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ARTICLE INFO ABSTRACT

Keywords: Background: Since it was first detected in 2011, antibodies to influenza D virus (IDV) have been found in several
Antibody o species, although cattle are the major host. In cattle, IDV is typically associated with mild respiratory signs, but it
Haemagglutination inhibition is clinically significant as a component of bovine respiratory disease complex. Although antibodies to IDV have
Prevalence b d di id - £ ith I . . di in h h b
Pseudotyped virus een detected in equids, no association of IDV with naturally occurring respiratory disease in horses has yet been
RT-qPCR demonstrated.

Aims/objectives: The aim of this study was to determine whether IDV may be a causal agent of equine respiratory
disease in the UK.

Methods: Nasopharyngeal swab extracts from horses with respiratory signs were screened by RT-qPCR for the
presence of IDV RNA. Equine serum samples from apparently healthy horses were screened by haemaggluti-
nation inhibition (HI) test for the presence of IDV antibodies. Cattle and HI positive equine serum samples were
screened by neutralisation test using an IDV pseudotyped virus (PVNT)

Results: None of the 264 equine respiratory samples were positive for IDV RNA. Of the 330 serum samples from
169 Thoroughbred brood mares and 105 Thoroughbreds in training yards, only one (from a 5-year-old brood
mare) was positive for HI antibodies. This single positive sample was confirmed in the PVNT. In contrast, 103 of
145 bovine serum samples (71%) were positive by PVNT, confirming widespread circulation of IDV in cattle in
Great Britain and Ireland.

Conclusion: This study found a low risk of horses being exposed to IDV in the UK, with no evidence that IDV
contributes to equine respiratory disease.

1. Introduction

Influenza D virus (IDV) or Deltainfluenzavirus influenzae [1] is the
type species of the genus Deltainfluenzavirus in the family Orthomyx-
oviridae. It is most closely related to influenza C virus (ICV or Gam-
mainfluenza influenzae), having seven genome segments. In ICV and IDV,
the functions of the haemagglutinin (HA) and neuraminidase (NA)
membrane glycoproteins found in Alphainfluenzavirus influenzae (IAV)
and Betainfluenzavirus influenzae (IBV), which are encoded by separate
genome segments, are combined in the haemagglutinin esterase fusion
(HEF) protein. Unlike ICV, which is an almost exclusively human
infection, IDV appears to have a broader host range. Influenza D virus
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was first isolated from pigs with respiratory disease in the USA
(D/swine/Oklahoma/1334/2011) [2]. However, cattle are thought to
be the reservoir host. In cattle, IDV is typically associated with at most
mild respiratory signs, but it is clinically significant as a component of
the bovine respiratory disease complex.

Antibodies to IDV have been detected in several species, including
horses [3-5]. Seropositivity determined by the haemagglutination in-
hibition (HI) test ranged from 5% in Italian equine serum samples [3] to
57% in Ukrainian equids [4]. However, no association of IDV with
naturally occurring respiratory disease in horses has yet been demon-
strated. The aim of this study was to determine whether IDV may be a
causal agent of equine respiratory disease in the UK. Therefore,
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nasopharyngeal swab extracts from horses with clinical signs of respi-
ratory disease were screened for IDV RNA. Due to the potential for IDV
to circulate in the equine population without causing clinical signs, we
also screened serum samples from apparently healthy horses for
IDV-specific antibodies by HI test. To confirm circulation of IDV in UK
cattle, which had not been reported at the time of the equine sampling,
archival bovine serum samples were screened for antibodies using an
IDV pseudotyped virus neutralisation test (PVNT) [6].

2. Materials and methods
2.1. Ethical approval

The study protocol was approved by the University of Nottingham
School of Veterinary Medicine and Science’s Committee for Animal
Research & Ethics (Approval number, 2633; Approval date, 9 November
2018).

