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Abstract

Influenza D is the only type of influenza virus that mainly affects cattle with frequent spillover to
other species. Since the initial description of influenza D virus (IDV) in 2011, the virus has been
found to circulate among cattle and swine populations worldwide. Research conducted during the
past several years has led to an increased understanding of this novel influenza virus with bovines
as a reservoir. In this review, we describe the current knowledge of epidemiology and host range of
IDV followed by discussion of infection biology and animal model development for IDV. Finally,
we review progress towards understanding of the pathogenesis and host response of IDV as well as
developing preventive vaccines for IDV.

Introduction

The Orthomyxoviridae has four types of influenza viruses, designated influenza A, B, C, and
D. Viruses from influenza A, B, and C are known to cause human respiratory disease [1,2].
Influenza A (IAV) and B (IBV) viruses can cause severe illnesses and seasonal influenza
epidemics in humans with 1AV having the potential to trigger a pandemic [2]. Clinical
manifestations of influenza C virus (ICV) infection are generally mild in healthy adults, but
it can be severe with complications of lower respiratory infections in children, especially
those under 2 years [1]. Influenza D virus (IDV) circulates in worldwide agricultural animals
such as cattle and swine with little known about its impact and pathogenesis on human
health [3,4].

Epidemiology and host range of influenza D virus.

IDV was initially isolated from a diseased pig with the severe respiratory symptoms in U.S.
Oklahoma in 2011 [4]. Additional serological investigation showed that 9.5% of surveyed
pigs in U.S. swine population possessed antibodies specific to IDV, indicating that this
previously unidentified influenza virus circulated in U.S. swine [4]. A causal relationship is
also evidently supported by the experimental infection of pigs [4,5]. Interestingly, further
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studies demonstrated that IDV is more prevalent in cattle than in swine in U.S. and the virus
likely utilizes cattle as a primary host [3]. IDV is also found in calves or pigs with
respiratory disease complex in Europe and Asia [6-14]. In addition to swine and cattle, IDV-
specific antibodies have been demonstrated in sheep, goats, horses, camelids, and wild boars
[9,10,13,15-25]. Susceptibility to experimental infection by IDV has been established in
mice, guinea pigs, and ferrets [4,26—28]. Despite the absence of IDV antibodies in U.S.
poultry as demonstrated in a small-scale study [25], a recent study showing the evident
detection of IDV genome in Asian poultry farms appears to add this species into a growing
list of susceptible hosts for IDV [29]. The results of these studies collectively support a
theory that IDV utilizes bovines as a primary reservoir and amplification host with
periodical spillover to other animal hosts (Figure 1). Since 2011, IDVs have evolved into
two distinctive lineages represented by D/swine/Oklahoma/1334/2011 (D/OK) and D/
bovine/Oklahoma/660/2013 (D/660) (Figure 2) [15]. Recently, two new genetic lineage of
IDV, designated D/Yama2106 and D/Yama2019, has been reported in cattle herds in Japan
(Figure 2) [30]. These four distinctive lineages currently co-circulate in worldwide bovine
and pig populations that may facilitate genetic reassortment between different influenza D
viruses, which may further affect global animal health.

Impact of influenza D on human health.

Serological evidence of previous exposure to IDV infection in humans has been collected
from three independent studies. The first study showed that IDV seroprevalence rate in a
cohort aged 60 years and older living in Canada and the eastern US (Connecticut) was about
1.3% (4/312) [4]. The observation of low prevalence of IDV in the general population seems
to be in agreement with an etiological investigation in Scotland showing no evidence of IDV
infection in archived respiratory samples from hospital-visiting patients [31]. The second
study focused on an occupational exposure cohort (cattle-exposed farmers) living in Florida
and documented a 97% seroprevalence (34/35), which mirrored the seroprevalence in the
cattle population [32]. This study also revealed an 18% seroprevalence (2/11) in non-cattle
exposed persons. The third study represents a comprehensively longitudinal study of more
than 1,000 human serum samples collected in Italy from 2005 to 2017 for examination of
the prevalence of antibodies against influenza D virus [33]. The results of this study showed
that the prevalence of IDV antibodies increased in the human population in Italy from 2005
to 2017 with up to 33.9-41.0% of surveyed subjects tested positive in some years.
Interestingly, this study revealed a temporal correlation between IDV prevalence peak in
humans and epidemics in domestic pigs in Italy [18]. Considering that IDV and its related
human influenza C virus share about 50% homology in the hemagglutinin-esterase-fusion
protein (HEF), the primary target of the serology assay, the precise nature of human
infection with IDV probably needs further investigation by virus-specific antibody assay in
future studies.

