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ABSTRACT A novel genus within the Orthomyxoviridae family was identified in the
United States and named influenza D virus (IDV). Bovines have been proposed to be
the primary host, and three main viral lineages (D/OK-like, D/660-like, and D/Japan-
like) have been described. Experimental infections had previously been performed in
swine, ferrets, calves, and guinea pigs in order to study IDV pathogenesis. We devel-
oped a murine experimental model to facilitate the study of IDV pathogenesis and
the immune response. DBA/2 mice were inoculated with 105 50% tissue culture in-
fective dose (TCID50) of D/bovine/France/5920/2014 (D/OK-like). No clinical signs or
weight loss were observed. Viral replication was observed mainly in the upper respi-
ratory tract (nasal turbinates) but also in the lower respiratory tract of infected mice,
with a peak at 4 days postinfection. Moreover, the virus was also detected in the in-
testines. All infected mice seroconverted by 14 days postinfection. Transcriptomic
analyses demonstrated that IDV induced the activation of proinflammatory genes,
such as gamma interferon (IFN-�) and CCL2. Inoculation of NF-�B-luciferase and If-
nar1�/� mice demonstrated that IDV induced mild inflammation and that a type I
interferon response was not necessary in IDV clearance. Adaptation of IDV by serial
passages in mice was not sufficient to induce disease or increased pathogenesis.
Taken together, present data and comparisons with the calf model show that our
mouse model allows for the study of IDV replication and fitness (before selected vi-
ruses may be inoculated on calves) and also of the immune response.

IMPORTANCE Influenza D virus (IDV), a new genus of Orthomyxoviridae family, pres-
ents a large host range and a worldwide circulation. The pathogenicity of this virus
has been studied in the calf model. The mouse model is frequently used to enable a
first assessment of a pathogen’s fitness, replication, and pathogenesis for influenza A
and B viruses. We showed that DBA/2 mice are a relevant in vivo model for the
study of IDV replication. This model will allow for rapid IDV fitness and replication
evaluation and will enable phenotypic comparisons between isolated viruses. It will
also allow for a better understanding of the immune response induced after IDV in-
fection.
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In 2011, a new influenza virus was isolated from a pig with influenza-like symptoms
in Oklahoma. Electronic microscopy and real-time reverse transcription-PCR (RT-PCR)

revealed that it was neither an influenza A virus (IAV) nor an influenza B virus (IBV).
Next-generation sequencing (NGS) analyses allowed for the identification of 7
Orthomyxovirus-like RNA segments, but this virus presented only 50% overall identity to
human influenza C virus (ICV). Furthermore, serological analyses demonstrated that
antibodies against this new virus failed to cross-react with IAV, IBV, or ICV (1). All of
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these results suggested that it was a new genus of Orthomyxoviridae, temporarily
named C/swine/Oklahoma/1334/2011 (C/swine/OK) and then influenza D virus (IDV)
(1, 2).

IDV is widely distributed in the world: so far, it has been detected in North and
Central America (1, 3–6), Asia (7–11), Europe (12–18), and Africa (19, 20). Two clades of
IDV that are antigenically and phylogenetically different were identified in the United
States, D/OK-like and D/660-like. Both were shown to frequently reassort in the United
States (21). More recently, a third clade, circulating specifically in Japan, was identified
(D/Japan-like) (11, 22, 23).

Several studies detected IDV in cattle, with a higher prevalence in sick than in
healthy cattle (2, 10, 21) and a higher prevalence in cattle than in swine, suggesting that
bovines could be a main host of IDV (1, 3). IDV was also detected in small ruminants,
horses, and camels (19, 22, 23).

The zoonotic potential of IDV is still not clear, but serological and virological studies
suggested that the virus might infect humans, especially those exposed to cattle (1,
24–26). An experimental study in ferrets was conducted in order to understand IDV
pathogenesis and zoonotic potential (1). The ferret is a good model for studying human
influenza virus. Indeed, these animals express the same pattern of viral receptors and
present clinical signs similar to those observed in humans (27). Despite the absence of
clinical signs, the virus replicated in the upper respiratory tract of the ferrets. Moreover,
direct contact transmission between ferrets was observed. Taken together, these results
suggested that humans could be susceptible to IDV, but studies are still needed to
confirm this hypothesis.

IDV is involved in bovine respiratory disease complex (BRDC). BRDC causes a major
economic and public health problems in young calves worldwide. The causes are
multifactorial, represented by the following: (i) the presence of one or several patho-
gens (virus and/or bacteria), (ii) a compromised immune system of bovines, and (iii)
environmental factors. Recently, three metagenomics studies identified IDV among
viruses associated with BRDC. IDV was mainly associated with BRDC, alone or in
combination with bovine adenovirus-3, and bovine rhinitis A in U.S. cattle (6) or with
bovine rhinitis A and B viruses, bovine coronavirus, or bovine respiratory syncytial virus
in Canadian cattle (5). The role of IDV in BRDC remains unclear, but the high prevalence
in cattle and the mild clinical signs by experimental infections suggest that it could be
an initiating pathogen (28, 29).

Little is known about IDV pathogenesis, transmission, or the associated immune
response. It is therefore necessary to develop a small-animal model in order to have a
better understanding of IDV’s biology. Four experimental infection models had been
developed in swine, ferrets, guinea pigs, and calves (1, 28, 30, 31). Swine and ferrets did
not present clinical signs, and IDV was only detected in the upper respiratory tract (1).
In guinea pigs, IDV replicated with high titers in the upper and lower respiratory tracts
but was not associated with clinical signs (30). Ferguson et al. (28) and Salem et al. (29)
also studied the pathogenesis and transmission of the virus in calves, the main host
known so far. They observed mild clinical signs, and IDV was detected in both upper
and low respiratory tracts. Transmission by direct contact and aerosols was observed.
Salem et al. (29) studied the immune response of calves post-IDV inoculation. The
calves presented an innate immune response involving proinflammatory cytokines and
chemokines, such as CCL2, CCL3, and CCL2. Surprisingly, the type I interferon mRNAs
were not overexpressed. A mixed Th1 and Th2 response was also observed, with
IDV-specific IgG1 production starting from 10 days postinfection.

Mice have so far not been used for studying the pathogenesis of IDV. Mice are,
however, the most used animal model for studying influenza viruses (32). The mouse
model is a very convenient model for studying viral replication (33), tissue tropism (34),
and the immune response (35) but also for testing vaccines or antiviral molecules (36,
37). It has clear practical advantages such as a low cost, small size, ease of husbandry,
and good availability of reagents for immunology testing (32). The main disadvantages
are the inefficient influenza virus transmission between mice, the rare clinical signs, and
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the requirement of adaptation for some influenza virus strains. It was shown that the
mouse genetic background has also an impact on their susceptibility to IAV (38).

The mouse model was especially used to study the pathogenicity of IAV, namely,
tissue tropism, fitness of replication, and the immune response. The most visible clinical
signs post-IAV infection are weight loss and changes in behavior. IAV was shown to
replicate mainly in the upper and lower respiratory tract of mice, especially in epithelial
cells, endothelial cells, and type I pneumocytes. A viral peak has often been observed
around 3 to 4 days postinfection (dpi). Systemic replication was observed with a highly
pathogenic H5N1 virus and was associated with severe disease (38, 39).

Here, we developed a murine experimental model to study the pathogenesis and
immune response of IDV. We aimed to reproduce the clinical signs, viral replication, and
tissue tropism as observed in the main host. We also used this model to better
understand the immune response induced after infection of IDV in DBA/2, Ifnar1�/�,
and NF-�B-luciferase transgenic mice.

RESULTS
Influenza D virus infects mice but does not cause clinical signs. DBA/2 mice are

known to be highly susceptible to IAV infection and were therefore selected for the
present study. In order to determine if the mice are susceptible to IDV, we infected a
total of 50 DBA/2 mice intranasally with 105 50% tissue culture infective dose (TCID50)
of D/bovine/France/5920/2014 (D/5920; D/OK-like clade), and 25 mice served as neg-
ative controls (inoculated with phosphate-buffered saline [PBS]). This infection was
carried out in two separate experiments.

We did not observe clinical signs or weight loss in the DBA/2-infected mice. No
mortality was recorded either, suggesting that IDV could not induce disease in mice
(Fig. 1).

The antibody response against IDV was measured at 14 days postinfection (dpi),
using a hemagglutination inhibition (HI) assay. Two viral strains were used, D/5920
(inoculum) and D/bovine/Nebraska/9-5/2012 (D/660-like, heterologous strain). All of
the infected mice seroconverted, suggesting that they had all been infected by the
virus. The mice presented high antibody titers ranging from 15 to 240 against D/5920
(homologous strain), but the antibody titers against D/Neb were much lower
(�20 but �40) (Table 1).

IDV efficiently replicates in DBA/2 mice with a peak at 4 dpi. To assess the viral
replication and tissue tropism of the virus, eight mice were necropsied at 2, 4, 6, and
8 dpi, and different organs and samples (brain, nasal turbinates, trachea, lungs, spleen,
liver, kidneys, intestines, and blood) were collected. IDV was titrated by TCID50 (Fig. 2).
The virus was detected in nasal turbinates of all mice (n � 10) with high titers at 4 dpi
(103.4 to 104.7 TCID50/g) but not at 2 or 6 to 8 dpi (Fig. 2B). The virus was detected in

FIG 1 Absence of clinical signs during IDV infection in mice. A group of 36 mice was intranasally infected
with 105 TCID50 of D/5920, and a group of 11 noninfected mice was used as a control. Clinical signs and
mortality were recorded every 2 days for 14 days. There was no significant weight variation between
noninfected and infected DBA/2 mice (P � 0.05). Weight changes expressed as the mean percentage of
initial body weight � standard deviation (SD).
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the trachea of three mice only at 4 dpi but with low titers (102 to 103 TCID50/g)
compared to those in nasal turbinates (Fig. 2C). In the lungs, IDV was detected in two
mice (n � 2/10) at 2 dpi (102.6 to 103 TCID50/g), in four mice (n � 4/10) at 4 dpi (101.9 to
102.8 TCID50/g), and in one mouse (n � 1/10) at 8 dpi (102.1 TCID50/g) (Fig. 2D).

The virus was also sporadically detected in nonrespiratory organs (Fig. 2A, F, and G).
Four mice at 2 dpi were positive for IDV in the liver (102.4 to 102.6 TCID50/g), suggesting
viremia (Fig. 2E). However, blood samples taken at 2 and 6 dpi were negative for IDV
(undetected titers). Finally, the virus was detected in the intestines of mice with titers
ranging from 102.1 to 103.3 TCID50/g (6/8 mice virus positive at 2 dpi, 3/8 positive at
4 dpi, 2/8 positive at 6 dpi, and 3/5 positive at 8 dpi), suggesting that IDV could have an
enteric tropism.

Histology analyses were performed for each organ at 2 and 6 dpi for negative-
control mice and infected mice. At 2 dpi, no lesion was observed irrespective of the
organ. At 6 dpi, mild inflammation was observed only in the nasal turbinates. In
comparison with noninfected mice, there was an infiltration of lymphocytes, macro-
phages, and plasma cells, cell degeneration, and loss of cilia. Immunohistochemistry
(IHC) staining confirmed the presence of virus in the nasal turbinates at 6 dpi (Fig. 3).
No immunohistochemistry signal was detected in any other organs (data not shown).

These results confirmed that the virus presented a respiratory tropism, especially for
the upper respiratory tract, regarding the viral titers. Although there were no clinical
signs, we observed mild inflammation at 6 dpi in the nasal turbinates (Fig. 3).

TABLE 1 Seroconversion in infected DBA/2 mice 14 days postinfection with D/5920

Strain

HI titer in mouse no.:

1 2 3 4 5 6 7 8 9 10

D/5920a 120 80 80 15 160 240 240 120 60 120
D/Nebb 20 20 20 20 20 40 40 40 20 20
aD/5920, D/bovine/France/5920/2014.
bD/Neb, D/bovine/Nebraska/9-5/2012. HI assays were performed with viral inoculum (D/5920) and a
genetically and antigenically distinct strain of IDV (D/Neb). All noninfected mice did not seroconvert after
IDV infection (data not shown).

FIG 2 IDV mainly presented upper respiratory tropism. Mice were infected with 105 TCID50 of D/5920. (A to H) At 2, 4, 6, and 8 dpi, 8 mice per days were
euthanized, and brain (A), nasal turbinates (B), trachea (C), lungs (D), spleen (E), liver (F), kidneys (G), and intestines (H) were collected. Virus titers were
determined using the TCID50 method and are expressed in log10 of TCID50/g of tissue. Each dot represents one mouse. The dotted line represents the positivity
threshold (1.5 log10 TCDI50/g of organ).
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IDV induces a mild proinflammatory response. To investigate the immune re-
sponse against IDV, we evaluated the induction of genes involved in innate and
adaptive responses in tissues by measuring the transcript levels of 36 associated genes.
The immune response was assessed in the lungs (Fig. 4) to understand the local
response, and in the spleen (Fig. 5) to understand the systemic response. Twofold
changes between infected and noninfected control mice were considered significant.

In the lungs, we observed overexpression of several genes of the innate response.
Looking at the sensors of the innate immunity, we observed a �2-fold overexpression
of Toll-like receptor 4 (TLR4) and TLR7 at 6 dpi compared to at 2 to 4 dpi. For TLR3, we
observed a higher expression at 4 dpi than at 2 and 6 dpi. Finally, we did not observe
significant overexpression of TLR9 or retinoic acid-inducible gene I (RIG-I) transcripts
(1.77- and 1.41-fold increases, respectively; Fig. 4). We also noticed an inflammatory
response with a significant increase in interleukin 6 (IL-6) or IL-1� at 2 dpi. The highest
fold changes were observed at 2 dpi for CCL5 and gamma interferon (IFN-�) (5.3- and
6.9-fold changes, respectively; Fig. 4), with a decrease in their expression at 4 to 6 dpi
(5-fold decrease, Fig. 4). These results suggested that IDV could induce a mild innate
response in the two first days postinfection.

The gene coding for 2=,5=-oligoadenylate synthetase (2=,5=-OAS) was slightly over-
expressed at 2 dpi, suggesting that type I interferon could be induced after IDV
infection. Moreover, we observed an increase in interferon regulatory factor 3 (IRF3)
mRNA levels at 6 dpi. Surprisingly, we did not observe overexpression of IFN-� or IFN-�
mRNA levels. Finally, we also observed a slight increase of Gata3 and T-bet at 6 dpi,
suggesting the involvement of an adaptive and mixed Th1/Th2 response (Fig. 4).

In the spleen, the pattern of transcript expression was different. We observed
overexpression of the RIG-I transcript at 4 dpi but not of the Toll-like receptors (TLR).
Overexpression of NF-�Bp65 at 4 and 6 dpi was also detected, suggesting inflammation
in the spleen. However, no increase in IL-6 or IL-1� mRNA levels was observed. We
noticed an increase in the anti-inflammatory cytokine transforming growth factor beta
1 (TGF-�1) at 4 dpi. The highest increase in the expression of proinflammatory effectors
was observed for CCL2 at 4 dpi. An increase in IFN-�, lower than that observed in the

FIG 3 Microscopic lesions at 6 dpi and evidence of IDV replication in nasal turbinates of infected mice as
done by hematoxylin and eosin staining (H&E) and immunohistochemical reaction (IHC). Magnifica-
tion, �1,000; scale bar � 10 �m. (A and B) Hematoxylin and eosin staining shown for the control (A) and
infected mice, with infiltration of macrophages, lymphocytes, and plasma cells (long arrow), epithelial cell
degeneration, and loss of cilia (short arrows) (B). (C and D) IHC is shown for the control (C) and infected
mice, with anti-IDV cytoplasmic and nuclear immunohistochemical expression (D).
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lungs, was also observed. At 6 dpi, slight overexpression of T-bet transcript was also
observed but not of Gata3, in contrast to what was observed in the lungs (Fig. 5).

The NF-�B transcription factor is involved in the activation of genes coding for some
proinflammatory cytokines. As we observed overexpression of NF-�B in the spleen of
DBA/2 mice (3.3- and 4.4-fold changes at 4 and 6 dpi, respectively), we inoculated
transgenic mice expressing a firefly luciferase gene under the control of the NF-�B
promoter (NF-�B-luciferase mice) with D/5920 to determine the inflammation induced
by IDV. The NF-�B-dependent inflammatory response was analyzed daily by lumines-

FIG 4 IDV induced a mild local proinflammatory response in DBA/2 mice. Mice were infected with 105 TCID50 of D/5920. At 2, 4, and 6 dpi, 3 infected and 3
noninfected mice were euthanized per day, and lungs were collected. Relative expressions for each gene were calculated by ΔΔCT analysis after normalization
with the GAPDH housekeeping gene. The results are expressed as mRNA fold induction.
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cence monitoring in the whole bodies of the infected mice. We observed mild inflam-
mation in mice starting from 2 dpi and lasting until 6 dpi (Fig. 6A). A two-phase
response was noticed, with peaks of luminescence at 2 and at 5 dpi (Fig. 6B).

These results suggested that IDV could induce only a mild proinflammatory re-
sponse with a limited increase in NF-�B transcript involved in cellular pathway for
cytokine production.

The type I interferon response is not essential to resolve IDV infection. Type I
interferons are especially involved in innate immunity against influenza A virus (IAV),

FIG 5 IDV induced a mild systemic proinflammatory response in DBA/2 mice. Mice were infected with 105 TCID50 of D/5920. At 2, 4, and 6 dpi, 3 infected and
3 noninfected mice were euthanized per day, and spleens were collected. Relative expressions for each gene were calculated by ΔΔCT analysis after
normalization with the GAPDH housekeeping gene. The results are expressed as mRNA fold induction.
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and they are induced after NF-�B, IRF3, and IRF7 activation. Here, we conducted an
experiment on mice with a type I interferon receptor knockout (Ifnar1�/�) in order to
understand the role of this pathway during IDV infection. Ten 12-week-old Ifnar1�/�

mice were infected intranasally with 105 TCID50 of D/5920, and seven Ifnar1�/� mice
were inoculated with PBS as the controls.

As observed for the DBA/2 mice, the Ifnar1�/� mice did not show clinical signs or
weight loss (Fig. 7A). All of the mice seroconverted (80 � HI titers �160), demonstrating
that they had all been successfully infected by IDV. These observations suggested that
type I interferon response is not essential for the protection against IDV.

To assess viral replication and tropism, we performed necropsies of four infected
mice at 4 dpi. IDV presented almost the same tropism and viral titers in Ifnar1�/� and
DBA/2 mice, where the virus was detected in nasal turbinates (103.7 to 104 TCID50/g),
lungs (101.4 to 102.9 TCID50/g), and intestines (102.9 to 103.4 TCID50/g). Contrary to what
was observed in DBA/2 mice, IDV was not detected in the trachea and liver of Ifnar1�/�

mice (Fig. 7B).
Together, these results suggested that type I IFN (IFN-I) response could be induced

during IDV infection in mice but without being critical in antiviral response against IDV,
in contrast to what has been observed for influenza A virus (40).

