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ABSTRACT Influenza C virus (ICV) is increasingly associated with community-acquired
pneumonia (CAP) in children and its disease severity is worse than the influenza B virus,
but similar to influenza A virus associated CAP. Despite the ubiquitous infection land-
scape of ICV in humans, little is known about its replication and pathobiology in animals.
The goal of this study was to understand the replication kinetics, tissue tropism, and
pathogenesis of human ICV (hulCV) in comparison to the swine influenza D virus
(swlDV) in guinea pigs. Intranasal inoculation of both viruses did not cause clinical signs,
however, the infected animals shed virus in nasal washes. The hulCV replicated in the
nasal turbinates, soft palate, and trachea but not in the lungs while swiDV replicated in
all four tissues. A comparative analysis of tropism and pathogenesis of these two related
seven-segmented influenza viruses revealed that swiDV-infected animals exhibited broad
tissue tropism with an increased rate of shedding on 3, 5, and 7 dpi and high viral loads
in the lungs compared to hulCV. Seroconversion occurred late in the hulCV group at
14 dpi, while swIDV-infected animals seroconverted at 7 dpi. Guinea pigs infected with
hulCV exhibited mild to moderate inflammatory changes in the epithelium of the soft
palate and trachea, along with mucosal damage and multifocal alveolitis in the lungs. In
summary, the replication kinetics and pathobiological characteristics of ICV in guinea
pigs agree with the clinical manifestation of ICV infection in humans, and hence guinea
pigs could be used to study these distantly related influenza viruses.

IMPORTANCE Similar to influenza A and B, ICV infections are seen associated with bac-

terial and viral co-infections which complicates the assessment of its real clinical signifi-
cance. Further, the antivirals against influenza A and B viruses are ineffective against ICV

which mandates the need to study the pathobiological aspects of this virus. Here we Editor Bryan RG. Williams, Hudson Institute of
demonstrated that the respiratory tract of guinea pigs possesses specific viral receptors Medical Research
for ICV. We also compared the replication kinetics and pathogenesis of hulCV and Copyright © 2023 American Society for

Microbiology. All Rights Reserved.

swiDV, as these viruses share 50% sequence identity. The tissue tropism and pathology :
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associated with hulCV in guinea pigs are analogous to the mild respiratory disease feng li@uky.edu.

caused by ICV in humans, thereby demonstrating the suitability of guinea pigs to study The authors declare no conflict of interest.

ICV. Our comparative analysis revealed that hulCV and swIDV replicated differentially in Received 7 March 2023
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the guinea pigs suggesting that the type-specific genetic differences can result in the Published 18 May 2023

disparity of the viral shedding and tissue tropism.
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nfluenza viruses are enveloped, single-stranded, negative-sense viruses classified under

the Orthomyxoviridae family. Currently, there are four genera designated as alphain-
fluenza/influenza A (IAV), betainfluenza/influenza B (IBV), gammainfluenza/influenza C
(ICV), and deltainfluenza/influenza D (IDV) (1). Compared to IAV and IBV (eight-segmented
genomes), ICV and IDV possess only seven segments. Influenza A viruses undergo fast evo-
lutionary changes (antigenic shift) and exist as multiple subtypes based on different combi-
nations of the HA and NA segments. However, IBV, ICV, and IDV have a relatively slower ev-
olutionary rate (antigenic drift) and diverge into distinct lineages based on their antigenic
and phylogenetic properties (2-4). Influenza B virus diverged into two major lineages. Both
ICV and IDV diverged into six and four lineages respectively (5, 6). IAV and IDV types exist
in multiple mammalian species with primary reservoirs as aquatic birds and cattle respec-
tively, whereas humans are the primary reservoirs for IBV and ICV.

Influenza D virus (IDV) originally isolated from the swine (7), was widespread in bo-
vine herds and these influenza D viruses share 50% amino acid identity with influenza
C viruses, which are primarily human pathogens (8). Despite the sequence identity, IDV
cannot undergo gene reassortment with ICV and hence is genetically and antigenically
distinct from ICV. Although IDV was initially reported from North America, it was found
to have a transboundary occurrence in swine and bovine populations across Eurasia
and Africa. A striking feature of IDV is its broad host tropism with multiple mammalian
hosts as in small ruminants (goats and sheep), buffaloes, equines, and camelids (9-15).
Interestingly, Influenza D antibodies were also present in the occupational workers of
the USA (16) and in the archived samples in Italy, before its initial detection in 2011
(17, 18) which implicate the public health importance of influenza D. Further, the IDV
genome was detected in the nasal sample of a pig farm worker from Malaysia and also
in bioaerosol samples derived from hospitals and airports (19, 20). Compared to influ-
enza A and B viruses, ICV infections are not associated with seasonal epidemics. The
multiple lineages of ICV co-circulate and undergo frequent reassortment causing dis-
ease in humans (21) and ICV infections are often associated with co-infections involv-
ing bacteria and viruses such as adeno, rhino, boca, and respiratory syncytial viruses
which complicates to assess its real clinical significance (22). Influenza C virus was first
isolated from the throat washings of an ailing man in New York, USA in 1947 (23), even
though serological evidence suggests that ICV was prevalent before 1947 (24). While
ICV is associated with an acute respiratory illness in children, and is clinically significant
in pediatric and community acquired pneumonia (CAP) in different parts of the world
(25-41), it causes a mild respiratory disease in adult humans and coexists with IAV and
IBV infections (30, 42, 43). Despite the ubiquitous nature of ICV, with 80% of humans
harboring antibodies during their early life and the increasing antibody titers by age
(24, 42, 44-53), it is generally thought that ICV is an underestimated, yet clinically rele-
vant virus causing the upper respiratory tract (URT) infections in adult humans and the
lower respiratory tract (LRT) infections in children.

The spillover of ICV from its principal host, humans to other species, and the level
of sequence identity of animal-origin ICV to the human ICV strains suggests the possi-
bility of reverse zoonosis. ICV has been isolated from natural infections of agricultural/
companion animals such as cattle, pigs, and dogs (54-62) and serosurveillance studies
reported a higher hemagglutination inhibition (HI) antibody titer in pigs and dogs,
respectively (62, 63). Seroprevalence of ICV was also reported in dromedary camels in
Africa (12). Previous studies revealed that several human ICV strains were antigenically
closely related to ICVs reported in pigs (2, 64), and bovines (55, 65), supporting a
notion of interspecies transmission, despite the directionality of the transmission that
is still inconclusive and needs to be addressed in future studies (2, 66).

Several studies have shown that IDV and ICV evolved to co-exist in pigs, cattle, and
humans as suggested by the recent reports of bovine IDV genome detection in human
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respiratory samples and detection of human ICV in bovines (19, 55, 56). Bovines harbor
both ICV and IDV and it was also reported that both these seven-segmented influenza
viruses have key roles in the development of bovine respiratory disease (67). Like ICV,
IDV also uses the HEF protein, for the virus entry and exit, and these proteins share a
conserved enzymatic site and divergent receptor binding sites. IDV exhibits a broad
host tropism, and IDV-HEF has exceptional acid and thermal stability compared to ICV
(68). Since both ICV and IDV bind to 9-O acetylated sialic acids (69, 70), a comparative
analysis in an animal model will help to understand replication fitness, tissue tropism,
and the pathobiological differences between these two seven-segmented influenza
viruses. The primary focus of this study was to study the replication and pathology of
these two viruses: IDV and its distant relative ICV, in a guinea pig model. Several stud-
ies using small and large animal models have been performed on IDV previously (7,
71-73). DBA/2 mice were used to study D/bovine/France/5920/2014 (D/OK-like) and
there was productive viral replication in the URT and LRT despite no clinical signs/
weight loss occurring in infected mice (72). Ferrets infected with D/swine/Oklahoma/
1334/2011 shed virus in the URT (7). We chose guinea pigs for our study because
guinea pigs have been used as an animal model for IAV and IBV studies. Furthermore,
our previous studies have demonstrated that guinea pigs could be a good model to
study the replication fitness, transmission, and pathogenesis of ICV-related IDV (71, 74).
Guinea pig model also offer additional advantages such as cost-effectiveness and ease
of handling, compared to dogs and pigs, which are also secondary hosts for ICV.
Finally, the guinea pig respiratory tract possesses airway hyperresponsiveness (75) and
bronchus associated lymphoid tissue (76), akin to humans.

In this study, we used C/Victoria/2/2012 and D/swine/Oklahoma/1334/2011 as rep-
resentative strains of ICV and IDV, respectively. The results of our study demonstrated
that guinea pigs possess 9-O-acetylated sialic acid receptors in the upper and lower re-
spiratory tracts and IDV replicated in the URT tissues such as nasal turbinates, and soft
palate. Interestingly, we noted ICV replication in the trachea, but not in the lung. On
the contrary, swiDV demonstrated more robust replication kinetics in the tissues and
nasal washes of the guinea pigs showing a tropism toward both the upper and lower
respiratory tracts of the guinea pigs, compared to hulCV. Taken together, the data we
obtained will support the utility of guinea pigs to study ICV and IDV which can be fur-
ther explored to illuminate the key factors responsible for the differential tropism of
these two related influenza viruses.

RESULTS

Influenza C virus has limited growth at 37°C. To determine the tissue tropism of
the ICV in vitro, we conducted a replication kinetics study of C/Victoria/2/2012 in spe-
cies-specific cell lines such as Madin Darby canine kidney (MDCK), swine testicle (ST),
and human lung adenocarcinoma cell line (Calu-3) at two different temperatures: 33°C
and 37°C simulating the upper and lower respiratory tracts, respectively. MDCK and ST
cells were infected at a multiplicity of infection (MOI) of 0.01, while Calu-3 was infected
at 1.0 MOI. After infection, samples were collected every 24 h. The samples were
titrated on MDCK cells and the titers were determined using the Reed and Muench
assay (77). Temperature-dependent virus kinetic study revealed a limited growth of ICV
at 37°C in all the cell lines compared to 33°C (Fig. 1). The results of the replication
kinetics study indicated that ICV replicated to higher titers at a lower temperature but
its replication was limited at a higher temperature.

9-0-acetylated sialic acids are present in the guinea pig upper and lower respi-
ratory tract tissues. Previous studies have shown that both ICV and IDV bind to 9-O-acety-
lated sialic acids (69, 70, 78-81). To determine the presence of ICV receptors in the respira-
tory tissues of guinea pigs, high-performance liquid chromatography (HPLC) was conducted
on the cryopreserved tissues of the nasal turbinates, soft palate, and lungs to quantify the
amount and type of the sialic acids present. HPLC analyses revealed that a high amount of
N-Acetylneuraminic acid (Neu5Ac) is present in the nasal turbinates, soft palate, and the
lungs, along with a reasonably good amount of N-glycolylneuraminic acid (Neu5Gc).
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FIG 1 Growth kinetics of C/Victoria/2/2012 in different cell lines at 33°C and 37°C. MDCK, ST and Calu-3cells were
infected with C/Victoria/2/2012 and incubated at 33°C and 37°C to represent the upper and lower respiratory tract
temperatures, respectively. MDCK, and ST cells were infected with C/Victoria/2/2012 at an MOI of 0.01, while Calu-3
cells were infected at an MOI of 1.0. Samples were collected at 24h intervals and viral titers were determined by
50% tissue culture infective dose assay by titrating the samples on MDCK cells. Virus replication kinetics of C/
Victoria/2/2012 for (A) MDCK (B) ST and (C) Calu-3 at 33°C and 37°C are shown. The values shown are mean + SEM

and plotted as a function of time.

Besides Neu5Ac and Neu5Gg, the guinea pig respiratory tract also expresses 9-O-acetylated
sialic acids such as Neu5,9Ac2 (acetyl group at C5 and C9 positions), Neu5Gc9Ac (acetyl
position at C9 and glycolyl group at C5 positions), which are two predominant receptors for
ICV and IDV entry. The HPLC chromatograms and the levels of total sialic acid and 9-O-
acetylated sialic acids expressed in pmol for each tissue are summarized in Fig. 2A and B.
The rank order of Neu5,9Ac2 levels in respiratory compartments was lungs>nasal turbi-
nate>soft palate whereas the order for Neu5Gc9Ac levels was lungs>soft palate>nasal
turbinate. Taken together, 9-O acetyl sialic acids, particularly Neu5,9Ac2 (the receptor of
ICV), are present in all three tissues lining the upper and lower respiratory tracts at
appreciable levels, further confirming that guinea pigs could be used to study the repli-
cation fitness and tropism of ICV.

Experimental design, clinical signs, changes in body weight and temperature.
To study the replication fitness and pathogenesis of hulCV, we inoculated guinea pigs
intranasally with C/Victoria/2/2012 and compared its pathobiological correlates to its
distant relative D/swine/1334/2011. A schematic representation of the experimental
design is shown in Fig. 3A. Twenty-five ICV/IDV antibody-negative Dunkin-Hartley
guinea pigs were divided into three groups and intranasally inoculated with 3 x10°
TCID,,/0.3 mL of C/Victoria/2/2012 (hulCV, n = 10), D/swine/1334/2011 (swIDV, n = 10),
and mock (PBS, n = 5). Animals were acclimatized for 1 week and screened for any ICV
or IDV antibodies again before the virus inoculation. After inoculation, the nasal
washes were collected from the virus and mock-infected animals on 1, 3, 5, and 7 dpi.
Two animals were euthanized from the virus-infected groups on these days to collect
blood and tissues for studying virus replication kinetics and tissue tropism. The number
of animals sampled for nasal washes in the hulCV and swIDV infected groups is 10 at
1 dpi, 8 at 3 dpi, 6 at 5 dpi, and 4 at 7 dpi. Nasal washes sampled from the mock group
are n =5 for 1, 3, 5, and 7 dpi. Three animals from the mock-infected group were eu-
thanized on 7 dpi. Two animals were maintained in all the groups till 14 dpi to test
seroconversion. Body weights and temperature were measured from 2 days prior to
the inoculation till the end of the animal experiment.

The guinea pigs after the inoculation of hulCV did not develop any clinical signs and
the animals behaved normally. For each animal, the change in body weight postinfection
was calculated by comparing the postinfection body weight on each day to the average of
the body weights recorded 2 days before the infection. The differences were calculated
individually for all the animals in the group and the average percentage change in body
weight was plotted for each day. Animals directly inoculated with swIDV also did not show
any significant change in body weight compared to the mock-infected animals (Fig. 3B).
Similarly, the difference between the postinfection body temperature and the pre-infection
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FIG 2 Presence of 9-O-acetylated sialic acids in the upper and lower respiratory tract of the guinea pigs by
high-performance liquid chromatography (HPLC). Frozen guinea pig respiratory tissues such as nasal turbinate,
soft palate and lungs were processed to separate the sialic acid portion on the membrane and then analyzed
to determine the concentration of different types of sialic acids. (A) Reference sialic acid panel used for the
analyses of guinea pig tissues and the HPLC chromatograms for each tissue (B) Sialic acid concentration
expressed in pmol for each tissue type.

temperature was determined for each animal, and the mean of differences was plotted for
each day (Fig. 3C). Animals infected with both hulCV and swIDV showed no significant
change in body temperature before and after infection. These results indicated that hulCV
and swiIDV infections did not result in body weight and temperature changes, even though
there were virus shedding and pathological changes caused by both viruses during the
14 days of experimental observation as described below.

Growth kinetics and tissue tropism of hulCV compared to swiDV in the upper
and lower respiratory tracts of guinea pigs. To determine the viral replication fitness
of hulCV compared to swIDV in the respiratory tract of the guinea pigs, a quantitative
analysis of the virus load in the nasal washes was conducted by titrating the samples
on MDCK cells to determine the 50% tissue culture infective dose. Nasal washes were
collected from the direct inoculated and mock-infected animals at 48h intervals from
1 dpi to 7 dpi (Fig. 4 A-C). The number of animals sampled for nasal washes in the
hulCV and swIDV infected groups is 10 (1 dpi,) 8 (3 dpi), 6 (5 dpi), and 4 (7 dpi) as men-
tioned before. It should be noted that the subsequent decrease in the number is due
to the two animals being euthanized at every 48 h intervals. Nasal shedding was not
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FIG 3 Experimental design, body weight and temperature changes. (A) Schematic diagram of the
experimental design of the study. Twenty-five Dunkin-Hartley guinea pigs were divided into three groups
and intranasally inoculated with 3x 10° TCID4,/0.3 mL of C/Victoria/2/2012 (hulCV, n = 10), D/swine/
Oklahoma/1334/2011 (swiDV, n = 10), and mock (PBS, n = 5). After inoculation, the nasal washes were
collected from the virus and mock-infected animals on 1, 3, 5, and 7 dpi. Simultaneously, two animals
were euthanized from the virus-infected groups on these days to study the virus replication kinetics and
tissue tropism. Three animals from the mock-infected group were euthanized on 7 dpi. Two animals were
maintained in all the groups till 14 dpi to test seroconversion. Body weights and temperature were
measured from 2 days before the inoculation till the end of the animal experiment. (B, C) Body weight
and temperature changes in guinea pigs after intranasal inoculation with hulCV and swIDV. The change in
body weight was calculated by comparing the postinfection body weight on each day to the average of
the body weights recorded 2 days before the infection. The individual differences were calculated for all
the animals in the group for each day and the mean of percentage changes in body weight was plotted.
Similarly, the difference between the postinfection body temperature and the average pre-infection
temperature was determined for each animal and a change in the temperature was plotted for each day.
(B) Percentage changes in body weight and (C) changes in body temperature were expressed as mean =+
standard error (SE) and plotted against the time.

present in both groups on 1 dpi. Out of the 10 animals inoculated with hulCV, three
animals demonstrated virus shedding in the nasal washes, indicating that hulCV was
able to infect the guinea pigs, replicate in their respiratory system, and was capable of
viral shedding in nasal secretions. Further analysis of the hulCV group revealed that 2/
8, 2/6, and 1/4 animals shed the virus on 3, 5, and 7 dpi respectively (Fig. 4A).
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FIG 4 Replication kinetics of hulCV and swIDV in nasal washes, and upper respiratory tract (nasal turbinate and
soft palate) and lower respiratory tract (trachea and lungs) tissues. Guinea pigs were intranasally inoculated
with 3 x 10° TCID5,/0.3 mL of hulCV and swIDV and then nasal washes were collected from animals on 1, 3, 5,
and 7 dpi. On these days, two inoculated animals per group were randomly euthanized to assess virus load in
the upper respiratory tract tissues such as nasal turbinate, and soft palate. Three mock-inoculated animals
euthanized at 7 dpi were also shown. Viral loads in the nasal washes and tissue homogenates were determined
by the 50% tissue culture infective dose assay using MDCK cells. Virus titers were expressed as log,, TCID,, per
mL in nasal washes and log,,TCID,, per gram in nasal turbinate, soft palate, trachea and lungs. Mean viral
titers in nasal washes of hulCV compared to swIDV along with mockwas shown in (A). Nasal shedding of the
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Collectively, 3/10 ICV infected animals demonstrated a productive replication with 2
animals beginning to shed the virus on 3 dpi (2.375, 3.775 logs) and continuing to pro-
duce infectious particles on 5 dpi (4.5, 4.75 logs), followed by the termination of virus
shedding on 7 dpi. The third animal started virus shedding (3.375 logs) only on 7 dpi,
however, this animal was terminated and hence could not track further shedding. The
mean viral titers in nasal washes for the hulCV-infected animals (including animals
detected negative for viral shedding) were 0.68, 1.54, and 0.84 log,, TCIDs,/mL on 3, 5,
and 7 dpi (Fig. 4A) respectively with an individual peak titer of 4.75 log,, TCIDs,/mL on
5 dpi (Fig. 4B).

In the case of swIDV, eight out of 10 inoculated animals shed the virus indicating
that robust replication occurred in the respiratory tract of the guinea pigs. The nasal
wash sampling scheme of swIDV is the same as the hulCV group (Fig. 3A). We found
that 8/8, 6/6, and 4/4 swIDV infected animals shed virus on 3, 5, and 7 dpi respectively
(Fig. 4C). Despite no viral shedding on 1 dpi in the swiDV group, the mean viral titers
were 5.64, 6.38, and 3.63 log,, TCIDs,/mL for infected animals on 3, 5, and 7 dpi respec-
tively (Fig. 4A), with an individual peak titer of 7.5 log,, TCIDso/mL on 5 dpi (Fig. 4C).
For both groups, the peak shedding occurred on 5 dpi. Mock animals did not have any
detectable virus at any time point throughout the 2-week study.

To study the tissue tropism of hulCV, two animals were randomly selected and eu-
thanized on 1, 3, 5, and 7 dpi, and nasal turbinate, soft palate, trachea, and lung were
collected to test the tissue tropism in the lower and upper respiratory tracts. Similarly,
three animals from the mock-infected group were also euthanized on 7 dpi and the tis-
sues were collected. The soft palate shares the junctional site with the nasopharyngeal
and oral surface, which is considered previously a key spot for the influenza A virus ad-
aptation (82). As such, the soft palate was collected to study the comparative tropism
of hulCV and swIDV. In both groups, the tissue homogenates from the nasal turbinate,
and the soft palate showed appreciable viral titers from 1 dpi through 7 dpi, confirm-
ing that both ICV (Fig. 4D, and F) and IDV (Fig. 4E, and G) productively replicated in the
URT. In the case of hulCV, the number of animals with detectable virus load in tissue
homogenates at different time points (dpi in bold) was as follows: nasal turbinate—
1dpi-1/2, 3 dpi-0/2, 5 dpi-2/2, 7 dpi-1/2 and soft palate—1dpi-0/2, 3 dpi-0/2, 5 dpi-2/
2, 7 dpi-2/2 whereas in the swIDV group, nasal turbinate—1dpi-2/2, 3 dpi-2/2, 5 dpi-
2/2, 7 dpi-1/2; and soft palate—1dpi-0/2, 3 dpi-2/2, 5 dpi-2/2, 7 dpi-0/2, showed de-
tectable virus loads. The presence of hulCV in the nasal turbinate on 1 dpi but absent
on 3 dpi in both animals is indicative of the residual virus from the inoculum. In nasal
turbinate, the peak hulCV mean titer was 3.93 log,, TCIDso/g on 5 dpi, while swIDV
mean titer was 6.2 log,, TCIDs,/g on 3 dpi. In the soft palate, hulCV mean titers were
3.18 and 3.28 log,, TCIDs,/g on 5 and 7 dpi respectively while swIDV was able to repli-
cate productively with a peak mean titer of 4.5 log,;, TCIDs,/g on 3 dpi. On 7 dpi,
hulCV-infected animals continued to have a virus load in the soft palate, while there
was no virus load in swiDV-infected animals (Fig. 4F, and G).

To study the tissue tropism toward the lower respiratory tract, virus load in the tra-
chea and lung homogenates was determined by the 50% tissue culture infective dose
assay (Fig. 4H-K). For hulCV, the number of animals with detectable viral load in the
LRT tissues at different time points (dpi in bold) was as follows: trachea—1dpi-1/2,
3 dpi-1/2, 3 dpi-2/2,7 dpi-1/2 and lungs—1dpi-0/2, 3 dpi-0/2, 3 dpi-0/2, 7 dpi-0/2 (Fig.
4H, and J) whereas in swIDV: trachea —1dpi-0/2, 3 dpi-2/2, 5 dpi-2/2, 7 dpi-1/2 and
lungs—1dpi-0/2, 3 dpi-2/2, 5 dpi-2/2, 7 dpi-1/2, showed detectable virus loads (Fig. 4,
and K). Human ICV was able to replicate in the trachea with a peak mean titer of 3.35
and 1.4 logs on 5 and 7 dpi, however, there was no detectable virus load in the lungs.

FIG 4 Legend (Continued)

guinea pigs postinfection was shown by plotting individual viral titers of hulCV (B) and swIDV (C). Virus titers/
loads detected in nasal turbinate of hulCV(D) and swIDV (E); in soft palate of hulCV(F) and swIDV (G); in trachea
of hulCV(H) and swIDV (I) and lungs of hulCV(J) and swIDV (K). For all the panels, each shape represents an

individual animal and horizontal bars show the mean viral titers for each time point.
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Spft palate Nasal septum

Trachea

FIG 5 Tissue tropism determined by viral RNA localization by ISH in respiratory tissues of guinea pigs. To
confirm the tropism of the viruses, ISH assay was conducted on the mid-nasal septum, soft palate, and trachea
at different time points. Representative images of hulCV (A1-3), swIDV (B1-3) at 5 dpi, and mock (C1-3) at 7 dpi
were demonstrated in the left, middle, and right panels, respectively. ICV-specific RNAs were visible as black
silver grains in the radioautographs and seen localized to the epithelial cells lining the mid-nasal septum, soft
palate, and trachea. (A1) mid-nasal septum, (A2) soft palate, and (A3) trachea of hulCV-infected animals. IDV-
specific RNAs present along the epithelial cells lining of (B1) mid-nasal septum, (B2) soft palate, and (B3)
trachea were shown with the same visible color as that used for ICV RNAs.

Compared to hulCV, swiDV replicated to a mean peak titer of 6 log,, TCIDsy/g in the
trachea (5 dpi) and 7 log,, TCIDso/g in the lungs on both 3 and 5 dpi (Fig. 4, and K).
Taken together, both hulCV and swIDV did not show virus load on 1 dpi in both upper
and lower respiratory tracts. Human ICV demonstrated the preferential tropism to the
URT tissues over the lower respiratory tract, while swIDV demonstrated a broad tissue
tropism to both upper and lower respiratory tracts with appreciable viral titers at all
time points. Another striking feature is that the soft palate had a prolonged hulCV
presence till 7 dpi, indicating that hulCV has relatively longer viral persistence com-
pared to swiDV, which got cleared by 7 dpi. Mock animals did not show any virus in all
the assayed tissues at any time points.

Presence of viral RNA (VRNA) in tissues confirmed by in-situ RNA hybridization.
To confirm the tissue tropism, we also conducted in-situ RNA hybridization (ISH) to locate
the VRNA in different tissues of URT and LRT, using sulfur (**S)-labeled negative-sense RNA
probe derived from viral nucleoprotein (NP) of the respective viruses. The ISH clearly
revealed VRNAs of hulCV distributed in the lining epithelial cells of the mid nasal septum,
soft palate, and trachea (Fig. 5A1, A2, and A3), but not in the lungs (Fig. 6A1, A2, and A3).
However, swiDV RNA was detected in the epithelial cells of all respiratory tissues in the
URT (Fig. 5B1, B2, and B3) and LRT (Fig. 6B1, B2, and B3). In the lungs, swIDV RNA was local-
ized in the lining epithelial cells of the bronchioles (enlarged inset picture). Similar to the vi-
rus load results, tissues from 5 dpi showed increased localization of the vVRNAs in both virus
groups (Fig. 5, and 6). No ICV RNA was detected in the lungs by ISH, thus confirming that
hulCV does not show lung tropism and has a predilection toward the URT tissues, while
swIDV demonstrated robust viral replication in both upper and lower respiratory tract tis-
sues, with a substantial peak titer in the lungs, thus confirming its broad cell tropism. The
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Mock

FIG 6 Viral RNA localization in lung tissues by ISH. To confirm the cell tropism of the viruses, an ISH assay was conducted on lung tissues at 1, 3, and
5 dpi, ICV (top), and IDV (bottom). (A1-3) ICV RNAs were not detected in lung parenchyma and bronchiolar epithelial cells at all the time points tested. (B1-
3) IDV-specific RNAs were visible as black silver grains in the radioautographs in the lung tissues of swiDV-infected animals at 3 and 5 dpi, but not at 1 and
7 dpi. IDV RNAs were seen localized to the bronchial epithelial cells in the swiDV-infected lungs. Insets represent bronchioles with viral RNA deposition
(green grains) under an epipolarized microscope. ICV RNAs were not detected in lung parenchyma and bronchiolar epithelial cells at all time points. (C) the
lung from the mock animal at 7 dpi.

results obtained from ISH correlated nicely with the virus isolation, thus confirming the tro-
pism and replicative fitness of hulCV and swIDV as observed in the viral isolation approach.

RNA sequencing analysis of the viral transcriptomes in lungs. From the data
above, it was evident that the hulCV and swIDV, both with no appreciable viral shedding/
load on 1 dpi in nasal washes, demonstrated a differential pattern of replication and virus
shedding in guinea pigs. The viral genome and protein sequence changes that occurred in
the guinea pig URT were further determined by performing deep RNA sequencing of the
viruses from the nasal washes at 5 dpi and compared to the parent inoculum (Table 1). For
hulCV, non-synonymous mutations were observed in viral polymerase P3 (E508K, T577P,
V592L), HEF (A182T, R502K), and M (E90G, M122K) segments, while PB2, PB1, NP, and NS
segments did not exhibit any mutations (Table 1). Deep RNA sequencing of the nasal
wash from swIDV infected guinea pig (5 dpi) exhibited mutations in the viral genome seg-
ments PB2, PB1, P3, HEF, NP, and NS (Table 2). While amino acid changes were noticed
only in the NS (D285A) segment, others were synonymous mutations (Table 2.).

To further confirm the peculiar replication pattern observed in these two virus
groups, we conducted RNA-Seq analyses on lung tissues of hulCV and swIDV infected
animals from 1, 3, and 5 dpi and compared the viral transcriptome to the inoculum.
RNA-Seq analysis enabled us to examine whether hulCV has a lung tropism in guinea
pigs and to determine any possible mutations for swIDV that may have facilitated viral
adaptation promoting high viral titer. As expected, the expression of hulCV genes was
not present at all time points in the lungs, however, swiDV transcriptomes were pres-
ent in the lungs of infected guinea pigs on 3 and 5 dpi (Fig. 7). These results were in
perfect agreement with our virus isolation and ISH data. The normalized read counts
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TABLE 1 Changes in the viral genome and proteins of ICV derived from the nasal washes of
the hulCV infected guinea pig (5 dpi) compared to inoculum®

hICV inoculum Vs nasal wash

Segment Position Nucleotide substitutions Position Amino acid substitutions
P3 1544 G-A 508 E-K
1751 A-C 577 T-P
1801 G-C 592 V-L
HEF 567 G-A 182 AT
1336 C-A
1528 G-A 502 R-K
1532 T-C
M 295 A-G 90 E-G
391 T-A 122 M-K

aNo mutations observed in PB2, PB1, NP, and NS segments.

for PB2, PB1, P3, HEF, NP, P42, and NS genes for swIDV and hulCV wasgiven in Fig. 7A.
The positional read depth for the seven segments of swiDV in infected animals at 3
and 5 dpi was provided in Fig. 7B. RNA-Seq experiment also demonstrated that swIDV
genome replicated in lungs and the results obtained was comparable with the viral 50
percent tissue culture infectivity (TCIDs,) experiment (Fig. 4). Further sequence analysis
of the viral transcriptomes showed no detectable amino acid changes in the genes of
swIDV, indicating that IDV can directly replicate in and adapt to the lungs of guinea
pigs without evolving mutations.

Gross lesions and histopathology. Human ICV-infected guinea pigs did not show
any appreciable gross lesions in the URT tissues (Fig. 8A,D, and G), however, the histo-
pathological analyses revealed mild to moderate inflammatory changes with mucosal
disruption in the lining epithelium of the soft palate and trachea by 5 and 7 dpi respec-
tively (Fig. 8D, and G). In the hulCV group, there was moderate infiltration of lympho-
cytes and plasmacytic cells in the submucosa of the trachea and soft palate on 5 and
7 dpi (Fig. 8D, and G).

Despite lacking evidence of ICV in lungs, hulCV-infected guinea pig lungs showed mild
to moderate changes macroscopically, characterized by areas of congestion and hemor-
rhage on 1 dpi which eventually progressed to areas of pulmonary consolidation on 3 and
5 dpi (Fig. 9A, cyan arrowheads). Histopathological examination of lungs from hulCV-
infected animals showed mild to moderate atelectasis, multifocal areas of inflammation
characterized by infiltration of inflammatory cells such as neutrophils, lymphocytes, and
RBCs in the lung parenchyma with a thickened alveolar septum, and mild changes in the
bronchioles without much epithelial denudation (Fig. 9C1-C4). Lungs from mock-infected
animals did not show pneumonic/consolidative lesions (Fig. 9E).

Similar to hulCV, swiDV-infected animals also demonstrated no appreciable gross
lesions for URT tissues. However, histopathological analyses revealed moderate inflamma-
tory changes along the mucosa and lymphoplasmacytic infiltrations in the submucosa of
the soft palate and trachea as shown in Fig. 8E and H. Mid nasal septum also showed mild

TABLE 2 Changes in the viral genome and proteins of IDV derived from the nasal washes of
the swIDV infected guinea pig (5 dpi) compared to inoculum¢

swIDV inoculum Vs nasal wash

Segment Position Nucleotide substitutions Position Amino acid substitutions
PB2 845 A-G
848 T-C
PB1 578 A-G
678 G-A
P3 493 A-G
HEF 1048 CT
NP 1278 A-G
NS 861 A-C 285 D-A

9No mutations observed in P42 segment.
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FIG 7 RNA-Seq analysis of lung viral transcriptomes of ICV and IDV. Next-generation sequencing analyses were conducted to characterize
viral transcriptomes derived from the lungs of hulCV and swIDV-infected guinea pigs. Numbers of normalized read counts for each gene
segment plotted against the days postinfection were given for hulCV and swIDV (A). Numbers of normalized sequence reads of swIDV
mapped to each nucleotide position for each gene segment for the two sampled animals from 3 dpi and 5 dpi were given in (B).

inflammatory changes at 5 dpi (Fig. 8B). The representative images at 5 dpi are shown in
Fig. 8. In swIDV infected lungs, there was severe interstitial pneumonia characterized by
inflammatory cell infiltrations (3 and 5 dpi), peribronchial, and perivascular cuffing (blue
arrow) by lymphocytes and plasma cells, and bronchopneumonia with luminal exudate
observed on 3, 5, and 7 dpi (Fig. 9D1-D4). Compared to swiDV, the extent of inflammatory
changes in the lung parenchyma was less in hulCV-infected animals. Bronchiolar changes
were shown in the insets of Fig. 9. In swiDV group, the bronchiolar epithelium suffered
severe denudation (orange arrow) with exudate compared to the hulCV-infected guinea
pigs. The lungs from mock-infected animals did not show inflammatory cells or pneumonic
changes (Fig. 9E).

Seroconversion. To check the seroconversion, two intranasally inoculated animals
from each group were maintained until 14 dpi. Pre- and postinfection sera from all the
animals in the hulCV and swIDV groups (days 1, 3, 5, 7, 14 postinfection) and mock ani-
mals were tested for the presence of antibody against hulCV and swiDV by microneutral-
ization assay (Fig. 10A and B). All the animals were seronegative to both IDV and ICV
before the intranasal virus inoculation. The individual MN titers for the animals in the
hulCV group at different time points were given in the parentheses:1 dpi (<10,<10),
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FIG 8 Histopathological changes in the nasal septum, soft palate, and trachea upon infection with hulCV and
swIDV in guinea pigs, compared to mock animals. Representative images of histopathological changes in the
respiratory tract tissues on 5 dpi—Nasal septum with hulCV (A), swIDV (B), and with mock (C); the soft palate
with hulCV (D), swiDV (E), and with mock (F); trachea with hulCV (G), swIiDV (H), and with mock ().
Histologically, the lining epithelium of the nasal mucosa showed minimal to mild inflammatory changes in
both hulCV and swIDV groups compared to mock-infected animals. Both soft palate and trachea lining
epithelium suffered mild to moderate inflammatory changes with disruptive mucosal changes (yellow arrows),
and lymphoplasmacytic infiltrations in the submucosa. Tissues from the mock animal on 7 dpi showed no such
inflammatory changes.

3 dpi (<10,<10), 5 dpi (<10,<10), 7 dpi (<10,<10), 14 dpi (<10,80). In the case of
swiDV, the individual MN titers were 1 dpi (<10,<10), 3 dpi (<10,<10), 5 dpi (<10,<10),
7 dpi (80, 160), and 14 dpi (1280, 1280). Compared to swIDV, the seroconversion
occurred late at 14 dpi in the hulCV group and only 1/2 guinea pigs showed a titer of 80.
The other animal without detectable HI antibody titer never shed the virus on any day,
indicating that an abortive infection might have happened in that animal. In the case of
swiDV, antibody responses were detected in 2/2 animals as early as 7 dpi (80, 160) and
reached a higher titer of 1280 by 14 dpi. Human ICV sera showed no cross-reactivity
with swIDV (Fig. 10C). Similarly, sw IDV sera exhibited no cross-reactivity with hulCV and
also demonstrated a homologous high titer of 1280 (Fig. 10D).

DISCUSSION

Despite its ubiquitous nature and high seroprevalence in human adults, little is known
about the differential pathogenesis and in vivo tropism of ICV compared to IAV and IBV.
Besides, ICV has been isolated from dogs, pigs, and cattle indicating that this virus can
jump species barriers and infect both agricultural and companion animals. Influenza C
viruses are neglected despite the emerging evidence of the increasing clinical significance
of ICV-associated CAP in children under 2 years old (35) and its rate of co-infection involv-
ing bacteria (Haemophilus influenzae) and viruses is much more common than that
observed for IAV and IBV. There are no effective vaccines or antivirals available to treat
hulCV infection, although ICV can result in severe acute respiratory disease in infants/chil-
dren (32, 83). Given the importance of these two seven-segmented viruses in the infec-
tion landscape of influenza, it would be very instrumental in studying the differential
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hulCV swiDV

FIG 9 Pathological changes in lungs of guinea pigs infected with hulCV and swiDV, compared to mock
animals. Representative images of macroscopic lesions at 3 and 5 dpi of the lungs from hulCV-infected
animals are shown in A and that of swiDV are shown in B. Cyan arrows show areas of pulmonary
consolidation. Representative images of histopathological lesions in the lungs were shown for animals on 1, 3,
5, and 7 dpi for hulCV (C1, C2, C3, C4); swiDV (D1, D2, D3, D4) compared to the mock (E). Histologically, the
lung tissue showed multifocal areas of alveolar inflammation with infiltration of lymphocytes, plasma cells
(blue arrows), and RBCs in the lung parenchyma. Bronchiolar inflammation with desquamation of the
epithelial cells and RBCs (orange arrows) and peribronchial infiltration of lymphocytes were also seen. Lungs
from the mock animal on 7 dpi showed no such lesions.

pathogenesis and replication fitness of ICV and IDV that would provide a new effective
avenue for assessing preventative and therapeutic measures.

Previous studies from our group and others have shown that ICV and IDV use 9-O-
acetylated sialic acids as a cellular receptor for virus entry and infection (69, 70).
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FIG 10 Guinea pigs seroconverted after infection with hulCV and swIDV and the antibodies showed no evidence of cross-reactivity.
Microneutralization (MN) assay was used to determine the antibody titer of the guinea pigs after infection with hulCV and swIDV.
The MN titers (Y axis) of the animals plotted individually against different time points (X axis) against hulCV and swIDV are shown in
A and B respectively. A dotted line indicating the limit of detection is also shown. Pre and postchallenge sera of all infected animals
of both virus groups were also tested against both hulCVand swIDV. Both ICV and IDV sera showed no evidence of cross-reactivity.
The x axis represents the pre-challenge and postchallenge sera against viruses used in the study and y axis represents MN titers
against (C) hulCVand (D) swIDV. Each shape represents an individual animal and mean MN titers are shown.

Moreover, our previous work established that ICV-related IDV could replicate produc-
tively in the URT and LRT of the guinea pigs and also demonstrated direct contact
transmission (74). As a first step, we analyzed the sialic acid receptor distribution in the
respiratory tract of the guinea pig by HPLC and found that ICV and IDV receptors are
present abundantly in both upper and lower respiratory tracts. The presence of 9-O-
acetylated sialic acids, particularly the Neu5,9Ac2 in the guinea pig respiratory tract,
supported the use of the guinea pigs to study these two viruses (79, 80).

Guinea pigs have been used previously to study IDV replication and pathogenesis. To
date, this animal model was not yet explored to study ICV infection. Host response variabil-
ity of the guinea pigs could represent the genetic diversity of the susceptible human popu-
lation which is an important determinant of outcomes and severity of illness associated
with ICV infections in children. Here, we demonstrated that guinea pigs after intranasal
inoculation of ICV did not show any clinical symptoms or changes in body weight or tem-
perature, consistent with the clinical observations obtained from our previous study where
guinea pigs were inoculated with bovine IDV (74). However, ICV-infected animals demon-
strated nasal shedding and virus tissue tropism toward URT tissues such as nasal turbinate,
and soft palate. It is generally believed that ICV is an upper respiratory pathogen in adult
humans and normally lacks a lung tropic capacity (84). The results of our ICV tropism study
in guinea pigs are overall consistent with this theory because multiple approaches used in
our study collectively demonstrated that hulCV strain replicated only in the nasal turbinate,
and soft palate of the guinea pigs. In the case of the LRT tissues, an appreciable virus load
was found in the trachea while neither active viral replication nor viral genome was
detected in the lungs. The tracheal temperature of healthy human volunteers ranged from
31-32°C during inspiration and 33-36°C during expiration (85). Despite being part of LRT,
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the temperature of the human tracheal airways is reported to be slightly lower than the
core body temperature and depends on the ambient temperature and humidification (86),
which could be a reason for the ICV replication in the trachea. Compared to swiDV, hulCV
failed to replicate in the lungs, which confirms the intrinsic temperature sensitivity of the
ICV-hemagglutinin esterase fusion (HEF) protein at 37°C (91). Our in vitro replication kinetics
study using species-specific cell lines from the dog, pig, and humans also demonstrated
the limited ICV growth at 37°C, compared to 33°C (Fig. 1). The ICV replication kinetics and
tropism in guinea pigs largely recapitulate what has been observed in humans where ICV
replication is primarily confined to the upper, and not to the LRT. At 37°C, ICV HEF-medi-
ated membrane fusion decreases due to the low efficiency of the membrane fusion pore
formation. In addition, the core body temperature of 37°C could impair protein oligomer-
ization which in turn affects the trimerization and transportation of the influenza C viral
proteins from the endoplasmic reticulum to the plasma membrane via Golgi, subsequently
leading to low HEF expression at the plasma membrane. We speculate that these factors
could be the reason why hulCV failed to replicate in the lungs (87). It should be noted that
ICV infections in children generally cause URT infection but can be associated with lower
respiratory tract infection in complicated cases of co-infections involving other microbial
agents. ICV replication in the trachea of guinea pigs observed here appears to support this
clinical observation. Further, deep RNA sequencing did not reveal any significant adaptive
mutations. Analyses of the field strains of IDV and ICV available in the database revealed
that the mutations observed in the ICV and IDV genome in the nasal washes compared to
the inoculum genome sequence were random mutations and further studies are needed
to understand whether these mutations have any biological relevance.

A comprehensive comparative evaluation of the pathogenetic mechanisms of ICV and
IDV was carried out to determine the key differences and similarities in the viral replication,
tissue tropism, and pathogenesis between these two distantly related viruses. Guinea pigs
after inoculation of ICV and IDV exhibited several similar characteristics including no de-
tectable virus shedding on 1 dpi, tropism to URT, and seroconversion. The pathology asso-
ciated with ICV and IDV was similar and no significant differences in gross lesions were
noted in the URT between the two groups. Histopathological changes in the respiratory
epithelium of the soft palate and trachea were similar in both hulCV and swIDV groups.
However, lung lesions on 3 and 5 dpi were more pronounced in animals infected with
swiDV than those with hulCV, which shows the slow progression of ICV compared to IDV.
Inflammatory changes observed in hulCV- infected lungs, without any productive viral rep-
lication suggest the possibility of co-infections, which warrant further investigation.
Considering 8-week-old guinea pigs correspond to the adolescent stage in humans (88,
89), the use of 5-6 weeks old ICV infected animals in our study approximate to 10 human
years (as per World Health Organization, the age of adolescence ranges from 10-19 years)
and the pathological correlates demonstrated by these guinea pigs agree with pathologi-
cal changes found in an adolescent human, characterized by marked URT histopathologjical
changes than LRT. Guinea pig co-infection models of ICV are needed in the future to inves-
tigate the co-infection dynamics of ICV.

Significantly, several key differences were observed between ICV and IDV groups as
summarized below. First, the IDV group demonstrated a more uniform and accelerated
rate of virus shedding following infection when compared to the ICV group. Second,
despite no detectable virus shedding in nasal washes on 1 dpi, there was a high virus
titer in the swIDV group on 3 dpi and 5 dpi compared to the hulCV group. Third, viral
loads of swIDV in the soft palate peaked at 3 dpi with no appreciable titer at 7 dpi,
whereas in hulCV animals, viral load was present at 5 and 7 dpi, even though there
were no appreciable titers on 1 and 3 dpi. Fourth, hulCV did not show tropism to LRT
tissues such as lungs as confirmed by both ISH and next-generation sequencing
approaches. We speculate that the key differences in the viral replication patterns
demonstrated by the hulCV and swiIDV could be attributed to the differences in the re-
ceptor-binding domain of the HEF protein or due to any other viral genetic factors.
Also, the broad cell tropism exhibited by the IDV may be attributed to the open
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receptor-binding cavity of the hemagglutinin-esterase fusion glycoprotein that can
accommodate diverse glycan moieties and better receptor binding affinity (69). Lastly,
a shorter seroconversion period and more uniform antibody kinetics was observed in
swIDV compared to hulCV group. A previous study using D/660 lineage virus in guinea
pigs also demonstrated similar research outcomes such as active replication in the
upper and lower respiratory tract, presence of contact transmission, and seroconver-
sion in direct inoculated animals (74).

Interestingly, experimental infections in dogs where the animals were exposed three
times to C/Ann Arbor/1/50, also showed variations in the severity of the infection with virus
isolation reported only in 4/6 dogs after the second inoculation and the time taken for
seroconversion varied considerably between animals (90). A non-uniform and recurring
trend of virus excretion were also observed in experimental infection of ICV in pigs where
the directly inoculated pigs showed intermittent virus excretion and contact transmission
(57). Pigs infected with C/pig/Beijing/32/81 showed antibody responses in all six animals
which included both direct inoculated and contacted animals, whereas pigs infected with
human ICV strain C/NJ/1/76 showed seroconversion in only 2/6 animals which indicate the
variability in antibody response between ICVs of different species origin (57). The C/
Victoria/2/2012 strain we used for this study has not been studied in vivo. Experimental
studies with longer periods of disease monitoring and viral shedding using ICVs of different
host species origins will help to understand more about the species-specific virulence and
tissue tropism of the influenza C viruses.

In summary, the results of our experiments provided encouraging evidence that
guinea pigs can be used as a suitable small animal model, to study the replication fit-
ness and tissue tropism of both ICV and IDV without the need for prior adaptation. The
lack of uniform response by all ICV-infected animals is a limitation of our study, which
could be due to the age/strain of the guinea pig, virus strain used, the dose of the inoc-
ulum, and other variables. However, the ICV tissue tropism was uniformly evident in
the URT of the guinea pigs. The results of this comparative animal model study shall
help us to understand the differences in replication fitness and tissue tropism between
ICV and IDV. The findings we observed for ICV in guinea pigs could be of great value
for further exploring this species as an animal model in the future for the evaluation of
potential vaccines or antiviral compounds against influenza C virus, a potential, yet,
underrecognized respiratory pathogen of children.

MATERIALS AND METHODS

Cells, viruses, and Animals. The swIDV used for intranasal inoculation was grown on human rectal
carcinoma (HRT-18G) cells and hulCV was grown on Madin Darby Canine Kidney (MDCK) cells. The
viruses/samples from the animals were titrated with the TCID,, readout on MDCK cells by making serial
10-fold dilutions of the samples in DMEM supplemented with 1 wg/mL tosylsulfonyl phenylalanyl chlor-
omethyl ketone (TPCK)-trypsin and 1% antibiotic-antimycotic. Further, the viral stocks were sequenced
by the lllumina MiSeq (see the below for the detailed procedure). Specific-pathogen-free (SPF), influenza
D virus-specific antibody-free (SPF/VAF), 30-day-old guinea pigs of the Dunkin-Hartley strain (Elm Hill
Labs, MA, USA) weighing 300 to 350 g were used for the study. The animals were ear-tagged for identifi-
cation purposes. The duration of the experiment was 3 weeks, which included a 1-week acclimatization
period. Animals were provided with food and water ad libitum and kept on a 12-h light/dark cycle. The
temperature and relative humidity (RH) of the animal housing ranged from 72°F to 75°F and 25% to
33%, respectively. Control animals were housed in a separate room away from the room housing the
infected animals and were processed before the inoculated animals. Strict precautionary measures were
followed to prevent cross-contamination between animals in different cages. Gloves were changed
between cages during cleaning and handling, and masks and surfaces were disinfected to prevent any
possible cross-contamination.

Experimental design. Guinea pigs were divided into experimental groups for testing the growth
kinetics of the virus. Two virus-infected groups included (1) influenza D/swine/Oklahoma/1334/2011,
and (2) C/Victoria/2/2012. The group for studying virus kinetics consisted of 10 infected animals and 5
mock-infected animals. The animals were infected intranasally with 3 x 10° 50% tissue culture infective
doses. Half (150 ulL) of the virus inoculum was delivered in each nostril. The 5 control animals were
mock infected with equal volumes of phosphate-buffered saline (PBS). The body weights of all the ani-
mals were recorded before the challenge and days after the challenge. Guinea pigs were briefly anesthe-
tized using isoflurane before infection. The animal experiments were approved by the Institutional
Animal Care and Use Committee of South Dakota State University (IACUC no. 15-017A) and were con-
ducted under biosafety level 2 conditions at the Animal Research Wing of South Dakota State University.
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Monitoring and sample collection. Bodyweight and temperature were monitored daily starting
2 days before the challenge. Prior to the challenge, blood was collected from all the animals from the
jugular vein/cranial vena cava under conditions of isoflurane anesthesia. Animals were monitored daily
after the virus challenge for clinical signs, and body temperature and body weight were recorded. Nasal
washes were collected from all the infected animals in the directly inoculated group and from three con-
trol animals at 1, 3, 5, and 7, days postinfection (dpi). Additionally, two infected animals were euthanized
using CO, at 1, 3, 5, and 7 dpi. Blood, nasal wash, nasal turbinate, soft palate, trachea, and lung samples
were collected. The numbers of infected animals assessed each day from group | were as follows: day 1,
n=10; days 2 and 3, n = 8; days 4 and 5, n = 6; days 6 and 7, n = 4; days 8-14, n = 2. Two animals from
each group were kept for antibody development toward seroconversion. These animals were eutha-
nized at 14 dpi, and blood, nasal wash, nasal turbinate, soft palate, trachea, and lung samples were
collected.

Collection of nasal washes. The nasal washes were collected by instilling 1 mL of PBS using a sterile
25-t0-28-gauge cannula into the nostrils and collecting the washes by draining them into sterile contain-
ers or Petri dishes. Animals were anesthetized using isoflurane, and alternate nostrils were used for sam-
ple collection on alternate days. Nasal washes collected in the Petri dishes were transferred to 1.5-mL
tubes and then centrifuged at 500 x g for 6 min at 4°C to remove any debris. The supernatants were
stored at —80°C until further analysis.

Estimation of virus load in nasal washes and tissues. Nasal turbinates, soft palate, trachea, and
lung, from guinea pigs were collected and stored at —80°C. One gram of tissue was homogenized using
DMEM supplemented with penicillin-streptomycin (Life Technologies, Carlsbad, CA, USA) (200 U/mL)
and a Stomacher circulator at high speed for 2 min. The homogenized tissue fluid was clarified by spin-
ning at 500 x g for 8 min at 4°C and stored at —80°C. For trachea and nasal turbinate analyses, DMEM
with penicillin-streptomycin (Life Technologies, Carlsbad, CA, USA) (200 U/mL) was added and homoge-
nized tissue fluid was collected and stored at —80°C until titration.

For virus isolation, MDCK cells were used for determining the virus titer present in nasal washes and tis-
sue homogenates. 7 x 10° cells were seeded on 96-well tissue culture plates and allowed to grow overnight.
When the cells reached 60-70% confluent, serial 10-fold dilutions of the sample were inoculated on cell cul-
ture plates after the plates were washed with sterile PBS. The inoculated cell culture plates were incubated
for 5 days at 37°C. After 5 days, hemagglutination was carried out on the infected cell culture plates using 1%
turkey RBCs, for the determination of virus titer in nasal washes and tissues. Virus titration was determined
using the Reed and Muench formula to find the 50 percent endpoints (77).

RNA Sequencing. All the RNA samples were quality checked with Bioanalyzer RNA 6000 nano kit,
using Eukaryotes total RNA assay with RNA integrity number (RIN) over 7. The poly-A mRNA was purified
from total RNA using the oligo (dT) magnetic beads, and library preparation was performed using
TruSeq stranded mRNA library Prep kit (catalog ID: 20020595, lllumina Inc). These short mRNA fragments
were used as templates for first-strand cDNA synthesis by reverse transcriptase SuperScript Il (catalog
ID:18064014, ThermoFisher) using random hexamer primers. The RNA template was removed, and a
replacement strand was synthesized to generate ds cDNA during the 2nd strand synthesis. These ds
cDNA fragments were purified using AMPure XP beads followed by A-tailing and adapter ligation with
index kit (catalog ID: 20020492, 2002049, lllumina Inc). The ligation reaction products were enriched by
PCR (PCR) for 15 cycles, and the products were purified by AMPure beads to create the final cDNA
library. The PCR-enriched library was quantified with Qubit HS dsDNA and the library peaks were exam-
ined with Bioanalyzer DNA nano kit. A final diluted 1.3 mL of 1.8pM of the pooled library was sequenced
from 2 runs of single end using NextSeq 500 sequencing platform with High Output 150 cycles (catalog
ID: TG-160-2002, lllumina, Inc).

RNA-Seq data analysis. We first excluded low-quality RNA-Seq raw reads (Qscore <20). To reduce the
effect of PCR amplification on expression level quantification, we removed PCR duplicates using FastUniq ver-
sion 1.1 (91). The reference influenza C and D genomes were downloaded from the Influenza Research
Database (IRD, https://www.fludb.org/brc/home.spg?decorator=influenza) (92). The remaining unique reads
were mapped to ICV, IDV, and guinea pig genomes (Cavpor3.0, Ensembl release 89) using Bowtie2 (93). To
calculate the expression levels of both viral and host genes in each sample, we first calculated the numbers
of reads mapped to each gene using HTSeq version 0.9.1, with reads mapped to multiple genes counted for
each gene (94). We then used DESeq2 to normalize gene expression levels (95). Positional gene expression
was calculated using Samtools (96).

Microneutralization (MN)Assay. The pre- and postinfection sera were treated with the receptor-
destroying enzyme (Denka Seiken, Chuo-ku, Tokyo, Japan) before conducting the MN assay. RDE treat-
ment was done according to the manufacturer’s protocol and MN assay was performed as described
previously (9, 10, 97). After incubation period, the titers were estimated by performing hemagglutination
assay using 1% turkey RBCs (Lampire Biological Laboratories, Pipersville, PA, USA).

Histopathology and in-situ hybridization. Following the experimental infection of guinea pigs, eu-
thanasia was performed at prescribed time points. A complete necropsy was performed to examine any
macroscopic lesion in all the organs. Nasal turbinate, soft palate, trachea, and lung samples were col-
lected in 10% neutral buffered formalin and embedded in paraffin wax. Sections (5 wm thick) were then
cut and stained with hematoxylin and eosin for histopathological examination. IDV in respiratory tract
tissues was detected using in situ hybridization (ISH) with radioactive isotopes of sulfur (**S) labeled neg-
ative-sense RNA probes of nucleoprotein (NP) as described previously (71).

High-performance liquid chromatography. Whole samples were frozen with liquid nitrogen
before homogenization with mortar and pestle, then reconstituted at a concentration of ~8g per 25 mL
in a 50 mM sodium maleate solution at pH 6.5 containing sucrose at a concentration of 0.5 M. The
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solutions were ultra-centrifuged at 650 x g for 10 min, the supernatant was collected while the pellet
was resuspended before the second round of ultracentrifugation. All supernatant fractions were com-
bined to form the total post-nuclear supernatant. Diisopropyl fluorophosphate (DFP) was added at
1 mM concentration and the sample was incubated on ice for 30 min. the samples were then diluted
1:20 with ice-cold water, EDTA was added at a concentration of T mM, the sample was further ultra-cen-
trifuged at 1,00,000 x g for 30 min. The supernatant was removed and discarded, the pellet was resus-
pended in 1 M NaCl and spun again for 30 min. The supernatant was again removed from the clean pel-
let, and the pellet was resuspended in 50 mM Tris-HCl, pH 6.5. Approximately 1:10 of the total isolated
membrane sample was taken for sialic acid analysis. Sialic acids were released enzymatically and sepa-
rated from the proteins by passing the sample through a C18 SPE cartridge. The sialic acid fraction was
then dried and concentrated via SpeedVac. Released sialic acids were labeled through reductive anima-
tion with DNB in a reaction solution of acetic acid and B-mercaptoethanol in a screw-top vial for 2h at
55°C. The reaction was halted by snap-freezing, before dilution of the sample with 100X water. Labeled
sialic acids were separated via C18 separation (Supelco C18) attached to an Agilent 1200 Infinity HPLC
system equipped with a Fluorescence Detector. The excitation and emission of wavelengths were
373 nm and 448 nm respectively. One microliter of the sample was injected, and the separation condi-
tions were an isocratic elution of 9:7:84 ACN: MeOH: H20 at 0.4 mL/min for 20 min. A standard curve of
different sialic acids was also separated for identification.
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