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An outbreak of influenza A (H5N1) virus was detected in
dairy cows in the United States. We detected influenza
A virus sialic acid -02,3/a2,6-galactose host receptors in
bovine mammary glands by lectin histochemistry. Our re-
sults provide a rationale for the high levels of H5N1 virus
in milk from infected cows.

nfluenza A virus (IAV) is a negative, single-strand-
ed RNA virus. Viral evolution has enabled some
IAVs to cross species barriers and to be established in
humans and various mammals (1). Cattle are suscep-
tible to infection with influenza C and D viruses but
have been regarded as almost resistant to infection
with IAV (2). An unexpected highly pathogenic avian
influenza (HPAI) virus H5N1 (clade 2.3.4.4b) was de-
tected in dairy cattle in Texas, USA, and has spread
to 131 herds in 12 different states in the United States
(3,4). Although extremely high levels of virus in milk
from infected cows (5) were unexpected, previous
studies and a report from Friedrich-Loeffler Institute
(FLL Insel Riems, Germany) (6) have shown that the
inoculation of IAVs into the mammary glands of cows
and goats results in productive viral infection (2).
Hemagglutinin (HA) binds to sialic acids (SA) ter-
minally attached to glycans, enabling viral endocyto-
sis and membrane fusion. Hemagglutinins of human-
and swine-adapted IAVs frequently prefer SAs linked
to galactose (Gal) in an a2,6 linkage (SA-a2,6, human
receptor), whereas avian IAVs prefer an a2,3 link-
age (SA-a2,3, avian receptor) (7). Furthermore, IAVs
adapted to chickens generally prefer SA-a2,3-Gal
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with a 1,4 linkage to N-acetylgalactosamine (Gal-
Nac; SA-a2,3-Gal-p1,4-GalNac, referred to as chicken
receptor), whereas IAVs isolated from ducks favor
SA-a2,3-Gal with a 1,3 linkage to N-acetylglucos-
amine (GlcNac; SA-a2,3-Gal-p1,3-GlcNac, referred to
as duck receptor) (7).

To investigate IAV receptor expression on the
surface of epithelial cells, in situ techniques, such as
lectin histochemistry, are useful (8). A limitation of
using lectins is that they provide information only
about the terminal end of the host receptors; a com-
plete quantification of the receptors is not possible.
Three studies have reported the IAV receptors in
the bovine respiratory tract by using lectins (9-11),
but studies describing the IAV receptor distribu-
tion in other bovine tissues are sparse. The aim of
this study was to investigate the in situ expression
of IAV receptors in the bovine mammary glands by
lectin histochemistry.

The Study

We included 2 archived bovine mammary glands ob-
tained from the same lactating dairy cow (4 years of
age) of a Danish Holstein breed and included mam-
mary glands from 8 cows of different breeds and ages
obtained from a slaughterhouse in Denmark (Table).
The tissues were formalin-fixed, paraffin-embedded,
and cut into 4-5 pum sections.

We detected the human receptor SA-a2,6 using
biotinylated Sambucus nigra lectin (SNA) (B-1305-2;
Vector Laboratories, https://vectorlabs.com). We
detected the chicken receptor SA-a2,3-Gal-p1,4 us-
ing biotinylated Maackia amurensis lectin I (MAA-I)
(B-1315-2; Vector Laboratories) and the duck recep-
tor (SA-a2,3-Gal-p1,3) biotinylated MAA-II (B-1265-1;
Vector Laboratories) as previously described (13). We
semiquantified the staining on the surface of the epi-
thelial cells as the percentage of positive surface area
in 2 images from each slide (Figure 1, panels D, E;
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Table. The average percentage of epithelial staining of the human and duck influenza A virus receptors in the alveoli and ducts in 9

cows with different breeds, ages, and parity status*®

% SNA
Breed Age, y Parity Lactationt Alveoli Ducts % MAA-II, alveolix
Jersey 6 4 Late 53 18 37
Danish Holstein 4 2 Late 57 3 47
7 5 Late 40 21 46
6 4 Early/mid 47 4 44
5 2 Late 58 24 61
6 4 Early/mid 51 10 49
5 3 Early/mid 55 1 51
4 3 Late 52 32 48
Unknown Unknown Unknown Early/mid 59 6 47
Average 5 3 NA 54 13 48

*MAA-II, duck receptor; NA, not applicable; SNA, human receptor.

