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Functional plasticity of innate lymphoid cells (ILCs) and T cells is
regulated by host environmental cues, but the influence of
pathogen-derived virulence factors has not been described. We
now report the interplay between host interferon (IFN)-y and viral
PB1-F2 virulence protein in regulating the functions of ILC2s and T
cells that lead to recovery from influenza virus infection of mice. In
the absence of IFN-y, lung ILC2s from mice challenged with the A/
California/04/2009 (CA04) H1N1 virus, containing nonfunctional
viral PB1-F2, initiated a robust IL-5 response, which also led to
improved tissue integrity and increased survival. Conversely, chal-
lenge with Puerto Rico/8/1934 (PR8) H1N1 virus expressing fully
functional PB1-F2, suppressed IL-5" ILC2 responses, and induced a
dominant IL-13* CD8 T cell response, regardless of host IFN-y
expression. IFN-y-deficient mice had increased survival and
improved tissue integrity following challenge with lethal doses of
CAO04, but not PR8 virus, and increased resistance was dependent
on the presence of IFN-yR* ILC2s. Reverse-engineered influenza
viruses differing in functional PB1-F2 activity induced ILC2 and T
cell phenotypes similar to the PB1-F2 donor strains, demonstrating
the potent role of viral PB1-F2 in host resistance. These results
show the ability of a pathogen virulence factor together with host
IFN-y to regulate protective pulmonary immunity during influenza
infection.
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Innate lymphoid cells (ILCs) and T cells represent critical
populations of cells that have diverse roles in inflammation
and protection (1, 2). Both cell populations consist of subsets
that differ in cytokine expression and function. While T cells
are important for viral clearance, they can also exacerbate lung
immunopathology (1, 3-5) Among ILC subsets, ILC2s play a
critical role in pulmonary immunity, particularly in maintaining
the lung barrier surface (6-9). During infection, ILC2s respond
to the epithelial cell-derived cytokines IL-25, IL.-33, and thymic
stromal lymphopoietin, and produce the type 2 cytokine IL-5
(10-12). This, in turn, can lead to increased eosinophil recruit-
ment and airway hyperreactivity (AHR) (8, 13-15). Like Tcells,
ILC2s can play both beneficial and detrimental roles during
viral lung infection (6-8).

It is known that host cytokines can regulate the activity of
ILC and T cell subsets. For example, we previously found that
interferon (IFN)-y deficiency results in enhanced ILC2 activity
and increased survival from challenge with the 2009 pandemic
strain A/California/04/2009 (CA04) influenza A virus (8). How-
ever, our current studies have shown no effect of IFN-y follow-
ing challenge with the Puerto Rico/8/1934 (PRS8) influenza A
virus, a strain that is a commonly used model for the highly vir-
ulent 1918 pandemic influenza virus. Although both strains are
HIN1 influenza A viruses, they have striking differences in
expression of functional PB1-F2, a viral proapoptotic protein
that is associated with immunopathology and mortality (16).
While the PRS viral strain expresses full-length PB1-F2, the
PB1-F2 gene in the CA04 strain is truncated and nonfunctional
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(16-20). As a result, the PR8 virus exhibits significantly
increased virulence compared to the CA04 viral strain. How-
ever, the impact of PB1-F2 on the lymphocyte function that is
critical for protection during influenza is not known. A better
understanding of the role of pathogen virulence factors in regu-
lating immune cell activity during influenza may aid in design-
ing future therapies for human use.

We hypothesized that the PB1-F2 virulence protein can differ-
entially regulate ILC2 and T cell activity in conjunction with host
IFN-y signaling. To test this hypothesis, we have investigated pul-
monary immunity in wild-type (WT) and IFN-y—deficient BALB/
¢ mice infected with PB1-F2 gene reassortant PR8 and CA(04
viruses. Our findings demonstrate that viral virulence genes,
together with host factors, play critical roles in regulating both
ILC2 and T cell responses during influenza, and this, in turn,
determines host survival.

Results

IFN-y Differentially Affects Susceptibility to CA04 and PR8 Virus
Infection. We tested susceptibility of IFN-y** and IFN-y/~
mice to the commonly used PR8 and CA04 HIN1 strains of
influenza A virus. Mice were infected intranasally (i. n.) with
1,000 or 2,000 plaque forming units (PFU) of virus; weight loss
and survival were then monitored for 20 d (Fig. 14). IFN-y~/~
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Fig. 1. Survival, tissue pathology, apoptosis, and expression of cell subsets and cytokines of IFN-y** and IFN-y~/~ BALB/c mice challenged with CA04 or
PR8 influenza A virus. (A) Protocol for in vivo virus challenge and key to the symbols. Around 6- to 8-wk-old BALB/c mice (6 to 9 mice/group) of either sex
were used for all survival studies. (B) Survival and weight loss of IFN-y** and IFN-y '~ BALB/c mice following challenge with 1,000 PFU/mouse of CA04 or
PR8 virus. Mice were monitored daily for 20 d. (C) Survival and weight loss of IFN-y*"* and IFN-y '~ BALB/c mice following challenge with 2,000 PFU/mouse
of CA04 or PR8 virus. The results are representative of four independent experiments performed in both BALB/c and C57BL/6 mice. Albumin (D), total pro-
tein (E), nitrite (F), and amphiregulin (G) in Day 9 BALF of mice infected with 2,000 PFU of CA04 or PR8. Each symbol represents an individual mouse, with
the solid lines showing means + SD from 5 to 9 mice/group. Apoptosis in total BAL cells (H) and a murine ILC2 cell line (/) determined by the Caspase-Glo
3/7 assay. BAL cells were collected in a-minimum essential medium (MEM) containing 1 ng/mL rIL-33 and 10 ng/mL rIL-2 on Day 5 following CA04, PRS, or
PBS inoculation. The murine ILC2 cell line was grown for 5 d in the presence of Day 9 BALF collected from CA04- or PR8-infected mice. Data are presented
as means + SD from 4 mice/group. Levels of IFN-y (J), IL-5 (K), IL-13 (L), alveolar macrophages (M), eosinophils (N), and neutrophils (O) in Day 9 BAL follow-
ing CA04 or PR8 virus infection. (P) ILC2s in Day 9 lung tissue homogenates. Each symbol represents an individual mouse, with the solid lines showing
means + SD from 4 to 14 mice/group. Survival data were analyzed by log-rank Mantel-Cox test, and weight loss data were analyzed by Mann-Whitney U
test. *P < 0.05 and **P < 0.01. All other statistical analyses were performed by two-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001; and ****P < 0.0001.

mice were more resistant to CA04 virus infection compared to
IFN-y** mice, in agreement with our previous findings (8), yet
IFN-y™* and IFN-y '~ mice had no differences in morbidity or
mortality following PRS8 infection (Fig. 1 B and C). Initial
weight loss was similar between mice infected with CA04 or
PR8 virus, confirming virus infection (Fig.1 B and C), but sig-
nificant differences were observed beginning on Day 10 postin-
fection. All IFN-y~'~ mice infected with CA04 survived infec-
tion with either challenge dose, while IFN-y '~ mice infected
with PR8 showed no differences from IFN-y** mice chal-
lenged with lethal dose (LD)so or LDy of virus (Fig. 1 B and
C). Clinical scoring of disease symptoms indicated significantly
greater morbidity following PRS infection of IFN-y/~ and
IFN-y** mice compared to CA04 infection. PR8 and CA04
viral burdens and clearance did not differ significantly in the
presence or absence of IFN-y (SI Appendix, Fig. S1) despite dis-
parate lethality. This is similar to our previous findings and those
of others (8, 21, 22) and suggests that viral load has little impact
on ultimate disease outcome.
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We further investigated the extent of lung tissue damage
after CAO4 and PRS infection by measuring markers such as
albumin, total protein, and nitrite. Increased levels of these
proteins in bronchoalveolar lavage fluids (BALF) indicate loss
of barrier integrity (6, 23). The presence of BALF total protein,
albumin, and nitrite following CA04 infection was increased in
IFN-y** BALB/c mice compared to IFN-y~/~ mice (Fig. 1
D-F). Following PR8 infection, however, there were no signifi-
cant differences in levels of these markers between IFN-y*/*
and IFN-y '~ mice (Fig. 1 D-F). Similarly, levels of amphiregu-
lin, which help in tissue repair following infection, were greater
in IFN-y '~ versus IFN-y** BALB/c mice infected with CA04
but did not significantly differ in PR8-infected mice (Fig. 1G).
These results demonstrated that IFN-y was detrimental during
CAO04 infection and caused increased morbidity and mortality
because of a reduction in tissue integrity. However, the presence
or absence of IFN-y had little effect in the case of PRS infection.

Caspase enzymes play an important role in apoptosis (24,
25). The PRS influenza virus promotes apoptosis of immune
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cells, which contributes to immunopathology, but has little
influence on viral clearance (26-29). As a measure of apoptosis,
we performed a caspase-3/7 assay with total bronchioalveolar
lavage (BAL) cells obtained following viral infection (Fig. 1H)
and with an ILC2 cell line cultured with BALF from animals
infected with CA04 or PRS virus (Fig. 17). The results showed
significantly greater caspase activity after PR8 infection com-
pared to CA04 infection. These results agree with earlier work
indicating the ability of the PR8 PB1-F2 to promote lethality by
enhancing apoptosis and cell death (30, 31).

We next examined cytokine profiles in lungs of IFN-y™" and
IFN-y '~ BALB/c mice infected with CA04 and PRS virus to
determine their potential roles in PR8 lethality versus CA04
resistance. IFN-y™"* and IFN-y~/~ animals were infected with
2,000 PFU of virus and Day 9 BALF cytokine profiles were
determined. As expected, levels of IFN-y were significantly
greater in IFN-y** versus IFN-y~~ mice, and furthermore,
IFN-y levels in PR8-infected IFN-y** mice were greater com-
pared to CAO4-infected IFN-y™* mice (Fig. 1J). The most
striking observation was that IFN-y~'~ BALB/c mice displayed
a robust IL-5 response after CA04 infection (Fig. 1K), whereas
IL-13 was the predominant cytokine produced in response to
PR8 infection (Fig. 1L). There were no significant differences
between IFN-y*"* or IFN-y ™/~ mice in the expression of BALF
1L-2, IL-4, IL-9, IL-12, GM-CSF, or TNF-« after infection with
CAO04 or PR8 virus (SI Appendix, Fig. S2). However, compared
to IFN-y** mice, IFN-y /~ mice did exhibit enhanced IL-10
production following CAO04 infection, while PR8 promoted
IL-17 production (SI Appendix, Fig. S3).

Our results indicated that IFN-y~/~ BALB/c mice have
reduced tissue damage following CA04 but not PR8 influenza
infection compared to IFN-y™* animals. To characterize the
lung cell populations that were expressed following CA04 and
PRS infection and the influence of IFN-y on cell expression,
IFN-y** and IFN-y /=~ BALB/c mice were infected with 2,000
PFU of CA04 or PR8 virus and levels of alveolar macrophages,
eosinophils, and neutrophils in the BAL, and ILC2s in the lung
tissues were determined (Fig. 1 M-P) using standard gating
strategies (SI Appendix, Fig. S4 A-C). In agreement with earlier
reports (32, 33), very few alveolar macrophages were present in
IFN-y** BALB/c mice following either CA0O4 or PRS infection.
During CA04 challenge, alveolar macrophage depletion was
reversed in the absence of IFN-y but was still seen following
PRS infection (Fig. 1M). Consistent with the increased produc-
tion of IL-5 in CAO4-infected IFN-y '~ mice, numbers of lung
eosinophils were greatly elevated compared to PR8-infected
mice (Fig. 1N). There were only small differences in lung neu-
trophil counts between WT BALB/c mice infected with CA(04
or PR8 virus, although the absence of IFN-y resulted in greater
neutrophil counts in both CA04- and PR8-infected mice (Fig.
10). Of note, IFN-y™* and IFN-y~/~ mice exhibited greater
numbers of ILC2s after CA04 infection compared to PRS-
infected mice (Fig. 1P).

+/+

Mortality and Lung Pathology following Challenge with PB1-F2
Reassortant Viruses. The PB1-F2 virulence protein of influenza
virus is associated with increased pathogenicity in mice but has
little effect on viral burden (16). The PRS strain expresses full-
length PB1-F2, which is also expressed in isolates derived from
the 1918 influenza virus, promotes apoptosis of immune cells,
and increases animal mortality (26-29). The CA04 virus, on the
other hand, possesses a truncated form of the PB1-F2 protein,
which is thought to result in reduced pathogenicity (16-18, 20).
We thus studied the influence of IFN-y during infection with
reverse-engineered PB1-F2 reassortant viruses (i.e., CA04 con-
taining PR8 PBI1-F2, termed CA04 [PR8 PB1-F2] and PRS
containing CA04 PB1-F2, termed PR8 [CA04 PB1-F2]). Each
reassortant virus replicated in vivo to the same extent and to
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the same levels as the parent strains (S Appendix, Figs. S1 and
S5). It was again observed that IFN-y/~ mice had increased
survival compared to IFN-y™* mice after challenge with 2,000
PFU of the parent CA04 virus (Fig. 24). However, challenge
with the same dose of reassortant CA04 (PR8 PB1-F2) led to
100% lethality regardless of the presence or absence of IFN-y.
Conversely, while no IFN-y** or IFN-y ™/~ mice survived infec-
tion with 2,000 PFU of the parent PR8 virus, 40% of WT mice
infected with reassortant PR8 (CA04 PB1-F2) virus survived,
and this number was further increased to 80% in IFN-y~/~
mice (Fig. 2C). However, initial body weight loss was essentially
identical in all groups, with or without IFN-y expression (Fig. 2
B and D), similar to that seen after infection with the parent
virus strains (Fig. 1). Further experiments examined weight loss
and mortality after challenge with 500, 1,000, or 5,000 PFU of
reassortment viruses (SI Appendix, Fig. S6). In almost all cases,
weight loss was the same among the groups while ultimate sur-
vival differed in a manner similar to that seen in Fig. 2. This
indicates that although all mice are initially infected to the
same degree and show essentially identical, early morbidity, the
primary correlate of ultimate survival is likely to be related to
the effectiveness of tissue repair and healing.

We next examined lung histopathology after infection with
parent CA04 or PRS virus versus PB1-F2 reassortant viruses.
Uninfected, phosphate-buffered saline (PBS)-treated mice
maintained the normal architecture of the lung parenchyma,
with very few infiltrating cells in the bronchioles and tissue and
few differences between IFN-y** and IFN-y~'~ mice (Fig. 2 E,
i and vi). Only mild-moderate pathology was observed in mice
infected with CA04 (Fig. 2 E, ii) or reassortant PR8 (CA04
PB1-F2) (Fig. 2 E, v) virus, while lesions were severe in IFN-
y** mice infected with PR8 (Fig. 2 E, iv) or reassortant CA04
(PR8 PB1 F2) (Fig. 2 E, iii). In IFN-y~’~ mice, compared to
IFN-y*"* mice, less tissue damage was seen after infection
with CA04 (Fig. 2 E, ii versus vii) or PR8 (CA04 PB1-F2)
(Fig. 2 E, v versus x). Following infection with PR8 or reassor-
tant CA04 (PR8 PB1-F2), however, equivalent and severe
pathology was observed in both IFN-y*"* and IFN-y~'~ mouse
groups (Fig. 2 E, iii, iv, viii, and ix). Scoring of the histology
sections based on the presence of inflammatory infiltrates,
edema, hyperemia and congestion, degeneration of alveolar
lining, focal necrosis of alveolar epithelium, and necrotizing
bronchitis and bronchiolitis confirmed that all mice infected
with PR8 or reassortant CA04 (PR8 PB1-F2) virus had greater
degrees of pathology compared to mice infected with CA04 or
reassortant PR8 (CA04 PB1-F2) virus (Fig. 2 F and G). Mucus
expression was also examined using the combined periodic
acid-Schiff Alcian blue staining technique (Fig. 2 E, xi—xx). In
response to PR8 and CA04 (PR8 PB1-F2) infection, the lung
tissues showed hypersecretion of mucus (Fig. 2 E, xiii, xiv,
xviii, and xix). Mucin expression was excessive in the lungs of
both IFN-y** and IFN-y /= mice after PR8 and CA04 (PRS
PB1-F2) infection compared to mice challenged with CA04 or
PR8 (CA04 PB1-F2) (Fig. 2 H and I). These histology changes
correlated with the lethality (Fig. 2 A-D) of the individual
virus strains.

In the Absence of ILC2s, Host IFN-y and Viral PB1-F2 Fail to Affect
the Course of Influenza. We next determined the role of ILC2s in
mediating the effects of host-derived IFN-y and pathogen-
derived PB1-F2 on influenza virus infection. To examine this,
we treated ILC2-deficient Rora” IL7r°" mice with neutralizing
anti-IFN-y mAb, as in previous studies (8, 34). Rora”" IL7r""®
mice specifically lack ILC2s, while control littermate Rora*/t
IL7r" mice have fully functional ILC2s (34). Our previous
studies showed that Rora*f IL7r ILC2-sufficient mice
infected with the parent CA04 virus survive significantly better
after anti-IFN-y mAb neutralization compared to animals
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Fig. 2. Mortality and lung pathology following challenge of IFN-y** and IFN-y~~ BALB/c mice with CA04 and PR8 PB1-F2 reassortant viruses. Survival (A)
and weight loss (B) following infection of BALB/c IFN-y** and IFN-y ™/~ mice with 2,000 PFU/mouse of CA04 and CA04 (PR8 PB1-F2) virus. Survival (C) and
weight loss (D) following infection of BALB/c IFN-y*"* and IFN-y~/~ mice with 2,000 PFU/mouse of PR8 and PR8 (CA04 PB1-F2) virus. Mice were monitored
daily for survival for 20 d. A total of 5 to 6 mice/group of either sex were used. The results are representative of two independent experiments and were
further confirmed in additional experiments using three different virus challenge doses, as shown in S/ Appendix, Fig. S6. (E) Histopathology of Day 9
lung samples following influenza infection of IFN-y™* and IFN-y '~ BALB/c mice. Lungs were fixed in 10% formal saline solution, and 5-um tissue sections
were prepared and stained with hematoxylin and eosin (H&E) (i-x) or periodic acid-Schiff Alcian blue, pH 2.5 (xi-xx), 20x magnification. (Scale Bar, 500
um.) Control uninfected mice received intranasal PBS on Day 0. (i, vi, xi, and xvi) PBS-treated IFN-y** and IFN-y~'~ mice, (ii, vii, xii, and xvii) CAO4-infected
IFN-y** and IFN-y ™'~ mice, (iii, viii, xiii, and xviii) CA04 (PR8 PB1-F2)-infected IFN-y** and IFN-y ™'~ mice, (iv, ix, xiv, and xix) PR8-infected IFN-y*"* and IFN-
¥/~ mice, and (v, x, xv, and xx) PR8 (CA04 PB1-F2)-infected IFN-y** and IFN-y~~ mice. (F and G) Histopathology scores from H&E-stained tissue sections
based on inflammatory infiltrates, edema, hyperemia, and congestion; degeneration of alveolar lining; focal necrosis of alveolar epithelium; and necrotiz-
ing bronchitis and bronchiolitis. (H and /) Mucus secretion scores from periodic acid-Schiff Alcian blue staining based on intensity of blue staining. Scoring
of both H&E and periodic acid-Schiff Alcian blue stained slides are the following: 0 for no changes, 1 for mild changes, 2 for moderate changes, 3 for
marked changes, and 4 for severe changes. Statistical analyses were performed by two-way ANOVA. *P < 0.05; **P < 0.01; and ****P < 0.0001 using 3 to

4 mice/group.

treated with isotype control mAb, while there is no effect of
IFN-y neutralization in ILC2-deficient mice (8). Similarly, after
infection with PR8 (CA04 PB1-F2) virus, Rora*" IL7r" mice,
which contain functional ILC2s, had somewhat improved
survival in the absence of IFN-y (Fig. 34). However, Rora”
IL7r"¢ mice, which lack ILC2s, all succumbed to infection
regardless of whether IFN-y was present or absent. In response
to infection with CA04 (PR8 PB1-F2), nearly all Rora™" IL7r"
and Rora” IL7r°® mice succumbed to infection regardless of
whether ILC2s or IFN-y were present (Fig. 3B). Notably, in all
cases and regardless of the reassortant virus used for challenge,
ILC2-deficient mice exhibited increased mortality, irrespective
of IFN-y neutralization.

These effects were mirrored by measuring inflammation and
tissue damage. Following infection with PR8 (CA04 PB1-F2)
virus, nitrite levels in lung tissue were greater in ILC2-deficient
versus ILC2-sufficient mice, indicating increased inflammation
in the absence of ILC2s (Fig. 3C). With CA04 (PR8 PB1-F2)
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infection, high levels of nitrite were observed, with no signifi-
cant differences between Rora” IL7r and Rora™" IL7r"" mice
(Fig. 3D). Histopathology analysis showed that the reassortant
PR8 (CA04 PBI1-F2) virus induced greater inflammation in
ILC2-deficient Rora” IL7r" mice compared to Rora*" IL7r°™
mice regardless of anti-IFN-y mAb treatment (Fig. 3 E, i-iv),
whereas CA04 (PR8 PB1-F2) infection resulted in severe lesions
in both Rora” IL7r and Rora™" IL7r"® mice (Fig. 3 E, v-viii).
Scoring of multiple tissue sections showed lower levels of inflam-
mation in the presence of ILC2s after PR8 (CA04 PB1-F2) virus
infection, irrespective of IFN-y neutralization (Fig. 3F). Follow-
ing CA04 (PR8 PB1-F2) infection, there were no significant dif-
ferences in histology scores between Rora” IL7r" and Rora*"
IL7r" mice (Fig. 3G). In response to PR8 (CA04 PB1-F2),
IL-5 production was greater in ILC2-sufficient mice compared
to ILC2-deficient mice (SI Appendix, Fig. S7). Taken together,
the results indicate that the influenza PB1-F2 virulence factor influ-
ences disease susceptibility through its effects on ILC2 activity.
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Fig. 3. Failure of ILC2-deficient mice to respond to IFN-y neutralization during infection with reassortant PR8 (CA04 PB1-F2) or CA04 (PR8 PB1-F2) virus.

(A and B) Survival and weight loss of Rora”fIL-7r"® and Rora*/fIL-7r°"® littermate controls following infection with 500 PFU/mouse of PR8 (CA04 PB1-F2)
(A) or CA04 (PR8 PB1-F2) (B) and treatment with neutralizing anti-IFN-y mAb or isotype control mAb (5 to 8 mice/group). (C and D) Levels of nitrite fol-
lowing infection with PR8 (CA04 PB1-F2) (C) or CA04 (PR8 PB1-F2) (D) virus in Rora*/fIL-7r"® and Rora™IL-7r"® littermate control mice (4 mice/group).
(E, i-iv) Representative hematoxylin and eosin (H&E)-stained histopathology tissue sections of Rora*fIL-7r<" (i and ii) and Rora™IL-7r<"® (jii and iv) mice
infected with PR8 (CA04 PB1-F2) virus and treated with anti-IFN-y (ii and iv) or isotype control mAb (i and iii). (E, v-viii) Representative H&E-stained histo-
pathology tissue sections of Rora*fIL-7r"® (v and vi) and Rora™IL-7r" (vii and viii) mice infected with CA04 (PR8 PB1-F2) virus and treated with anti-IFN-y
(vi and viii) or isotype control mAb (v and vii). (F and G). Histology scores from 4 mice/group at 20x magnification. (Scale Bar, 500 um.) For neutralization
of IFN-y, ILC2-deficient and sufficient mice were injected intraperitoneal (i.p). with 600 pg anti-IFN-y mAb (clone XMG1.2; BioXcell) or 1gG isotype control
on Days 2, 4, 6, 7, 8, 10, 11, and 12 postinfection. Statistical analyses were performed by two-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001; ****P <

0.0001; and ns, not significant.

Differential ILC2 Activation in Response to CA04 and PR8 PB1-F2
Virulence Factor. Since ILC2s are essential for protection at pul-
monary barrier surfaces (6, 7) and can express IL-5 (13-15), we
quantified numbers of IL-5+ ILC2s after influenza infection
(SI Appendix, Fig. S8). Nearly all cells expressing IL-5 after
CA04 influenza infection were lineage negative and CD127*
KLRG1" and CD90.2" ILC2s (Fig. 44). At early time points
after CA04 infection, there was little production of IL-5 by
lung ILC2s, but by Day 9, during the recovery stage of infec-
tion, IFN-y /~ mice exhibited significantly increased numbers
of IL-5% ILC2s compared to IFN-y** mice (Fig. 4 B-E and SI
Appendix, Fig. S9). Again, mice infected with CA04 or PR8
(CA04 PB1-F2) virus expressed significantly more ILC2s and
IL-5* ILC2s compared to mice challenged with PR8 or CA04
(PR8 PB1-F2) virus (Fig. 4 D and E). IFN-y”'~ mice also
expressed increased levels of amphiregulin and IL-10 after
challenge with PR8 (CA04 PBI1-F2) compared to IFN-y**
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mice (SI Appendix, Fig. S3). Taken together, our results indicate
that activation of ILC2s can improve host survival following
CA04 infection in the absence of IFN-y and that the functional
PB1-F2 from PRS virus can inhibit this ILC2-mediated protec-
tion. These findings suggest the concept of a strain-specific con-
tribution of PB1-F2 and ILC2s in protection against influenza
virus infection.

Direct IFN-y Signaling of ILC2s Mediates Greater Susceptibility to
Influenza. The above results indicated that the influence of IFN-
y and PB1-F2 on host resistance and mortality required the
presence of ILC2s. To understand if these effects were direct}y
mediated by IFN-y signaling in ILC2s, we utilized IFN-yR17t
Rora™ mice, which specifically lack IFN-y receptors on ILC2s.
We found that, compared to littermate IFN-yR1*f Rora™ con-
trols, IFN-yR1" Roro™ mice had enhanced survival following
CAO04 infection but not PRS infection (Fig. 5 4 and B). This
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Fig. 4.

ILC2 cytokine expression after CAO4 or PR8 WT or reassortant virus infection of IFN-y** and IFN-y/~ BALB/c mice. Lung cells were harvested 9 d

after infection with 50 PFU/mouse and restimulated ex vivo with PMA (50 ng/mL) and ionomycin (500 ng/mL) in the presence of brefeldin A (10 pg/mL).
(A) Flow cytometry confirmed the identity of IL-5-positive cells as ILC2s. FSC, forward scatter; SSC, side scatter. (B) Representative contour plots of IL-5%
ILC2s following CA04 and PR8 infection. (C) IL-5* ILC2s following PR8 (CA04 PB1 F2) and CA04 (PR8 PB1 F2) infection. (D and E) Profiles of total ILC2s and
IL-5% ILC2s following infection with CA04 or PR8 virus (D) and reassortant PR8 (CA04 PB1-F2) or CA04 (PR8 PB1-F2) virus (E) in the presence or absence of
IFN-y. The data are presented as means + SD from 5 mice/group and are representative of two to three independent experiments. Statistical analyses

were performed by two-way ANOVA. *P < 0.05; ***P < 0.001; and ****P < 0.0001.

suggests that the increased resistance to CA04 infection that
was observed in global, IFN-y—deficient animals or animals
treated with neutralizing anti-IFN-y mAb was due to an
absence of IFN-y signaling in ILC2s. Thus, as expected, IFN-
yR17f Roro™ mice that were infected with CA04 showed lower
amounts of edema compared to PR8-infected mice (Fig. 5C).
Levels of BALF total protein, an indicator of tissue integrity,
was also significantly lower in CAO4-infected IFN-yR17" Rora™
mice compared to IFN-yR1*/" Rora®™ mice and to infection of
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either mouse strain with PR8 gFig. 5D). Levels of IL-5 were sig-
nificantly greater in IFN-yR1"" Rora®™ mice infected with CA04
infection compared to IFN-yR1™" Rora™™ littermate controls
(Fig. 5E), but this effect was not seen in PR8-infected mice. Sim-
ilarly, the levels of IL-10 gFig. 5F) and amphiregulin (Fig. 5G)
were greater in IFN-yR1"" Rora™ mice infected with CA04
infection compared to IFN-yR1™" