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ABSTRACT Influenza A virus (IAV) causes respiratory disease in swine and humans.
Vaccines are used to prevent influenza illness in both populations but must be frequently
updated due to rapidly evolving strains. Mismatch between the circulating strains and
the strains contained in vaccines may cause loss of efficacy. Whole inactivated virus (WIV)
vaccines with adjuvant, utilized by the swine industry, are effective against antigenically
similar viruses; however, vaccine-associated enhanced respiratory disease (VAERD) may
happen when the WIV is antigenically mismatched with the infecting virus. VAERD is a
repeatable model in pigs, but had yet to be experimentally demonstrated in other mam-
malian species. We recapitulated VAERD in ferrets, a standard benchmark animal model
for studying human influenza infection, in a direct comparison to VAERD in pigs. Both
species were vaccinated with WIV with oil-in-water adjuvant containing a §-1 H1N2
(1B.2.2) derived from the pre-2009 human seasonal lineage, then challenged with a 2009
pandemic HINT (H1IN1pdmQ9, 1A.3.3.2) 5 weeks after vaccination. Nonvaccinated and
challenged groups showed typical signs of influenza disease, but the mismatched vacci-
nated and challenged pigs and ferrets showed elevated clinical signs, despite similar viral
loads. VAERD-affected pigs exhibited a 2-fold increase in lung lesions, while VAERD-
affected ferrets showed a 4-fold increase. Similar to pigs, antibodies from VAERD-affected
ferrets preferentially bound to the HA2 domain of the HIN1pdm09 challenge strain.
These results indicate that VAERD is not limited to pigs, as demonstrated here in ferrets,
and the need to consider VAERD when evaluating new vaccine platforms and strategies.

IMPORTANCE We demonstrated the susceptibility of ferrets, a laboratory model species
for human influenza A virus research, to vaccine-associated enhanced respiratory dis-
ease (VAERD) using an experimental model previously demonstrated in pigs. Ferrets
developed clinical characteristics of VAERD very similar to that in pigs. The hemagglu-
tinin (HA) stalk is a potential vaccine target to develop more efficacious, broadly reac-
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populations (1). Genetic diversity is high within each subtype; hemagglutinin (HA)
gene segments from eight H1 clades and nine H3 clades have been isolated and sus-
tained in swine in the United States since 2016 (1, 2). This diversity is driven by reas-
sortment, genetic drift, and the occasional introduction of human seasonal IAV viruses
into the swine population (3, 4). The broad IAV diversity endemic in US swine poses
substantial challenges for effective control of the virus. In addition to the financial and
animal health burdens, swine IAV impacts human health as yearly zoonotic infections
spark concerns of future pandemics (5-7).

Adjuvanted, whole inactivated vaccines (WIV) are commonly utilized tools to control
swine IAV. WIVs are highly effective against homologous challenge but offer limited
cross-protection against strains with significant antigenic distance (8-10). Additionally,
vaccine-associated enhanced respiratory disease (VAERD) can be induced when WIV-vac-
cinated pigs are challenged with a homosubtypic, antigenically heterologous challenge
virus (11-14). VAERD in pigs is characterized by a prolonged fever, an increase in the se-
verity and distribution of pneumonic lung lesions, peribronchiolar lymphocytic cuffing,
and necrotizing bronchiolitis compared to unvaccinated, challenged swine (15). While
the mechanisms of VAERD are not fully understood, non-neutralizing antibodies against
a conserved region of HA2 promoted fusion and increased viral infectivity (16). Increases
in pro-inflammatory and cell-mediated immunity-modulating cytokines were associated
with neutrophil infiltration and severe lung pathology in VAERD affected pigs (17).
Furthermore, neuraminidase immunity and adjuvant type affected the severity of
VAERD, while timing between vaccination and challenge and animal age had no effects
(18-20).

Non-adjuvanted, split-virion vaccines are typically utilized to control IAV in humans,
however, multiple adjuvanted WIV vaccines are licensed (21). While seasonal human
influenza may lack the diversity to elicit VAERD, human seasonal |AVs are periodically
introduced and become endemic in swine. These viruses become antigenically distinct
while evolving in swine, and many swine lineages have subsequently infected humans
as zoonotic “variant” strains. Non-human host specific influenza viruses, such as those
that are endemic in swine, may pose a risk of inducing VAERD in humans under the
right circumstances due to antigenic mismatch within the same subtype. Should one
of these viruses generate a human pandemic, the impact could be substantial. Indeed,
multiple studies have found correlation between pre-existing, non-neutralizing anti-H1
antibodies, including those induced by the seasonal H1 vaccine, and severity of disease
in the early months of the 2009 pandemic (22-24). Here, we evaluated the susceptibil-
ity of ferrets, a standard model for human influenza pathogenesis and vaccine efficacy
studies, to VAERD in a direct comparison to the swine model.

