in
the bovine mammary gland for IAVs to bind.

In the respiratory tract, the dairy cows expressed
both SAa2,3-gal and SAa2,6-gal. Unlike in pigs and
humans (17,19), the mammal-specific SAa2,6-gal in
cattle is mainly confined to the subepithelial region
of the trachea, occasionally in the goblet cells and
subepithelial glands. The expression of SAa2,3-gal
continued on the epithelium of bronchi to alveolar
pneumocytes. The findings suggest that avian IAVs

Figure 5. Unaffected region of
the mammary gland from a US
dairy cow infected with highly
pathogenic avian influenza
A(H5N1) virus, labeled with |AV-
Np (yellow pseudocolor, DyLight
594), individually duplexed

with MAL-I (red pseudocolor,
Alexa Fluor 647), MAL-II (red
pseudocolor, Alexa Fluor 647),
and SNA (red pseudocolor, Alexa
Fluor 647) using fluorescent
staining. Representative merged
images of IAV-Np/MAL-I (A,

B), IAV-Np/MAL-II (C, D), and
IAV-Np/SNA (E, F). IAV-Np
labeling was not detected within
unaffected mammary gland
tissue sections. MAL-I labeling
was neither observed in the
epithelial cells (white arrows)
lining the secretory alveoli

(A) nor on the epithelial cells
(white arrowheads) lining the
interlobular ducts (B). Intense,
apical, fibrillary MAL-II labeling
was observed in the epithelial
cells (white arrows) lining the
secretory alveoli of unaffected
mammary glands (C). MAL-II
labeling was not observed in
the epithelial cells (arrowheads)
lining the interlobular ducts

(D). Intense, apical, granular,
membranous to cytoplasmic
SNA labeling in the epithelial
cells lining (white arrows) the

Mammary gland, secretory alveoli

have the potential binding affinity to the bovine re-
spiratory tract. In the mammary gland, both SA a2,3-
gal-B (1-3) GalNAc (MAL-II) and SAa2,6-gal (SNA)
were expressed, and co-localization was mainly ob-
served in the alveolar gland and intralobular duct
epithelium, whereas SA a2,3-gal-p (1-4) GIcNAc was
minimal and confined to interstitial regions. Mam-
malian- and avian-origin IAVs might bind to cells
in the mammary gland. Our findings were further
supported by the co-localization of intranuclear and
cytoplasmic IAV-Np of HPAI H5N1 virus in some
intraluminal cells within secretory alveoli and ducts,
suggesting possible virus replication.

The exact pathogenesis of mastitis caused by
HPAI H5NT1 virus in dairy cattle remains to be eluci-
dated. The initial evaluation of IAV mastitis in dairy
cattle identified strong epitheliotropism on the basis
of on histologic, immunohistochemical, and FA eval-
uation. The intramacrophagic viral IAV-Np could
be the result of phagocytosis or active infection with

Mammary gland, ducts

secretory alveoli (E) and lining the interlobular ducts (arrowheads) (F) was observed. Scale bars indicate 50 ym. IAV-Np, influenza A
virus nucleoprotein; MAL, Maackia amurensis lectin; SNA, Sambucus nigra lectin.
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Figure 6. Infected region of

the mammary gland from a US
dairy cow infected with highly
pathogenic avian influenza
A(H5N1) virus, labeled with |AV-
Np (yellow pseudocolor, DyLight
594), individually duplexed
either with epithelial marker pan-
cytokeratin (red pseudocolor,
Alexa Fluor 647) (B, C) or
macrophage or monocytic
marker ionized calcium binding
adaptor molecule 1 (Iba1) (red
pseudocolor, Alexa Fluor 647)
(D) using fluorescent labeling.

A representative image from

a hematoxylin and eosin stain
section highlights the cellular
architecture of the affected
mammary gland (A). Unaffected
secretory alveoli were observed
in the section (solid black
outline). Secretory alveoli
variably contain eosinophilic

Dairy Cattle Infected with HPAI H5N1 Virus

proteinaceous material and corpora amylacea. The secretory alveoli were lined by cuboidal epithelial cells (green arrows) that were
variably vacuolated. A few secretory alveoli were disrupted by inflammation (macrophages and neutrophils) and epithelial necrosis
(dashed black outline). A single interlobular duct (black asterisk) lined by a bilayer of low cuboidal epithelial cells (black arrows) was
observed. The duct contains eosinophilic proteinaceous fluids with scattered inflammatory cells (macrophages and neutrophils) and
sloughed epithelium (A). Epithelial cells lining secretory alveoli (B) and interlobular ducts (C) were labeled with pancytokeratin as
expected. IAV-Np intranuclear co-labeling (white arrows) in epithelial cells lining the secretory alveoli (B) and ducts (C). Intraluminal
cells within secretory alveoli had intranuclear IAV-Np labeling (yellow arrows) that variably co-labeled with pan-cytokeratin. Likewise,
Iba1 labeling (green arrows) was observed in the lumens of secretory alveoli or interlobular (alveolus labeling highlighted by white
dotted outline) and interstitium (highlighted by the solid white outline) (D). Iba1 labeling was intense, diffuse, and cytoplasmic. IAV-Np
intranuclear and intracytoplasmic labeling was less commonly co-labeled within Iba1 labeled cells (white arrows) (D). IAV-Np labeling
was not observed in Iba1-labeled cells in the interstitium solid white outline). Insets highlight intranuclear labeling in panels C, B, and D,
and the white boxes in the corresponding images represent the origin of the inset image. Scale bars indicate 200 um (A), 50 um (B, C,
D), and 20 pum (insets). IAV-Np, influenza A virus nucleoprotein; Iba1, ionized calcium binding adaptor molecule 1.

virus replication. Intranuclear localization observed
in this case may suggest viral replication in macro-
phages. Previous studies have shown that H5N1
virus replicates efficiently in human macrophages
(34). Even in pigs, pulmonary alveolar macrophages
expressing SA receptors have been shown to be sus-
ceptible to IAVs and undergo rapid apoptosis (35).
Phagocytosis of viral antigen also is probably occur-
ring given that only intraluminal macrophages mixed
with inflammatory exudate contained viral antigen,
whereas the interstitial macrophages did not. Over-
all, resident or infiltrating macrophages in the bovine
mammary gland may be susceptible to infection, but
further studies are required.

IAV infections are typically respiratory tract in-
fections. Severe infections can result in a systemic in-
flammatory response, but the spread of IAV to tissues
outside of the respiratory tract is rare (36). HPAI HSN1
and H5NS viruses been reported to cause lesions out-
side of the respiratory tract, including encephalitis and
myocarditis, in humans and wild mammals (37-39).

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 30, No. 7, July 2024

The multifocal random pattern of viral distribution and
lesion development in dairy cattle may suggest either
a hematogenous spread (viremia or lymphohistiocytic
trafficking) or ascending infection from the teat sinus.
Although it is beyond the scope of this article, it will
be interesting to explore other suspected routes of in-
fection. The involvement of other organ systems (e.g.,
the gastrointestinal tract through pancreatic tropism),
have been observed in naturally infected poultry and
cats with systemic disease (38,40,41).

Virus attachment through hemagglutinin to
host cell SA and the association between the attach-
ment pattern, disease pathogenesis, and transmis-
sion efficiency is complex. Slight changes in the
receptor-binding activity, as occurs with changes in
pH, can influence the functional balance of the IAV
infection process (42-44). The pH required for the
fusion of many avian-adapted IAVs is less acidic
than human [AVs (42,44). The pH of normal cow
milk is mildly acidic (6.3-6.9), and the pH of masti-
tis milk often increases (45); however, pH was not

1369



RESEARCH

measured in the submitted milk sample. It is pos-
sible that the mildly acidic environment in the bo-
vine mammary gland, coupled with the presence of
SA receptors across the lacteal ducts, can be some
of the predisposing factors for HPAI H5N1 virus
infection in dairy cattle. As hypothesized earlier,
imbalances in pH-associated hemagglutinin and
neuraminidase conformational changes may lead
to inefficient viral progeny release (42). However,
those observations require additional studies, and
the pH of milk from experimentally infected cows
should be assessed temporally to assess how these
imbalances may affect viral replication.

Figure 7. Infected region of

the mammary gland from a US
dairy cow infected with highly
pathogenic avian influenza
A(H5N1) virus, labeled with |AV-
Np (yellow pseudocolor, DyLight
594), individually duplexed

with MAL-I (red pseudocolor,
Alexa Fluor 647), MAL-II (red
pseudocolor, Alexa Fluor 647),
and SNA (red pseudocolor, Alexa
Fluor 647) using fluorescent
staining. Representative merged
images of IAV-Np/MAL-I (A,

B), IAV-Np/MAL-II (C, D), and
IAV-Np/SNA (E, F) are shown.
Moderate to intense intranuclear
and intracytoplasmic IAV-Np
labeling (yellow, white arrows)
was observed in epithelial cells
lining the secretory alveolus of
the mammary gland; however,
no MAL-I labeling was detected
(A). Rare, moderate intranuclear
IAV-Np labeling (yellow, white
arrows), but no MAL-I labeling
was observed in epithelial cells
lining the interlobular duct (solid
white outline) (B). Intense, apical,
fibrillary MAL-II labeling (green
arrows) was observed in the
epithelial cells lining the secretory
alveoli of infected mammary
glands (C). IAV-Np labeling

was co-labeled with MAL-Il in
individual epithelial cells (white
arrows). IAV-Np labeling (white