2.2. Samples

Nasopharyngeal swab extracts were obtained from 264 horses with
respiratory disease submitted to the Animal Health Trust diagnostic
service in 2018 (n = 42) and 2019 (n = 222). The samples had all been
screened and tested negative for IAV and some also tested negative for
other respiratory pathogens. Convenience serum samples (n = 330) from
Thoroughbred horses housed on training yards or stud farms that would
have otherwise been discarded after laboratory testing were obtained
from Newmarket Equine Hospital, UK during 2018 and 2019 (Table 1).
Convenience bovine serum samples (n = 145) were submitted to the
Nottingham University Veterinary Nutritional Analysis service
(NUVetNA), during 2012 and 2013.

2.3. Detection of viral RNA by RT-qPCR

RNA was extracted using a MagMAX-96 Viral RNA isolation kit and a
KingFisher Sample Purification System (Thermo Fisher Scientific). RT-
gqPCR was performed using primers and probes published in Faccini,
De Mattia [7] and SensiFAST Probe No-ROX One-Step Kit (Bioline).
Positive control RNA was generated from IDV PB1 gene bases 1200 to
1600 cloned into a T7 plasmid vector using T7 DNA polymerase
(Promega) and a dilution series of 10! to 107 copies generated.

2.4. Haemagglutination inhibition (HI) test

Influenza D/bovine/France/5920/2014 was cultured in embryo-
nated hens’ eggs. To remove non-specific inhibitors of haemagglutina-
tion, 25 pl of each serum sample was incubated at 37°C with 75 pl of
receptor destroying enzyme (RDE; Sigma-Aldrich, catalogue number

Table 1
Demographic data for Thoroughbred serum samples.

Stud farms Total
(28 premises)

Training yards
(46 premises)

Sex

Male 56 0 56
Female 105 169 274
Total 161 169 330
Age category (years)

2-3 61 1 62
4-5 48 35 83
6-7 19 35 54
8-9 10 35 45
10-11 6 22 28
12-13 5 14 19
14-15 1 7 8
>16 11 20 31
Total 161 169 330
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C8772) overnight. The RDE was then inactivated at 56°C for 30 min. The
serum samples were titrated in two-fold dilutions in a V-bottomed
microtitre plate and incubated with an equal volume (25 ul) of D/
bovine/France/5920/2014 at 4 haemagglutinating units (HAU) for 30
min at room temperature. Finally, 50 ul of 1% equine or 0.5% chicken
red blood cells (RBCs) were added and left at 4°C for 1 h. Inhibition of
agglutination at a serum dilution of >1:10 was regarded as a positive
result, which although an arbitrary cut-off was informed by published
work [8].

2.5. Pseudotyped virus neutralization test (PVNT)

For screening by PVNT, lentiviral pseudotyped virus (PV) expressing
the HEF from D/swine/Italy/199724-3/2015 was produced as previ-
ously described [6]. Initial screening of serum samples was performed
by diluting the PV to produce a signal of 10 relative light units (RLUs)
and incubating with duplicate serum samples diluted 1:50 for 1 h at
37°C before adding 1 x 10* swine testicular (ST) cells, which are IDV
permissive, per well. The plates were incubated for 48 h and luciferase
expression was quantified after addition of reagent (SteadyGlo, Prom-
ega) with a microplate reader (GloMax Discover, Promega). The anti-
body value was calculated as the percentage reduction in RLUs
compared to virus-only control wells. Confirmation of the
positive-testing equine serum sample, a negative equine sample and a
positive-testing bovine serum was carried out using a method described
for quantification of SARS-CoV-2 neutralising antibodies [9], using ST
cells with the 50% effective concentration (EC50) calculated using the
Excel spreadsheet provided in the supplementary materials of the paper
by Nie et al. [9].

3. Results

All 264 equine nasopharyngeal swab extracts were negative for
presence of IDV RNA.