RESULTS

Vaccinated ferrets displayed increased clinical signs of disease after heterologous
challenge. All challenged pigs produced a similar febrile response (1.3 to 1.4°C
increase) at 1 day postinfection (dpi). Body temperatures began returning to normal by
2 dpi in non-vaccinated/challenged (NV/C) pigs, but remained high until 4 dpi in vacci-
nated/challenge (V/C) pigs (Fig. TA). NV/C pigs exhibited mild lethargy for 2 to 3 dpi
while V/C pigs displayed more severe lethargy until 4 to 5 dpi. Additionally, anorexia
and coughing were observed on 4 to 5 dpi in V/C pigs but were absent in other
groups.

NV/C ferrets had mild fever that peaked on 2 dpi and returned to baseline by 3 dpi
(Fig. 1B) and displayed mild lethargy and anorexia from 1 to 3 dpi. NV/C ferrets exhibited
weight loss that peaked at —7.7% at 5 dpi (Fig. 1C). V/C ferrets had a similar febrile
response at 1 dpi, but their body temperature fell below baseline from 3 to 7 dpi (Fig. 1B).
Body weight loss peaked at —16.1% at 7 dpi before the V/C ferrets began regaining
weight at 9 dpi (Fig. 10).

Challenge groups had similar viral loads. Viral titration of nasal samples or bron-
choalveolar lavage fluid (BALF) revealed no statistical difference (P > 0.05) between vi-
ral titers of NV/C and V/C animals at any time point (Fig. 2). All challenged pigs shed
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FIG 1 Clinical signs of disease in ferrets and pigs are typical of VAERD. Pig (A) and ferret (B) body temperatures were monitored daily from 0 dpi through
6 dpi. Deviation from the baseline body temperature (average of 0 dpi reading) was calculated for each individual and averaged for each group. Error bars
represent standard error of the mean. (C) Additionally, ferret body weight was measured daily from 0 dpi through 14 dpi. Data are presented as
percentage changes from the 0 dpi average for each group. Black circles represent naive control groups, blue squares are NV/C groups, and red triangle

are V/C groups. Error bars represent standard error of the means.

virus in the nasal swabs at 1 dpi. Both challenge groups saw identical reduction in
shedding animals at 3 dpi (5/10 pigs) and 5 dpi (3/10 pigs). All five V/C pigs had recov-
erable virus in the 5 dpi BALF, compared to only 60% of NV/C pigs. All challenged fer-
rets shed virus in the nasal wash at both 1 dpi and 3 dpi. All NV/C ferrets had recover-
able virus in nasal washes at each time point as well as from BALF. All V/C ferrets were
positive for nasal wash virus at 1 and 3 dpi as well as at 5 dpi in BALF, but only 40%
had shed virus in the 5-dpi nasal wash. Differences in viral titers between pigs and fer-
rets are likely due to species differences and differences in sampling methods.
Bacteriological screening of BALF to rule out other causes of pneumonia recovered
minimal bacterial growth from pigs and ferrets.

Vaccinated ferrets and pigs displayed enhanced pathology after heterologous
challenge. Lungs were evaluated at 5 and 21 dpi to determine the surface area of the
lung with visible plum-colored consolidation (Fig. 3). NV/C pigs displayed between
5.9% and 15.8% of the lung surface affected, with an average of 11.8% at 5 dpi. In con-
trast, V/C pigs had between 22.1% and 50.5% of the surface area affected with an aver-
age of 30.3% at 5 dpi (Fig. 3A), consistent with previously described VAERD (18). The
percentage of lung surface with consolidation resolved to 2.7% for NV/C pigs and to
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6n BALF - Swine 6 BALF - Ferret
&
4+ 4+
M Naive
1 1 Non-Vacc. challenge (NV/C)
21 ﬁ é é 24 1 Vacc. challenge (V/C)
0 o, T o ‘g 0 - T T T T
0dpi 1dpi 3dpi 5dpi 5dpi 0dpi 1dpi 3dpi 5dpi 5dpi
NS NS NS NS BALF NS NS NS NS BALF
Naive 0/5 0/5 0/5 0/5 0/5 0/3 0/3 0/3 0/3 0/3
NV/C 0/10 10/20 5/10 3/10 3/5 0/5 5/5 5/5 5/5 3/3
Vv/C 0/10 10/10 5/10 3/10 5/5 0/5 5/5 5/5 2/5 3/3

FIG 2 Vaccine status had no effect on viral shedding of heterologous challenge virus. Pigs (A) were nasal swabbed on 0, 1, 3, and 5 dpi,
while ferrets (B) were sampled by nasal wash at the same time points. BALF was collected at 5 dpi during necropsy. Samples were serial
diluted and incubated on MDCK-London cells for 72 h. Presence of virus was determined by hemagglutinin assay. Median log,, TCID,, titers
are represented by box and whisker plots for each group. Boxes indicate 25-75 percentile, and bars mark minimum and maximum values.
The table indicates the number of animals that were positive for each group at each time point.

March 2022 Volume 96 Issue5 e01725-21

jviasm.org 3


https://jvi.asm.org

Kimble et al.

>
8

% of visible lung lesions
N w H
o o o

-
o
1

o

E 50+

40+

20+

10+
a

0 =

40
&

% of visible lung lesions

\©

é N

Journal of Virology

FIG 3 Vaccinated animals had increased macroscopic lung lesions compared to nonvaccinated animals after heterologous challenge. Lungs of
pigs (panels A to D) and ferrets (panels E to H) were visually evaluated, and percentages of the total surface area with plum-colored
consolidated lesions were estimated for each animal (arrows G and H) and averaged for each treatment group with standard error of the
means (panels A and E). Lowercase letters indicate values with significant differences (P < 0.05). Images shown for the lungs of the pig or ferret
that most closely represented the average score for naive (panels B and F), NV/C (panels C and G) and V/C (panels D and H) treatment groups.

10.4% for V/C pigs by 21 dpi (Table 1). NV/C ferrets had 10 to 15.9% macroscopic lung
lesions, with an average of 13.4% at 5 dpi. At the same time point, the percentage of
macroscopic lung lesions in V/C ferrets ranged from 29.5% to 47.3% and averaged
40.2% (Fig. 3E), indicating that VAERD occurred in ferrets. By 21 dpi, NV/C ferret lung
lesion percentages resolved to 5.6%; however, V/C ferret percentages, although
reduced, remained significantly higher than NV/C at 23.9%.

Microscopic lesions from sections of pig and ferret lungs were evaluated at 5 dpi
and scored on a 22-point scale as previously described (25). NV/C pigs had an average
microscopic lung lesion score of 9 = 1, while the mean score for V/C pigs was 12 = 2.
Microscopic trachea lesions were not observed in NV/C pigs at 5 dpi, in contrast to V/C
pigs that had an average microscopic trachea lesion score of 5.3 = 0.3 (Table 1). These
results were consistent with VAERD microscopic lung and trachea lesion scores
reported in swine from previous studies (15, 18). The NV/C ferret lungs had an average

TABLE 1 Vaccinated animals exhibit higher pathology scores following heterologous
challenge compared to non-vaccinated animals

Macroscopic lesions? (%) Microscopic score

Animal 5 dpi 21 dpi 5 dpi: lung (0-22) 5 dpi: trachea (0-22)
Pigs

NV/NC 0.3 *+0.2 - 0+0 0.4 *+ 0.4

NV/C 12+2 3+12 9+ 1P 0+ 0°

V/C 305 10 = 5° 12+ 20 53*03
Ferrets

NV/NC 03*+0.3 - 0+0 0=+ 09

NV/C 132 6+3 9+1 0.7 = 0.6¢

V/C 40 *5 247 183+ 0.8 2.8 +0.1¢

9Average percentage of the lung with macroscopic consolidation or the average composite microscopic lesion
score = SEM. Values within species and pathology columns were statistically different (P < 0.05) except those
marked by matching superscript letters.
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FIG 4 Ferrets displayed histological lesions typical of VAERD. Photomicrographs displayed from hematoxylin and eosin (HE)-stained lung tissue sections
from non-vaccinated/non-challenged (NV/NC, panels A and D), non-vaccinated/challenged (NV/C, panels B and E), and vaccinated/challenged (V/C, panels C
and F) swine (panels A to C) and ferrets (panels D to F). Microscopic lesions were not observed in the lungs from NV/NC swine (panel A) or ferrets (panel
D). Moderate bronchi and bronchiolar epithelial necrosis and mild to moderate peribronchiolar lymphocytic cuffing with low numbers of neutrophils in the
airway lumen were observed at 200x in NV/C swine (B) and ferrets (E). At low x40 magnification, ferrets from the V/C group with VAERD demonstrated
severe inflammation that exhibited a lobular (F) to diffuse distribution. Severe bronchi and bronchiolar epithelial necrosis or hyperplasia with severe, broad,
and densely cellular peribronchiolar lymphocytic cuffing (arrow) and abundant neutrophils expanding the airway lumen (arrowhead) were consistent with
VAERD microscopic lesions in swine (C) and ferrets (G, 200x). In VAERD-affected ferrets, a mixed inflammatory infiltrate of neutrophils, macrophages and
lymphocytes infiltrated the propria submucosa (double arrow) (H, 200x) and adjacent submucosal glands were effaced by severe necrosis, abundant
neutrophils and macrophages (arrows) (I, 400x). Severe perivascular (arrow) and peribronchiolar edema and perivasculitis (J, 100x) was observed in
VAERD-affected ferrets with extensive alveolar hemorrhage (arrow) (K) and abundant sero-proteinaceous fluid (arrow) observed in alveolar spaces (L, 200x).

microscopic lung lesion score of 9 = 1, while V/C ferrets averaged 183 = 0.8.
Microscopic trachea lesions were not as pronounced compared to those of the pigs,
with scores of 0.7 £ 0.6 in NV/C ferrets and 2.8 = 0.1 in V/C ferrets (Table 1).