TAIll images were obtained from active alveoli of the mammary glands and the staining is therefore not representative for the whole section of cows in late
lactation. The lactation period was determined by investigating the luminal size of the alveoli and the amount of connective tissue (72).
$The staining did not exceed the amount of staining observed with the neuraminidase treatment, suggesting a nonspecific staining in the ducts.

Figure 2, panels D, E) and reported the average (13).
We applied 2 negative controls. To investigate poten-
tial background staining (blind), we added no lectins;
to investigate the amount of nonspecific binding, we
applied a neuraminidase pretreatment before each
lectin, as previously reported (13). We included a con-
firmed IAV-negative pig lung as a positive control.
In the mammary gland, the human receptor (de-
tected by SNA) and the duck receptor (detected by
MAA-II) were widely distributed in the alveoli, but
less so in the ducts, whereas we detected no positive

staining of the chicken receptor by MAA-I (Table;
Figures 1, 2; Appendix Tables, https:/ /wwwnc.cdc.
gov/EID/article/30/9/24-0696-Appl.pdf), except
for 1 cow expressing the chicken receptor in a lac-
tiferous duct. Both human and duck receptors were
primarily expressed in the active alveoli and less ex-
pressed in less active alveoli (Figure 1,2). We found
a significant negative correlation between the per-
centage of SNA staining in the alveoli and the parity
status of the cows but not with the MAA-II lectin
staining (Figure 3).
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Figure 1. Results of staining showing wide expression of the human receptor for influenza A virus (designated SNA) in the bovine
mammary gland. A) An example of the SNA staining of a mammary gland from a cow in late lactation. Arrowhead indicates expression
of the human receptor in the active alveoli. Asterisks indicate less staining in the less active alveoli. Original magnification x10. B, C)
SNA staining of a duct (B) and (C) an alveolus in a 7-year-old cow. Original magnification x60. D, E) Positive staining obtained from the
image analysis. Green line shows the region of interest. Original magnification x60. F) A neuraminidase pretreatment negative control
showed markedly reduced staining of the SNA lectin. Original magnification x60. The staining was visualized using Vector Blue (Vector

Laboratories, https://vectorlabs.com).
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Figure 2. Results of staining shdwing wide expression of the duck receptor for influenza Avirus (aesignated MAA-I1) in fhe alveoli of the

Influenza Virus Receptors in Bovine Mammary Gland

bovine mammary gland. A) An example of the MAA-II staining of a mammary gland from a cow in late lactation. Arrowhead indicates
expression of the duck receptor in active alveoli. Asterisks indicate less staining in the less active alveoli. Original magnification x10.

B, C) MAA-II staining of a duct (B) and an alveolus (C) in a 3-year-old cow. Original magnification x60. D, E) Positive staining obtained
from the image analysis. Green line shows the region of interest. Original magnification x60. F) A neuraminidase pretreatment negative
control showed markedly reduced staining of the MAA-II lectin in the alveolus but some nonspecific staining in the duct epithelium. The
staining was visualized using Vector Blue (Vector Laboratories, https://vectorlabs.com). Original magnification x60.

We detected nonspecific staining (positive stain-
ing after neuraminidase pretreatment) in the endo-
thelial cells with the SNA and MAA-I lectins, in the
bovine erythrocytes with the MAA-I lectin, and in the
ducts of the MAA-II lectin, but observed no nonspe-
cific staining elsewhere (Appendix Figure, https://
wwwnc.cdc.gov/EID/article/30/9/24-0696-App1l.
pdf). The positive controls of the pig lung corre-
sponded to previous findings (13) (Appendix Figure).