D/bovine/France/5920/2014 does not undergo much adaptation after passages
in DBA/2 mice. In order to understand if D/5920 could adapt to mice after a few
passages and then could induce clinical signs or higher viral replication, we performed
5 serial passages in DAB/2 mice. Briefly, three mice were infected with 105 TCID50 of
D/5920 intranasally. At 4 dpi, DBA/2 mice were euthanized, and the respiratory organs

FIG 6 IDV infection induced two-phase inflammation in mice. NF-�B-luciferase mice were infected with 105 TCID50 of D/5920 intranasally. (A) Bioluminescence
was measured from 1 to 7 dpi by inoculation of luciferin intranasally (0.75 mg kg�1) and using the IVIS system. The scale on the right indicates the average
radiance, calculated as the sum of the photons per second from each pixel inside the region of interest (ROI)/number of pixels (photons/s/cm2/sr). (B)
Bioluminescence activity was quantified using the Living Image software and represented as a graph. fc, fold change; ctrl, control.

FIG 7 Pathogenicity of D/5920 in Ifnar1�/� mice. Ifnar1�/� mice were infected with 105 TCID50 of D/5920. Clinical signs were recorded
daily during 14 days. (A) Weight was recorded every 2 days for noninfected and infected mice. (B) At 4 dpi, 4 infected mice were
euthanized, and different organs were collected. Virus titers were determined using the TCID50 method and are expressed in log10 of
TCID50/g of tissue. The dotted line represents the positivity threshold (1.5 log10 TCDI50/g of organ). KO, knockout.
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(nasal turbinates, trachea, and lungs) were collected and homogenized. The homoge-
nates were used to inoculate three new mice intranasally again. We performed 5 serial
passages and then infected eight DBA/2 mice intranasally with the “mouse passage 5”
virus (D/5920-M5). Each passage was titrated to confirm the presence of the virus.

The DBA/2 mice infected with the D/5920-M5 virus did not show clinical signs or
weight loss, as observed with DBA/2 mice infected with nonadapted virus (Fig. 8A). All
of the mice infected with the D/5920-M5 virus seroconverted, with antibody titers
similar to those observed with mice infected with nonadapted virus. The viral replica-
tion at 4 dpi was assessed in the different organs. IDV tissue tropism was unchanged,
as it replicated in respiratory organs and intestines. Moreover, the viral titers were
similar between mice infected with nonadapted and mouse passage 5 virus in nasal
turbinates (104.1 to 105 TCID50/g), trachea (103.6 to 104.3 TCID50/g), lungs (103.1 to 103.4

TCID50/g), and intestines (103.1 to 104.4 TCID50/g) compared with mice infected with
nonadapted virus (P � 0.05) (Fig. 8B).

We then performed whole-genome sequencing on the D/5920-M5 homogenate. No
mutations were observed in the PB1, PB2, P3, NS, and M1 genes. A single substitution
(nucleotide [nt] C842T, amino acid [aa] A281V) was observed on the HEF gene.

These results suggested that adaptation did not increase the pathogenicity of IDV
(clinical signs or higher viral replication) or that the number of passages (5 passages)
was not sufficient to adapt the virus.

DISCUSSION

This study aimed to develop a murine model in order to understand the pathogen-
esis of a recently identified virus, influenza D virus (IDV).

IDV and absence of clinical signs in mice. In this study, DBA/2 mice infected with
D/5920 did not present respiratory or general clinical signs or weight loss. IDV does
not seem to induce disease in mice, as observed in guinea pigs, ferrets, and
specific-pathogen-free (SPF) and feral swine models. This contrasts with IAV infec-
tion in mice, where mortality and/or morbidity is often observed with high doses of
low-pathogenic virus, with mouse-adapted strains, or with highly pathogenic
strains (32, 41). IDV was discovered recently, and so far, the pathogenicity of the
viral strains remains unknown. We cannot exclude the possibility that the D/5920
strain is more or less pathogenic than are other IDV strains, but further analyses,
such as the screening of different viral strains in vivo, could help answer this
question. It is likely that the viral dose used for the infection was not responsible for
the absence of clinical signs; indeed, we used 105 TCID50, which is a strong dose in
mice. The minimal infectious dose for IDV in mice remains unknown, and an

FIG 8 Adaptation of D/5920 in DBA/2 mice. Three DBA/2 mice were infected with 105 TCID50 of D/5920. At 4 dpi, mice were euthanized,
and nasal turbinates, trachea, and lungs were collected and homogenized. The pure homogenate was used to inoculate three naive DBA/2
mice. After five serial passages, 8 DBA/2 mice were infected intranasally with 30 �l of mouse passage 5 IDV (D/5920-M5). (A) Weight was
measured every 2 days, and clinical signs were recorded daily. (B) At 4 dpi, 4 infected mice were euthanized, and different organs were
collected. Virus titers were determined using the TCID50 method and are expressed in log10 of TCID50/g of tissue. The dotted line
represents the positivity threshold (1.5 log10 TCDI50/g of organ).
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experiment with mice infected with different doses of IDV would help determine if
the infective dose may play a role in the induction of clinical signs. In the calf model,
a dose of 107 TCID50 of D/5920 was used, and only mild clinical signs were observed
(29).

The absence of pathogenesis in mice has also been observed with other respiratory
viruses, such as the highly prevalent bovine and human respiratory syncytial viruses
(bRSV and hRSV, respectively). Several studies used BALB/c mice to reproduce the
clinical signs, viral replication, and immune response of hRSV. Almeida et al. developed
a murine BALB/c model of bRSV; however, the mice did not present clinical signs, and
the virus was difficult to detect using PCR (42). In another study, BALB/c mice were
infected with recombinant hRSV expressing the firefly luciferase protein. Despite
replication in the mouse respiratory tract, the mice did not present any clinical signs or
mortality (43).

IDV adaptation in mice. Sreenivasan et al. suggested that viruses from the swine
D/OK-like clade and from the bovine D/660-like clade may have different tropisms in
guinea pigs (30). They hypothesized that the recognition of the HEF glycoprotein to its
receptor may vary depending on the clade. A mutation in the binding site of the HEF
glycoprotein was observed between isolates from swine D/OK-like (K212) and bovine
D/660-like clades (R212); this mutation may modify the specificity and affinity of HEF for
its cellular receptor and thus may modify tissue tropism between the two clades (21).
So far, the potential differences of IDV strains have not been studied.