In initial screening of 330 equine serum samples (169 stud animals
and 105 Thoroughbreds in training) by HI test using 1% equine RBCs,
one sample (from a 5-year-old brood mare) was positive. The positive
sample was confirmed by performing an HI test using 0.5% chicken red
blood cells, giving an HI titre of 1:40.

Of the 145 bovine serum samples tested in the PVNT, 103 were
positive giving an apparent seroprevalence of 71% (95% CI [63, 78]).
The seroprevalence in different UK counties varied from 0 to  100%
(Fig. 1). The single HI-positive equine serum sample was confirmed to be
positive in the PVNT with a mean inhibition of 88% at a 1:50 dilution.
One of the positive-testing bovine serum samples was used as a positive
control during screening of the equine serum samples and had a mean
inhibition of 97% at a 1:50 dilution. On titration, the positive equine
serum had an EC50 of 114, a negative sample had an EC50 of <30 and
the positive bovine serum had an EC50 of 253.

4. Discussion

The primary aim of this study was to determine whether infection
with IDV was associated with respiratory disease in horses in the field.
None of the nasopharyngeal swabs obtained from 264 horses with res-
piratory disease were positive for viral RNA. Furthermore, only 1 of 330
equine serum samples (0.3%) screened for IDV antibodies using a
traditional HI test was positive.

Haemagglutination inhibition (HI) tests for antibodies to IAV in
equine serum are known to be subject to false positive results if non-
specific serum inhibitors are not efficiently removed by trypsin-
periodate or RDE treatment [10]. Using RDE, we did not identify any
evidence of non-specific inhibition during test development. Therefore,
in the absence of a known-positive equine serum sample, we adopted the
HI positivity cut-off titre of 1:10 established for screening cattle sera
using 1% horse RBCs [8]. The only HI-positive equine serum sample had
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Demographic data of 5-year-old
positive equine brood mare in
sample: Suffolk

HI titre 1:40

PVNT ECs 114

Fig.1. Distribution of cattle and brood mare serum samples by county of Great Britain and Ireland. Cattle serum samples were screened for antibodies to influenza D
virus by pseudotyped virus neutralization test. Grey shading indicates no samples were obtained from that county. Red shading represents different levels of

seroprevalence from 0 to

100% as indicated in the key. Serum samples from brood mares were obtained from 28 studs in seven counties: Cambridgeshire (1),

Lincolnshire (1), Somerset (1), Norfolk (2), Shropshire (2), Gloucestershire (4) and Suffolk (17, including the positive-testing equine serum sample for which de-

mographic data is summarised). The map was generated using MapChart.

a titre of 1:40, which was the cut-off value adopted by Nedland, Woll-
man [5] for screening equine serum samples in the USA. We also
confirmed the positive result in the PVNT. However, the prevalence of
antibodies in horses in this study was much lower than previously re-
ported [3-5].

Since IDV was first identified in Oklahoma in 2011, the virus has
been classified into five lineages (D/OK, D/660, D/Yama2016, D/
Yama2019 and D/CA2019) [11]. Therefore, a potential limitation of our
study was that the viruses used for the HI test and PVNT were both from
the originally isolated D/OK lineage. However, only D/OK and D/660
lineage viruses have thus far been identified in Europe, and D/OK
lineage viruses continue to predominate in Europe [11]. In the US,
Nedland, Wollman [5] found 44 of 364 (12%) of equine samples were
positive using D/OK virus in the HI test and similarly, 39/364 (11%)
were positive using D/660, suggesting that using either lineage would
have the same outcome. Falsini, Coppola [3] detected antibodies in 5 of
98 Italian equine serum samples (5%) using a D/660 lineage virus in HI
tests, but only 2 had titres >1:40 and were confirmed positive (titres
>1:10-<1:40) in a neutralisation test using authentic virus. Using the
same D/OK virus that was used in our PVNT, they only detected one
positive sample (titre >1:10-<1:40). Interestingly, only 2/98 (2%) of
samples were positive in a neutralisation test using either the D/OK or

the D/660 virus. More recently, seroprevalence of 57% (79 of 138
samples) was reported for Ukrainian equids by HI testing with a D/660
virus [4]. In contrast, only one sample (1%) was positive to the D/OK
virus. The HI protocol was the same as that used to screen the Italian
equine serum samples [3], but the results were not confirmed in a
neutralisation test.