Mammary gland, secretory alveoli

Sporadic human cases of H5N1 virus infection
have occurred when humans are in close and pro-
longed contact with birds (46,47). Humans have some
a2,3-linked SA receptors deep within their lungs (14),
and prolonged close contact with infected birds is
postulated to cause infection attributable to inhaling
large amounts of virus from those birds with intro-
duction into the deeper recesses of the lungs (48,49).
Even in the current HPAI H5N1 outbreak, there was
areported case of a dairy farm worker who had direct
and close exposure to dairy cows that had onset of
bilateral conjunctivitis and was later confirmed posi-
tive for H5N1 clade 2.3.4.4b virus through rRT-PCR

Mammary gland, ducts

arrows) was observed in epithelial cells of interlobular ducts (solid white outline) (D). MAL-II labeling was not observed in interlobular
ducts but was detected in the unaffected secretory alveoli (dashed white outline) (D). Intraluminal cells with cytoplasmic MAL-II labeling
were observed (yellow arrow) (D). Intense, apical, granular, membranous to cytoplasmic SNA labeling (green arrows) was observed in
the epithelial cells lining the secretory alveoli of infected mammary glands (E). IAV-Np intranuclear labeling was co-labeled with SNA

in individual epithelial cells (white arrows) in the secretory alveoli (E). SNA (green arrows) and IAV-Np (white arrows) were observed

in epithelial cells of the interlobular ducts (dashed or solid white outline) and were co-labeled to individual ductal epithelial cells (F).
Sloughed intraluminal cells had membranous SNA labeling (yellow arrows). Adjacent secretory alveoli had prominent SNA labeling
(dashed white outline). The dotted white outline highlights a severely affected secretory gland (F). Insets highlight white boxed areas

in panels B, D, and F. Scale bar indicate 20 um (A, C, E), 50 um (B, D, F), and 20 um (insets). IAV-Np, influenza A virus nucleoprotein;

MAL, Maackia amurensis lectin; SNA, Sambucus nigra lectin.
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Figure 8. Infected region of
the mammary gland from a US
dairy cow infected with highly
pathogenic avian influenza
A(H5N1) virus, showing
IAV-Np (teal chromogen),
individually duplexed with MAL-I
(magenta chromogen), MAL-

Il (magenta chromogen), and
SNA (magenta chromogen)
using chromogenic staining.
Representative images IAV-Np/
MAL-I (A, B), IAV-Np/MAL-II (C,
D), and IAV-Np/SNA (E, F) in
infected mammary gland and
interlobular duct are shown.
Strong intracytoplasmic and
intranuclear immunoreactivity
with IAV-Np was observed
within the glandular epithelium
of the mammary alveolus and
interlobular ducts (arrowheads)
with no substantial MAL-I
labeling (A, B). Scant,
multifocal, apical, punctate
MAL-II labeling was observed
in degenerative mammary
gland epithelial cells (arrows)
with strong, intranuclear,

and intracytoplasmic
immunoreactivity for IAV-Np

el

IAV-Np/MAL I

IAV-Np/MALII

IAV-Np/SNA

Mammary gland, secretory alveoli

Dairy Cattle Infected with HPAI H5N1 Virus

Mammary gland, interlobular duct

(arrowheads) (C). Interlobular ductal epithelium exhibits strong, multifocal intranuclear and intracytoplasmic immunoreactivity to I1AV-
Np in attenuated and sloughed cells (arrowheads) with no substantial epithelial MAL-Il detected (D). Strong, multifocal, punctate,
apical labeling with SNA in attenuated or degenerative epithelial cells (arrows) with strong, intranuclear, and intracytoplasmic
immunoreactivity for IAV-Np (arrows) was observed within mammary gland epithelium (E). Scant, multifocal, delicate, apical

labeling for SNA (arrows) within ductal epithelium with strong, intranuclear, and intracytoplasmic immunoreactivity within sloughed,
intraluminal epithelial cells for IAV-Np (arrowheads) was observed in an interlobular duct (F). Scale bars indicate 200 um. IAV-Np,

influenza A virus nucleoprotein; MAL, Maackia amurensis lectin; SNA, Sambucus nigra lectin.

and sequence analysis (50). Sequence analysis of the
hemagglutinin gene in HPAI H5N1 virus samples
from cattle and humans reportedly lacked changes in
the receptor-binding affinity (i.e., the virus still pref-
erentially binds to SA a2-3-linked receptors) (50).
However, the sample size tested in both dairy cattle
(2 cows) and humans (1 human) is relatively small.
Continued sequence analysis of identified cases is
important to assess viral mutations and potential ad-
aptation to other species. This monitoring will assist
preparedness and decision making.

From a public health standpoint, there is an ur-
gent need to understand why these avian influenza
viruses are now infecting so many mammal species.
There is also a need to understand why and how
often these viruses infect humans. Our study is an
initial foray into answering those questions. Ongo-
ing surveillance and sequence comparisons of HPAI
viruses in various mammals are needed to better
understand spillover events and the underlying

Emerging Infectious Diseases « www.cdc.gov/eid « Vol. 30, No. 7, July 2024

pathogenic mechanisms. A better understanding of
viral host range will help inform public health deci-
sions and guide research to help prevent future in-
fluenza epidemics.
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