Microscopic lesions were not observed in the lungs or trachea from the NV/NC con-
trol groups of either species at 5 dpi (Fig. 4A and D). The NV/C swine (Fig. 4B) and fer-
rets (Fig. 4E) demonstrated similar microscopic lung lesions that were consistent with
uncomplicated influenza A virus infection. The lesions consisted of multifocal bronchi-
tis and bronchiolitis with attenuation or necrosis of the airway epithelium, mild peri-
bronchiolar lymphocytic cuffing, interstitial pneumonia, and low numbers of neutro-
phils in the airway lumen. Mild to moderate perivascular and peribronchiolar edema
was observed in the lungs of NV/C ferrets, whereas the alveoli of NV/C pigs contained
sero-proteinaceous fluid.

Microscopic lung lesions observed at 5 dpi in the V/C ferrets and the swine exhibit-
ing VAERD were notably similar between the species and more severe compared to
those of the NV/C groups. All ferrets in the V/C group had severely affected lung lesion
profiles, ranging from a multifocal lobular distribution (Fig. 4F) to locally extensive
regions of the pulmonary parenchyma. The V/C ferret microscopic lung lesions were
characterized by marked bronchi and bronchiolar epithelial necrosis, dysplasia, or
hyperplasia with large numbers of neutrophils occluding the airway lumen (Fig. 4G),
which were similar in appearance, frequency, and severity to those of V/C pigs with
VAERD (Fig. 4C). An abundant, mixed inflammatory infiltrate consisting of neutrophils,
macrophages, and lymphocytes was observed in the bronchiolar propria submucosa
(Fig. 4H), extending into the peribronchiolar stroma in ferrets (Fig. 4G) and swine (Fig.
4Q). In contrast to swine, V/C ferrets demonstrated submucosal glands adjacent to the
affected bronchi which were infiltrated with an abundant mixed inflammatory infiltrate
and variable amounts of neutrophilic inflammation inside the glandular lumen (Fig. 4l).
Occasional submucosal glands were necrotic and effaced by foci of inflammatory
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FIG 5 Antibody response to vaccination did not alter antibody response to heterologous challenge virus in pigs or ferrets. Vaccine derived antibodies did
not cross-react with heterologous challenge antigens. Exposure to challenge antigen caused transient increases in vaccine HA and NA specific titers that
were more apparent in ferrets. Swine (A-D) and ferret (E-H) sera collected throughout the experiment were evaluated by HI (A, B, E, and F) and NI (C, D, G,
and H) against the vaccine antigens (gray background A, C, E and G) and challenge antigens (B, D, F, and H). Data points indicate geometric mean log,
transformed titers for vaccinated (V/C, red) and unvaccinated (NV/C, blue) animals. Error bars represent standard error of the mean.

debris. Expansive peribronchiolar cuffs of densely packed lymphocytes, macrophages,
and neutrophils were observed in VAERD-affected lungs from ferrets (Fig. 4G) and
swine (Fig. 4C). Multifocal, prominent perivascular edema with mixed inflammatory
infiltrates was observed expanding the stroma (perivasculitis), which was more severe
in V/C ferrets compared to NV/C ferrets (Fig. 4J). Alveolar lumina of V/C ferrets con-
tained large numbers of neutrophils and macrophages that were often admixed with
marked hemorrhage (Fig. 4K) and sero-proteinaceous fluid (Fig. 4L), which was not
observed in NV/C ferrets. Alveoli in the V/C swine also exhibited similar lesions that
included extensive hemorrhage and edema (sero-proteinaceous fluid). Microscopic
lesions in the trachea from V/C ferrets and swine consisted of moderate to severe epi-
thelial flattening and necrosis and marked inflammation of the submucosa with large
numbers of lymphocytes, macrophages, and neutrophils, which was often mild or
absent in the NV/C ferrets and swine.

Vaccine-derived, non-neutralizing, binding antibodies associated with disease
state. Serum antibody responses to vaccine and challenge virus were measured by HI
and NI assays in pigs and ferrets at multiple time points throughout the experiment.
All swine and ferret serum samples collected prior to virus or vaccine exposure tested
negative by ELISA, HI, and NI. Vaccinated pigs produced minimal homologous HI or NI
antibody responses after a single dose of the WIV vaccine against the MNO8 HA or NA,
but titers increased following the second dose, typical of WIV vaccination (Fig. 5A and
Q). Vaccinated ferrets had a similar response after the initial vaccination, but produced
high titers of inhibitory antibodies against homologous vaccine virus following the sec-
ond vaccination (Fig. 5E and G). Sera collected from vaccinated pigs and ferrets before
challenge were HI- and Nl-negative against the heterologous challenge virus CA09
(Fig. 5B, D and F, and H). Although V/C ferrets had no HI or NI response to the heterol-
ogous challenge virus at 21 days post-boost or at 0 dpi, antibody binding assays
showed that sera collected at these time points had high antibody binding to the HA2
domain of CA09 HA, but not to the HA1T domain (Fig. 6), similar to results shown previ-
ously for VAERD-affected pigs (16).
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FIG 6 Ferrets vaccinated with a MNO8 H1 vaccine produced antibodies that bound H1N1pdm09 HA2,
but not HA1. Binding of ferret sera to H1pdm09 (pdmH1) HA1 (panel A) or HA2 (panel B) was measured
by surface plasmon resonance. Individual serum was analyzed and displayed by experimental group (NV/
NC: black, NV/C: blue, and V/C: red) and time point (=14 or 0 days postinfection). Median values are
represented by box and whisker plots for each group. Boxes indicate 25-to-75 percentile and bars mark
minimum and maximum values.

Heterologous challenge had minimal effects on the HI and NI responses of pigs
against the vaccine virus (Fig. 5A and C). In ferrets, heterologous challenge resulted in
slight increases to vaccine-specific HI, from 3.4 at 0 dpi up to 4.2 at 5 dpi; and to NI,
from 4.4 to 6.6 (Fig. 5E and G). As described in previous studies (18), vaccinated pigs
produced HI and NI antibodies to CA09 after challenge at comparable levels to NV/C
pigs, indicating that original antigenic sin is not a sequela to VAERD. In fact, V/C pigs
trended toward an earlier Hl and NI antibody response to the challenge virus than NV/
C pigs (Fig. 5B and D). V/C ferrets had a similar response to the challenge virus which
tended to be earlier and higher in titer than that of NV/C ferrets (Fig. 5F and H).

DISCUSSION

In this study, we recapitulated VAERD in ferrets using a previously established experi-
mental model described in pigs, where whole inactivated virus vaccine with an oil-in-water
adjuvant was administered followed by challenge with an antigenically mismatched,
homosubtypic virus, which resulted in enhanced respiratory disease. Prolonged fever,
increased pneumonia, severe, intensive histopathology lesions, and tissue damage in this
report were comparable to previous studies of VAERD in swine (15-20). Here, we demon-
strated VAERD is not a phenomenon unique to pigs. Ferrets, a standard human IAV model,
vaccinated and challenged using the same experimental model, experienced enhanced re-
spiratory disease and lung lesions that were consistent with the VAERD swine model.

Non-vaccinated and challenged (NV/C) swine with uncomplicated influenza-like ill-
ness demonstrate microscopic lung lesions which are typically mild to moderate com-
pared to those of their VAERD-affected cohorts, and which often lack the severe suppu-
rative inflammation, edema, and hemorrhage typical of VAERD lesions. In addition to
the influenza lesions observed in NV/C swine, NV/C ferrets with uncomplicated influ-
enza infection often demonstrate mild to moderate peribronchiolar and perivascular
edema and inflamed submucosal glands, in addition to necrotizing bronchiolitis, peri-
bronchiolar cuffing, and interstitial pneumonia (26).

However, vaccinated, challenged (V/C) ferrets had weight loss and hypothermia con-
sistent with a severe influenza infection (27), while NV/C ferrets displayed signs of disease
more typical of a mild to moderate influenza infection. V/C ferrets displayed a 3-fold
increase in percentage of macroscopic pneumonia lesions compared to NV/C ferrets and
a 2-fold increase in microscopic histological scores. The signs of disease in V/C ferrets
tended to be more severe than those measured in V/C pigs. In addition, microscopic lung
lesions were remarkably similar between the V/C pigs and ferrets (Fig. 4), albeit more
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pronounced in ferret lung tissues with severe necrotizing bronchiolitis, prominent peri-
bronchiolar lymphocytic cuffing (Fig. 4C and G), expansive propria submucosa inflamma-
tory response that appeared to occlude the airway lumen (Fig. 4G and H), and extensive
alveolar neutrophils, edema, and hemorrhage (Fig. 4K and L). In addition, V/C ferrets in
the current study demonstrated marked, prominent perivascular (Fig. 4J) and peribron-
chiolar edema, perivasculitis, and severe necrotizing lesions of the submucosal glands
(Fig. 4l), which were not observed in the V/C swine. The minor species-specific differences
may be a result of the slight modification in experiment setup due to different species
requirements (infection route, dose, animal age, etc.). However, all microscopic lesions
associated with VAERD were more severe in both species compared to those of their NV/
C cohorts. The marked vascular changes described in the ferret lungs, as well as the alveo-
lar edema, hemorrhage, and extensive inflammatory response, needs further analysis to
discern the mechanisms involved in the VAERD phenomenon. The reproducible VAERD
outcome in two primary host species for IAV research provides important animal models
to further investigate mechanisms and treatment interventions.

Antibody-dependent enhancement (ADE) was first proposed in 1964 and has been
shown to occur during infections from several viruses, most notably in dengue infec-
tions (28-31). ADE of influenza has been shown in multiple natural and experimental
host species (13, 15, 22-24, 32-34). Early in vitro studies pointed toward non-neutraliz-
ing HA antibodies increasing the uptake of virus into Fc receptor (FcR)-bearing cells as
a potential mechanism (35-38). Subsequent in vitro studies disputed this, as enhanced
infection in FcR deficient cell lines still occurred (16). Additionally, mice treated with
ADE-inducing monoclonal antibodies did not have an increase in infected macro-
phages (39). Studies done in mice, pigs, and ferrets suggested multiple other mecha-
nisms, including a bias toward a T,2 response, an increase in fusion kinetics, and an
infection deeper in the respiratory tract (15, 16, 32, 33, 39, 40). Swine vaccinated with
WIV MNO8 from the 1B.2.2 clade of human pre-2009 seasonal origin produced antibod-
ies that reacted to the HA2 of CA09 HA in the absence of HI activity (16). These high-af-
finity, non-neutralizing, cross-reactive antibodies increased infectivity via more efficient
membrane fusion and represent a possible mechanism of the VAERD phenomenon.
Subsequent studies using ADE-inducing monoclonal antibodies in mice demonstrated
that these antibodies destabilized the HA stem and allowed faster membrane fusion as
well as an expanded infection from the bronchiole to the alveolar cells (39). Further
studies are warranted to determine if one or more of these mechanisms are the driving
factor behind VAERD in the ferret model. Results from ferrets, reported here, and our
previous swine data indicate that non-neutralizing, cross-reactive HA stalk antibodies
derived from an adjuvanted vaccine were implicated in the development of VAERD in
pigs and ferrets (16, 39).

While current US seasonal influenza vaccines are not adjuvated WIVs like the ones
used in the VAERD models described by our laboratory, adjuvanted WIVs are pre-li-
censed for use during a potential pandemic (21). Additionally, clinical trials have been
initiated to evaluate adjuvanted seasonal influenza vaccines and a universal influenza
vaccine candidate that targets HA2 stalk domains (41-43). Swine studies have demon-
strated that oil-in-water adjuvated WIVs induced the most reproducible and severe
VAERD, but other vaccine and adjuvant types have resulted in similar levels of micro-
scopic lung lesions as WIVs with oil-in-water adjuvants (20, 40). Specifically, although a
squalene-based adjuvant similar to MF59 induced lung lesions that were not statisti-
cally different from those of the NV/C control group, the microscopic and macroscopic
lesions had higher group means than those of the NV/C and also were not statistically
different from those of the VAERD V/C groups with oil-in-water adjuvants (20).
Furthermore, an HA subunit vaccine with oil-in water adjuvant induced VAERD in pigs,
pointing to VAERD-associated immunity being targeted to the HA protein (40). That
same study included a live attenuated influenza vaccine, which was not associated
with VAERD. The variation in ability to induce VAERD between different adjuvants and
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vaccine platforms highlights the need to understand the mechanisms of VAERD to bet-
ter assess the risk of VAERD with current and potential future vaccine strategies.

Humans have complicated serological histories due to prior exposures and vaccina-
tions, and VAERD has thus far only been established in naive lab animals. As such, direct
comparisons between immune human populations and naive animal models can be
problematic. Evidence of enhanced disease in humans with seasonal IAV is scarce and
the human seasonal vaccine has proven to be highly safe. However, the current under-
standing of VAERD suggests that infection with novel IAV within the same subtype that
are antigenically distinct may have the potential for enhanced disease in humans with
prior mismatched antibody immunity, especially in the absence of HA1 targeting neu-
tralizing antibodies against the infecting mismatched strain. Epidemiological evidence in
humans from the 2009 pandemic indicated that more severe disease following infection
with HIN1pdmO09 was associated with receipt of the 2008-t0-2009 trivalent seasonal
vaccine (a non-adjuvanted, split vaccine) or the presence of pre-existing, high avidity,
non-neutralizing, binding antibodies (22-24, 34). Indeed, in a follow-up study, ferrets
vaccinated with the 2008/09 human vaccine and then challenged with a HIN1pdm09 vi-
rus developed more severe disease than placebo-vaccinated ferrets, although there was
no statistical difference between the groups (33). This indicates that, while the human
seasonal vaccine may not have as great a risk of inducing VAERD as the WIV vaccine pre-
sented here, it was associated with enhanced disease in ferrets under the described con-
ditions. Ferrets are a standard model for studying human influenza immunity and dis-
ease, but a naive ferret may not adequately recapitulate a human with prior 1AV
immunity. Understanding the effects of preexisting immunity on VAERD susceptibility is
vital to gauge the vulnerability of humans to VAERD, thus requiring more complex ani-
mal models to be developed and routinely used.