Our investigation evaluated the expression of
IAV receptors in situ in the mammary gland of cattle,
which typically has been considered less susceptible
to IAV infection (2). Of note was the finding that both
the human receptors (SA-a2,6) and the duck recep-

tors (SA-a2,3-Gal-p1,3) were highly expressed in
the active alveoli in mammary glands but lower ex-
pressed in the less active alveoli, which could indi-
cate that cows peaking in lactation are more suscep-
tible for infection. The findings of the 2 receptors are
in agreement with 2 novel studies investigating the
IAV receptors in the bovine mammary gland of 2-3
cows (11; M.R. Carrasco et al., unpub. data, https://
doi.org/10.1101/2024.05.24.595667). The transmis-
sion routes and the pathogenesis of H5N1 in cows
remain unclear, but the virus remains infectious af-
ter 1 hour on the milking equipment (V.L. Sage et
al., unpub. data, https://doi.org/10.1101/2024.05.
22.24307745); the US Department of Agriculture has
Figure 3. Pearson correlation
coefficient showing a
significant negative correlation
between the percentage

of SNA staining (bovine
receptor) in the alveoli and

the parity status of the cows
(A) but not for MAA-II staining
(duck receptor) (B). Original
magpnification x60. Statistics
and graphs made using
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GraphPad Prism version
10.2.3 (GraphPad Software,

Parity www.graphpad.com).
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reported that only some udder quarters may be in-
volved in infection, suggesting an ascending infec-
tion as a possible transmission route. Of interest,
the human and duck receptors were less expressed
in the ducts of the mammary gland, making an as-
cending mammary gland infection using those re-
ceptors more challenging. An investigation of the
receptor binding preference of A/Texas/37/2024
showed that an I199T mutation of the hemagglutinin
protein increased the receptor binding breadth to a
higher number of conformations of the avian recep-
tor, including hybrid N-glycans, compared with pre-
vious H5N1 viruses (M.R. Good et al., unpub. data,
https:/ /doi.org/10.1101/2024.06.22.600211);  those
hybrid N-glycans might not be detected by the lectins
used in our study (14). M.R. Carrasco, et al. (unpub.
data) showed limited binding of older AIV strains
and a mouse-adapted human influenza strain (PR8)
in the mammary gland of cows, whereas the prelimi-
nary report from FLI (6) showed that genotypes from
Europe of the clade 2.3.4.4b H5 HPAI viruses could
also replicate in the mammary glands of cows. Thus,
more studies are needed to investigate the suscepti-
bility of cows to different IAV strains and variants.

The SNA lectin detects both of the 2 most common
sialic acids, N-acetylneuraminic acid (Neu5Ac) and
N-glycolylneuraminic acid (NeubGc) (14). NeuSAc
is mainly the preferred SA for IAVs, except for equine
IAVs, which have a higher preference for Neu5Gc
(7). Cattle express both Neu5Ac and Neu5Gc in their
tissues, but the amount of Neu5Ac in bovine milk
is 30 times higher than for Neu5Gc (15), which in-
dicates that the SNA staining detected in our study
was caused by staining of NeubAc. However, further
studies such as mass spectrometry, which gives de-
tailed information about the IAV receptors (e.g., sialic
acid type, length, branching), are needed to confirm
the cause of SNA staining and also to accomplish a
comprehensive quantification of the distribution of
receptors in bovine tissues (8§).

Conclusions

The expression of the duck receptor in the mammary
gland of cows fits with the observed widespread in-
fections among cattle in the United States with HPAI
H5NT1. The co-expression of both human and avian
receptors in the mammary glands indicates suscep-
tibility to other IAVs than those from avian origin,
which is worrying from a zoonotic perspective. The
presence of the IAV receptors, however, does not pro-
vide evidence that cattle are susceptible to all IAVs;
other host factors (1) probably play a role for success-
ful replication.

1910

This article was preprinted at https:/ /www.biorxiv.org/
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