JVI

Journals.ASM.org

A Mouse Model for the Study of Contact-Dependent Transmission of
Influenza A Virus and the Factors That Govern Transmissibility
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Influenza A virus transmission by direct contact is not well characterized. Here, we describe a mouse model for investigation of
factors regulating contact-dependent transmission. Strains within the H3N2 but not HIN1 subtype of influenza virus were
transmissible, and reverse-engineered viruses representing hybrids of these subtypes showed that the viral hemagglutinin is a
determinant of the transmissible phenotype. Transmission to contact mice occurred within the first 6 to 54 h after cohousing
with directly infected index mice, and the proportion of contacts infected within this period was reduced if the index mice had
been preinfected with a heterologous subtype virus. A threshold level of virus present in the saliva of the index mice was identi-

fied, above which the likelihood of transmission was greatly increased. There was no correlation with transmission and viral
loads in the nose or lung. This model could be useful for preclinical evaluation of antiviral and vaccine efficacy in combating

contact-dependent transmission of influenza.

ransmission of influenza A virus from an infected individual

(index) to a naive susceptible individual (contact) occurs ei-
ther via inhalation of viral particles shed from the respiratory tract
in the form oflarge droplets (>20 pm) and fine aerosols (<5 pm)
(48) or via direct contact with infectious fluids (3, 5, 43). Human
studies indicate the importance of both aerosolized (4, 29, 31) and
contact-dependent (2, 9) spread of virus, but it is difficult to as-
certain the relative contribution of the two modes of spread as they
are not mutually exclusive (48). The study of viral transmission
through a human population is complex, involving viral (14, 16,
35, 45, 46, 50, 51), host (7, 10, 11, 28), social (13, 27), and envi-
ronmental factors (15, 19, 22, 24, 44, 53), and animal models have
been used to assess some of these parameters in a more defined
system.

Ferrets have proven useful because they develop respiratory
signs of influenza illness similar to those observed in humans, such
as rhinorrhea, which may facilitate transmission (1, 25, 47). Like
humans, ferrets spread virus via direct contact and aerosols, and
this spread can be studied in isolation by housing index and con-
tact animals in separate cages that have a shared air supply (26). In
contrast, it is difficult to study contact-dependent transmission in
the absence of aerosol spread, because secretions and aerosols
could mediate transmission between cocaged ferrets. Guinea pigs
have also been used successfully to determine some of the param-
eters affecting contact-dependent (24) and aerosol transmission
(23). Unlike ferrets, guinea pigs do not cough or sneeze following
influenza infection, and the spread of virus may be mediated via
shedding of virus in exhaled breath (32), a process that may con-
tribute to the transmission of influenza virus in humans (12). Like
guinea pigs, inbred mice do not sneeze or cough in response to
experimental influenza virus infection despite high titers of virus
in their nasal cavities. Based on this observation, mice may be
another suitable species to enable research on transmission of in-
fluenza virus. A mouse transmission model would have greater
capacity, scope of reagents, and genetically defined mouse strains
at one’s disposal than other models that are limited in immuno-
logical reagents or, in the case of ferrets, are expensive and difficult
to conduct on a large scale (49).

Numerous experiments conducted by Schulman et al. in the
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1960s optimized an influenza transmission mouse model for vi-
ruses within the H2N2 subtype (37-42). However, a more recent
study by Lowen et al. has found this model difficult to reproduce,
because a number of strains from a variety of different subtypes
(i.e., HIN1, H3N2, and H5N1) were tested and found to be non-
transmissible (23). Here, we describe transmission of H3N2 vi-
ruses in mice and show this to occur exclusively by close contact
and not by aerosolized spread. The use of a mouse model that can
only examine contact-dependent transmission, especially for a
subtype that is relevant to humans, would be of significant value in
understanding transmission in close-contact exposure scenarios,
for instance, those that might occur in households, schools, and
workplaces. With this in mind, we have set out to investigate var-
ious factors that contribute to contact-dependent transmission
between mice.

MATERIALS AND METHODS

Viruses. Influenza viruses were propagated in 10-day-old embryonated
hens’ eggs at 35°C, and 3 days later the allantoic fluid was harvested and
stored at —80°C. Reverse-engineered viruses were produced as previously
described (17). The subtype and strains of the viruses used in this study are
shown in Table 1.

Mouse infection and transmission model. Mouse experiments were
approved by and conducted according to the guidelines of the University
of Melbourne Animal Ethics Committee. Male BALB/c mice, 6 to 8 weeks
old, were housed in specific-pathogen-free conditions at 21°C, 31% hu-
midity. For each transmission experiment, two mice were infected to be-
come the index mice, by either upper respiratory tract (URT) or total
respiratory tract (TRT) routes, using direct delivery of the virus to the
nares with a micropipette as described previously (33). After infection,
index mice were housed separately for 6 h, unless otherwise stated, to
prevent contamination of the contacts with the initial viral inoculum.
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TABLE 1 Transmissibility of strains of influenza virus in BALB/c mice

Transmission of Influenza Virus in Mice

Growth of virus in:

Virus used to infect index mouse Index’ Contact’ % Contact mice

(subtype and strain) Nasal turbinates Nasal turbinates Trachea Lung HI* infected”

HIN1
A/WSN/33 4.13 £0.07 <0.9° <0.9 <0.9 <10 0
A/PR/8/34 Mt Sinai 4.7 £ 0.44 <0.9 <0.9 <0.9 <10 0
A/PR/8/34 Cambridge 5.65 £0.03 <0.9 <0.9 <0.9 ND/ 0
A/Bellamy/42 2.58 £ 0.2 <0.9 <0.9 <0.9 <10 0

H3N2
X31¢ 5.82 £0.02 424 171 4.95 £ 192 4.62 = 1.56 107 = 46 100
A/Memphis/1/71 4.04 = 0.03 <0.9 <0.9 <0.9 <10 0
A/Memphis/72 3.87 £0.23 <0.9 <0.9 <0.9 <10 0
A/Udorn/307/72 5.4 * 0.05 4.57 £ 0.67 336 = 1.2 3.30 £ 1.47 512 100
A/Port Chalmers/1/73 5.67 = 0.03 4.82 * 2.06 2.85+1.29 <0.9 256 66.6
AlVictoria/3/75 3.94 = 0.05 2.36 £ 0.72 <0.9 <0.9 256 66.6
BJx109" 2.27 *0.06 <0.9 <0.9 <0.9 <10 0
A/Guandong/25/93 2.98 = 0.16 <0.9 <0.9 <0.9 ND 0

“ Hemagglutination inhibition (HI) assays were performed by the incubation of homologous virus with serum and the addition of chicken red blood cells. HI titers are reported as

means * SD (n = 3).

¥ Index mice were infected via the total respiratory tract route with 10 PFU except for the virulent strain A/PuertoRico/8/34 (PR8), which was used at a sublethal dose of 50 PFU.
Index mice were introduced to contacts, and 4 days later viral loads were measured in nasal turbinates of the index mice and are expressed as mean log,, PFU/ml * SD (n = 4).
¢ Nasal turbinates, trachea, and lungs were collected from contact mice 4 days after cohousing with index mice, and viral loads are expressed as the mean log,, PFU/ml + SD

(n=6).

@ Percentage of contact mice containing virus in nasal turbinates 4 days after cohousing (1 = 6).

¢ Detection limit of plaque assay.
/ND, not determined.

¢ Reverse-engineered virus containing A/Aichi/68 HA and NA on a background of PR8 Mt Sinai.

" Reassortant containing A/Beijing/89 HA and NA on a background of PR8 Mt Sinai.

Thereafter index and contact mice were cohoused; two index mice were
introduced into a clean mouse box containing three naive contact mice.
Transmission to contacts was determined by measuring the infectious
viral titers in the nasal turbinates, trachea, and lung or the development of
an antibody response to the viral hemagglutinin (HA) by testing their sera
in hemagglutination inhibition (HI) assays as described elsewhere (52).
To assess contact versus aerosol transmission, index and contact mice
were cohoused in a 40-cm-long by 20-cm-wide mouse transport box that
was divided into two compartments by two pieces of 2-mm plastic mesh
so that index and contact mice were separated by 4 cm, preventing contact
between the two. The index and contact compartments had separate food
and water sources.

Collection of secretions and tissues for virus quantification. Saliva-
tion was induced by intraperitoneal injection with 200 pl of 20 pg/ml of
carbamylcholine chloride (Sigma-Aldrich Pty. Ltd., Sydney, Australia),
and saliva, collected with the aid of a micropipette with a plastic tip, was
stored at —80°C. Blood was collected by tail bleed, and serum was har-
vested 12 h later and stored at —20°C. Following the euthanasia of index
and contact mice at the indicated times, the nasal turbinates, trachea, and
lungs were collected in 1 ml of RPMI 1640 (Sigma). Tissues were homog-
enized at 10,000 rpm for 30 s, and supernatants were clarified by centrif-
ugation and stored at —80°C. Viral titers in secretions and tissues of the
respiratory tract were determined by plaque assay on Madin-Darby ca-
nine kidney (MDCK) cells as previously described (33). Following 3 days
of incubation, plaques were counted macroscopically to determine the
PFU per sample, which was calculated from the average PFU obtained in
three different dilutions of sample, each performed in duplicate.

Statistical analyses. Statistical analysis was conducted with the soft-
ware package Prism (v.5.0a) from GraphPad Software Inc. A one-way or
two-way analysis of variance (ANOVA) with a 95% confidence interval
was used to determine significance of data; P values shown were obtained
using a Bonferroni posttest. Spearman correlation with a 95% confidence
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interval was used to determine if the association between two factors was
significant.

RESULTS

Transmission of influenza viral strains in mice is subtype de-
pendent. The studies of Lowen et al. (23) and Schulman and Kil-
bourne (41) present contradictory findings regarding the capacity
of the mouse model to assess transmission. To address this and to
identify influenza viral strains that are transmissible in BALB/c
mice, index mice were infected with different strains of influenza
virus within the HIN1 and H3N2 subtypes and introduced to
naive contact mice. The index and contact mice were housed to-
gether for 4 days, and then respiratory tract tissues of the contacts
were collected and the viral titers determined. A second group of
contacts, also cohoused with the index mice for 4 days, were re-
moved to a separate cage and bled 21 days after initial exposure to
the index mice. Sera were assayed for strain-specific antibodies by
inhibition of viral hemagglutination (HI) to verify the presence or
absence of an established infection (Table 1).

AIHI1NI strains examined were unable to transmit from index
to contact mice, as demonstrated by an absence of viral replication
in the nasal turbinates, trachea, and lung of all contacts and the
lack of the development of an HI antibody response (Table 1). In
contrast, several H3N2 strains were transmissible, as indicated by
the presence of infectious virus in the respiratory tract and HI
antibodies in the sera of all contacts. Notably, disease severity was
not correlated with viral transmission, because disease signs and
significant loss in bodyweight occurred in index mice after infec-
tion with some nontransmissible HINI1 strains, such as A/
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FIG 1 Percent weight loss of BALB/c index mice caused by infection with
different strains of influenza A virus. Index mice were infected via the total
respiratory tract route with 10*> PFU of A/Udorn/307/72 (gray symbols),
reverse-engineered X31 that contained A/PuertoRico/8/34 Mt Sinai (PR8)
genes with the HA and NA of A/Aichi/68 (white symbols), or a sublethal dose
(50 PFU) of PR8 (black symbols). Weight was measured daily and expressed as
a percentage of weight at day 0. The means * standard deviations (SD) from
four index mice are shown.

PuertoRico/8/34 virus (PR8), and transmissible H3N2 strains,
such as X31 virus (Fig. 1). The majority of H3N2 transmissible
viruses resembled A/Udorn/307/72 virus (Udorn) and caused no
loss in bodyweight and no disease signs in index mice after infec-
tion. Despite the lack of morbidity, these transmissible H3N2 vi-
ruses replicated to high titers in the nasal turbinates of index mice
(Table 1). These viral loads were not significantly higher than
those of nontransmissible viruses, such as PR8, suggesting that
viral growth in the nose of the index mice was not the primary
determinant of subtype-specific transmission.

Direct contact between index and contact mice is essential
for viral transmission. To investigate the mechanisms associated
with transmission in this model of H3N2 virus infection, index
mice were infected with the transmissible strain Udorn and placed
in a housing box separated from contacts by the presence of 2-mm
mesh, providing a 4-cm separation, for a period of 4 days. In this
housing scenario, the airflow between the two compartments was
unrestricted, but index and contact mice did not have direct con-
tact with each other and did not share a food and water source. We
found that although high viral titers were detected in the nasal
turbinates and lungs of Udorn-infected index mice, their co-
housed contacts did not become infected (Fig. 2A). In contrast,
cohousing index and contact mice so that they could intermingle
freely over a period of 4 days resulted in high viral titers in the nasal
turbinates of 100% of contacts (Fig. 2B). Viral titers in the nasal
turbinates of contacts could be detected for up to 7 days after
initial exposure to the index mice; however, levels of virus detected
in the lung were variable and lower than those in the nose. Varia-
tion in lung viral loads in contacts could be a result of various
degrees of viral progression from the nose to the lung and would
be influenced by frequency of interaction between index and con-
tact mice.

Transmission is influenced by location of virus and time af-
ter infection of index mice. To examine when the peak of trans-
mission took place, index mice were infected with Udorn and were
introduced to contacts 6 h postinfection (Group I), 30 h postin-
fection (Group II), or 54 h postinfection (Group III). Mice re-
mained together for 24 h, after which the index mice were killed
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FIG 2 Transmission of influenza virus in mice is contact dependent. Index
mice were infected via the total respiratory tract route with 10*° PFU of
Udorn, and 6 h later they were introduced to contact mice. Index and contact
mice were cohoused for a period of 4 days in a mouse box that prevented direct
contact (A) or allowed direct contact (B). Index mice were euthanized directly
after the cohousing period, whereas contacts were euthanized 4 days (A) or 4,
5, 6, and 7 days (B) after their initial introduction to the index mice. Symbols
represent viral titers in nasal turbinates (N) or lungs (L) from individual mice.

and respiratory tract samples taken for assay of viral load. The
contacts were left for a further 3 days before sampling of organs
(Fig. 3A). In the previous experiment, reported in Table 1 and Fig.
1 and 2, index mice were exposed to virus by the TRT route, which
involves delivery of 50 pl of inoculum intranasally under anesthe-
sia to the mice, resulting in simultaneous infection of the entire
respiratory tract. In this experiment, virus was delivered to mice as
an upper respiratory tract (URT) infection using 10 pl of inocu-
lum given intranasally to conscious animals (34). This mode of
inoculation results in the establishment of an infection confined
initially to the URT tissues, which progresses down to the lungs

A Co-house procedure

'n"Grp I 6hr
Viral titre Viral titre
ﬁ Grpll 30hr “ ' inindex ** incontacts
(B8) (©)
ﬁ Grp Il 54 hr 24 hr 3 days
Index La;;ntil Co-house with
(x2) co-house 3 contacts
B Index C Contact
6 £.333% 77.7% 0%
*k ok L b = .
= L | ——r—
g 5 on AA s 5‘4 4- . LN
5 4™ A 2
e A Sonp 3 b o
o Ei o m
> 3
o n a0 [ 2
S 3 = .
<1 o0 <l{e» = o
& @ &2 & 1 noom
»\(@\ 6&‘ @5‘\ d Index group housed
&\){0 < with contacts

FIG 3 Period of transmission and its association with viral load in index mice.
(A) Index mice were infected with 10*® PFU of A/Udorn/307/72 via the upper
respiratory tract, and 6 h (Group I [Grp I]), 30 h (Group II), or 54 h (Group
III) later index mice were introduced to contacts. Following 24 h of cohousing,
the viral load in the nasal turbinates, saliva, trachea, and lung of the index mice
were measured. (B) Titers of two index mice that were cohoused in the same
experiment were averaged, and the means and standard deviations of these
values for three separate experiments are shown for each index group. Group
I, circles; Group II, squares; Group III, triangles. (C) Three days after the
cohousing period, respiratory tissues were sampled from the contacts to mea-
sure viral load. The viral titers in the nasal turbinates of each contact (n = 9)
exposed to the respective index group and the percentage of contacts that
became infected after cohousing (at the top) are shown. Significant differences
are indicated by brackets and were determined by two-way ANOVA with a
Bonferroni posttest. **, P < 0.01; ***, P < 0.001.
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over time, thus allowing examination of the relationship between
viral load in particular anatomical locations and transmission.
Viral loads in respiratory organs of the index mice at the end of the
24-h cohousing period revealed that high titers of virus were pres-
ent in the nasal turbinates in each of the groups of index mice.
Viral titers in the trachea and lung were low (<2.9 log,, PFU/ml)
in Group I index mice but increased by 10-fold in Group II mice
and a further 10-fold in Group III mice, indicating a progression
of infection from the upper to the lower respiratory tract (Fig. 3B).
In contrast, there was a significant reduction (P < 0.01 by two-way
ANOVA) of 1.2 logs of virus in saliva from Group III mice com-
pared to virus in saliva from Group I and II mice.

Viral replication was apparent in contact mice exposed to
Group I and Group II but not Group III index mice (Fig. 3C),
indicating that the index mice could transmit virus up to 54 h after
they became infected. Group II index mice were capable of trans-
mitting to a higher proportion of contacts (77.7%) than Group I
index mice (33.3%), implying that the index mice were most con-
tagious 30 to 54 h after their initial infection. Not only was the rate
of transmission higher during this interval but the amount of virus
transmitted, as assessed by viral loads in the nasal turbinates of the
contact mice, also was significantly higher. The transmissible pe-
riod ceased rapidly as virus was not detected in any contacts that
were cohoused with Group III index mice, indicating that the
index mice were not contagious after 54 h postinfection. This lack
of transmission from Group III index mice correlated best with
the drop in salivary viral loads in this group compared to Group I
and II mice. This suggests that the presence of infectious virus in
saliva is a major mode of contact-dependent spread. It remains
unclear why Group II mice were better transmitters than Group I
mice, although high titers of virus in saliva at the end of the co-
housing period does not necessarily imply high titers from the
beginning of the period.

The capacity of index mice to transmit virus is associated
with their salivary viral load. The association between the de-
crease of viral titers in saliva of Group III index mice 78 h follow-
ing infection and reduced transmission to contacts implies that a
certain load of virus in saliva is required to increase the likelihood
that transmission will occur. To examine the relationship between
viral loads in respiratory tract tissues of index mice and their ca-
pacity for transmission, index mice were infected via the total
respiratory tract route with different doses of Udorn: 10, 10%, 107,
10*7, or 10*° PFU (Fig. 4A). Six hours postinfection, index mice
were introduced to contact mice. The mice remained together for
24 h, and directly after cohousing, i.e., at 30 h postinfection, the
nasal turbinates and saliva of the index mice were sampled and
assayed for infectious virus. Four days after cohousing, the respi-
ratory tract tissues of the contact mice were examined.

As shown in Fig. 4A, a dose of 10 PFU of Udorn was not suffi-
cient to establish infection in the index mice due to the absence of
virus detected in their nasal turbinates and saliva at 30 h after
inoculation. In comparison, index mice inoculated with 10 and
10° PFU contained significantly higher viral loads in their saliva
and/or nasal turbinates (P < 0.01 by one-way ANOVA), although
transmission from index to contact mice did not occur at these
doses (as indicated by numbers at the top of Fig. 4A). A dose of up
to or >10%” PFU was required for transmission to occur to 2/6
contacts within the first 24 h of cohousing. Index mice inoculated
with 107 PFU seemed to contain higher viral loads in the nasal
turbinates and saliva than index mice inoculated with a dose of 10°
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FIG 4 Reduced transmission correlates with lower viral loads in saliva of index
mice. (A) Two index mice were infected intranasally via the total respiratory
tract (TRT) route with 10, 10%, 10%,10>7, or 10*° PFU of Udorn, and two pairs
of index mice were each introduced to three contacts 6 h later. After 24 h of
cohousing, the nasal turbinates (gray symbols) and saliva (black symbols) of
the index mice were sampled, and viral loads in individual mice are expressed
with a symbol. The number of contacts that became infected during cohous-
ing, as assessed by viral loads in the nasal turbinates 3 days after introduction of
the index mice, are shown at the top. (B) In a separate series of experiments,
two index mice were mock infected with PBS or infected intranasally with 50
PFU of PR8 30 days prior to TRT infection with 10*> PFU of Udorn. Six hours
later, two index mice were cohoused with three contact mice for 24 h. Mean
viral loads in nasal turbinates (gray) and saliva (black) of index mice are shown
for three separate experiments. (C) The viral loads in nasal turbinates of indi-
vidual contact mice, sampled 3 days after introduction of PBS-treated or PR8-
infected index mice, are shown. The brackets indicate groups that are statisti-
cally significant by one-way (A) or two-way (B and C) ANOVA with a
Bonferroni posttest. **, P << 0.01; ***, P < 0.001.

PFU; however, this trend was not statistically significant (P > 0.05
by one-way ANOVA). Although this experimental system indi-
cated that viral dose influenced the capacity of index mice to trans-
mit virus, these data did not elucidate whether nasal turbinates or
saliva played a more important role in the process of transmission.
To further investigate the effect of reducing viral titers on
transmission, index mice were given phosphate-buffered saline
(PBS) intranasally or were infected with virus of a different sub-
type, A/PR/8/34 Mt Sinai (PR8) HIN1, 30 days prior to challenge
with the transmissible strain Udorn. At 6 h postinfection, index
mice were introduced to contacts. The mice remained together for
24 h, after which respiratory tissues were sampled from the index
mice at 30 h postinfection (Fig. 4B). The nasal turbinates of the
contacts were examined for infectious virus 4 days after the intro-
duction of the index mice to determine the number that had be-
come infected (Fig. 4C). Index mice that initially received PBS
recorded viral titers of approximately 10> PFU/ml in nasal tur-
binates and 10** PFU/ml in saliva at 30 h after secondary infection
with Udorn (Fig. 4B). As expected, cohousing of these index mice
with contacts resulted in viral transmission to 9/9 contacts (Fig.
4C). Preinfection of index mice with PR8 resulted in a >100-fold
drop in salivary viral titers of Udorn but had no significant reduc-
tion in the much higher titers in the nasal turbinates, although a
slight decrease was noted (Fig. 4B). Mice preinfected with PR8
were unable to transmit Udorn virus to contacts (Fig. 4C). The
fact that transmission was reduced by a significant decrease in the
salivary titers of the index mice when the nasal turbinate titers
remained essentially the same supports the contention that trans-
mission is related to viral loads in saliva rather than in the nose.
A threshold level of virus in saliva is associated with an in-
creased likelihood of transmission. The relationship between vi-
ral titers in the saliva of index mice and transmission was further
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FIG 5 Viral titers in saliva influence transmission. For individual transmis-
sion experiments in this study, the percentage of infected contacts was plotted
on the y axis against the mean viral load present in each pair of index mice on
the x axis, for saliva (A) or nasal turbinates (B). Shown is the Spearman corre-
lation for the relationship between x and y. (A) The line of best fit and the
equation defining this relationship are shown. (C) Mice were infected via the
upper respiratory tract with 10*° PFU of nontransmissible (gray symbols) and
transmissible (black symbols) virus strains, and 2 days later saliva samples were
collected and the viral titers were determined. Viral load in saliva is plotted as
a symbol for each individual mouse with the means shown. According to the
equation shown in panel A, the minimum amount of virus in saliva likely to
result in transmission to one of the three contact mice is indicated with a
horizontal line.

investigated. To calculate the threshold of virus titers in saliva
required for transmission to occur, the percentage of infected con-
tacts (y) was plotted as a function of the log titer of Udorn virus in
saliva of the index mice (x) for each individual determination
performed in this study (Fig. 5A). A similar analysis was con-
ducted using viral loads in the nasal turbinates of index mice (Fig.
5B). Analysis revealed a significant correlation between the pro-
portion of contacts that became infected and the viral titer in saliva
of index animals (P = 0.0001 by Spearman’s correlation) but not
the nasal turbinates (P = 0.053). The equation defining the line of
best fit (R* = 0.5) (Fig. 5A) can be used to deduce that the likeli-
hood of one (y = 33%) or more of three contact mice becoming
infected is much greater if the titer of virus in saliva is above 3.19
log,, PFU/ml in the index mice.

To determine whether this threshold could explain the
strain-specific nature of influenza virus transmission, we in-
fected mice with nontransmissible influenza viruses repre-
sented by A/WSN/33 (WSN), PR8, A/Bellamy/42 (Bellamy),
and A/Memphis/1/71 (Memphis) and transmissible strains
X31, Udorn, and A/Port Chalmers/1/73 (Port Chalmers) and
measured the viral titers in saliva 48 h after infection. Only
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FIG 6 Viral loads in saliva are higher after infection with viruses containing
the HA of Udorn. Mice were infected via the total respiratory tract route with
10° PFU of the reverse-engineered viruses PR8, Udorn, PR8-Udorn HA, PRS-
Udorn NA, and PR8-Udorn HA + NA. PR8-Udorn HA + NA, virus contain-
ing all genes from PR8 except for the HA and NA genes of Udorn; PR8-Udorn
HA, virus containing all genes from PR8 except for the HA gene of Udorn;
PR8-Udorn NA, virus containing all genes from PR8 except for the NA gene of
Udorn. Forty-eight h after infection, the viral titers of transmissible strains
(black symbols) and nontransmissible strains (gray symbols) in saliva (A) and
the nasal turbinates (B) were determined. Viral titers are shown for each indi-
vidual mouse, and the mean for each group is indicated. The minimum
amount of virus in saliva likely to result in transmission to one of the three
contact mice (Fig. 5A) is indicated by a horizontal line. The brackets indicate
groups that are statistically significant by one-way ANOVA with Bonferroni
multiple-comparison tests. ***, P < 0.001.

transmissible strains of virus achieved an average salivary viral
titer above the threshold amount of 3.19 log,, PFU/ml
(Fig. 5C).

Transmission of influenza virus in the mouse model is HA
dependent. The transmissible reassortant virus X31 and the non-
transmissible virus PR8 differ only in the HA and neuraminidase
(NA) proteins, thus it is likely that one of these proteins influences
the viral titers in saliva and therefore transmission. To explore
this, reverse-engineered viruses were generated in which the HA,
NA, or both HA and NA of Udorn were present on the backbone
of PR8, and titers of virus in saliva 48 h postinfection for each of
the viruses were assessed (Fig. 6A). PR8 and Udorn viruses that
were produced through the process of reverse genetics behaved
similarly to wild-type viruses, in that mice infected with Udorn
but not PR8 had titers of virus in their saliva that approached the
transmission threshold determined above. The inclusion of both
the HA and NA of Udorn or the Udorn’s HA alone onto a PR8
backbone also resulted in viruses that produced high viral loads in
saliva, whereas the virus containing Udorn’s NA alone produced
very poor viral loads in saliva. This was despite the fact that all
viruses grew to high titers in the nasal turbinates (Fig. 6B). The
pattern of transmissibility of the viruses (Table 2) was as predicted
from the levels of infectious virus in saliva with PR8 with Udorn’s
HA, but not NA, being transmissible. Together these data support
the fact that transmission is determined, at least in part, by the HA
expressed by the virus.

DISCUSSION

In this study, we have characterized a mouse model to study trans-
mission of influenza A virus and investigated the factors that in-
fluence transmissibility of different strains from infected index
mice to naive contacts. Contrary to the pioneering mouse trans-
mission experiments conducted by Schulman and Kilbourne, who

Journal of Virology


http://jvi.asm.org

Transmission of Influenza Virus in Mice

TABLE 2 Transmissibility is dependent upon the type of hemagglutinin expressed by the virus

Gene constellation”

Growth in contact mice®

Virus used to infect Nasal %
index” PB2 PB1 PA HA NP NA M NS Turbinates Trachea Lung HI Infected®
Udorn 3.96 = 0.8 2.9 *+0.18 1.32 = 1.46 640 100

PR8 <0.9 <0.9 <0.9 <10 0
PR8-Udorn HA + NAS® 4.8 £ 0.52 3.13 £ 0.35 <0.9 320 100
PR8-Udorn HA 3.95 £ 0.76 3.32 £ 1.10 <0.9 1280 100
PR8-Udorn NA <0.9 <0.9 <0.9 <10 0

“ Index mice were infected via the total respiratory tract route with 1,000 PFU of reverse-engineered viruses and cohoused with contact mice.
b Reverse-engineered viruses contained different combinations of A/Udorn/307/72 (Udorn) genes (gray) and A/PuetoRico/8/34 Mt Sinai lineage (PR8) genes (white). Shading

indicates the presence of the gene.

¢ Four days after cohousing, the viral loads were measured in nasal turbinates, trachea, and lung of contacts and are expressed as mean log,, PFU/ml = SD (n = 6).
4 Hemagglutination-inhibiting (HI) antibody titers of contacts are reported as means = SD (1 = 3).

¢ Percentage of contacts containing virus in nasal turbinates (n = 6).
/Detection limit of the plaque assay.

£ PR8-Udorn HA + NA, virus containing all genes from PR8 except for the HA and NA genes of Udorn; PR8-Udorn HA, virus containing all genes from PR8 except for the HA
gene of Udorn; PR8-Udorn NA, virus containing all genes from PR8 except for the NA gene of Udorn.

showed transmission occurred through aerosolized droplet nuclei
(40, 41), our findings indicated that transmission required direct
contact between index and contact mice. The key difference be-
tween these two transmission models was that, in Schulman’s
study, the index mice were infected by placing them in a chamber
flooded with aerosolized viral inoculum from a nebulizer. This
procedure would have coated the entire animal with viral particles
that may have contributed to the aerosolized modes of transmis-
sion seen in that model. Furthermore, the Schulman model uti-
lized experimental conditions that may have enhanced droplet
transmission, such as housing index and contact mice in an en-
closed chamber (41). In contrast, the experiments in our study
utilized intranasal infection of the index mice and were conducted
with open cages at a constant room temperature of 21°C and 31%
humidity. In the absence of aerosols, however, contact-dependent
transmission may still occur, for example, viral spread at high
temperatures occurred only when guinea pigs had direct contact
with the index animals (24).

We found that transmission of influenza A virus to contact
mice occurred only when they were cohoused with index mice
during the first 54 h after experimental infection; thereafter the
proportion of infected contacts decreased dramatically. This sup-
ports previous studies that showed the peak period of transmis-
sion occurred between 24 and 48 h after experimental infection
(41). A review of human experimental studies has likewise shown
that day 2 is the peak period of viral shedding (6). The decline in
viral spread observed in the mouse model is not unlike the serial
interval of transmission of HIN1 in humans where transmission
events decrease 3 days after symptom onset in the index (10).
Whether the ability of humans to transmit virus wanes entirely in
the later periods of infection, like the mouse model, is unknown,
yet it is an important question to answer, as it can inform quaran-
tine measures for future pandemics.

Transmission of influenza A virus in the present study was
found to be strain specific, as most H3N2 but not HINT1 strains
examined were able to transmit. A similar observation was also
reported by Schulman (38), who demonstrated that A/Jap/305/57
(H2N2) transmitted to 60% of contacts and RI5" (H2N2) trans-
mitted to 30% of contacts, while PR8 transmitted to only 5% of
contacts. While it was postulated that this was attributed to the
presence of greater amounts of aerosolized virus in the chambers
housing index mice and contacts (38), we have found that a con-
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tact-dependent transmission event is more likely to occur if >3.19
log,, PFU/ml of virus is present in the saliva of infected index
mice. The requirement of high viral loads in saliva of index mice
for transmission to contact mice suggests that saliva is facilitating
viral spread. Transfer of virus in saliva could involve physical in-
teraction between index and contact mice, although survival of
virus deposited on bedding, food, or water via salivation also
could contribute to transmission. The mode of contact spread was
examined by placing naive mice in cages that had previously
housed infected mice for 2 days, which is the peak period of viral
shedding and the time when transmission is observed (Fig. 3). The
absence of any detectable virus in these contact mice at day 4
postexposure (data not shown) indicated that transmission in-
volved physical interaction between index and contact mice rather
than spread via contaminated fomites.

Only those viral strains that reached >3.19 log,, PFU/ml in
saliva of the index mice were transmissible to contacts, and the
failure to reach this threshold was observed for all HIN1 viruses
tested despite high growth in the nasal turbinates. Even after in-
fection with a transmissible strain, this threshold amount was not
present in each individual mouse; however, this may be a result of
fluctuations in viral titer during the 24-h cohousing period above
or below the viral titer measured at the end of the cohousing pe-
riod.

Furthermore, when the viral loads in saliva of index mice were
reduced, by either decreasing viral dose or via preinfection of a
heterologous subtype, the transmission to contacts was reduced.
This highlights the importance of vaccines that induce mucosal
immunity such as secretory IgA antibodies (8), as the presence of
IgA in oral fluids could clear virus from saliva and reduce contact-
dependent transmission. In humans, shedding of influenza A vi-
rus is typically measured by quantifying viral load in nasal washes
and recall of preexisting immune responses, such as antibody or
cytotoxic-T lymphocyte (CTL) activity, which are associated with
reduced virus shedding in nasal washes (20, 30). However, con-
sidering that coughing is a more frequent symptom of influenza
illness in humans than sneezing (12), sampling procedures other
than collecting nasal wash, such as throat swabs, may shed light on
the relationship between viral shedding and transmission. While
recent studies have begun to investigate aerosols exhaled into the
environment through coughing (21), little is known about infec-
tious virus titers in saliva during human influenza infection, al-
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though viral RNA has been detected in saliva and this has been put
forward as a convenient specimen to sample for diagnostic pur-
poses (36).

Through the use of reverse genetics, we found that the replace-
ment of the HA gene in the nontransmissible strain PR8 with that
from Udorn resulted in a virus with the ability to transmit. While
ithas been shown in a variety of ferret models that the relationship
between HA and transmission is due to adaptation to recognize
specific sialic acid receptors in the respiratory tract of the host (35,
50), it is unclear how this would apply in our mouse model, as PR8
is not efficiently transmitted but is well adapted to the sialic acids
present in the respiratory tract of mice, those linked to galactose in
an «2,3 orientation (18). Furthermore, introduction of mutations
that enhance recognition of a2,3-linked sialic acids, for example,
mutation of residue 226 from L to Q in the H3 receptor binding
pocket of H3N2 viruses, have not enhanced transmission in this
mouse model (data not shown).

Collectively, through the use of transmissible and nontrans-
missible strains, our findings show that high viral loads in the
saliva of index mice correlate with contact-dependent transmis-
sion of influenza A virus. While strains within the HIN1 subtype
are unable to transmit in this model, numerous strains within the
H3N2 subtype are transmissible, and this model could be utilized
in pilot studies to investigate the effectiveness of therapeutic in-
terventions that aim to reduce contact-dependent transmission of
H3N2 influenza A virus.
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