In contrast to the equine serum samples, 103 of 145 bovine serum
samples (71%) were positive in the PVNT. This identified a positive
serum sample for use as a control in screening equine serum samples and
confirmed the presence of IDV in the UK cattle population, which had
not yet been reported. Due to the use of convenience samples, there is a
discrepancy in the timing of collection of the bovine sera in our study
(2012-2013) and collection of the equine sera (2018-2019). However,
the high seroprevalence found in cattle (71%) and similar seropreva-
lence (65%) reported for sera collected from Irish cattle in January 2017
[12] suggests that IDV is endemic in cattle in the UK and Ireland such
that there is likely to be a consistent risk of exposure in horses. The PVNT
provided a convenient high throughput method for screening cattle
samples for the presence of neutralising antibodies to IDV and confirmed
the HI test results obtained with the equine serum samples. At first, six
false positive results were obtained due to the ‘edge’ effect in the PVNT
[13]. This was subsequently avoided by adding phosphate-buffered
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saline rather than adding samples to the outside wells of the microtitre
plate.

The bovine serum samples were from across Great Britain and
Ireland but were predominantly from the wetter western regions where
grazing cattle are primarily concentrated. As around half of the equine
serum samples were obtained from Thoroughbreds in training yards in
the east of England and these animals would be mostly stabled, there
may have been fewer opportunities for transmission of IDV from the
putative reservoir host to the sampled equids. On the other hand, cattle
and breeding horses are often co-grazed to reduce worm burden on
pastures [14]. It is therefore noteworthy that the single positive sample
was from a 5-year-old brood mare. Most of the horses housed on training
yards were 3- or 4-year-olds (data not shown), although there were
horses up to 26 years old housed on training yards. In contrast, only one
horse sampled from a stud farm was <4 years old and most were be-
tween 4 and 9 years old with some up to 22 years old. Testing of more
samples from each population would be required to accurately estimate
seroprevalence; it would also be interesting to focus on horse pop-
ulations with known contact with cattle.

The primary aim of the study was to determine whether there was
any evidence for involvement of IDV in equine respiratory disease. The
nasopharyngeal swab extracts screened were submitted for respiratory
disease diagnosis and had tested negative for IAV. Although the sam-
pling locations of these samples were anonymised, they were not
restricted to a specific population or location, unlike the serum samples.
The lack of IDV-positive samples supports other research that suggests
that infection of horses is restricted by receptor availability. The HEF of
IDV binds 9-O-acetylated sialic acid receptors (reviewed in [15]).
Studies have shown that these receptors are abundant across the entire
bovine respiratory tract and IDV attaches to tissue sections of the nasal
turbinate, submucosal glands, pharynx, trachea and lungs [16,17]. In
contrast, the virus only attaches to equine respiratory tract tissue from
the submucosal glands. Nonetheless, Sreenivasan, Uprety [18] demon-
strated that horses can be experimentally infected with IDV by aerosol
delivery of 6.25 x 107 50% tissue culture infectious doses per animal of
D/bovine/California/0363/2019 to four young horses. Virus shedding
was detected by RT-qPCR testing of nasopharyngeal swabs and all four
horses seroconverted with neutralizing antibody titres using authentic
virus from around 1:16 to 1:160. However, none of the horses had any
clinical signs of disease. This suggests that, with sufficient exposure,
horses can be asymptomatically infected with IDV.

5. Conclusion

In conclusion, this study found a low risk of IDV exposure in the UK
with no evidence for a role for IDV in causing equine respiratory disease.
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