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ABSTRACT Virus strains in the live attenuated influenza vaccine (LAIV) for swine in
the United States that was on the market until 2020 encode a truncated nonstruc-
tural protein 1 of 126 amino acids (NS1del126). Their attenuation is believed to be due
to an impaired ability to counteract the type | interferon (IFN)-mediated antiviral host
response. However, this mechanism has been documented only in vitro for H3N2 strain
A/swine/Texas/4199-2/98 NS1del126 (IvTX98), and several cases of clinical respiratory dis-
ease in the field were associated with the LAIV strains. We therefore further examined
the pathobiology, including type | IFN induction, of IVTX98 in pigs and compared it with
IFN induction in pig kidney-15 (PK-15) cells. IvTX98 induced up to 3-fold-higher type | IFN
titers than wild-type TX98 (wtTX98) after inoculation of PK-15 cells at a high multiplicity
of infection, while virus replication kinetics were similar. Mean nasal IVTX98 excretion by
intranasally inoculated pigs was on average 50 times lower than that for wtTX98 but still
reached titers of up to 4.3 log,, 50% tissue culture infective doses/mL. After intratracheal
inoculation, mean IVTX98 titers in the lower respiratory tract were significantly reduced at
18 to 48 h postinoculation (hpi) but similar to wtTX98 titers at 72 hpi. IVTX98 caused
milder clinical signs than wtTX98 but induced comparable levels of microscopic and mac-
roscopic lung lesions, peak neutrophil infiltration, and peak type | IFN. Thus, IVTX98 was
partly attenuated in pigs, but this could not be associated with higher type | IFN levels.

IMPORTANCE Swine influenza A viruses (swlAVs) with a truncated NS1del126 protein
were strongly attenuated in previous laboratory-based safety studies and therefore
approved for use as LAIVs for swine in the United States. In the field, however, the
LAIV strains were detected in diagnostic samples and could regain a wild-type NS1
via reassortment with endemic swlAVs. This suggests a significant degree of LAIV
replication and urges further investigation of the level and mechanism of attenua-
tion of these LAIV strains in vivo. Here, we show that H3N2 LAIV strain IvTX98 is only
partly attenuated in pigs and is excreted at significant titers after intranasal vaccina-
tion. Attenuation and restricted replication of IvTX98 in vivo seemed to be associated
with the loss of NS1 functions other than type | IFN antagonism. Our findings can
help to explain the occurrence of clinical respiratory disease and reassortment events
associated with NS1del126-based LAIV strains in the field.
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nfluenza A virus (IAV) is a major cause of respiratory disease in pigs and results in sig-

nificant economic losses in the swine industry. The disease is difficult to control due
to the complex swine IAV (swlAV) epidemiology: within the H1 and the H3 subtypes,
multiple antigenically different lineages and clades circulate simultaneously (1, 2).
swlAVs of each clade continue to evolve due to accumulation of point mutations,
which occur mainly in the immunodominant hemagglutinin (HA) surface protein (anti-
genic drift) (3). In addition, swlAVs can evolve by the exchange of RNA gene segments
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with other IAVs infecting the same cell (reassortment) (4). Vaccination is the main strat-
egy to control swlAV infections in the field. Most commercially available swlAV vac-
cines are inactivated. Inactivated vaccines provide sufficient protection against swlAVs
that are closely related to the vaccine strains but are less efficient against antigenically
distant strains. They induce systemic but no local immune responses. As such, they of-
ten protect against virus replication in the lungs without preventing swlAV excretion.
In young piglets, their efficacy is often hampered by the presence of maternally
derived antibodies (MDA) (5, 6). The live attenuated influenza vaccine (LAIV) that was
made available in the United States in 2017, Ingelvac Provenza (Boehringer Ingelheim)
(7), can overcome several of these drawbacks. The LAIV can induce a broader immune
response, as it elicits a local immune response in addition to systemic antibodies, and
can be used in the face of MDA (8-13). However, because of the risk of viral shedding,
LAIVs are considered less safe than inactivated vaccines.

The Ingelvac Provenza LAIV contained 2 swlAVs with HA and neuraminidase (NA)
surface proteins of A/swine/Texas/4199-2/98 (TX98, H3N2) and A/swine/Minnesota-/
37866/99 (MN99, H1NT). Their HAs belong to genetic clades H3 cluster | and H1 42-
B-like, which no longer circulated when the LAIV became available (14). The 6 internal
gene segments of both vaccine strains are derived from TX98, but a deletion in the
nonstructural protein 1 (NS1) gene results in the production of a C-terminally truncated
NS1 protein consisting of only the first 126 out of 219 amino acids (NS1del126) (15).
NS1 is an important virulence factor of IAV. It interferes with host mRNA and protein
synthesis, stimulates production of viral proteins, and interacts with many host pro-
teins. An important function is to antagonize the type | interferon (IFN)-mediated anti-
viral host response (16). The H3N2 LAIV strain TX98 NS1del126 (IvTX98) was impaired
in its ability to suppress IFN-&/B induction in vitro (15), and this property was associ-
ated with strong attenuation in vivo. Compared to wild-type TX98 virus (wtTX98),
IvTX98 caused only minimal clinical signs and lung lesions. IvTX98 also had a more re-
stricted replication in the swine respiratory tract (15). In addition, shedding of both
Ingelvac Provenza LAIV strains was limited after intranasal (i.n.) vaccination of pigs
under experimental conditions (10, 17) and in the field (18). These findings suggest
that the LAIV strains are safe and pose only a low risk for reassortment events leading
to reintroduction of the historic vaccine strains in the field, given their low replication
potential. Nevertheless, an increase in H3 cluster | and H1 2-B-like swlAVs has been
reported in the field in the United States after the licensing of Ingelvac Provenza in
2017 (https://influenza.cvm.iastate.edu/). The HA of these viruses was nearly identical
to that of the LAIV strains. Moreover, some of these field strains were reassortants
between LAIV and endemic swlAV strains and regained a wild-type NS1 (14). Because
the use of Ingelvac Provenza interfered with routine swlAV surveillance in the United
States, the vaccine was withdrawn from the market in November 2020 (7).

These field data suggest that NS1del126-based LAIV strains may replicate better in
the porcine respiratory tract than assumed based on previous experimental studies. In
addition, the kinetics of the type | IFN response after vaccination of pigs with IvTX98
have never been studied in vivo. In this study, we further examined the pathobiology
of H3N2 LAIV strain IvTX98 and wild-type strain wtTX98 in pigs, including nasal shed-
ding and virus replication in the airways, clinical signs and lung pathology, and type |
IFN production.

RESULTS

IvTX98 is a stronger IFN-a/f3 inducer than wtTX98 in porcine epithelial cells.
Restricted IvTX98 replication in vitro and in vivo was previously linked to an impaired
anti-IFN activity in vitro, due to its NS1 truncation (15). To confirm this finding, we ino-
culated pig kidney-15 (PK-15) cells with either IvTX98 or wtTX98 and determined virus
and bioactive IFN-a/B titers in supernatants at different hours postinoculation (hpi).

wtTX98 replicated to mean titers of up to 7.7 log,, 50% tissue culture infective
doses (TCIDso)/mL both at a low multiplicity of infection (MOI) of 0.001 and at a high
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FIG 1 wtTX98 and IVTX98 replication and IFN-a/B-inducing capacity in PK-15 cells. PK-15 cell monolayers were
infected with a MOI of 0.001 or a MOI of 2 of wtTX98 (blue circles) or IVTX98 (orange squares), and supernatant
samples were evaluated for virus titers in a CPE assay on MDCK cells (A) and for bioactive IFN-a/p titers in a
CPE reduction assay with VSV on MDBK cells (B) at different time points postinoculation. Means with standard
deviations of log,,-transformed virus titers, log,-transformed IFN-a/p titers, and areas under the curve of 5
replicates are shown. Black dotted lines represent the detection limit. Results were compared between groups
using 2-sided Mann-Whitney U tests. *, P < 0.05.

MOI of 2 (Fig. TA). Mean IVTX98 virus titers were on average 1.0 log,, TCIDso/mL lower
than those of wtTX98 after inoculation at low MOI (P < 0.05 at 10 to 48 hpi) but similar
to wtTX98 titers after inoculation at high MOI. No bioactive IFN-«/8 was detected in
PK-15 cell supernatants after inoculation with wtTX98 at a low MOI of 0.001, whereas
IvTX98 induced IFN-«/f titers of up to 9.5 log, U/mL in 3/5 replicates of the experi-
ment at this MOI (Fig. 1B). After inoculation at a high MOI of 2, wtTX98 induced detect-
able bioactive IFN-a/f titers of up to 7.2 log, U/mL in 2/5 replicates of the experiment,
while IVTX98 consistently induced IFN-o/B with peak titers that were 3-fold higher
than those induced by wtTX98 (P < 0.05 at 18 to 30 hpi). Thus, in PK-15 cells, IvTX98
replicates to lower titers than wtTX98 after inoculation at a low MOI and is a better
IFN-a/ 8 inducer.