Antigenic diversity in human seasonal influenza is unlikely to elicit VAERD since
homosubtypic seasonal viruses rarely drift from one season to the next to the degree
of antigenic heterogeneity needed. However, there are annual human cases of infec-
tion with swine influenza that are homosubtypic and antigenically heterologous to
components of the seasonal vaccine across the globe. First lifetime exposure and anti-
genic imprinting may also have immunologic impacts with the potential to reduce het-
erologous cross-neutralizing antibody activity below a threshold (44). These complex
interactions between subsequent exposure or vaccination and potential for VAERD
requires further investigation. Previous work has shown that vaccine type, inclusion of
adjuvant, and adjuvant type can affect the induction and severity of VAERD. Taken to-
gether, the results of this study highlight the need to further explore whether VAERD
in humans and other influenza hosts is of concern, particularly when designing and
implementing future vaccine strategies against antigenically distinct IAVs of the same
subtype.

MATERIALS AND METHODS

Vaccines and challenge virus. A plasmid-based reverse-genetics was used to construct a 7 + 1
recombinant virus combining the HA of a 1B.2.2 (§-1) cluster virus, A/swine/MN/02011/2008 (MNO08), on
a A/turkey/Ohio/313053/2004 (OH04) backbone as previously described (45). Virus stock was UV-inacti-
vated and mixed 4:1 vol:vol with an oil-in-water adjuvant (Emulsigen D, MVP Adjuvants, Omaha, NE) to
generate the vaccine as previously described (46). Each vaccine dose contained 128 hemagglutination
units determined with turkey red blood cells. A reverse-genetics-derived virus combining the HA and
NA of a 1A.3.3.2 (pdm09) virus, A/California/04/2009 (CA09), with the 6 internal gene segments of OH04
was used as the challenge virus. All reverse-engineered viruses were kindly provided by Daniel Perez at
the University of Georgia and reported previously (18).

Animals. Twenty-five 3-week-old cross-bred male and female pigs were obtained from an IAV- and
PRRSV-free herd. They were randomly divided into two groups of 10 (vaccinated/challenge and non-vacci-
nated/challenge) and one group of 5 (nonvaccinated/non-challenge). Upon arrival, all pigs were housed in
ABSL2 isolation rooms and prophylactically treated with Baytril and Excede. Thirteen 4-to-6-month-old
female and neutered male ferrets were obtained from Triple F Farms (Sayer, PA). Upon arrival, ferrets were
divided into two groups of 5 (vaccinated and nonvaccinated challenge) and one group of 3 (non-vacci-
nated, nonchallenge). They were housed in HEPA-filtered, negative pressure isolators in a BSL3 facility. All
animals were implanted with a subcutaneous microchip for temperature monitoring and identification
purposes (pigs: Destron Fearing, Dallas, TX; ferrets: Biomedic Data Systems Inc., Seaford, DE). All animals
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were confirmed to be influenza seronegative by a commercial ELISA kit (Swine Influenza Virus Ab Test,
IDEXX, Westbrook, ME) prior to the start of the study, and were cared for in compliance with the
Institutional Animal Care and Use Committee of the National Animal Disease Center.

Vaccination and challenge. Animals were held for 1 week to acclimate prior to the start of the
study. Vaccine groups were administered one dose (2 mL for swine, 0.5 mL for ferrets) of WIV at
—70 days postinfection (dpi) and a second dose at —35 dpi via intramuscular route. All challenge groups
were inoculated with 1 x 10° TCID;,/mL of challenge virus. Pigs were inoculated with 3 mL, split into
1 mL delivered intranasally and 2 mL intratracheally. Ferrets were inoculated with 1 mL via the intranasal
route. Animals were bled for serological analysis at —70, —49, —35, —14, 0, 5, and 21 dpi. Nasal swabs
(pigs) or nasal washes (ferret) were collected at 0, 1, 3, and 5 dpi. Temperature (pig and ferret) and body
weight (ferret) were taken at —2 through 14 dpi. After humane euthanasia with pentobarbital (pig:
FatalPlus, Vortech, Dearborn, MI) or by exsanguination under deep sedation (ferret: 20 mg ketamine/
2 mg xylazine per kg ferret), necropsies were performed on 5 pigs and 3 ferrets from each group at
5 dpi. Necropsies were performed on all remaining animals at 21 dpi.

Pathological examination of the respiratory tract. At necropsy, lungs and trachea were removed
for gross pathological examination, broncho-alveolar lavage was performed with 1x Dulbecco’s
Modified Eagle Medium with 1% bovine serum albumin and collected fluid (BALF) was cultured on
blood agar and NAD-enriched brain heart infusion agar plates to rule out confounding bacterial infec-
tions. The total percentage of the surface area affected was determined by visually estimating the
affected area of each lobe and then calculated using the weighted proportions of each lobe to the total
lung volume (47, 48). Tissue samples of trachea and affected lung were stored in buffered formalin, sec-
tioned, and stained with hematoxylin and eosin. A representative section of lung lesion was evaluated in
toto for histologic changes by a veterinarian pathologist blinded to treatment groups. Lung sections
were scored on a 22-point scale and trachea sections on an 8-point scale, as previously described (25).

Viral isolation and titration. Nasal samples and BALF were processed as previously described (13,
49). Briefly, virus isolation was done by incubating 200 mL of sample media on confluent MDCK cells in a
24-well plate with 300 mL of serum-free media for 72 h. Positive samples were identified by the ability
of supernatant to agglutinate an equal volume of 0.5% turkey red blood cells. Positive samples were
then titrated by standard TCID,,. Ten-fold diluted samples were incubated on confluent MDCK-London
cells on a 96-well plate. Influenza-positive wells were identified using a hemagglutination assay with
0.5% turkey red blood cells at 72 h postinfection. TCID,, was determined using the Reed-Muench
method (50).

Antibody detection assays. Serum samples were used in hemagglutination inhibition (HI) assays as
previously described (51). HI assays were performed against both vaccine and challenge viruses. Swine
sera were kaolin-treated and serially diluted 2-fold, and Hl titers of turkey red blood cells were measured
(51). Following a comparison between receptor-destroying enzyme and kaolin treatment to ensure the
effective removal of nonspecific inhibitors, ferret sera were similarly treated with kaolin and serially
diluted 2-fold, but HI titers were measured using guinea pig red blood cells. Reciprocal titers were di-
vided by 10 and log,-transformed for statistical analysis. Reported values are geometric means.

An enzyme-linked lectin assay (ELLA) was used to assess neuraminidase-inhibiting antibodies as previ-
ously described (52, 53). Briefly, 2-fold serial dilutions of antisera were incubated with HON2 reassortant
viruses containing the NA of A/swine/Nebraska/A01492399/2014 or A/swine/New York/A01104005/2011
on fetuin-coated plates for 18 to 20 h at 37°C. The plates were stained with HRP-conjugated peanut agglu-
tinin (Sigma-Aldrich, St. Louis, MO) and detected with TMB substrate (KPL Laboratories, Gaithersburg, MD).
Plates were read at 650 nm and OD,, values were used to calculate percent inhibition. The inverse serum
dilution that showed a 50% inhibition of NA activity was considered the NI titer.

Hemagglutinin-binding surface plasmon resonance assay. Steady-state equilibrium binding of
individual post-vaccination sera was monitored at 25°C using a ProteOn surface plasmon resonance
(SPR) biosensor (Bio-Rad) as previously described (16, 54-56). The rHA1 and rHA2 domains from the
H1N1 A/California/7/2009 HA was coupled to a GLC sensor chip with amine coupling with 500 reso-
nance units (RU) in the test flow cells (16, 56). Samples of 60 L freshly prepared sera at 10- and 100-fold
dilutions were injected at a flow rate of 50 wL/min (120-sec contact time) for association, and dissocia-
tion was performed over a 1,200-s interval (at a flow rate of 50 uL/min). Responses from the protein sur-
face were corrected for the response from a mock surface and for responses from a separate, buffer-only
injection. MAb 2D7 (anti-CCR5) was used as a negative control in these experiments. Total antibody
binding was determined directly from the serum sample interaction with rHA1 and rHA2 protein, which
were determined from two independent SPR runs using Bio-Rad ProteOn Manager software (version
3.0.1).

Statistical analysis. Comparative statistics were performed on the macroscopic and microscopic
lesion data sets (Fig. 4 and Table 1). Normality was assessed using the Kolmogorov-Smirnov test and the
Shapiro-Wilk test. Analysis of variance (ANOVA) was used to determine significance at P < 0.05 (Prism
software, GraphPad, La Jolla, CA). Variables with significant effects by treatment group were subjected
to pairwise mean comparison using a Tukey test.
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