Significantly, a more recent study showed that IDV genome was detected in nasal washing
sample of a swine farm worker in Southeast Asia [34]. Furthermore, molecular surveillance
of respiratory viruses with bioaerosol sampling in Raleigh Durham International Airport
found that among four (17%) of the 24 samples positive for known respiratory pathogens,
one was positive specifically for IDV [35]. It should be noted that none of 24 samples were
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tested positive for influenza A, B, and C viruses. Using a similar approach, one study has
detected IDV genome in hospital visitors in North Carolina [36]. Taken together, these
studies collectively demonstrate that IDV is capable of infecting and spreading among
humans. The interspecies transmission and the international appearance of IDV in the
worldwide animal populations represent a potential risk to global human health, which
clearly motivates further investigation of this novel influenza virus.

Biology and tropism of influenza D virus.

AV and IBV have eight RNA segments with the negative polarity, while ICV and IDV
consist of seven negative sense RNAs. Both 1AV and IBV contain two major surface
glycoproteins: the hemagglutinin (HA) and Neuraminidase (NA). ICV and IDV have only
one major surface glycoprotein, hemagglutinin-esterase-fusion (HEF), which performs all
entry functions including receptor binding, receptor destroying, and fusion. The overall
amino acid sequence of IDV shares approximately 50% identity with that of ICV [4]. It is
most closely related to ICV, rather than to AV and IBV. However, the distance between IDV
and ICV is similar to the differences between 1AV and IBV for the most of genomic
segments [4]. Notably, IDV displays a novel splicing strategy to express the major structural
M1 protein [3]. Specifically, IDV M1 protein is translated through a splicing by introduction
of a four-residue peptide into the primary transcript, which contrasts with the situation in
ICV where a splicing event only introduces a translational termination codon into the
primary transcript [37]. In cell culture, IDV is not restricted for replication at 37°C and has a
broad cell tropism [4], while ICV is limited for infection at 37°C with a narrow tropism
[38,39].

The receptor-binding pocket (RBP) resides in the HEF protein of IDV, which consists of
four secondary elements (the 170-loop, 230-helix, 270-loop, and 290-loop) (Figure 3) [40].
Despite the fact that the RBPs between IDV and ICV are similar both in the structure and
mode of ligand binding [40,41], IDV RBP possesses an open channel between the 230-helix
and 270-loop, whereas this channel is absent in ICV RBP [40]. The open and more
accessible RBP may enable IDV readily accommaodate diverse extended glycan moieties
constituting the cellular receptor, which may explain why the IDV has a broad cell tropism
and behaves differentially from ICV in biology and infectious ecology.

Multiple lines of evidence support that IDV binds to human 9-O-acetylated N-
acetylneuraminic acid (Neu5,9Ac2) and non-human N-glycolylneuraminic acid
(Neu5Gc9Ac) and utilizes them for viral entry (Figure 3) [40,42]. Several studies
demonstrate that IDV is more efficient in recognizing both human Neu5,9Ac2 and
nonhuman Neu5Gc9Ac-containing glycans than ICV, and ICV seems to preferentially bind
to human Neu5,9Ac2 over non-human Neu5Gc9Ac [40,42]. Neu5Gce and Neu5Ac differ
only by a single oxygen atom at the C5 position [43]. Neu5Gc (the precursor of
Neu5GCc9AC) is synthesized by hydroxylation of CMP (cytidine monophosphate)-Neu5Ac to
CMP-Neu5Gc through CMP-Neu5Ac hydroxylase (CMAH) [44]. Many mammals contain
Neu5Gc/Neu5Ge9Ac in addition to NeubAc/Neu5,9Ac2 [45]. In contrast, humans and
ferrets can only make Neu5SAc and Neu5,9Ac2, and are deficient in Neu5Gc and
Neu5Gc9Ac due to frame-shift mutations occurring in the CMAH that synthesizes Neu5Gc
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(the Neu5Gc9AcC precursor) [46,47]. Taken together, these results suggest that IDV and ICV
diverge in communicating with both O-acetyl group at the C9 and acetyl/glycolyl group at
the C5 position in terminal 9-carbon sialic acids (SA). The efficient usage of either human
Neu5,9Ac2 or non-human Neu5Gc9Ac gives IDV an advantage over ICV (preferentially
binding to human Neu5,9Ac2) in expanding host tropism.

IDV is the most acid stable influenza virus in that only IDV retains approximately 80% of its
original infectivity after being treated at pH 3.0 for 30 min, while 1AV, IBV, and ICV are
completely inactivated under this condition [48]. Importantly, the data from reverse genetics
experiment clearly pinpoint that the HEF protein is the primary determinant of IDV acid and
thermal stability [48]. The stability of HEF at extremely acidic pH highlights a novel aspect
of IDV replication, which warrants further investigation.

Evolution of influenza D virus.

Since 2011, the full genomes of 65 bovine and swine IDV strains have been sequenced in six
countries (United States, China, France, Italy, Ireland, and Japan) [3,4,6-11,13,15,16,20,30].
Phylogenetic analyses revealed at least four lineages: D/OK, D/660, D/Yama2016, and D/
Yama2019 (Figure 2), with ~4% diversity for the HEF gene [3,4,6-11,13-15,22,30].
Currently, in America and Europe, both D/OK and D/660 lineages are observed [6-9,15]. In
China, only strains belonging to the D/OK lineage were reported [11,14], while D/Yama2
recently emerged in Japan [22,30]. Our phylogenetic analysis based on these data showed
that IDV diverged from the other three influenza genera about 300 to 1200 years ago [49].
Recently, IDV antibodies were detected in archived US cattle sera dating back at least to
2004 [16]. It indicates that IDV has already existed for a long time.

Evolutionary rate study revealed that IDV evolves with a high substitution rate (1.68x1073
nucleotide substitutions per site per year for HEF gene), which is about 3-fold faster than
ICV HEF and is comparable to some subtypes of IAV and IBV (~1 x 1073 to 8 x 1073
nucleotide substitutions per site per year for HA) [50,51] (Figure 4). Thus, unlike ICV, IDV
may not be under ‘evolutionarily stasis’. The recent continuous outbreaks of IDV in bovines
and other hosts imply that IDV can transmit among hosts with high efficiency. At the same
time, the high-affinity attachment to human cells indicates that IDV is superior to ICV in the
initiation of viral entry and establishing its infection in humans. Further efforts towards the
identification of more IDV lineages and evaluation of their phenotype-and-genotype
correlates in replication fitness in /n vivotarget cells should be useful to locate key genetic
and antigenic changes that may modulate its host range and host adaptation.

Animal models of influenza D virus.

IDV is able to infect and replicate in both ferrets and guinea pigs and transmit to naive
animals by direct contact [4,28]. Infected guinea pigs got seroconverted and the virus
specific antigens were found in the lung up to 7 days post infection [28]. A notable
difference between guinea pig and ferret models is that the virus can be found across the
upper and lower respiratory tract including lungs of infected guinea pigs, while detected
only in the upper respiratory tract, not in the lungs of infected ferrets [4,28]. In native host,
calves supported the replication of IDV in the upper and lower respiratory tract and the
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efficient virus replication can occur in the lungs of infected animals [9,52]. Virus replication
dynamics and transmission in guinea pigs are in a good agreement with those findings
obtained in native animals, further strengthening its validity as an animal model to study this
newly emerging influenza virus [28]. In addition, mouse model has been developed to study
the replication and pathogenesis of IDV [26,27]. Interestingly, in this model, in addition to
the respiratory tract, appreciable titers of IDV were found in mice intestines [26]. The
observation of IDV presence in the intestines of infected mice seems to be consistent with
previous studies showing that IDV shed in fecal samples of animals [14,17], which is
supported by the exceptional acid stability of IDV [48].

Pathogenesis and host response of influenza D virus.

Little is known about the pathogenesis of IDV in natural hosts and laboratory animals.
Infection in guinea pigs or ferrets was asymptomatic [4,28]. However, lungs from infected
guinea pigs showed severe and extensive inflammatory changes in the alveolar space with
inflammatory cell infiltration, perivascular cuffing, and destruction of bronchiolar epithelium
with exudation [28]. Guinea pigs with IDV infection also demonstrated apoptosis in
epithelial cells lining alveoli and bronchioles, as well as in non-epithelial cells of the lungs.
In a murine model, neither clinical signs nor weight loss were observed in infected mice
[26,27]. Nevertheless, infected mice showed a significant increase of neutrophils and
lymphocytes in the lung when compared to mock-infected animals [27]. Additional
transcriptomic analyses demonstrated that IDV replication in mice led to activate
proinflammatory genes including gamma interferon (IFN-y) and chemokine CCL2 [26].
These studies also revealed that IDV clearance in mice seemed not to depend on the type |
interferon response [26], and IDV infection conferred no appreciable susceptibility to
secondary bacterial infection with S. aureus [27].

Limited studies have shown that IDV causes a mild respiratory disease in calves in direct
challenge experiments [52,53]. Interestingly, IDV infection can alter the structural integrity
of the respiratory epithelium and as a result trigger a significant increase in neutrophils in
the trachea of infected animals [53]. This pathological effect seems to suggest an etiological
role of IDV in bovine respiratory disease complex (RDC). Further investigation of IDV
pathogenesis and host responses in calves showed that IDV infection resulted in moderate
bronchopneumonia with restricted lesions of interstitial pneumonia and significant
activations of pathogen recognition receptors and chemokines CCL2, CCL3, and CCL4 [52].
Intriguingly, the signaling pathway to activate the type | interferon response was not
substantially activated in the lower respiratory tract of IDV-infected calves [52]. This
observation seems to be consistent with a recent finding showing that IDV NS1 is capable of
suppressing host IFN responses, similar to the NS1 proteins from 1AV, IBV, and ICV [54].
Taken together, cattle infection experiments collectively suggest that IDV is a mild
respiratory disease pathogen of bovines and acts as an important cofactor of clinically
bovine RDC.

Preventive vaccines for influenza D in agricultural animals.

Bovine respiratory disease complex costs the global cattle industry billions per year. As
discussed above, IDV has emerged as an important player for this disease complex, thereby
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indicating a need for an effective and safe vaccine against IDV infection in bovines.
Currently, there are no specific vaccines or treatments for influenza D in animals. One
candidate vaccine developed for influenza D is a chemical inactivated whole virus particle
vaccine [55]. Immunization of cattle with this inactivated vaccine elicited virus-specific
immune responses, which provided a partial protection to vaccinated calves from respiratory
disease and viral shedding following homologous IDV challenge. In addition, a DNA
vaccine expressing the consensus HEF gene of diverse IDV isolates protected guinea pigs
from infection by two lineages of IDV [56]. Specifically, guinea pigs received the consensus
HEF DNA vaccination developed high-titers neutralizing antibodies. Vaccinated guinea pigs
were completely protected against intranasal challenge with two IDV lineage
representatives, D/OK and D/660 as viral RNA was not detected in necropsied respiratory
tissues of vaccinated animals using quantitative reverse transcription-PCR and in situ
hybridization. Although further work is needed to evaluate its protective efficacy against
other lineages of IDV in guinea pigs as well as to determine whether the sterilizing
protection against diverse lineages of IDV can be observed in bovines or pigs, the
encouraging results of this vaccine platform from guinea pigs indicate that a DNA vaccine
expressing the consensus HEF has the potential to protect animals from different lineages of
IDV infections [56]. As with other types of influenza viruses, IDVs will constantly evolve
into more diverse lineages, the IDV vaccine research efforts in the future needs to
accommodate for such antigenic drift phenomena and focus on developing a universal
vaccine that can effectively protect animals or humans from multiple strains or lineages of
IDV. With recently described robust reverse genetics systems for IDV [57,58], rational
design of IDV live attenuated vaccine candidates by various mechanisms can be achieved,
which represents an alternative platform for the development of safe and efficacious
vaccines for IDV.

Conclusions

Novel influenza D virus (IDV) utilizes bovines as a primary reservoir with periodical
spillover to other mammalian hosts including pigs. Humans generally have no preexisting
immunity against this newly emerging influenza virus. Despite substantial progress made in
epidemiology, infection biology, and host range of IDV since its initial appearance in U.S.
swine population in 2011, further research on IDV, especially centering on the cross-species
transmission and virus binding and fusing into the host cells, is critically needed. Elucidation
of IDV entry and adaptation mechanisms to different animal species will be instrumental to
develop effective antiviral therapeutics and vaccine strategies against influenza D virus
infection in humans and animals.
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Figure 1. Infectious ecology and host range of influenza D virus.
Influenza D virus utilizes bovines as a primary reservoir with frequent spillover to other

animals. The bold black line indicates animals or human that derived influenza D virus or
viral genome, while the dotted black line represents animals in which viral antibodies were
detected without the evidence of virus isolation or the detection of viral genome. Vector
graphic images used in the figure were taken from icon pool of the Microsoft Office and
Freepik (www.freepik.com).
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Figure 2. Maximum-likelihood phylogenetic tree of the Hemagglutinin-esterase (HEF) segment
of IDV.

IDV D/660, D/OK, and D/Yama2016, and D/Yama2019 lineages were indicated with
different colors, respectively. Total 65 full-length HEF nucleotide sequences available in
Genbank were used and the tree was constructed in MEGA 6 using the general time
reversible+invariable sites substitution model with 1000 replicates of bootstrap performed.
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Figure 3. 9-O-acetylated SA receptors and HEF structure of IDV.
Chemical structures of Neu5,9Ac2 and Neu5Gc9Ac were showed in (A), while structure of

IDV D/OK HEF protein trimer (Left, cartoon mode; right, surface mode) (PDB ID:5E65)
was presented in the context of binding to an analog of Neu5,9Ac2 Sialic acid (green) (B).
Four structural elements involving in the formation of the receptor-binding pocket (RBP)
were shown in different colors. Two monomers of a trimer were shown gray with HEF1 and
HEF2 subunits of the HEF protein indicated in different colors.
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Figure 4. Evolutionary rate of the HEF gene of influenza D virus.
The evolutionary rate of IDV was estimated using BEAST package, with GTR substitution

model, restricted molecular clock, and Bayesian Skyline tree prior model. The optimal
models were selected using the path sampling approach in BEAST.
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