As mice are not the main host for IDV, viral adaptation may be required to induce
disease. We attempted to adapt the IDV in DBA/2 mice in order to see if this would
reveal clinical signs or an increase in viral replication. Many IAV strains indeed need
adaptation to induce disease or even viral replication in mice (32, 44). Here, we
performed five serial passages in mice to obtain a virus named D/5920-M5. DBA/2 mice
infected with D/5920-M5 did not present clinical signs or a significant increase in viral
replication at 4 dpi compared to DBA/2 mice infected with original virus. We observed
very little genetic adaptation in mice; indeed, full-genome sequencing showed that
adaptation only induced one mutation in the HEF gene (not located in the receptor
binding site). In comparison, 6 amino acid mutations were observed on D/bovine/
Oklahoma/660/2013 after one passage in the guinea pig model (30).

The number of serial passages was maybe not sufficient to adapt IDV to DBA/2
mice. For example, an adaptation of seasonal H1N1 (A/Brisbane/59/2007) virus in
mice showed that mice presented clinical signs from the fifth passage and mortality
from the sixth. A higher level of viral replication was also observed after the fifth
passage in mice (45). For influenza B virus (IBV), clinical signs and an increase in viral
replication were observed after 12 passages in mice (46). D/5920, however, did not
lose fitness in mice after passages, as evident by similar titers and tissue tropisms.
Another hypothesis is that IDV may not induce disease in mice no matter the
number of passages. However, we noticed an important D/5920 adaptation in swine
testis (ST) cells. Our inoculum virus, passaged 5 times on ST cells, was indeed
different from the initially sequenced D/5920 virus, with 2 mutations in HEF (G628A
and G684A) suggesting adaptation in cells (data not shown). It is unknown whether
a wild-type, non-cell-culture-adapted virus would be virulent in mice.

IDV’s tropism in mice is respiratory but also enteric. The limited literature
available on IDV pathogenesis in vivo suggested a respiratory tropism of the pathogen.
In ferrets and pigs, IDV replicated in nasal turbinates only (1). In calves and guinea pigs,
virus replicated in both the upper and lower respiratory tract (28–30).

Our findings confirmed the respiratory tropism of D/5920 in mice. Here, D/5920 (D/OK-
like clade) replicated mainly in the upper respiratory tract, with a peak at 4 dpi (nasal
turbinates). We also observed replication to a lower extent in the middle (trachea) and
lower respiratory tract, as observed in a guinea pig model (30). Contrary to this model, we
observed lesions only in the nasal turbinates but not in the lungs of mice. We also noticed
a time difference between virus detection and microscopic lesions for D/5920 infection
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(positive virus detection data at 4 dpi and microscopic lesions at 6 dpi). The immune
response at 6 dpi may be sufficient to inhibit IDV replication and avoid more severe lesions.
Interestingly, viral replication was similar to that observed in the main host, bovines,
experimentally (29). In the calf model developed by Salem et al., the viral strain D/5920
replicated both in the upper and lower respiratory tract (29). In this model, the virus was
detected at a higher titer in nasal swabs (5.6.108 RNA copies/ml) than in bronchoalveolar
lavage fluid (1.4.105 RNA copies/ml), and also with similar titers in organs (lungs and nasal
mucosa).

IDV was also detected with low titers in the intestines, but no lesions were observed.
Previous studies of IAV infection showed high titers of H1N1 viruses in the respiratory
tract and low titers in the intestines and feces of DBA/2 mice (47). Bao et al. also
observed low titers of H7N9 in BALB/c intestines (48). No IDV (or with very low titers)
has been detected in the enteric organs so far in other experimental models (intestines
for ferrets [1] and rectal swabs for a calf model [28, 29]). The differences in physiology
and receptor expression in the intestines could be responsible for these results. In a
recent study, however, IDV was detected in rectal swabs from goats, suggesting that
IDV could present an enteric tropism or could be orally transmitted in other susceptible
species (9). Unfortunately, no rectal swabs were so far tested for cattle or swine in the
field, which makes difficult to determine if IDV harbors an enteric tropism. IDV is able
to bind cells through 9-O-acetylated sialic acids expressed on the cell surface (49). So
far, the presence of 9-O-acetylated sialic acids has not been demonstrated in mouse
intestines. However, a study demonstrated that rats express these sialic acids in the
intestines, suggesting that it could be the same in mice (50). Here, we cannot exclude
the possibility of oral contamination during infection.

Surprisingly, IDV was detected in mouse livers with low titers at 2 dpi, while
blood samples were negative at the same time point. Transient viremia may occur
early in the course of IDV infection. Blood samples collected in the first hours
postinfection would help us understand if IDV indeed causes viremia. It was
previously suggested that IAV could be viremic in mice. Indeed, virus was detected
in the red blood cell fraction in the early step of infection, but it was virus strain
dependent and required high PCR sensitivity and a high dose of inoculum (51).
Recently, a study from China detected IDV in diseased dairy cattle, buffalo, and goat
serum samples using PCR (9). Transient viremia was also observed in feral swine and
calf experimental models. The virus was detected at 3 and 5 dpi in feral swine and
3 and 5 dpi in cattle, with around 3 log10 TCID50/ml in both studies, suggesting that
IDV induces viremia (31, 52). We hypothesize that IDV could pass into the blood-
stream using blood vessels in nasal turbinates and thus infect other tissues, such as
those of the liver or the intestines. Further evidence, however, is warranted to really
assess the putative viremia associated with IDV in mice. Our IHC findings confirm
the presence of IDV in nasal turbinates but not in any other organs (Fig. 3). This
suggests either that the sensitivity of the technique does not allow for the detection
of low levels of virus or that the nonrespiratory tissues may carry virus without it
replicating locally. Previously, IDV seemed to harbor a respiratory tropism in the
field and in all animal models (1, 28, 30). Most IDV studies focused on the respiratory
tract, except for a pathogenesis study in ferrets, where no IDV replication was
observed outside the respiratory tract (1). We now have confirmed the respiratory
tropism of IDV, but our findings also warrant further investigation of a putative
viremia and/or intestinal tropism of the pathogen at least in mice.