Reduced nasal excretion of IvTX98 compared to wtTX98 after i.n. inoculation
of pigs. In previous studies, i.n. inoculation of pigs with [vVTX98 resulted in nasal excretion
at mean titers below 1 log,, TCIDs,/mL (10), and pigs showed minimal clinical signs (7, 17).
However, after commercialization of the Ingelvac Provenza vaccine containing IvTX98, the
number of diagnostic field cases associated with the LAIV strains increased (https://
influenza.cvm.iastate.edu/). This suggests substantial in vivo IvTX98 replication and shed-
ding. To evaluate nasal IvVTX98 excretion, pigs were inoculated intranasally with 6.3 log;,
TCIDs, of IvTX98 or wtTX98 and clinical signs as well as virus titers in nasal swabs were
evaluated at 0 to 7 days postinoculation (dpi). The inoculation dose was selected based
on previous vaccination studies with IVTX98 (9-13). None of the pigs showed clinical signs
during the experiment. IVTX98 virus could be detected in nasal swabs until 6 dpi, while
WtTX98 virus was detected until 7 dpi. Nasal IvTX98 excretion was on average 1.7 log,,
TCIDso/mL lower than wtTX98 excretion at 1 to 6 dpi, and the differences were statistically
significant (P < 0.05, Fig. 2). However, IVTX98 was still excreted at substantial titers: the
mean IvTX98 virus titer reached 4.3 log,, TCIDs,/mL at 3 dpi. This contrasts with previous
studies indicating minimal IvTX98 shedding (10).

IvTX98 causes milder clinical signs than wtTX98 after i.t. inoculation of pigs.
The considerable IvTX98 excretion after i.n. inoculation of pigs raises questions about
the safety of IvTX98. We therefore compared the pathogenicity of this virus in pigs
with that of wtTX98. To reproduce the typical clinical signs observed in the field under
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FIG 2 wtTX98 and IvTX98 excretion by intranasally inoculated pigs. Conventional influenza-naive pigs
were intranasally inoculated with 6.3 log,, TCID,, of wtTX98 (blue circles, n = 6) or IVTX98 (orange
squares, n = 16) in 3 mL of PBS, and nasal swabs were taken daily to evaluate virus titers in a CPE
assay on MDCK cells. Log,,-transformed virus titers of individual pigs are shown by dots; lines
indicate mean values of each group. Virus titers were compared between groups using 2-sided
Mann-Whitney U tests. The black dotted line represents the detection limit. *, P < 0.05; **, P < 0.001.

experimental conditions, pigs were inoculated with a high dose of 7.5 log,, TCIDs, of
wtTX98 or IvTX98 via the intratracheal (i.t.) route (5). Pigs were scored for clinical signs
from 96 h before inoculation (=96 hpi) until 72 hpi as shown in Table 1. Rectal temper-
atures and breathing rates were the most important parameters determining the over-
all clinical score.

Before inoculation, none of the pigs showed significant clinical signs (Tables 2 and
3). One pig had slight fever at —24 hpi, and some pigs showed occasional tachypnea
or sneezing. Coughing, conjunctivitis, and depression were recorded only once.
Inoculation with wtTX98 or IVTX98 each led to increased overall clinical scores at 18 to
72 hpi, but peak mean scores were 3 times higher with wtTX98 than with IvTX98.

At 18 hpi with wtTX98, 9/12 pigs had fever with rectal temperatures up to 40.5°C and
10/12 pigs had tachypnea with breathing rates up to 56 respirations (resp.)/min. Clinical
signs peaked at 24 hpi: rectal temperatures and breathing rates increased to up to 41.7°C
and 64 resp./min, respectively; 8/9 pigs had fever; and all pigs had tachypnea. In addition,
several pigs showed labored abdominal breathing, depression, coughing, and sneezing.
Fever had disappeared by 48 hpi, but most of the former clinical signs as well as dyspnea
and tachypnea were still detected. At 72 hpi, only breathing rates were still elevated.

After inoculation with IVTX98, clinical signs already peaked at 18 hpi. Overall clinical
scores, rectal temperatures, and breathing rates were significantly lower than at 24 hpi
with wtTX98 (P = 0.002, 0.003, and 0.03, respectively). Only 3/12 pigs had fever with
temperatures up to 41.4°C, and 8/12 pigs had tachypnea with breathing rates up to 64
resp./min. Some pigs also showed labored abdominal breathing and sneezing. At 24
hpi, these signs as well as coughing were recorded, 1 pig still had fever, and 8/9 pigs
had tachypnea. At 48 to 72 hpi, only tachypnea and depression were detected.

Peak clinical signs after i.t. inoculation were thus less abundant and less severe with
IvTX98 than with wtTX98. Although IvTX98 could still cause clinical signs, it was attenu-
ated compared to the wild-type virus.

IvTX98 can induce similar pathological changes in the lower respiratory tract
as wtTX98. At different time points after i.t. inoculation, 3 pigs per group were sacri-
ficed to examine trachea and lung lesions as well as neutrophil infiltration in the lungs
caused by IvTX98 and wtTX98. For the latter, cells in bronchoalveolar lavage (BAL) fluid
were stained and counted (Table 4).

Macroscopic lesions at the lung surface were detected in both the wtTX98 and the
IvTX98 group (Fig. 3A), mainly on the diaphragmatic lung lobes. Gross lung lesions
involved up to 17% of the lungs with wtTX98 and up to 10% with IvTX98. Differences
between groups were not significant, except at 18 hpi, when on average 2% more
macroscopic lung lesions were detected in IvTX98-inoculated pigs (P = 0.08).

Microscopic trachea lesions were absent in both groups, except for 1 pig with focal
epithelial attenuation at 72 hpi with wtTX98. In the lungs, microscopic lesions were
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TABLE 1 Clinical scoring system

Journal of Virology

Sign Score Meaning
Depression/lethargy 0 Reaction to sound
1 No reaction to sound, reaction to a person entering the stable
2 No reaction to sound or to a person entering the stable
Tachypnea® 0 <40 resp./min
1 40-59 resp./min
2 60-79 resp./min
3 =80 resp./min
Fever 0 Rectal temp 39.0-39.9°C
1 Rectal temp 40.0-40.9°C
2 Rectal temp 41.0-41.9°C
3 Rectal temp =42.0°C
Loss of appetite/anorexia 0 Filled stomach
1 Intermediately filled stomach
2 Empty stomach
Coughing 0 No
1 Yes
Dyspnea 0 No
1 Yes
Labored abdominal breathing 0 No
1 Yes
Nasal secretion 0 No
1 Yes
Sneezing 0 No
1 Yes
Conjunctivitis 0 No
1 Yes

9Breathing rate per minute was determined for pigs at rest by counting the number of respirations (resp.) per 15 s and then multiplying by 4.

present in 10/12 pigs inoculated with wtTX98 and in only 3/12 pigs inoculated with
IvTX98 at 18 to 72 hpi (Fig. 3B and Table 5). wtTX98 caused epithelial damage in up to
75% of the airways, peribronchiolar lymphocytic cuffing in up to 50% of the airways,
and minimal to large aggregates of neutrophils in bronchiolar lumens. Similarly, IvTX98
caused epithelial damage in up to 25% of the airways, no to =75% peribronchiolar
lymphocytic cuffing, and small to large aggregates of neutrophils in bronchiolar
lumens of the 3 affected pigs. Only at 18 hpi, composite scores were significantly lower
with IvTX98 than with wtTX98 (P = 0.06).

Both viruses caused infiltration of neutrophils in the lungs (Fig. 3C). In the wtTX98
group, 2/3 pigs had =10% neutrophils in the lungs at 18 hpi. At 24 hpi, a peak in both
macrophages and neutrophils was seen for all 3/3 pigs and BAL fluid cells consisted of
13 to 20% neutrophils. In the IvTX98 group, neutrophil infiltration peaked at 18 hpi,
when 2/3 pigs had 14 to 25% neutrophils in BAL fluid. Peak percentages of neutrophils
in BAL fluid, at 18 hpi with IVTX98 and at 24 hpi with wtTX98, were not significantly dif-
ferent between the two groups (P = 0.8).

In summary, IVTX98 was only partly attenuated in terms of lung pathology, as it
caused pathological changes less frequently than but at similar severity as wtTX98.

IvTX98 replicates in both the upper and the lower respiratory tract of pigs. Virus ti-
tration was performed on various parts of the respiratory tract collected at different
time points after i.t. inoculation. Mean IvTX98 titers were generally lower than mean
wtTX98 titers, except at 24 hpi in the nose and at 72 hpi in cell-free BAL fluid (Fig. 4).
Variation between pigs was, however, large, and hash marks in Fig. 4 indicate the
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TABLE 2 Prevalence of clinical symptoms after intratracheal inoculation of pigs with wtTX98 or IVTX98

Journal of Virology

No. of pigs with:

Time No. of Nasal
Group point (hpi) pigs Depression Tachypnea Fever Anorexia Coughing Dyspnea LAB? secretion Sneezing Conjunctivitis
wtTX98 —96 15 1 7 0 0 0 0 0 0 0 1
—=72 15 0 5 0 0 0 0 0 0 0 0
—48 15 0 2 0 0 0 0 0 0 1 0
—24 15 0 5 1 0 0 0 0 0 1 0
0 15 0 6 0 0 0 0 0 0 0 0
18 12 0 10 9 0 0 0 0 0 0 0
24 9 4 9 8 0 1 0 4 0 1 0
48 6 1 2 0 0 1 1 1 0 0 0
72 3 0 3 0 0 0 0 0 0 0 0
IVTX98 —96 15 0 9 0 0 0 0 0 0 2 0
—72 15 0 3 0 0 1 0 0 0 3 0
—48 15 0 9 0 0 0 0 0 0 2 0
—24 15 0 9 0 0 0 0 0 0 5 0
0 15 0 4 0 0 0 0 0 0 1 0
18 12 0 8 3 0 0 0 3 0 2 0
24 9 0 8 1 0 2 0 1 0 1 0
48 6 1 5 0 0 0 0 0 0 0 0
72 3 3 1 0 0 0 0 0 0 0 0
9LAB, labored abdominal breathing.
single time points where all pigs in the IvTX98 group had lower titers than all pigs in
the wtTX98 group (P = 0.1). Significant differences in the lower respiratory tract were
found at 18 to 48 hpi, when mean IvTX98 titers were on average 3.6 log,, lower than
mean wtTX98 titers (Fig. 4B). In the upper respiratory tract, significant differences were
found later, at 48 to 72 hpi, and mean virus titers were on average only 2.2 log,, lower
for IVTX98 than for wtTX98 (Fig. 4A). Importantly, IVTX98 could replicate to substantial
titers of up to 5.8 log;, TCIDsy/g in most respiratory tissues. By 72 hpi, IVTX98 titers
were comparable to wtTX98 titers in the lower respiratory tract and the nasopharynx.
Thus, IvTX98 replication occurred in all parts of the respiratory tract and was not con-
sistently restricted.
IvTX98 attenuation cannot be related to higher cytokine levels in vivo. IvTX98
has been shown to induce higher levels of IFN-a/B than wtTX98 in the continuous PK-
15 cell line, but the kinetics of IFN-a/ secretion in the respiratory tract of pigs have
never been examined. Therefore, BAL fluids of pigs inoculated intratracheally with ei-
ther wtTX98 or IVTX98 were evaluated for levels of IFN-a/3 as well as other proinflam-
matory cytokines, interleukin 6 (IL-6) and tumor necrosis factor a (TNF-a), which were
previously shown to be important in swlAV pathogenesis (19).
Both wtTX98 and IvTX98 induced IFN-¢, IFN-B, and IL-6 in pig lungs. Unlike in PK-
TABLE 3 Clinical signs after intratracheal inoculation of pigs with wtTX98 or [vTX98*
Breathing rate Overall clinical
Rectal temp (°C) (respirations/min) score
Time point (hpi) No. of pigs wtTX98 IvTX98 wtTX98 IvTX98 wtTX98 IvTX98
—96 15 394 +0.2 394 +0.2 36.1 = 6.2 38177 0.6 + 0.6 0.7 0.6
—72 15 393 *+0.2 39.2*+03 356 *+6.9 351 *£6.5 0.3 +£0.5 0.5+ 0.5
—48 15 39.1 03 39.2£0.2 31.7 £6.0 393*48 02*+04 0.7 = 0.6
—24 15 394 04 394 *+03 34377 38.0 £ 6.5 0.5+ 0.6 0.9 0.9
0 15 39.2 £0.2 39.1£03 357 £9.2 36.5*5.6 04 *= 0.5 03 *0.5
18 12 40.1 =04 39.9 £ 0.6 455 *+ 8.8 45.0 = 10.1 1.6 = 0.7 1.5*1.6
24 9 41.0 =+ 0.5 39.6 £ 0.2 55.1 = 10.0 47.1*+63 4.2 +1.3 14=*1.0
48 6 39.1 £06 394 %03 38.0 £ 16.1 46.3 £9.5 1.2*+1.2 1.2*+0.8
72 3 393 %05 39.1£03 453 * 4.6 36.0 = 10.6 1.0 = 0.0 1.3 *+0.6

aMean values (+SD) are shown; underlined values indicate significant differences between groups at the same time point postinoculation, and boldface indicates significant
differences between groups for peak clinical signs (at 24 hpi for wtTX98 versus at 18 hpi for IVTX98) in the 2-sided Mann-Whitney U test (P < 0.05).
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TABLE 4 BAL cells in pigs intratracheally inoculated with wtTX98 or IvTX98

Total no. of BAL cells No. of macrophages No. of neutrophils
§ (10° cells) (106 cells) (106 cells)

Time
point(hpi)  Pig  wtTX98  IvTX98 wtTX98  IvTX98 wtTX98  IvTX98
0 1 319.92 532.90 319.92 525.39 0.00 7.51

2 105.60 547.60 105.33 546.34 0.27 1.26

3 697.38 595.43 687.19 593.94 10.18 1.49
18 1 1,194.48 828.18 1,075.03 715.88 119.45 11230

2 467.68 599.04 458.37 576.52 9.31 22.52

3 422.73 904.28 371.37 680.83 51.36 22345
24 1 1,582.78 944.03 1,381.61 885.13 201.17 58.91

2 1,094.34 37741 879.08 351.07 215.26 26.34

3 1,204.99 394.80 1,028.10 387.26 176.89 7.54
48 1 950.04 962.50 887.34 941.81 62.70 20.69

2 673.21 933.12 663.31 926.31 9.90 6.81

3 250.80 542.80 249.77 525.76 1.03 17.04
72 1 720.48 781.44 698.72 771.05 21.76 10.39

2 446.16 925.60 442.95 919.95 3.21 5.65

3 499.02 1,198.48 491.78 1,172.83 7.24 25.65

15 cells, bioactive IFN-a/ B levels in BAL fluids of pigs tended to be lower after inocula-
tion with IvTX98 than after inoculation with wtTX98 (Fig. 5A). The highest IFN-a/f3 titer
in the IVTX98 group was 4 times lower than that in the wtTX98 group. Separate meas-
urements of IFN-a« and IFN-B were obtained using enzyme-linked immunosorbent
assays (ELISAs). IFN-« ELISA titers reflected the results of the IFN-a/B bioassay and
were generally lower in the IvTX98 group than in the wtTX98 group (Fig. 5B). Unlike for
IFN-a, the highest IFN-3 ELISA titer was detected in a pig of the IvTX98 group (Fig. 5C).
Similarly, the highest bioactive IL-6 titer was detected in a pig of the IvTX98 group and
was 4 times higher than the highest IL-6 titer in the wtTX98 group (Fig. 5D). However,
pigs in the IVTX98 group did not have systematically higher or lower IFN-«, IFN-3, and
IL-6 titers than those in the wtTX98 group at the peak of cytokine induction, that is, at
18 hpi for IvTX98 and at 24 hpi for wtTX98. Peak IFN-¢, IFN-3, and IL-6 titers were thus
not significantly different between the two groups (P = 0.2).

IvTX98 and wtTX98 did not consistently induce bioactive TNF-a as measured using
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FIG 3 Pathological changes in the respiratory tract of pigs intratracheally inoculated with wtTX98 or IVTX98.
Conventional 6-week-old influenza-naive pigs were intratracheally inoculated with 7.5 log,, TCID;, of wtTX98
(@, n = 15) or IVTX98 (M, n = 15) in 3 mL of PBS. Three pigs per group were euthanized at different time
points. The percentage of macroscopic lung lesions was determined via visual inspection of the lung surface
(A); diaphragmatic lung lobe samples were scored for microscopic lesions via histopathological examination (B);
BAL cells were isolated from BAL fluid and stained to determine the percentage of neutrophils (C). The red
dotted line indicates the threshold for neutrophil infiltration. Dots represent results for individual pigs; blue
and orange bars represent mean values for wtTX98- and IvTX98-inoculated pigs, respectively, at each time
point. Results were compared between groups using 2-sided Mann-Whitney U tests. #, P < 0.1; #, P = 0.1.
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TABLE 5 Microscopic lung lesions in the diaphragmatic lung lobe of pigs intratracheally
inoculated with wtTX98 or IVTX98

IPAW? PBLC® Neutro©
Time point (hpi) Pig witTX98 IvTX98 wtTX98 IvTX98 wtTX98 IvTX98
0 1 0.0 0.0 0.0 0.0 0 0
2 0.0 0.0 0.0 0.0 0 0
3 0.0 0.0 0.0 0.0 0 0
18 1 1.5 0.0 1.5 0.0 2 0
2 0.0 0.0 1.0 0.0 0 0
3 1.5 0.0 2.0 0.0 2 0
24 1 2.0 0.0 0.0 0.0 2 0
2 1.5 0.0 0.0 0.0 2 0
3 25 1.5 1.5 0.0 2 2
48 1 1.5 0.0 1.0 0.0 1 0
2 0.0 0.0 0.0 0.0 0 0
3 1.5 1.0 1.0 3.0 1 1
72 1 0.0 0.0 1.0 0.0 0 0
2 0.0 0.0 1.0 0.0 0 0
3 0.0 1.0 0.0 1.5 0 2

9Intrapulmonary airway epithelium (IPAW) scores. 0.0, no significant lesions; 1.0, a few airways affected, with
bronchiolar epithelial damage; 1.5, more than a few airways affected (up to 25%); 2.0, 50% of airways affected,
often with interstitial pneumonia; 2.5, approximately 75% of airways affected, usually with significant interstitial
pneumonia; 3.0, more than 75% of airways affected, usually with significant interstitial pneumonia.

bPeribronchiolar lymphocytic cuffing (PBLC) scores. 0.0, no significant lesions; 1.0, a few airways with light PBLC;
1.5, more than a few airways with PBLC (up to 25%); 2.0, 50% of airways with PBLC; 2.5, approximately 75% of
airways with PBLC; 3.0, more than 75% of airways with PBLC.

<Scores of neutrophil exudation in bronchioles and alveoli (Neutro). 0, no to minimal presence of neutrophils; 1,
small clusters of neutrophils present in occasional airways; 2, prominent small to large aggregates of
neutrophils in bronchiolar lumens, with minimal aggregates in alveoli.

a cytotoxicity assay with PK-15 subclone 15 cells. Bioactive TNF-« could be detected in
BAL fluid of only 2 pigs in the wtTX98 group (7.1 log, U/mL at 18 hpi and 6.1 log, U/mL at
24 hpi) and 1 pig in the IvTX98 group (5.4 log, U/mL at 18 hpi).

In summary, IvTX98 was not able to induce significantly higher peak levels of IFN-q,
IFN-3, IL-6, or TNF-a than wtTX98 in the lungs of i.t.-inoculated pigs. IVTX98 attenua-
tion could therefore not be associated with differential cytokine induction in vivo.

IvTX98 did not obtain additional mutations in vivo that were associated with
reversion to virulence. Before the start of the experiments, MinlON whole-genome
sequencing of the IvTX98 and wtTX98 virus stocks used for inoculation was performed
to confirm their genetic constellation. The sequences of the wtTX98 stock were identi-
cal to the reference sequences in GenBank, except for synonymous nucleotide muta-
tion G259A in the polymerase acid protein (PA) gene. The NS1 sequence of the IvTX98
stock had a 78-nucleotide (nt) deletion and an insertion of the sequence TAG ATCT
TGA T TAA T TAA as previously described (15). The rest of the IvTX98 sequences were
identical to the reference sequences in GenBank, except for synonymous nucleotide
mutation T1016C in the HA gene and nt mutation A87G resulting in amino acid muta-
tion D27G in the PA gene. Based on analyses in the FluSurver database, the latter was
not previously linked to increased virus replication or virulence. Because our in vivo
results showed less attenuation and higher replication of IVTX98 than previously
described, we hypothesized that IvTX98 might have undergone mutations in vivo
which increased its replication potential and/or virulence compared to the IvTX98 virus
used for inoculation. Therefore, whole-genome sequencing was also performed on
nasal swabs taken 3 days after i.n. inoculation and on cell-free BAL fluids of pigs sacri-
ficed at 3 days after i.t. inoculation. Viral sequences in these samples were identical to
those of the virus used for inoculation. Thus, IvTX98 did not undergo nucleotide or
amino acid mutations that could explain its higher replication potential and virulence
in this study compared to previous studies.
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FIG 4 wtTX98 and IVTX98 replication in the respiratory tract of intratracheally inoculated pigs.
Conventional 6-week-old influenza-naive pigs were intratracheally inoculated with 7.5 log,, TCID,, of
wtTX98 (@, n = 15) or IvTX98 (M, n = 15) in 3 mL of PBS. Three pigs per group were euthanized at
different time points, and different parts of the respiratory tract were sampled for virus titration via
CPE assay on MDCK cells. (A) Upper respiratory tract. (B) Lower respiratory tract. Dots represent
results for individual pigs; blue and orange bars represent mean values for wtTX98- and IvTX98-
inoculated pigs, respectively, at each time point. Black dotted lines represent the detection limit.
Results were compared between groups using 2-sided Mann-Whitney U tests. #, P < 0.1; #, P = 0.1.

DISCUSSION

Our results show that the NS1-truncated H3N2 strain in the LAIV that was available
for swine in the United States from 2017 until 2020, IvTX98, is attenuated in pigs: clini-
cal signs were present but milder and lung pathological changes were equally severe
as but less frequent than those with wtTX98. This contrasts with the findings of a previ-
ous pathogenesis study in which IvTX98 induced no or only minimal clinical signs and
lung lesions (15). The latter study, however, used a 220-fold-lower inoculation dose
than in our study, which could explain the differences. Although IVTX98 nasal shedding
and replication in the swine respiratory tract were restricted compared to those with
wtTX98, they were still substantial. Titers in BAL fluids were similar for the two viruses
by 3 dpi. In contrast, previous studies showed only minimal IvTX98 shedding after i.n.
vaccination (10, 18) and significantly lower IvTX98 titers than wtTX98 titers in BAL fluids
at 4 to 5 dpi upon i.t. inoculation (15). These differences might be due to the lower
inoculation dose in the latter study, a less sensitive method for evaluating virus shed-
ding in previous studies, and high levels of MDA against IvTX98 in one study (18). We
verified that IVTX98 induces higher levels of bioactive type I IFN than wtTX98 in PK-15
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FIG 5 Proinflammatory cytokines in BAL fluid of pigs intratracheally inoculated with wtTX98 or
IVTX98. Conventional 6-week-old influenza-naive pigs were intratracheally inoculated with 7.5 log,,
TCIDs, of wtTX98 (@, n = 15) or IvTX98 (M, n = 15) in 3 mL of PBS. Three pigs per group were
euthanized at different time points, and BAL fluid was collected. After removal of BAL cells, cell-free
BAL fluid was concentrated 20 times for cytokine analysis. (A) Bioactive IFN-«/ titers as determined
in a CPE reduction assay with VSV on MDBK cells. (B) IFN-a ELISA titers. (C) IFN-B ELISA titers. (D)
Bioactive IL-6 titers as determined in a proliferation assay with B9 cells. Dots represent log,-
transformed cytokine titers for individual pigs; blue and orange bars represent mean values for
wtTX98- and IvTX98-inoculated pigs, respectively, at each time point. Black dotted lines represent the
detection limit. Results were compared between groups using 2-sided Mann-Whitney U tests. #,
P <0.1;# P=0.1.

cells, although differences between IFN-a/f titers induced by the two swlAVs were
smaller than previously reported (15). Our study is the first to show that IvTX98 induces
similar levels of IFN-a/ as wtTX98 in swine lungs in vivo. Attenuation and restricted
replication of IvTX98 in swine are therefore not associated with higher type | IFN
induction.

The finding that IvTX98 induces higher levels of IFN-a/f3 in PK-15 cells in vitro but
not in swine lungs in vivo is likely due to the unsuitability of PK-15 cells as a model for
the in vivo situation. PK-15 cells most likely synthesize and secrete type | IFN after rec-
ognition of viral double-stranded RNA (dsRNA), a by-product of virus replication (20,
21). Although the same IFN pathway may apply in infected airway epithelial cells, the
main sources of IFN-a/B during IAV infections in vivo are macrophages and, more
importantly, plasmacytoid dendritic cells (pDCs) (20-22). Porcine pDCs, also known as
natural interferon-producing cells (NIPCs), are probably the most potent IFN-producing
cells. They are present at very low numbers in the bloodstream but can migrate to the
lungs upon IAV infection and flood the area with type I IFN (20, 21, 23). In contrast to
other nucleated cells, NIPCs can be stimulated to rapidly produce large amounts of
IFN-a/ B by viral glycoprotein structures, independent of viral replication (21). Thus, the
majority of IFN-a/ 8 detected in the pig lung is likely produced by cell types and path-
ways that are not represented in PK-15 cell cultures in vitro. Another explanation might
be that IvTX98 replication was less restricted in PK-15 cells than in swine. In PK-15 cells,
IVTX98 replicated to similar titers as wtTX98 and induced higher levels of IFN-a/B, indi-
cating that IVTX98 has a higher intrinsic IFN-inducing capacity than wtTX98. In swine
lungs, IVTX98 replicated to much lower titers than wtTX98 at the time of cytokine
induction. As IFN-«/ 8 induction is generally viral dose dependent (24), the lower repli-
cation in combination with the higher intrinsic IFN-inducing capacity of IvTX98 may
result in the induction of similar IFN-a/3 levels as those for wtTX98 in vivo. Similarly, a
highly virulent mouse-adapted H1N1 IAV with a complete NS1 deletion had a stronger

June 2022 Volume 96 Issue 11

Journal of Virology

10.1128/jvi.00519-22

10


https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00519-22

Pathobiology of H3N2 Influenza Virus IvTX98 in Pigs Journal of Virology

IFN-inducing capacity than the IAV with a partial NS1 deletion in vitro, but restricted in
vivo replication of the former resulted in comparable IFN induction levels by the two
IAVs in mouse lungs (25).

Since IvTX98 induces similar IFN-a/B levels as wtTX98 in swine lungs, its attenua-
tion and restricted replication in vivo are likely due to the loss of NS1 functions other
than antagonism of the type | IFN response. Indeed, type | IFN in the lungs of IAV-
infected pigs positively correlates with both virus titers and clinical signs (19), indicat-
ing a role in disease rather than attenuation. In addition, NS1 does not seem to be a
potent inhibitor of type | IFN induction, as evidenced by the high IFN-a/ levels in the
lungs of wtTX98-infected pigs. NS1del126 protein levels in PK-15 cells after IvTX98
infection were much lower than NS1 protein levels after wtTX98 infection (15) and the
NS1del126 protein of mouse-adapted strains, which was sufficient to suppress IFN-B
induction in vitro (26, 27), was unstable in vivo due to the lack of the C-terminal domain
(27). Therefore, the NS1del126 protein of IVTX98 is likely unstable and thus present at
only minimal levels both in vitro and in vivo. Since 1AVs lacking NS1 replicated about
100 times less well than the parental virus, even in Vero cells that are unable to pro-
duce IFN (24, 28, 29), NS1 functions other than interference with the type | IFN system
of the host are important for viral replication and virulence. Attenuation and restricted
replication of IvTX98 in pigs may be due to the elimination of NS1 effects such as inhi-
bition of host protein synthesis as well as stimulation of viral RNA polymerase and
translation of viral proteins (16).

Attenuation and immunogenicity of NS1del126 1AVs such as IVTX98 were previously
observed in mice, ferrets, poultry, horses, macaques, and pigs, and they were therefore
considered suitable LAIV candidates (8, 30-32). However, IVTX98 attenuation is obtained
by alteration of only 1 gene segment, allowing the virus to regain a wild-type gene constel-
lation via reassortment with |AVs that are endemic in the vaccinated swine herd. Since
reassortment is facilitated by high virus replication, and based on the IVTX98 virus titers
observed in this study, IVTX98 might not be sufficiently attenuated to use as an LAIV strain
in the field. Indeed, after Ingelvac Provenza was licensed in the United States in 2017, the
diagnostic cases submitted to the lowa State University Veterinary Diagnostic Laboratory
with an HA related to vaccine strains IvTX98 (H3N2) and IvMN99 (H1N1) increased to
3.946% and 2.857% in 2019, respectively, compared to <0.1% in 2016. The number of
cases again decreased to <1% in 2020 to 2021, after withdrawal of the Ingelvac Provenza
vaccine from the market (https://influenza.cvm.iastate.edu/) (33). Clinical signs and lung
lesions consistent with IAV infection were reported for these cases, although a role for viral
and/or bacterial coinfections could not be excluded (14). Reassortment between LAIV and
endemic IAV strains was confirmed for a subset of these samples, and most reassortants
obtained a wild-type NS1 with a selective advantage. One isolate had an additional dele-
tion of 185 nucleotides in its NS1 (14) and might therefore have had an increased virulence
(15). Collectively, these data indicate safety concerns about the NS1del126-based Ingelvac
Provenza LAIV and support the withdrawal of the vaccine from the market in 2020.

In summary, our results show that IvTX98 pathogenicity is less restricted than indi-
cated by previous reports. Unlike in vitro, higher type | IFN induction by IvTX98 than by
wtTX98 was not observed in swine lungs. IvTX98 attenuation in vivo is more likely
caused by low NS1del126 protein stability and the loss of NS1 functions unrelated to
IFN. We found considerable IvTX98 replication in the swine respiratory tract and sub-
stantial nasal excretion of IvTX98 by vaccinated pigs, which can facilitate reassortment
with endemic AV strains and reintroduction of the historic vaccine strains in the swine
population. These data for Ingelvac Provenza H3N2 LAIV strain IvVTX98 question the
safety of NS1del126-based LAIVs.

MATERIALS AND METHODS

Ethics statement. All animal experiments were approved by the Ethical and Animal Welfare
Committee of the Faculty of Veterinary Medicine of Ghent University (project identification code, 2015-
119; approval date, 14 December 2015).
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Cells and viruses. PK-15 cells were grown in minimal essential medium (MEM with GlutaMAX; Gibco)
supplemented with 10% fetal calf serum (FCS; Sigma) and antibiotics (100 IU/mL penicillin, 50 wg/mL strepto-
mycin, 50 ug/mL gentamicin; Gibco). MDCK cells were cultured in MEM with 10% FCS, 1T mg/mL lactalbumin
(BD Biosciences), and antibiotics. MDBK cells were grown in Dulbecco’s modified Eagle’s medium (DMEM
with GlutaMAX; Gibco) supplemented with 10% FCS, 10 mM sodium pyruvate (Gibco), and antibiotics. B9
cells were maintained in Iscove’s modified Dulbecco’s medium (IMDM with GlutaMAX; Gibco) containing 5%
FCS, 5 x 107> M B-mercaptoethanol (Sigma), 20 pg/mL recombinant human interleukin-6 (IL.-6; R&D
Systems), 100 IU/mL penicillin, and 50 wg/mL streptomycin. PK-15 subclone 15 cells were cultured in MEM
with 7% FCS, 100 IU/mL penicillin, 50 .g/mL streptomycin, and 1% nonessential amino acids (Gibco).

Swine influenza A viruses A/swine/Texas/4199-2/1998 (wtTX98) and A/swine/Texas/4199-2/1998
NS1del126 (IvTX98) were generated via reverse genetics as previously described (15) and kindly pro-
vided by the National Animal Disease Center, Ames, |IA, USA. IvVTX98 has a 3’ deletion in the NS1 gene
and produces a truncated NS1 protein consisting of only the first 126 amino acids. wtTX98 and IvTX98
swlAV stocks were grown in MDCK cells or in the allantoic cavity of 10-day-old embryonated chicken
eggs. Vesicular stomatitis virus (VSV) for IFN-a/ 8 bioassays was grown in MDBK cells.

Infection of PK-15 cells. Three- to 4-day-old PK-15 monolayers in 6-well plates were washed once
with phosphate-buffered saline (PBS) with Ca?* and Mg?" and then infected with wtTX98 or IVTX98 at
an MOI of 0.001 or an MOI of 2 in MEM supplemented with 0.6% bovine serum albumin (Sigma), 1 to
2 pg/mL trypsin (Sigma), and antibiotics (infection medium). After 1 h of incubation (37°C, 5% CO,), the
unbound virus was washed away with PBS containing Ca>* and Mg?*, 3.3 mL of infection medium was
added per well, and 300 uL supernatant from each well was sampled immediately for virus and IFN-«/8
titration. This time point corresponded to 0 hpi. The cells were then further incubated at 37°C and 5%
CO,, and samples for virus and IFN-a/g titration were taken at different time points postinoculation by
collecting 300 uL supernatant per well and then adding 300 uL fresh infection medium. Cells inoculated
with an MOI of 0.001 were sampled at 0, 6, 10, 18, 24, 30, and 48 hpi. Cells inoculated with an MOI of 2
were sampled at 0, 2, 4, 6, 8, 10, 18, 24, 30, and 48 hpi. Five replicates of the experiment were
performed.

Infection of pigs. Conventional 4-week-old pigs (n = 52) were purchased from a commercial farm that
was free of influenza A virus. Pigs of different experimental groups were housed in separate high-efficiency
particulate air (HEPA)-filtered biosafety level 2 animal units. At arrival, pigs were treated with a single dose of
ceftiofur antibiotic (Naxcel; Zoetis) to reduce bacterial contamination. Pigs were confirmed to be seronegative
in hemagglutination inhibition assay (34) for antibodies against swlAV representing endemic strains in
Europe (A/swine/Belgium/1/1998 [H1N1], A/swine/Gent/172/2008 [H3N2], A/swine/Gent/7625/1999 [H1N2],
and A/California/04/2009 [2009 pandemic H1N1]) at the start of the experiments.

To evaluate IVTX98 and wtTX98 excretion, 5-week-old pigs were intranasally inoculated with 6.3
log,, TCID,, of IVTX98 (n = 16) or wtTX98 (n = 6) in 3 mL Dulbecco’s PBS (DPBS; Gibco); 1.5 mL was
applied in each nostril using a canula. At 0 to 7 dpi, pigs were monitored for clinical signs and nasal
swabs (1 swab per nostril) were taken for virus titration and sequencing. Pigs were then further used in
another experiment. Because of the experimental design of the latter, different numbers of pigs were
inoculated with IVTX98 versus wtTX98. Afterward, all pigs were humanely euthanized with a lethal dose
of sodium pentobarbital (Kela NV).

To examine the pathogenesis of IVTX98 and wtTX98, 2 groups of 15 6-week-old pigs were used. In
each group, 3 pigs were left noninoculated and were humanely euthanized with a lethal dose of sodium
pentobarbital at 0 hpi. The 12 remaining pigs were inoculated intratracheally with 7.5 log,, TCID,, of
IVTX98 or wtTX98 in 3 mL DPBS; inocula contained <1.32 endotoxin units per mL in the Limulus assay
(Lonza). At 18, 24, 48, and 72 hpi, 3 inoculated pigs per group were humanely euthanized with a lethal
dose of sodium pentobarbital. From 4 days before inoculation until the end of the experiment, each pig
was scored for clinical signs according to the scoring system shown in Table 1, and a composite score
was calculated for each pig at each time point (—96, —72, —48, —24, 0, 18, 24, 48, and 72 hpi). At each
time point of euthanasia (0, 18, 24, 48, and 72 hpi), nasal swabs were collected (1 swab per nostril) for virus ti-
tration and sequencing. At necropsy, lungs were scored for macroscopic lesions and different parts of the
respiratory tract were sampled for virus titration, histopathology, sequencing, and cytokine analysis. Virus ti-
tration was performed on samples from trachea, nasopharynx, nasal mucosa olfactory part, nasal mucosa re-
spiratory part, left apical and cardiac lung lobe, and left diaphragmatic lung lobe. Histopathological analysis
was performed on a sample from trachea and left diaphragmatic lung lobe. The right lung was used to col-
lect BAL fluid for BAL cell and cytokine analysis, virus titration, and sequencing.

BAL and BAL cell analysis. The right lung was flushed with 80 mL of cold DPBS using a blunt 18-
gauge needle inserted through the trachea. BAL fluids (42 to 60 mL) were centrifuged for 10 min at
400 x g and 4°C to separate the cells from cell-free BAL fluid. BAL cells were resuspended in DPBS, and
their number and viability were determined using Tirk’s solution and trypan blue. Cytocentrifuge prepa-
rations (2 per pig) were made with 300 uL of a BAL cell suspension of 5 x 10° cells/mL and stained with
DiffQuik (Medion Diagnostics) to determine the number of neutrophils and macrophages. Forty millili-
ters of cell-free BAL fluid from each pig was ultracentrifuged for 90 min at 100,000 x g to remove virus,
after which it was concentrated 20 times using Centricon Plus-70 centrifugal filter units with a cutoff of
10 kDa (Millipore). This concentrated BAL fluid was used for cytokine analysis. The leftover cell-free BAL
fluid was used for virus titration and sequencing.

Pathological examination of lungs. The percentage of gross pneumonia was determined by visual
inspection of the lung surface, and tissue samples for histopathological examination of microscopic
lesions were processed and scored as previously described (12).

June 2022 Volume 96 Issue 11 10.1128/jvi.00519-22 12


https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00519-22

Pathobiology of H3N2 Influenza Virus IvTX98 in Pigs

Virus titration. The 2 rayon nasal swabs collected from each pig were placed together in 1 mL PBS with
Ca*" and Mg?* supplemented with 10% FCS, 1,000 IU/mL penicillin, and 500 pg/mL streptomycin and
shaken for 1 h at 4°C. The medium was then collected and clarified via centrifugation (2 min, 13,000 rpm,
4°C). Tissue samples were homogenized in PBS with Ca?* and Mg?* to obtain 20% suspensions and clarified
via centrifugation (20 min, 2,000 rpm, 4°C). Virus stocks for inoculation, supernatants of PK-15 cells, and cell-
free BAL fluid were used as such. Virus titration was performed via cytopathic effect (CPE) assay on MDCK
cells (35), and virus titers were calculated using the formula of Reed and Muench (36).

Cytokine analysis. Bioassays for the detection of IFN-a/p, IL-6, and TNF-a were performed as previ-
ously described (19). Levels of bioactive IFN-a/ were determined using a CPE reduction assay with VSV on
MDBK cells. A porcine recombinant IFN-« solution (gift from INRA, France) with a titer of 12.8 log, U/mL was
tested in each assay as a laboratory standard. Supernatants of infected PK-15 cells were tested once; the
detection limit was 6.3 log, U/mL. For 20-times-concentrated BAL fluids, each result represents the mean
from 2 (IFN-a versus IFN-B) or 3 (IFN-a/B) independent tests with a detection limit of 4.3 log, U/mL.
Bioactive IL-6 was quantitated via its ability to stimulate B9 cell proliferation. A recombinant human IL-6 solu-
tion (R&D Systems) with a titer of 13.4 log, U/mL was tested in each assay as a laboratory standard. All sam-
ples were tested in duplicate in 2 independent assays with a detection limit of 5.3 log, U/mL, and results are
represented as the mean titers from the 2 independent assays. Bioactive TNF-« titers were determined using
a cytotoxicity assay on PK-15 subclone 15 cells. A porcine recombinant TNF-« solution (R&D Systems) with a
titer of 14.6 log, U/mL was tested in each assay as a laboratory standard. Each result represents the mean
from 3 independent tests with a detection limit of 5.3 log, U/mL.

Enzyme-linked immunosorbent assay (ELISA) kits used for detection of IFN-« and IFN-8 in 20-
times-concentrated BAL fluids were the Verikine-HS pig interferon alpha ELISA kit from PBL Assay
Science (catalog no. 47100-1, lot no. 7031, detection range of 2.34 to 150 pg/mL) and the porcine IFN-
B ELISA kit from Emelca Bioscience (catalog no. MBS760799-2, lot no. P0074E040, detection range of
15.625 to 1,000 pg/mL). ELISAs were performed on 1/100-prediluted samples according to manufac-
turer’s instructions.

Sequencing. Whole-genome sequencing of IvTX98 and wtTX98 viruses in virus stocks, nasal swab
samples of intranasally inoculated pigs, and cell-free BAL fluids of intratracheally infected pigs was per-
formed by using MinlON (Oxford Nanopore Technologies) as previously described (37). wtTX98 sequen-
ces were downloaded from GenBank (accession numbers CY095672 to CY095679) and used as reference
sequences.

Statistical analysis. Mean log, -transformed virus titers and log,-transformed cytokine titers for each vi-
rus at each time point were calculated by assigning negative samples a value corresponding to half the value
of the detection limit. For viral growth and IFN-«/3 induction in PK-15 cells, the area under the curve was cal-
culated for each replicate of the experiment. Results for IVTX98 and wtTX98 were compared using two-sided
Mann-Whitney U tests. P values of <0.05 were considered significant, except when only 3 observations per
group were available (data for euthanized i.t-inoculated pigs), and then P values of =0.1 were considered
significant. All analyses were performed using R version 3.2.2 (38).

ACKNOWLEDGMENTS

We thank Jonathan Vandenbogaerde, Nele Dennequin, and Melanie Bauwens for
excellent technical assistance and PathoSense for MinlON whole-genome sequencing.

This study was funded by the Special Research Fund of Ghent University (BOF, grant
reference number 01D02017). The funders had no role in study design, data collection
and interpretation, or the decision to submit the work for publication.

We declare that we have no conflicting interests relevant to the study.

Journal of Virology

REFERENCES
1. Henritzi D, Petric PP, Lewis NS, Graaf A, Pessia A, Starick E, Breithaupt A, 5. Van Reeth K, Vincent AL, Lager KM. 2016. Vaccines and vaccination for swine
Strebelow G, Luttermann C, Parker LMK, Schréder C, Hammerschmidt B, influenza: differing situations in Europe and the USA, p 480-501. In Swayne

Herrler G, Beilage E, Stadlbauer D, Simon V, Krammer F, Wacheck S, Pesch
S, Schwemmle M, Beer M, Harder TC. 2020. Surveillance of European
domestic pig populations identifies an emerging reservoir of potentially
zoonotic swine influenza A viruses. Cell Host Microbe 28:614-627. https://
doi.org/10.1016/j.chom.2020.07.006.

. Walia RR, Anderson TK, Vincent AL. 2019. Regional patterns of genetic diver-
sity in swine influenza A viruses in the United States from 2010 to 2016. Influ-
enza Other Respir Viruses 13:262-273. https://doi.org/10.1111/irv.12559.

. Lewis NS, Russell CA, Langat P, Anderson TK, Berger K, Bielejec F, Burke DF,
Dudas G, Fonville JM, Fouchier RA, Kellam P, Koel BF, Lemey P, Nguyen T,
Nuansrichy B, Peiris JM, Saito T, Simon G, Skepner E, Takemae N, ESNIP3 con-
sortium, Webby RJ, Van Reeth K, Brookes SM, Larsen L, Watson SJ, Brown IH,
Vincent AL. 2016. The global antigenic diversity of swine influenza A viruses.
Elife 5:212217. https://doi.org/10.7554/eLife.12217.

. Khiabanian H, Trifonov V, Rabadan R. 2009. Reassortment patterns in swine
influenza viruses. PLoS One 4:7366. https://doi.org/10.1371/journal.pone
.0007366.

June 2022 Volume 96 Issue 11

DE (ed), Animal influenza, 2nd ed. John Wiley & Sons, Inc, Hoboken, NJ.

. Mancera Gracia JC, Pearce DS, Masic A, Balasch M. 2020. Influenza A virus

in swine: epidemiology, challenges and vaccination strategies. Front Vet
Sci 7:647. https://doi.org/10.3389/fvets.2020.00647.

. Animal and Plant Health Inspection Service (APHIS). 2019. 124-19A5R2. Animal

and Plant Health Inspection Service (APHIS), United States Department of Agri-
culture (USDA), Riverdale, MD. https://www.aphis.usda.gov/aphis/ourfocus/
animalhealth/veterinary-biologics/product-summaries/vet-label-data/614d8792-
aeb1-4837-b04e-50f8c181113f. Accessed 10 November 2021.

. Richt JA, Lekcharoensuk P, Lager KM, Vincent AL, Loiacono CM, Janke BH,

Wu W-H, Yoon K-J, Webby RJ, Solérzano A, Garcia-Sastre A. 2006. Vaccina-
tion of pigs against swine influenza viruses by using an NS1-truncated
modified live-virus vaccine. J Virol 80:11009-11018. https://doi.org/10
.1128/JV1.00787-06.

. Vincent AL, Ma W, Lager KM, Janke BH, Webby RJ, Garcia-Sastre A, Richt

JA. 2007. Efficacy of intranasal administration of a truncated NS1 modified
live influenza virus vaccine in swine. Vaccine 25:7999-8009. https://doi
.org/10.1016/j.vaccine.2007.09.019.

10.1128/jvi.00519-22 13


https://www.ncbi.nlm.nih.gov/nuccore/CY095672
https://www.ncbi.nlm.nih.gov/nuccore/CY095679
https://doi.org/10.1016/j.chom.2020.07.006
https://doi.org/10.1016/j.chom.2020.07.006
https://doi.org/10.1111/irv.12559
https://doi.org/10.7554/eLife.12217
https://doi.org/10.1371/journal.pone.0007366
https://doi.org/10.1371/journal.pone.0007366
https://doi.org/10.3389/fvets.2020.00647
https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/veterinary-biologics/product-summaries/vet-label-data/614d8792-aeb1-4837-b04e-50f8c181113f
https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/veterinary-biologics/product-summaries/vet-label-data/614d8792-aeb1-4837-b04e-50f8c181113f
https://www.aphis.usda.gov/aphis/ourfocus/animalhealth/veterinary-biologics/product-summaries/vet-label-data/614d8792-aeb1-4837-b04e-50f8c181113f
https://doi.org/10.1128/JVI.00787-06
https://doi.org/10.1128/JVI.00787-06
https://doi.org/10.1016/j.vaccine.2007.09.019
https://doi.org/10.1016/j.vaccine.2007.09.019
https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00519-22

Pathobiology of H3N2 Influenza Virus IvTX98 in Pigs

10.

20.

21.

22.

23.

Kappes MA, Sandbulte MR, Platt R, Wang C, Lager KM, Henningson JN,
Lorusso A, Vincent AL, Loving CL, Roth JA, Kehrli ME. 2012. Vaccination
with NS1-truncated H3N2 swine influenza virus primes T cells and confers
cross-protection against an HIN1 heterosubtypic challenge in pigs. Vac-
cine 30:280-288. https://doi.org/10.1016/j.vaccine.2011.10.098.

. Loving CL, Lager KM, Vincent AL, Brockmeier SL, Gauger PC, Anderson TK,

Kitikoon P, Perez DR, Kehrli ME. 2013. Efficacy in pigs of inactivated and
live attenuated influenza virus vaccines against infection and transmis-
sion of an emerging H3N2 similar to the 2011-2012 H3N2v. J Virol 87:
9895-9903. https://doi.org/10.1128/JV1.01038-13.

. Vincent AL, Ma W, Lager KM, Richt JA, Janke BH, Sandbulte MR, Gauger

PC, Loving CL, Webby RJ, Garcia-Sastre A. 2012. Live attenuated influenza
vaccine provides superior protection from heterologous infection in pigs
with maternal antibodies without inducing vaccine-associated enhanced
respiratory disease. J Virol 86:10597-10605. https://doi.org/10.1128/JVI
.01439-12.

. Sandbulte MR, Platt R, Roth JA, Henningson JN, Gibson KA, Rajéo DS,

Loving CL, Vincent AL. 2014. Divergent immune responses and disease
outcomes in piglets immunized with inactivated and attenuated H3N2
swine influenza vaccines in the presence of maternally-derived antibod-
ies. Virology 464-465:45-54. https://doi.org/10.1016/j.virol.2014.06.027.

. Sharma A, Zeller MA, Li G, Harmon KM, Zhang J, Hoang H, Anderson TK,

Vincent AL, Gauger PC. 2020. Detection of live attenuated influenza vaccine
virus and evidence of reassortment in the U.S. swine population. J Vet Diagn
Invest 32:301-311. https://doi.org/10.1177/1040638720907918.

. Solérzano A, Webby RJ, Lager KM, Janke H, Garcia-Sastre A, Richt JA.

2005. Mutations in the NS1 protein of swine influenza virus impair anti-
interferon activity and confer attenuation in pigs. J Virol 79:7535-7543.
https://doi.org/10.1128/JV1.79.12.7535-7543.2005.

. Nogales A, Martinez-Sobrido L, Topham DJ, Dediego ML. 2018. Modula-

tion of innate immune responses by the influenza A NS1 and PA-X pro-
teins. Viruses 10:708. https://doi.org/10.3390/v10120708.

. Government of Canada. 2018. Environmental assessment for the Cana-

dian licensing of Boehringer Ingelheim Vetmedica Inc.'s swine influenza
vaccine, HIN1 & H3N2, modified live virus. Government of Canada,
Ottawa, Canada. https://inspection.canada.ca/animal-health/veterinary
-biologics/environmental-assessments/boehringer-ingelheim-vetmedica-inc
-/eng/1550784366511/1550784366807. Accessed 15 January 2020.

. Moreno GL, Nirmala J, Goodell C, Culhane M, Torremorell M. 2021. Shed-

ding and transmission of a live attenuated influenza A virus vaccine in
pre-weaned pigs under field conditions. PLoS One 16:€0246690. https://
doi.org/10.1371/journal.pone.0246690.

. Van Reeth K, Van Gucht S, Pensaert M. 2002. Correlations between lung

proinflammatory cytokine levels, virus replication, and disease after swine
influenza virus challenge of vaccination-immune pigs. Viral Immunol 15:
583-594. https://doi.org/10.1089/088282402320914520.
Fitzgerald-Bocarsly P. 2002. Natural interferon-a producing cells: the plas-
macytoid dendritic cells. Biotechniques 33:516-S29. https://doi.org/10
.2144/0ct0203.

Summerfield A, Guzylack-Piriou L, Schaub A, Carrasco CP, Tache V, Charley B,
McCullough KC. 2003. Porcine peripheral blood dendritic cells and natural inter-
feron-producing cells. Immunology 110:440-449. https://doi.org/10.1111/j.1365
-2567.2003.01755x.

Killip MJ, Fodor E, Randall RE. 2015. Influenza virus activation of the inter-
feron system. Virus Res 209:11-22. https://doi.org/10.1016/j.virusres.2015
.02.003.

Charley B, Riffault S, Van Reeth K. 2006. Porcine innate and adaptative
immune responses to influenza and coronavirus infections. Ann N 'Y Acad
Sci 1081:130-136. https://doi.org/10.1196/annals.1373.014.

June 2022 Volume 96 Issue 11

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Journal of Virology

Van Reeth K. 2008. Cytokines in the pathogenesis of highly virulent influ-
enza viruses in humans. Monogr Virol 27:225-251. https://doi.org/10
.1159/000151658.

Kochs G, Martinez-Sobrido L, Lienenklaus S, Weiss S, Garcia-Sastre A,
Staeheli P. 2009. Strong interferon-inducing capacity of a highly virulent
variant of influenza A virus strain PR8 with deletions in the NS1 gene. J
Gen Virol 90:2990-2994. https://doi.org/10.1099/vir.0.015727-0.

Wang X, Li M, Zheng H, Muster T, Palese P, Beg AA, Garcia-Sastre A. 2000.
Influenza A virus NS1 protein prevents activation of NF-«B and induction
of alpha/beta interferon. J Virol 74:11566-11573. https://doi.org/10.1128/
jvi.74.24.11566-11573.2000.

Wang X, Basler CF, Williams BRG, Silverman RH, Palese P, Garcia-Sastre A.
2002. Functional replacement of the carboxy-terminal two-thirds of the
influenza A virus NS1 protein with short heterologous dimerization
domains. J Virol 76:12951-12962. https://doi.org/10.1128/jvi.76.24.12951
-12962.2002.

Garcia-Sastre A, Egorov A, Matassov D, Brandt S, Levy DE, Durbin JE,
Palese P, Muster T. 1998. Influenza A virus lacking the NS1 gene replicates
in interferon-deficient systems. Virology 252:324-330. https://doi.org/10
.1006/viro0.1998.9508.

Kochs G, Koerner |, Thiel L, Kothlow S, Kaspers B, Ruggli N, Summerfield A,
Pavlovic J, Stech J, Staeheli P. 2007. Properties of H7N7 influenza A virus
strain SC35M lacking interferon antagonist NS1 in mice and chickens. J
Gen Virol 88:1403-1409. https://doi.org/10.1099/vir.0.82764-0.

Zhou B, Li Y, Belser JA, Pearce MB, Schmolke M, Subba AX, Shi Z, Zaki SR,
Blau DM, Garcia-Sastre A, Tumpey TM, Wentworth DE. 2010. NS-based
live attenuated HIN1 pandemic vaccines protect mice and ferrets. Vac-
cine 28:8015-8025. https://doi.org/10.1016/j.vaccine.2010.08.106.
Chambers TM, Quinlivan M, Sturgill T, Cullinane A, Horohov DW, Zamarin D,
Arkins S, Garcia-Sastre A, Palese P. 2009. Influenza A viruses with truncated
NS1 as modified live virus vaccines: pilot studies of safety and efficacy in
horses. Equine Vet J 41:87-92. https://doi.org/10.2746/042516408x371937.
Baskin CR, Bielefeldt-Ohmann H, Garcia-Sastre A, Tumpey TM, Van Hoeven N,
Carter VS, Thomas MJ, Proll S, Solérzano A, Billharz R, Fornek JL, Thomas S,
Chen C-H, Clark EA, Murali-Krishna K, Katze MG. 2007. Functional genomic
and serological analysis of the protective immune response resulting from
vaccination of macaques with an NS1-truncated influenza virus. J Virol 81:
11817-11827. https://doi.org/10.1128/JV1.00590-07.

Zeller MA, Anderson TK, Walia RW, Vincent AL, Gauger PC. 2018. ISU FLUture:
a veterinary diagnostic laboratory web-based platform to monitor the tem-
poral genetic patterns of influenza A virus in swine. BMC Bioinformatics 19:
397. https://doi.org/10.1186/s12859-018-2408-7.

World Health Organization. 2011. Manual for the laboratory diagnosis and viro-
logical surveillance of influenza. World Health Organization, Geneva, Switzer-
land. https://apps.who.int/iris/handle/10665/44518. Accessed 23 March 2021.
Van Reeth K, Gregory V, Hay A, Pensaert M. 2003. Protection against a Eu-
ropean H1N2 swine influenza virus in pigs previously infected with HIN1
and/or H3N2 subtypes. Vaccine 21:1375-1381. https://doi.org/10.1016/
50264-410x(02)00688-6.

Reed LJ, Muench H. 1938. A simple method of estimating fifty per cent
endpoints. Am J Hyg 27:493-497. https://doi.org/10.1093/oxfordjournals
.aje.a118408.

King J, Harder T, Beer M, Pohlmann A. 2020. Rapid multiplex MinlON
nanopore sequencing workflow for influenza A viruses. BMC Infect Dis 20:
648. https://doi.org/10.1186/s12879-020-05367-y.

R Core Team. 2017. R: a language and environment for statistical comput-
ing. R Foundation for Statistical Computing, Vienna, Austria. https://www
.r-project.org. Accessed 7 September 2019.

10.1128/jvi.00519-22 14


https://doi.org/10.1016/j.vaccine.2011.10.098
https://doi.org/10.1128/JVI.01038-13
https://doi.org/10.1128/JVI.01439-12
https://doi.org/10.1128/JVI.01439-12
https://doi.org/10.1016/j.virol.2014.06.027
https://doi.org/10.1177/1040638720907918
https://doi.org/10.1128/JVI.79.12.7535-7543.2005
https://doi.org/10.3390/v10120708
https://inspection.canada.ca/animal-health/veterinary-biologics/environmental-assessments/boehringer-ingelheim-vetmedica-inc-/eng/1550784366511/1550784366807
https://inspection.canada.ca/animal-health/veterinary-biologics/environmental-assessments/boehringer-ingelheim-vetmedica-inc-/eng/1550784366511/1550784366807
https://inspection.canada.ca/animal-health/veterinary-biologics/environmental-assessments/boehringer-ingelheim-vetmedica-inc-/eng/1550784366511/1550784366807
https://doi.org/10.1371/journal.pone.0246690
https://doi.org/10.1371/journal.pone.0246690
https://doi.org/10.1089/088282402320914520
https://doi.org/10.2144/Oct0203
https://doi.org/10.2144/Oct0203
https://doi.org/10.1111/j.1365-2567.2003.01755.x
https://doi.org/10.1111/j.1365-2567.2003.01755.x
https://doi.org/10.1016/j.virusres.2015.02.003
https://doi.org/10.1016/j.virusres.2015.02.003
https://doi.org/10.1196/annals.1373.014
https://doi.org/10.1159/000151658
https://doi.org/10.1159/000151658
https://doi.org/10.1099/vir.0.015727-0
https://doi.org/10.1128/jvi.74.24.11566-11573.2000
https://doi.org/10.1128/jvi.74.24.11566-11573.2000
https://doi.org/10.1128/jvi.76.24.12951-12962.2002
https://doi.org/10.1128/jvi.76.24.12951-12962.2002
https://doi.org/10.1006/viro.1998.9508
https://doi.org/10.1006/viro.1998.9508
https://doi.org/10.1099/vir.0.82764-0
https://doi.org/10.1016/j.vaccine.2010.08.106
https://doi.org/10.2746/042516408x371937
https://doi.org/10.1128/JVI.00590-07
https://doi.org/10.1186/s12859-018-2408-7
https://apps.who.int/iris/handle/10665/44518
https://doi.org/10.1016/s0264-410x(02)00688-6
https://doi.org/10.1016/s0264-410x(02)00688-6
https://doi.org/10.1093/oxfordjournals.aje.a118408
https://doi.org/10.1093/oxfordjournals.aje.a118408
https://doi.org/10.1186/s12879-020-05367-y
https://www.r-project.org
https://www.r-project.org
https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00519-22

	RESULTS
	lvTX98 is a stronger IFN-α/β inducer than wtTX98 in porcine epithelial cells.
	Reduced nasal excretion of lvTX98 compared to wtTX98 after i.n. inoculation of pigs.
	lvTX98 causes milder clinical signs than wtTX98 after i.t. inoculation of pigs.
	lvTX98 can induce similar pathological changes in the lower respiratory tract as wtTX98.
	lvTX98 replicates in both the upper and the lower respiratory tract of pigs.
	lvTX98 attenuation cannot be related to higher cytokine levels in vivo.
	lvTX98 did not obtain additional mutations in vivo that were associated with reversion to virulence.

	DISCUSSION
	MATERIALS AND METHODS
	Ethics statement.
	Cells and viruses.
	Infection of PK-15 cells.
	Infection of pigs.
	BAL and BAL cell analysis.
	Pathological examination of lungs.
	Virus titration.
	Cytokine analysis.
	Sequencing.
	Statistical analysis.

	ACKNOWLEDGMENTS
	REFERENCES

