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Abstract

Human-to-human transmission of influenza viruses is a serious public health threat, yet the
precise role of immunity from previous infections on the susceptibility to airborne viruses is still
unknown. Using human seasonal influenza viruses in a ferret model, we examined the roles of
exposure duration and heterosubtypic immunity on influenza transmission. We found that airborne
transmission of seasonal influenza strains is abrogated in recipient animals with pre-existing non-
neutralizing immunity, indicating that transmissibility of a given influenza virus strain should be
examined in the context of ferrets that are not immunologically naive.
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Introduction

Airborne transmission is essential for the epidemiological success of human influenza A virus
(IAV), which imposes a significant seasonal public health burden. Every influenza season is
different, with one virus subtype (H3N2 or H1N1) typically dominating and factors such as age,
pregnancy and pre-existing medical conditions putting people at increased risk of severe influenza
infection. During the 2017-2018 H3N2 predominant season, roughly 79,000 people died in the
United States, which is more than the number who died during the 2009 H1N1 pandemic (1, 2).
In the 2017-2018 H3N2 epidemic, 40% of the cases were in the elderly (65+), in contrast during
the 2009 H1N1 pandemic the highest burden of infection was found in individuals 5-24 years of
age (48%) (1, 2). This age-based discrepancy in IAV burden suggests that pre-existing immunity
could impact the susceptibility to IAV infection, since people of different age groups are exposed
to different strains of IAV in early childhood (3-6).

An individual’s first influenza infection typically occurs before the age of 5 (7) and are repeatedly
infected with influenza viruses during their lifetime. The antibody response to a person’s first
influenza infection will be boosted upon each subsequent antigenically distinct influenza virus
strain in a process classically referred to as ‘Original Antigenic Sin’ (8). The impact of pre-existing
immunity on the spread of influenza viruses has been understudied, and the few reports in this
area have found that pre-existing immunity against heterologous or homologous strains
surprisingly protects animals against all subsequent influenza virus infections (9, 70). In these
studies, Steel et al demonstrated that pre-existing seasonal H1N1 or H3N2 immunity in recipient
guinea pigs reduced transmission of the 2009 H1N1 pandemic virus (710) and Houser et al
observed that pre-existing seasonal H3N2 immunity in donor ferrets prevented transmission of
emerging 2011 swine H3N2v virus (9). However, these observations do not mimic human
epidemiology, since individuals can become infected with influenza virus many times, suggesting
that these animal models may need to be revised to more accurately represent human
transmission.

The majority of published transmission studies use 14 days of continuous exposure in immune
naive animals (77-14) and a time interval of 4-6 weeks between primary and secondary infection
(9, 10). To address these transmission parameters, we examine the role of timing of exposure
and pre-existing immunity to address the barriers to transmission and provide a comprehensive
comparison of a seasonal H3N2 virus and the 2009 pandemic H1N1 virus (H1N1pdm09). We
used ferrets for respiratory droplet transmission because they are naturally susceptible to human
isolates of IAV and can transmit infectious IAV particles through the air (12, 15, 16). We propose
that transmissibility of emerging influenza viruses be assessed in immune ferrets and at short
exposure times. In addition, our results indicate that pre-existing immunity provides different
barriers for H3N2 and H1N1pdmO089 virus transmission, suggesting that pre-existing immunity can
drive susceptibility to heterosubtypic infections.

Results

IAV transmission to naive animals is efficient after short and periodic exposures. To
investigate the constraint of exposure time on transmission, we examined a representative human
seasonal H3N2 virus (A/Perth/16/2009) and the most recent IAV pandemic H1N1pdmQ9 virus
(A/CA/Q7/2009). Airborne transmission of these two viruses to naive ferrets was performed
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continuously for 7 or 2 days, as well as periodically for 8 hours a day for 5 consecutive days (Fig
1A). These times were used to mimic human exposure conditions. HIN1pdmQ9 transmitted by
respiratory droplets to 100% of all naive recipients at all exposure times. Donor ferrets shed from
days 1 to 5 post-infection (Fig 1B-D, red bars), while recipient ferrets had a wider range of
shedding (Fig 1B-D, blue bars). Shorter exposure times caused a delay in detectable HIN1pdm09
virus in recipient nasal secretions consistently after day 4 post-exposure (Fig 1C and D, blue
bars). This observation is consistent with the highly transmissible nature of this virus in multiple
transmission systems (74, 17). The H3N2 virus replicated efficiently in donor ferrets on days 1, 2,
3 and 5 (Fig 1E-G, green bars). H3N2 transmitted to 3/3 naive animals after a 7-day exposure
time with slightly delayed shedding kinetics on days 2 to 7 post-infection (Fig 1E, green bars), as
compared to ferrets infected with H1N1pdmO09 (Fig 1B, red bars). After a 48 h exposure, H3N2
transmitted to 4/4 naive recipients (Fig 1F) and 2/3 in a second independent replicate (Fig S1),
with recipient animals shedding on days 4, 6 and 8 post-infection (Fig 1F and S1, orange bars).
At intermittent exposure times transmission of H3N2 virus was slightly reduced to 2/3 naive
recipients, which we still consider to be efficient airborne transmission. Taken together, these
results indicate that seasonal influenza viruses are highly transmissible to naive recipients.

A Exposure Times
Virus
D E R @@
I T T T T T T T T T T T T T 1
0 1 2 3 5 7 9 1" 13
Day post-infection
B 7 day exposure C 2 day exposure D 5x 8 h exposure
B HIN1INF Il Naive recipient [ HIN1INF Il Naive recipient Bl H1IN1INF Il Naive recipient
6 P 6 6
g g z
<% 313 <5 313 £ 313
) g, . g,
2 2 i 2
e 2 7 - ; 2 3
8 S0 Ng I ; 8
= = 7 7 H g
P Py 7 7 P
£ 220 gll Al |l i £ g ;
= = A=A By T A B bl $ H H
3 ] Y N A ok i e H H H ¢
g Al kil £l E i
5 S 1 7 [ r
> > il ey il ey -, IR Y i L Y R
1.2 3 5 7 1 2 4 6 8 10 1.2 3 5 7 1 2 4 6 8 10
Days post: Days post- Days post-i Days post-exp:
E 7 day exposure F 2 day exposure G 5x 8 h exposure
Bl H3N2 INF 3 Naive recipient Bl H3N2 INF [ Naive recipient Bl H3N2 INF [ Naive recipient

-
1
-

6
] z ]
i 5]
Es i & g 213
[=] o [=)
O 4 o4 3 &
[~ = =
2 AN A 2 3 2 3
el TP g g
= F ’ 5 = =
= | H Py Py
221 1ol Al |k 2?2 £ g
£~ e 7] £ = = 7
[ H 7l H %) (] v
S 1 i A H S1 2 ’
E |1 B 1 £ S /
> 27 ’
LA A o LK L /A IF IF
1.2 3 5 17 1.2 4 6 8 10 1.2 3 5 17 1.2 4 6 8 10 1.2 3 5 7 1.2 4 6 8 10
Days post-infection Days post-exposure Days post: Days post: Days post: Days post-exp e

Figure 1. Efficient transmission of seasonal HIN1 and H3N2 influenza viruses to naive
animals under short or periodic exposures. (A) Schematic of experimental procedure.
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Shaded gray bars depict exposure times. Three donor ferrets were infected with A/CA/07/2009
(H1N1) (B-D) or A/Perth/16/2009 (H3NZ2) (E-G) and a naive recipient ferret was placed in the
adjacent cage at 24 hour post-infection for 7 (B and E) or 2 (C and F) continuous days, or 8
hours a day for 5 consecutive days (D and G). Nasal washes were collected from all ferrets on
the indicated days and each bar indicates an individual ferret. Limit of detection is indicated by
dashed line. Viral titers for donor animals in part G have previously been published in (78).

Pre-existing immunity to heterologous strains impacts airborne transmission of influenza
viruses at short exposure times. As demonstrated in Figure 1, ferrets are naturally susceptible
to human H1N1pdm09 and H3N2 influenza virus infections. To develop a model to mimic the
yearly seasonality of influenza infections, we waited between 60 and 84 days between infections
to allow for the primary immune response to wane, as shown by others (79-22), and result in two
robust infections. Six ferrets were infected with H3N2 virus and then three of those animals were
experimentally infected at 60 days post-infection with H1N1pdmQ9 virus (herein referred to as
‘H3-H1 INF’) (Fig 2A). Twenty-four hours after this secondary infection, the three remaining ferrets
with H3 pre-existing immunity (Table S1) were each placed in an adjacent cage to act as the
recipient animal (herein referred to as ‘H3-imm recipients’) and exposed for 2 days (Fig 2A). An
84-day gap produced a robust infection of the H1N1pdmO09 virus in experimentally inoculated H3-
H1 INF ferrets with virus detected in ferret nasal secretions on multiple days (Fig 2B). We
observed that transmission of HIN1pdmO9 to recipient animals was not significantly impacted by
pre-existing H3N2 virus immunity as 2/3 H3-imm recipients became infected after a 2-day
exposure period (Fig 2B). Interestingly, the duration and kinetics of HIN1pdmO09 shedding were
different between naive animals and H3-imm animals (Fig 1C vs Fig 2B).

In a complementary study, ferrets with pre-existing H1N1pdmO09 immunity were experimentally
infected with H3N2 virus to act as donors (herein referred to as ‘H1-H3 INF’) in a subsequent
transmission experiment 84 days later (Fig 2A). Robust replication of H3N2 in H1N1pdm09
immune donor (H1-H3 INF) animals was observed (Fig 2C, green bars) and a recipient ferret with
pre-existing HIN1pdmO09 immunity (herein referred to as ‘H1-imm recipient’) was placed in the
adjacent cage 24 h post-infection. The recipient animals were exposed to the H1-H3 INF donor
animals for 2 continuous days. Surprisingly, no virus was detected in the nasal secretions of the
H1-imm recipients (Fig 2C, orange bars) and no seroconversion was observed on day 13 post-
exposure (Table S1). We previously demonstrated that H3N2 was able to transmit to 6 out of 7
recipients with no prior immunity (Figure 1F and S1). In comparison to this efficient transmission,
pre-existing H1IN1pdmO09 immunity provides a complete block to H3N2 transmission during a 2-
day exposure window (Fig 2C).

To discern whether donor or recipient immunity was critical for the blockade in H3N2 virus
transmission, we examined the spread of H3N2 virus to either H1-imm donors or recipients. In
Figure 2D, H1-H3 INF donors transmitted the virus to 2/4 recipients without prior immunity (50%)
(Fig 2D, orange bars). This H3N2 transmission efficiency is reduced as compared to 85% (6/7) in
animals without prior immunity (Fig 1F and S1), indicating that donor immunity may partially
contribute to a barrier in H3N2 transmission. In contrast, 0/4 H1-imm recipients became infected
upon a 2-day exposure to ferrets infected with H3N2 virus as their primary infection (Fig 2E,
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orange bars), which suggests that heterosubtypic immunity in recipients is sufficient to block
H3N2 virus transmission. Taken together, these results indicate that airborne transmission of
H3N2 cannot overcome the barrier imposed by H1N1pdm09 immunity but transmission of
H1N1pdmO09 can overcome H3N2 immunity even within short exposure times.
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Figure 2. Pre-existing heterosubtypic immunity blocks H3N2 transmission but not
H1N1pdm09 transmission. (A) Schematic of experimental procedure, gray bars depict 2-day
exposure time. (B) All donor and recipient animals were infected with A/Perth/16/2009 (H3N2)
virus 60 days prior to HIN1pdmO09 (A/CA/07/2009) transmission. Donor animals are denoted
as H3-H1 INF, and recipient animals are ‘H3-imm’. (C) All donor and recipient animals were
infected with A/CA/07/2009 (H1N1pdmQ9) virus 84 days prior to H3N2 (Perth/16/2009)
transmission. Donor animals are denoted as H1-H3 INF, and recipient animals are ‘H1-imm’.
The contribution of donor and recipient immunity was tested separately for A/Perth/16/2009
(H3N2) transmission. Donors only (D) or recipient only (E) had pre-existing immunity to
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A/CA/07/09 H1IN1pdmO09. Donor animals are denoted as H1-H3 INF or H3N2 INF (no prior
immunity), and recipient animals are either ‘naive’ to indicate no prior immunity or ‘H1-imm’.
Each bar represents an individual animal. Limit of detection is denoted by a dashed line.

Barrier to H3N2 airborne transmission is independent of neutralizing antibodies. To
elucidate the difference in protection provided by H1N1pdmO09 versus H3N2 immunity, we first
compared the shedding of the naive and immune donor ferrets. Higher viral loads in the donor
animals might be expected to result in more efficient transmission, yet they do not always correlate
with each other (23). Direct comparison of the shedding kinetics between transmission
experiments was not possible as the HIN1pdm09 and H3N2 nasal washes were titered at
different times on different cell lines. However, comparison of viral RNA levels in nasal washes of
H1 or H3 infected animals revealed similar levels between these two viral infections during both
primary and secondary infections (Fig S2A-B). These results show that the block in H3N2
transmission was not due to significantly decreased viral shedding by ferrets with pre-existing
H1N1pdmO09 immunity.

To determine whether the H1-imm recipient ferrets were generating cross-protective H3
neutralizing antibodies, we performed neutralization assays with sera from animals after primary
or secondary infection. Sera from the H3-imm and H3-H1 INF animals exhibited robust H3N2
neutralizing antibodies that persisted from day 14 post infection/exposure and appeared to
increase slightly upon heterologous challenge (Fig 3A). Sera from the H3-imm recipient animals,
had no detectable cross-reacting neutralizing antibodies against H1N1pdmO09 (Fig 3B) with the
H1N1pdmO09 virus transmitting efficiently to 2/3 H3-imm recipient animals (Fig 2B). Similarly, sera
from H1-imm ferrets produced strong H1N1pdmO09 neutralizing antibody titers that waned slightly
over 84 days and increased slightly upon the H3 transmission experiment (Fig 3D). Although the
H1-imm recipient animals were protected against H3 transmission they had no detectable cross-
reacting neutralizing antibodies against H3 (Fig 3C, orange line). At day 97 post-infection, only
the experimentally infected animals (H1-H3 INF) had neutralizing antibody titers against H3 (Fig
3C, green line). These data indicate that the block in H3N2 airborne transmission by H1N1pdm09
immunity is independent of cross-reactive neutralizing antibodies in either the donor or recipient.
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Figure 3. Neutralizing antibody titers against HIN1 and H3N2 viruses. We examined the
neutralizing antibody titers against A/CA/07/09 (H1N1pdmO9; red lines) and A/Perth/16/09
(H3N2; green lines) from ferrets depicted in Fig 2B and C. Sera from animals from Fig 2C;
H1N1pdmO09 primary infection followed by H3N2 transmission are depicted in panel A. Sera
from animals from Fig 2B, H3N2 primary infection followed by H1N1pdmOQ9 transmission, are
depicted in panel B. At the indicated times, serum was collected and neutralizing antibodies
against both H1N1pdm09 (red lines) and H3N2 (green lines) were determined by
microneutralization assay. Donor infected animals are denoted in solid circles and recipient
animals are denoted by open circles. Each point is an individual animals and trend lines for
donor (solid) or recipient (dashed) animals are shown. Limit of detection is indicated by the
dashed line.

Discussion

Airborne transmission is critical for emergence of pandemic viruses and we demonstrate that
epidemiologically successful human seasonal and pandemic influenza viruses transmit to naive
recipients efficiently even at shortened or intermittent exposure times. In humans, primary
influenza infections typically occur by about 5 years of age, which initiates innate and adaptive
immune responses resulting in immunological memory. Thus, the spread of pandemic and
seasonal IAV occurs in a population with significant pre-existing immunity (23). We demonstrate
that pre-existing immunity can influence airborne transmissibility of IAV. Specifically, transmission
of seasonal H3N2 virus is abrogated in animals with pre-existing H1N1pdmO09 immunity that was
non-neutralizing. Conversely, H3N2 immunity did not significantly impair H1N1pdmO09
transmission. Importantly, recipient immunity is sufficient to get a complete block in H3N2
transmission through an immune mechanism that does not rely on cross-neutralizing antibodies.

Transmissibility of a given influenza virus relies on the viral replication in the upper respiratory
tract, release of virus into the air, survival of the virus within the environment, and successful
replication in a susceptible recipient. In the ferret animal model, transmission studies typically
house a naive recipient animal adjacent to an infected donor for 14 consecutive days (77-74) and
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very few studies have altered this experimental animal model. In this study, we examined the
transmissibility of seasonal H3N2 and H1N1pdmQ9 viruses at shortened exposures times and
found efficient transmission after a 48 h continuous exposure and intermittent exposure of 8 h a
day for 5 days, mimicking a work week. Studies examining transmission of HIN1pdm09 have
demonstrated transmission to naive ferrets after a 30 h exposure to as short as a 3 h exposure
(23, 24), which is consistent with our observations with HIN1pdmO09. However, it is important to
note that the transmission system utilized by Koster et al (23) had considerably lower air flow
rates, 6 liters per minute compared to 40 cubic ft. per minute (Fig S3). Interestingly, transmissibility
of HIN1pdmO09 within a 30 h exposure window was efficient if the naive recipients were exposed
to infected ferrets early (1-2 days) as opposed to late (5-6 days) post-infection (25), suggesting
that transmission efficiency is also linked to an exposure window.

The primary correlate of protection against influenza virus infections has been mapped to
antibodies against of the two antigenic determinants on the surface of the virus particle,
glycoproteins hemagglutinin (HA) and neuraminidase (NA) (26). In this study, we also
demonstrate that heterosubtypic immunity can provide protection from transmission of H3N2
virus. Broadly protective immune response can be generated between HA subtypes (3, 4, 27-32),
but the lack of detectable H3N2 neutralizing antibodies in the serum of donor and recipient
animals suggests that these broadly cross-reactive neutralizing antibodies are not the source of
protection. Sub-neutralizing concentrations of antibodies that recognize the stalk portion of HA
have been shown to limit influenza disease through antibody-dependent cell mediated cytotoxicity
(ADCC) (33-36). Alternatively, non-neutralizing antibodies against the influenza virus conserved
antigens, NP, M1 and M2 might be exerting a protective function through ADCC, antibody-
dependent phagocytosis or antibody-mediated complement-dependent cytotoxicity (37).
Heterosubtypic immunity in the recipients provided a robust barrier against infection with seasonal
H3N2, but not HIN1pdmQ09. This difference may be due to the immunogenicity of internal
H1N1pdmO09 antigens in ferrets compared to H3N2 virus. Future examination of cross-reactive
adaptive immune responses between H1N1pdmQ09 and H3N2 will further our understanding of
influenza virus correlates of protection. Finally, heterosubtypic immunity in experimentally infected
animals limited disease severity, but not viral shedding in nasal secretions, which may represent
a system to study asymptomatic transmission.

In the last 10 years, two pandemic viruses have emerged in the human population; the 2009
pandemic H1N1 virus and SARS-CoV-2. Both of the viruses are efficiently transmitted from
person-to-person with expelled aerosols. During the 2009 H1N1 influenza pandemic over 12,000
individuals died of the infection in the United States, with 77% of those deaths were in patients
18-64 year-old (38). Recent analyses correlating birth year to imprinted virus would suggest that
a large proportion of those individuals would have been imprinted with a seasonal H3N2 virus (3)
and our data demonstrate the pre-existing immunity against H3N2 virus was not a significant
barrier to natural infection of HIN1pdmO09 virus. In contrast, in 2017-2018 a drifted H3N2
predominated for which the vaccine was not efficacious, but individuals aged 5-24 had the lowest
number of infections in that year (2) and would include a large number of individuals imprinted
with H1N1pdmO09 virus. Previous studies in ferrets have also demonstrated that pre-existing
H1N1pdmO09 immunity 31 days prior allowed for rapid clearance of an antigenically distinct swine
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influenza virus and demonstrated reduced disease severity compared to naive ferrets (39). Our
data support this idea as immune imprinting with H1N1pdmOQ9 is superior to H3N2 imprinting to
protect from infection with heterologous viruses. Although the immunological mechanism
underlying this phenotype will require further studies, translation of these results to the current
COVID-19 pandemic may be important to understand age-based distributions of SARS-CoV-2
disease severity and susceptibility.
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Materials and Methods

Cells and Viruses. MDCK (Madin Darby canine kidney, obtained from ATCC) and MDCK SIAT
cells (kind gift from Dr. Stacy Schultz-cherry at St. Jude) were grown at 37 °C in 5 % CO2 in MEM
medium (Sigma) containing 5 % Fetal Bovine Serum (FBS, HyClone), penicillin/streptomycin and
L-glutamine. Reverse genetics plasmids of A/Perth/16/2009 and A/California/07/2009 were a
generous gift from Dr. Jesse Bloom (Fred Hutch Cancer Research Center, Seattle) and were
rescued as previously described in (40). The viral titers were determined by tissue culture
infectious dose 50 (TCIDsg) using the endpoint titration method on MDCK cells for HIN1pdm09
and MDCK SIAT cells for H3N2 (47).

Animals. Ferret transmission experiments were conducted at the University of Pittsburgh in
compliance with the guidelines of the Institutional Animal Care and Use Committee. Five to six
month old male ferrets were purchased from Triple F Farms (Sayre, PA, USA). All ferrets were
screened for antibodies against circulating influenza A and B viruses by hemagglutinin inhibition
assay, as described in (40), using the following antigens obtained through the International
Reagent Resource, Influenza Division, WHO Collaborating Center for Surveillance, Epidemiology
and Control of Influenza, Centers for Disease Control and Prevention, Atlanta, GA, USA: 2018-
2019 WHO Antigen, Influenza A(H3) Control Antigen (A/Singapore/INFIMH-16- 0019/2016), BPL-
Inactivated, FR-1606; 2014-2015 WHO Antigen, Influenza A(H1N1)pdm09 Control Antigen
(A/California/07/2009 NYMC X-179A), BPL-Inactivated, FR-1184; 2018-2019 WHO Antigen,
Influenza B Control Antigen, Victoria Lineage (B/Colorado/06/2017), BPL-Inactivated, FR-1607;
2015-2016 WHO Antigen, Influenza B Control Antigen, Yamagata Lineage (B/Phuket/3073/2013),
BPL-Inactivated, FR-1403.

Transmission studies. Our transmission caging setup is a modified Allentown ferret and rabbit
bioisolator cage similar to those used in (716, 40). Additional details on the caging setup can be
found in Fig S3. For each study, three to four ferrets were anesthetized by isofluorane and
inoculated intranasally with 10° TCIDso/500uL of A/Perth/16/2009 or A/California/07/2009, they
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function as the donor or (INF) animals. Twenty-four hours later, a recipient ferret was placed into
the cage but separated from the donor animal by two staggered perforated metal plates welded
together one inch apart. Nasal washes were collected from each donor and recipient every other
day for 14 days. To prevent accidental contact or fomite transmission by investigators, the
recipient ferret was handled first and extensive cleaning of all chambers, biosafety cabinet, and
temperature monitoring wands was performed between each recipient and donor animal and
between each pair of animals which also included glove and anesthesia chamber changes. Sera
was collected from donor and recipient ferrets upon completion of experiment to confirm
seroconversion. Environmental conditions were monitored daily and ranged between 20-22 °C
with 44-50 % relative humidity. To ensure no accidental exposure during husbandry procedures,
recipient animal sections of the cage were cleaned first then then infected side, three people
participated in each husbandry event to ensure that a clean pair of hands handled bedding and
food changes. One cage was done at a time and a 10 min wait time to remove contaminated air
was observed before moving to the next cage. New scrappers, gloves, and sleeve covers were
used on subsequent cage cleaning.

Clinical symptoms such as weight loss and temperature were recorded during each nasal wash
procedure and other symptoms such as sneezing, coughing, lethargy or nasal discharge were
noted during any handling events. Animals were given A/D diet twice a day to entice eating once
they reached 10% weight loss. A summary of clinical symptoms for each study are provided in
Supplemental Table 1.

RNA Harvest and Quantification of Viral Load. Viral RNA was extracted from ferret nasal
washes by processing 200 pl through the Purelink Pro 96 Viral RNA/DNA Purification Kit
(Thermofisher 12280-096A). The viral load in each sample was measured by RT-gPCR using
primers/probe specific for the open reading frame of segment 7 (M1/M2) of influenza A virus:
forward primer 5- GACCRATCCTGTCACCTCTGAC-3, reverse primer 5-
AGGGCATTYTGGACAAAKCGTCTA-3, and probe 5-(FAM)-
TGCAGTCCTCGCTCACTGGGCACG-(BHQ1)-3". Each reaction contained 5.4 pL of nuclease-
free water, 0.5 pL of each primer at 40 uM, 0.1 yL of ROX dye, 0.5 uL SuperScript Il RT/Platinum
Taq enzyme mix, 0.5 pL of 10 uM probe, 12.5 uL of 2x PCR buffer master mix, and 5 yL of
extracted viral RNA. The PCR master mix was thawed and stored at 4°C, 24 h before reaction
set-up. The RT-gPCR was performed on a 7500 Fast real-time PCR system (Applied Biosystems)
with a machine protocol of 50°C- 30min, 95°C-2min followed by 45 cycles of 95°C-15sec, 55°C-
30sec. To relate genome copy number to Ct value, we used a standard curve based on serial
dilutions of a plasmid control, run in triplicate on the same plate. H3N2 samples were compared
to a plasmid containing the M segment of A/Perth/16/2009. H1N1 samples were compared to a
plasmid containing the M segment of A/California/07/2009.

Serology assay. Analysis of neutralizing antibodies from ferret sera was performed as previously
described (40). Briefly, the microneutralization assay was performed using 10*2 TCIDs, of either
H3N2 or H1IN1pdmO09 virus incubated with 2-fold serial dilutions of heat-inactivated ferret sera.
The neutralizing titer was defined as the reciprocal of the highest dilution of serum required to
completely neutralize infectivity of 10%2 TCIDso of virus on MDCK cells. The concentration of
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antibody required to neutralize 100 TCIDso of virus was calculated based on the neutralizing titer
dilution divided by the initial dilution factor, multiplied by the antibody concentration.
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Supplemental Figures

2 day exposure

[l H3N2 INF [ Naive recipient

Virus titer (log,oTCIDg,/mL)

Figure S1. Transmission of H3N2 to naive ferrets for a short exposure period. Three
ferrets were infected with A/Perth/16/2009 (H3N2) and nasal washes were collected from each
ferret on the indicated days post-infection. A naive ferret was placed in the adjacent cage at 24
hour post-infection for 2 days and nasal washes were collected from each recipient ferret on
the indicated days post-exposure. Bars indicate individual ferrets. All ferrets were serologically
negative for circulating influenza viruses at the beginning of the study. The limit of detection
was 10%° TCIDso/mL. TCIDso, 50% tissue culture infectious dose. The viral titer data for 3 donor
animals was previously published in (18).
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Figure S2. Quantification of HIN1 and H3N2 viral RNA in donor animals. RNA was isolated
from nasal wash samples at each of the indicated days post-infection from ferrets infected with
H1N1pdmO09 (red line) and H3N2 (green line). Data are shown as mean +/- SEM.
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Figure S3. Transmission cage setup. A. Diagram of ferret transmission unit. B. Schematic
of ferret experimental setup with constant air flow passing from infected (INF) donor to
recipient ferret at 40 cubic feet per minute (CFM). INF donor and recipient are separated by a
stainless steel divider, which is made up of two perforated plates, 1 inch apart and staggered
holes (5 mm diameter).

Table S1. Clinical signs and symptoms.

Exposure

Te e

efficiency

Figure  Virus time Status increase* Weight loss* H1N1 mi titersh H3N2 microneutralization titers®
1B HIN1pdm 7 days INF 1/3 2/3 3/3 2032, 1280, 1613 ND
Naive 3/3 2/3 2/3 3/3 1810, 6451, 2560 ND
1c HIN1pdm 2 days INF 2/3 1/3 2/3 3620, 1280, 1280 ND
Naive 3/3 1/3 1/3 2/3 1280, 7241, 1280 ND
1D HIN1pdm 5x 8h INF 2/3 0/3 1/3 14482, 7241, 5120 ND
Naive 3/3 2/3 1/3 3/3 6451, 5120, 6451 ND
1E H3N2 7 days INF 0/3 0/3 0/3 ND 3620, 1810, 1810
Naive 3/3 1/3 0/3 0/3 ND 1280, 806, 1810
1F H3N2 2days INF 2/7 0/7 1/7 ND 160, 404, 906, 320, 1280, 906, 320
Naive 6/7 0/7 0/7 3/7 ND 320, 160, 160, 640, 640, <14, 1280
1G H3N2 5x 8h INF 2/3 0/3 0/3 ND 320, 2560, 3620
Naive 2/3 0/3 0/3 2/3 ND 1810, 1280, <14
2B HIN1pdm 7 days INF 1/3 3/3 0/3 1613, 1613, 1280 NA
Naive 3/3 1/3 0/3 0/3 160, 1280, 52 806, 226, 905
2C HIN1pdm 2 days INF 3/3 1/3 0/3 1280, 2560, 1280 3620, 1810, 1810
Naive 2/3 0/3 0/3 0/3 1280, <14, 1280 1280, 806, 1810
3B H3N2 2 days INF 1/4 0/4 0/4 3620, 3225, 2560, 3620** 160, 320, 1280,403
Naive 0/4 3/4 0/4 0/4 2560, 3620, 1613, 3620** <14,<14,<14,<14
3C H3N2 2 days INF 1/4 0/4 0/4 453, 40, 226, 160 906, 640, 906, 906
Naive 2/4 0/4 0/4 0/4 NA 100, 40, <14, <14
3D H3N2 2 days INF 0/3 0/3 0/3 NA 202, 160, 320
Naive 0/3 0/3 0/3 0/3 640, 80, 453 <14, <14, <14

* Temperature increase is defined as >1.5deg from day 0 temperature. Weight loss determined as > 10% of day 0 weight
A Antibody titers of day 14 are presented based on migroneutratlization assay. All day 0 sera had a titer <14. Data for animals from Figure 2 present antibody titers from day 14 primary or secondary

infection.
ND = Not determined; NA = Not applicable
** From day 21 not day 14


https://doi.org/10.1101/2020.06.15.103747

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.15.103747; this version posted June 15, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

References

1. F. S. Dawood et al., Estimated global mortality associated with the first 12 months of
2009 pandemic influenza A H1N1 virus circulation: a modelling study. Lancet Infect Dis
12, 687-695 (2012).

2. R. Garten et al., Update: Influenza Activity in the United States During the 2017-18
Season and Composition of the 2018-19 Influenza Vaccine. MMWR Morb Mortal Wkly
Rep 67, 634-642 (2018).

3. K. M. Gostic, M. Ambrose, M. Worobey, J. O. LIoyd-Smith, Potent protection against
H5N1 and H7N9 influenza via childhood hemagglutinin imprinting. Science 354, 722-726

(2016).

4. K. M. Gostic et al., Childhood immune imprinting to influenza A shapes birth year-
specific risk during seasonal H1N1 and H3N2 epidemics. PLoS Pathog 15, e1008109
(2019).

5. M. Worobey, G. Z. Han, A. Rambaut, Genesis and pathogenesis of the 1918 pandemic
H1N1 influenza A virus. Proc Natl Acad Sci U S A 111, 8107-8112 (2014).

6. S. Ranjeva et al., Age-specific differences in the dynamics of protective immunity to
influenza. Nat Commun 10, 1660 (2019).
7. R. Bodewes et al., Prevalence of antibodies against seasonal influenza A and B viruses

in children in Netherlands. Clin Vaccine Immunol 18, 469-476 (2011).

8. F. T. Jr, On the doctrine of original antigenic sin. Proc Am Philos Soc 104, 572-578
(1960).

9. K. V. Houser, M. B. Pearce, J. M. Katz, T. M. Tumpey, Impact of prior seasonal H3N2
influenza vaccination or infection on protection and transmission of emerging variants of
influenza A(H3N2)v virus in ferrets. J Virol 87, 13480-13489 (2013).

10. J. Steel et al., Transmission of pandemic H1N1 influenza virus and impact of prior
exposure to seasonal strains or interferon treatment. J Virol 84, 21-26 (2010).

11. M. L. Herlocher et al., Ferrets as a transmission model for influenza: sequence changes
in HA1 of type A (H3N2) virus. J Infect Dis 184, 542-546 (2001).

12. T. R. Maines et al., Lack of transmission of HSN1 avian-human reassortant influenza
viruses in a ferret model. Proc Nat/ Acad Sci U S A 103, 12121-12126 (2006).

13. T. R. Maines et al., Transmission and pathogenesis of swine-origin 2009 A(H1N1)
influenza viruses in ferrets and mice. Science 325, 484-487 (2009).

14. V. J. Munster et al., Pathogenesis and transmission of swine-origin 2009 A(H1N1)
influenza virus in ferrets. Science 325, 481-483 (2009).

15. J. A. Belser, J. M. Katz, T. M. Tumpey, The ferret as a model organism to study
influenza A virus infection. Dis Model Mech 4, 575-579 (2011).

16. S. S. Lakdawala et al., The soft palate is an important site of adaptation for transmissible
influenza viruses. Nature 526, 122-125 (2015).

17. Y. Itoh et al., In vitro and in vivo characterization of new swine-origin H1N1 influenza
viruses. Nature 460, 1021-1025 (2009).

18. C. P. L. S. Arevalo, V., Bolton, M. J., Eilola, T., Jones, J. E., Kormuth, K. A., Nturibi, E.,
Balmaseda, A., Gordon, A., Lakdawala. S. S., Hensley, S. E., Original Antigenic Sin
Priming of Influenza Virus Hemagglutinin Stalk Antibodies. PNAS, (under review).

19. M. E. Francis et al., Historical H1N1 Influenza Virus Imprinting Increases Vaccine
Protection by Influencing the Activity and Sustained Production of Antibodies Elicited at
Vaccination in Ferrets. Vaccines (Basel) 7, (2019).

20. J. D. Allen, H. Jang, J. DiNapoli, H. Kleanthous, T. M. Ross, Elicitation of Protective
Antibodies against 20 Years of Future H3N2 Cocirculating Influenza Virus Variants in
Ferrets Preimmune to Historical H3N2 Influenza Viruses. J Virol 93, (2019).


https://doi.org/10.1101/2020.06.15.103747

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.15.103747; this version posted June 15, 2020. The copyright holder for this preprint

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

D. M. Carter et al., Sequential seasonal H1N1 influenza virus infections protect ferrets
against novel 2009 H1N1 influenza virus. J Virol 87, 1400-1410 (2013).

G. A. Kirchenbaum, D. M. Carter, T. M. Ross, Sequential Infection in Ferrets with
Antigenically Distinct Seasonal H1N1 Influenza Viruses Boosts Hemagglutinin Stalk-
Specific Antibodies. J Virol 90, 1116-1128 (2016).

F. Koster et al., Exhaled aerosol transmission of pandemic and seasonal H1N1 influenza
viruses in the ferret. PLoS One 7, e33118 (2012).

J. Botterman et al., Scintigraphic, spirometric, and roentgenologic effects of radiotherapy
on normal lung tissue. Short-term observations in 14 consecutive patients with breast
cancer. Chest 97, 97-102 (1990).

K. L. Roberts, H. Shelton, P. Stilwell, W. S. Barclay, Transmission of a 2009 H1N1
pandemic influenza virus occurs before fever is detected, in the ferret model. PLoS One
7, 43303 (2012).

F. Krammer, The human antibody response to influenza A virus infection and
vaccination. Nat Rev Immunol 19, 383-397 (2019).

A. H. Ellebedy et al., Induction of broadly cross-reactive antibody responses to the
influenza HA stem region following H5N1 vaccination in humans. Proc Natl Acad Sci U S
A 111, 13133-13138 (2014).

F. Krammer et al., H3 stalk-based chimeric hemagglutinin influenza virus constructs
protect mice from H7N9 challenge. J Virol 88, 2340-2343 (2014).

G. M. Li et al., Pandemic H1N1 influenza vaccine induces a recall response in humans
that favors broadly cross-reactive memory B cells. Proc Natl Acad Sci U S A 109, 9047-
9052 (2012).

M. S. Miller et al., Neutralizing antibodies against previously encountered influenza virus
strains increase over time: a longitudinal analysis. Sci Transl Med 5, 198ra107 (2013).
N. Pica et al., Hemagglutinin stalk antibodies elicited by the 2009 pandemic influenza
virus as a mechanism for the extinction of seasonal H1N1 viruses. Proc Natl Acad Sci U
S A 109, 2573-2578 (2012).

J. Wrammert et al., Broadly cross-reactive antibodies dominate the human B cell
response against 2009 pandemic H1N1 influenza virus infection. J Exp Med 208, 181-
193 (2011).

D. J. DiLillo, G. S. Tan, P. Palese, J. V. Ravetch, Broadly neutralizing hemagglutinin
stalk-specific antibodies require FcgammaR interactions for protection against influenza
virus in vivo. Nat Med 20, 143-151 (2014).

S. Jegaskanda et al., Cross-reactive influenza-specific antibody-dependent cellular
cytotoxicity antibodies in the absence of neutralizing antibodies. J Immunol 190, 1837-
1848 (2013).

S. Jegaskanda, J. T. Weinfurter, T. C. Friedrich, S. J. Kent, Antibody-dependent cellular
cytotoxicity is associated with control of pandemic H1N1 influenza virus infection of
macaques. J Virol 87, 5512-5522 (2013).

R. Nachbagauer et al., Hemagglutinin Stalk Immunity Reduces Influenza Virus
Replication and Transmission in Ferrets. J Virol 90, 3268-3273 (2015).

E. S. Sedova et al., Non-neutralizing Antibodies Directed at Conservative Influenza
Antigens. Acta Naturae 11, 22-32 (2019).

S. S. Shrestha et al., Estimating the burden of 2009 pandemic influenza A (H1N1) in the
United States (April 2009-April 2010). Clin Infect Dis 52 Suppl 1, S75-82 (2011).

J. A. Pulit-Penaloza et al., Antigenically Diverse Swine Origin H1N1 Variant Influenza
Viruses Exhibit Differential Ferret Pathogenesis and Transmission Phenotypes. J Virol
92, (2018).


https://doi.org/10.1101/2020.06.15.103747

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.15.103747; this version posted June 15, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

40. S. S. Lakdawala et al., Eurasian-origin gene segments contribute to the transmissibility,
aerosol release, and morphology of the 2009 pandemic H1N1 influenza virus. PLoS
Pathog 7, €1002443 (2011).

41. L. J. Reed, H. Muench, A simple method of estimating fifty percent endpoints. Am
J Hyg 27, 493-497 (1938).


https://doi.org/10.1101/2020.06.15.103747