Influenza viruses and the humoral immune response. The antibody response
likely plays an important role in controlling IDV infection, as it does for IAV infection.
Previously, when several antigens were used to determine the titer of IDV antibodies in
ruminant sera using a hemagglutination inhibition assay, 2-fold differences in titers were
observed in average (19), suggesting a limited antigenic diversity between the 2 IDV clades
(genotypes). In contrast, here, all infected mice seroconverted at 14 dpi, with antibody titers
ranging from 1:15 to 1:240 against the homologous strain and from 1:20 to 1:40 against a
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heterologous strain (D/Neb or D/5920), suggesting a high antigenic difference between the
two clades, as was initially observed in the United States by Collin et al. (21).

A mild proinflammatory response is sufficient to clear IDV infection. To under-
stand the immune response against IDV in mice, we analyzed 36 genes involved in
innate and adaptive responses using transcriptomics. Previously, the immune response
was analyzed only in the calf model, using both transcriptomics and proteomics (29).
IDV seems to induce a mild innate response in mice. Here, we observed differences
between the mouse and calf models. First, we observed a lower induction of proin-
flammatory gene expression in mice than in calves. The greater IDV fitness in calves
than that in mice could explain these differences, although we cannot exclude the
possibility that the immune response in calves contributes to the clinical outcome.

Differences between the calf and mouse models could also be explained by the type
of samples and the times of sample collection; bronchoalveolar lavage fluid was used
for calves versus lung and spleen homogenates used for mice, and the immune
response was measured at 2, 4, and 6 dpi in mice but at 2, 7, and 14 dpi in calves. The
methodology and biostatistical analyses used for the two studies (microfluidic quanti-
tative PCR [qPCR] on the platform BioMark for calves and classical real-time RT-PCR on
a LightCycler for mice) were different. Indeed, the immune response was monitored for
each time point with the same calves, and the statistical analysis was performed using
a linear mixed model with random effect for group, considering interactions between
time and status (infected or control). In the mouse model, one mouse was used at each
time point, modifying the data analysis.

Another difference between the two models was the pattern of gene overexpres-
sion after IDV infection. A higher number of genes was overexpressed in calves than in
mice. The highest fold changes between infected and control mice were observed for
IFN-�, IL-1�, and CCL5 at 2 dpi and TLR7 at 6 dpi in the lungs, and for RIG-I, CCL2, and
TGF-�1 at 4 dpi and NF-�B at 4 to 6 dpi in the spleen. In calves, an overexpression of
RIG-I, TGF-�1, IFN-�, and CCL2 at the different time points was observed. Moreover, an
increase in TLR, chemokine, cytokine, and pathway molecule transcript levels was also
observed in calves. No overexpression of NF-�B, IL-1�, and CCL5 was, however,
recorded in this model, but the different methodologies could be responsible for this
observation (29).

TLR7 is an endosomal TLR and recognizes single-stranded RNA (ssRNA), whereas
RIG-I recognizes RNA bearing a 5=-triphosphate end (53). The activation of TLR7 and
RIG-I led to the recruitment of transcriptional factors such as NF-�B and then the
production of cytokines. IDV infection induced an increase in NF-�B and in IL-1�,
TGF-�1, CCL2, and CCL5 transcript levels in the lungs or spleen of mice. These
molecules are produced by epithelial cells, neutrophils, and monocytes during the first
step of the immune response. CCL2 and CCL5 are proinflammatory chemokines in-
volved in the recruitment of T cells and monocytes. TGF-�1 is involved in the regulation
of immune response, both inflammatory and regulatory. Recently, it has been demon-
strated that TGF-�1 acts as a proviral molecule in the lungs of mice infected by IAV by
inhibiting the type I interferon response (54). The early overexpression of IFN-� and
CCL5 suggests the involvement of NK cells during IDV infection. Indeed, CLL5 is known
to recruit NK cells in the lungs of mice infected with IAV (55). It has been demonstrated
that NK cells are important during the early stage of IAV infection by secreting different
cytokines, including IFN-�, and also acting as cytotoxic cells. The production of IFN-� by
NK cells also stimulates the activation of macrophages (56, 57).

Finally, at 6 dpi, mild overexpression of Gata-3 and T-bet transcription factors
suggests the activation of mixed and local Th1/Th2 lymphocyte responses, as observed
in the calf model (29). Contrary to the observation in the calf model, we did not detect
IFN-� or IL-13 overexpression in the latest stage of IDV infection. Their secretion in mice
may occur at a later point (after 6 dpi).

In order to confirm the mild inflammation induced by IDV infection, we inoculated
NF-�B-luciferase mice. This mouse model was previously used for IAV infection. Indeed,
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NF-�B-luciferase mice infected with 1.105 PFU of A/WSN/1933 (H1N1) developed clinical
signs and presented a high level of inflammation, with detection of luciferase starting
at 1 dpi, reaching a peak at 2 to 3 dpi in the respiratory tract, and showing systemic
inflammation after 3 dpi (58).

Here, we did not observe clinical signs during IDV infection. Moreover, we only
observed a mild and two-phase response after infection at 2 and 5 dpi. The inflamma-
tion observed at 2 and 5 dpi in NF-�B-luciferase mice seems to correlate with the time
pattern of cytokine expression observed in in DBA/2 mice and viral replication at 4 dpi.
Moreover, the intensity of inflammation in NF-�B-luciferase mice correlates with the
mild overexpression of proinflammatory genes in DBA/2 mice. Unfortunately, a tran-
scriptomic method cannot allow us to discriminate which cells are secreting the
cytokines. Analyses with flow cytometry could help us gain a better understanding of
the immune response after IDV infection in mice. In NF-�B-luciferase mice, we can
hypothesize that the inflammation observed at 2 dpi could be induced by the infected
epithelium of respiratory organs. These cells are the first target of influenza virus and
induce a rapid production of antiviral, proinflammatory, and chemotactic molecules
after TLR induction. Airway epithelial cells produce IFN-I and cytokines such as IL-1, IL-6,
and CCL5 during the first 3 to 6 h postinfection to target the virus and recruit and
polarize the immune cells (59). The second peak of inflammation at 5 dpi in NF-�B-
luciferase mice could be induced by the other cells involved in innate immunity, such
as monocytes, macrophages, and neutrophils, which also secrete proinflammatory
cytokines during infection.

In infected DBA/2 mice, we did not detect overexpression of IFN-I, but we observed
an increase in IRF3 and 2=,5=-OAS transcript levels, suggesting the involvement of this
pathway during IDV infection. Type I IFNs are critical in the anti-IAV response in mice
(40, 60). In order to determine the role of these proteins during IDV infection, Ifnar1�/�

mice, which do not express the receptor for IFN-I, were infected with D/5920.
These mice did not present clinical signs or higher level of viral replication than
with DBA/2 mice.

Four hypotheses could explain our results. The first is that IFN-I are not involved in
the immune response against IDV. Another possibility is that IFN-I would be involved
in the immune response but the virus would inhibit them rapidly after secretion, hence
the absence of overexpression or differences in Ifnar1�/� mice. IAV escape from the
immune system occurs thanks to the NS1 protein. It has been demonstrated that NS1
inhibits IFN-I by the inhibition of STAT1 and STAT2 phosphorylation and upregulation
of the JAK/STAT inhibitors SOCS1 and SOCS3 (61).

Our results are supported by the results obtained in the calf model. Indeed, no
overexpression of IFN-I or IFN-I pathway molecules was observed in calves infected with
D/5920. Salem et al. observed overexpression of SOCS1 and SOCS3 (29). In DBA/2 mice,
we unfortunately failed to detect SOCS1 mRNA in both the lungs and spleen. Moreover,
we did not also analyze SOCS3 transcripts; therefore, we are unable to further explore
this hypothesis. Thus, analyses are required to understand the involvement of the IFN-I
response during IDV infection. The third hypothesis is the involvement of type III
interferons (IFN-III) instead of IFN-I during IDV infection. These cytokines are also
induced during IAV infection and stimulate the same interferon-stimulated genes (ISGs)
as IFN-I (62). Here, we did not observe overexpression of IFN-� in the lungs and spleen
of DBA/2 mice, suggesting that IFN-III are not major players in the immunity against
IDV. It is also possible that SOCS1 and SOCS3 are able to inhibit these interferons, as
IFN-III use the same signaling pathway as IFN-I (62). Finally, since the Ifnar1�/� mice
used here were not generated on a DBA/2 strain (but on a C57Bl/6 strain), one cannot
rule out that the genetic background plays a role on mouse susceptibility to IDV
infection (hypothesis 4). However, 10 wild-type C57Bl/6 mice were infected with IDV as
a control, and virus replication was observed in the respiratory tract with titers similar
to those in DBA/2 mice (data not shown).

In summary, despite the absence of clinical signs, mice were susceptible to IDV
infection. IDV replicated mainly in the upper respiratory tract, corroborating the notion
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that IDV presents a respiratory tropism. IDV might also induce viremia and show a slight
enteric tropism. Little is known about the immune response against IDV. Susceptible
hosts, including mice, seroconverted after infection, suggesting a strong antibody
response (IgG), but the induced innate and cellular responses are still to be fully
assessed. Taken together, mice are a convenient and relevant small-animal model to
study IDV viral replication and will help better understand the phenotypes associated
with different strains of the recently discovered pathogen. It could also be a useful
model to study the immune response through transgenic mice and the availability of
reagents. Disease, however, cannot be reproduced in DBA/2 mice, and further studies
are warranted to develop a more relevant model to study IDV pathogenesis.

MATERIALS AND METHODS
Cells and viruses. Swine testis cells (ATCC) were grown in Dulbecco’s modified Eagle medium

(DMEM) complemented with 10% fetal bovine serum and penicillin-streptomycin (Dutscher) and incu-
bated for 24 h at 37°C with 5% CO2. In this study, we used the viral strain D/bovine/France/5920/2014
(D/5920) (29). Viruses were grown on ST cells in Opti-MEM medium complemented with penicillin-
streptomycin (Dutscher) at 37°C and 5% CO2 for 5 days. Viruses were stored at – 80°C until further used.
The virus titers were determined by the TCID50, as described below.

Mice. Six- and 10-week-old female DBA/2JRj mice were purchased from Janvier Labs (Le Genest-Saint-Isle,
France). Twelve-week-old Ifnar1�/� (C57BL/6 backbone) mice were bred at IBPS (Toulouse). Ten-week-old
NF-�B-luciferase BALB/c mice were bred at INRA-VIM (Jouy-en-Josas). The DBA/2 and Ifnar1�/� mice were
housed at the Veterinary School of Toulouse in animal biosafety level 2 (ABSL	2) facilities and had food and
water provided ad libitum. NF-�B-luciferase BALB/c mice were housed at INRA of Jouy-en-Josas (France) in
ABSL-2 facilities as well. Experimentations were conducted in accordance with European and French legisla-
tions on Laboratory Animal Care and Use (French Decree 2001-464 and European Directive CEE86/609), and
the animal protocol was approved by the ethics committee Sciences et Santé Animale, committee number
115 (protocol no. 2018030212288103) and by the Animal Care and Use Committee at Centre de Recherche
de Jouy-en-Josas (COMETHEA) (protocol no. 2015100910396112v1).

Experimental design. (i) Infection of DBA/2 mice. Six-week-old female DBA/2JRj mice were
separated in two groups, with 11 noninfected (controls) mice and 36 infected mice. Mice were lightly
anesthetized with a ketamine-xylazine combination and infected with 30 �l of virus intranasally or with
PBS as a control. Clinical observations were recorded daily, and weight was measured every 2 days. Any
animal showing a weight loss greater than 30% or signs of suffering was humanely euthanized. Mice
were infected intranasally with 105 TCID50 of D/5920. Necropsies were performed at 2, 4, 6, and 8 dpi (5
infected mice per day), and brain, nasal turbinate, tracheal, lung, spleen, liver, kidney, and intestinal
(duodenum, jejunum, and colon) tissues were sampled. Blood was also collected at 2, 6, and 14 dpi. All
the mice were euthanized at 14 dpi.

(ii) Comparison between DBA/2 and Ifnar1�/� mice. Ten-week-old female DBA/2JRj mice and
12-week-old Ifnar1�/� mice were separated into two groups, with 11 noninfected (controls) and 11
infected DBA/2 mice and 7 noninfected (3 females and 4 males) and 10 infected (5 males and 5 females)
Ifnar1�/� mice. Mouse infection and monitoring were performed as described above.

Necropsies were performed at 2, 4, and 6 dpi for DBA/2 mice with 3 noninfected and 3 infected mice
per day. For Ifnar1�/� mice, necropsies were performed only at 4 dpi (1 female noninfected and 2
females infected, and 2 males noninfected and 2 males infected). The brain, nasal turbinates, trachea,
lungs, spleen, liver, kidneys, and intestines were collected and treated as described in Materials and
Methods. Blood was collected at 14 dpi before the remaining mice were euthanized.

(iii) Infection of NF-�B-luciferase mice. Ten-week-old NF-�B-luciferase mice were separated into
two groups, with 5 noninfected (controls) and 8 infected mice. Infection was performed under anesthe-
sia, and 105 TCID50 of D/5920 were inoculated intranasally in mice. Control mice were inoculated with
PBS. Weight loss and clinical signs were recorded daily. Bioluminescence measurements were performed
from 1 to 7 dpi. Mice were anesthetized with isoflurane (2% in oxygen as a carrier gas), and luminescence
was measured 2 min after intranasal inoculation of 50 �l of PBS containing luciferin (0.75 mg kg�1;
Sigma). Luciferase activity was measured using the Living Image software (version 4.0; PerkinElmer).
Bioluminescence images were acquired for 1 min with f/stop � 1 and binning � 8. A digital false-color
photon emission image of the mouse was generated, and photons were counted within the whole-body
area. Photon emission was measured as radiance in p s�1 cm�2 sr�1 (58).

(iv) Adaptation of IDV in DBA/2 mice. Six-week-old female DBA/2JRj mice were infected with 105

TCID50 of D/5920 intranasally. Necropsies were performed at 4 dpi for three mice, and nasal turbinates,
trachea, and lungs were collected and the tissues homogenized. The pure homogenate was used to
intranasally infect three naive mice (30 �l/mouse) and titrated in parallel using the TCID50 method. After
five serial passages, 16 DBA/2 mice were separated in two groups, with 8 noninfected (controls) mice and
8 mice infected intranasally with 30 �l of mouse-passaged IDV (D/5920-M5). Clinical observations were
recorded daily, and necropsies were performed at 4 dpi (3 mice infected and 3 mice noninfected; the
organs collected were the brain, nasal turbinates, trachea, lungs, spleen, liver, kidneys, and intestines).
Blood was collected at 14 dpi before euthanasia of the remaining mice.

Sample treatments. Whole organs were dissociated using the tissue homogenizer Precellys 24 (Ozyme),
resuspended in 500 �l of PBS, centrifuged, and stored at –80°C until further analysis. Blood was also taken at
the end of the experiments (14 dpi) for serology. Blood was taken at 2 dpi and 6 dpi to study viremia.

Oliva et al. Journal of Virology

February 2020 Volume 94 Issue 4 e01662-19 jvi.asm.org 14

https://jvi.asm.org


Determination of virus titers by TCID50. All samples from infected mice were titrated using the 50%
tissue culture infective dose (TCID50), as described elsewhere (63), using ST cells and with a 5-day culture.
The titers were determined using the Reed and Muench method (64). A positivity threshold was set at
1.5 log10 TCID50/g of organ.

Real-time PCR to study the immune response. The real-time RT-PCR for immune response
quantification was performed using the iTaq Universal SYBR green one-step kit (Bio-Rad), and the
primer sequences are available upon request. For the relative quantification, we used a housekeep-
ing gene (glyceraldehyde-3-phosphate dehydrogenase [GAPDH]) to normalize the amount of the
target gene. We used the following calibrator formula: 2�ΔΔCT. Here, CT is the cycle threshold, and
ΔΔCT represents the following: ΔCT (sample) ([CTcytokine gene � CThousekeeping gene] of infected mice) �
ΔCT (calibrator) ([CTcytokine gene – CThousekeeping gene] of noninfected mice). The mean ΔCT values were
used for analysis, and the results are represented as the mean � standard deviation (SD).

Hemagglutination inhibition assay. Sera were treated with receptor-destroying enzyme (RDE;
Seika), following the manufacturer’s instructions. Then, they were hemadsorbed on packed horse red
blood cells. The HI assay was performed as previously described (29), with 4 hemagglutination units
(UHA) of D/bovine/France/5920/2014 or D/bovine/Nebraska/9-5/2012 and 1% horse red blood cells.

Histology and immunochemistry. At 2 dpi and 6 dpi, organs were collected and fixed in 10%
paraformaldehyde for 2 days. Nasal turbinates were decalcified in EDTA for 1 week. After fixation, tissues
were routinely processed in paraffin blocks, sectioned at 3 �m, and stained with hematoxylin and eosin
for microscopic examination. Lesions were assessed histologically and graded as follows: �, no lesion; �,
light lesions; ��, moderate lesions; and ���, marked lesions.

Immunoreaction was performed on the paraffin-embedded sections with an in-house polyclonal
rabbit anti-IDV antibody (0.05% pronase retrieval solution, 10 min at 37°C; antibody dilution 1/1,000,
incubation overnight at 4°C) after a blocking step with normal goat serum (1/10 dilution; catalog no.
X0907; Dako). The anti-IDV antibody was revealed with a biotinylated polyclonal goat anti-rabbit
immunoglobulin conjugated with horseradish peroxidase (HRP; LSAB2 system-HRP, catalog no.
K0675; Dako) and the diaminobenzidine chromogen of the HRP (catalog no. TA-125-HDX; Thermo
Scientific).

Sequencing. Viral RNA was extracted from organ homogenates or from cell culture supernatant for
the inoculum, as described above, and cDNA was generated using the RevertAid reverse transcriptase
(RT) kit (Thermo Fisher), according to the manufacturer’s instructions. PCR was performed for each gene
segment using Phusion high-fidelity polymerase (Thermo Fisher) and previously published primers (12).
The PCR products were purified using the QIAquick gel extraction kit (Qiagen), according to the
manufacturer’s instructions. Sanger sequencing was performed using the GATC Biotech platform (Ger-
many), and the sequences were aligned with ClustalW, available on BioEdit (65), and compared with
reference D/5920 sequences.

Statistics. The variations in the weights of the mice were analyzed using a two-way analysis of
variance (ANOVA), followed by the Bonferroni multiple-comparison test. The viral (TCID50) titers were
compared with a one-way ANOVA, followed by the Tukey multiple-comparison test. The fold changes in
mRNA transcript levels for the immune response were compared using a one-way ANOVA, followed by
Dunn’s multiple-comparison test. Statistical tests were performed using GraphPad Prism 5.0. A P value of
�0.05 was considered significant.
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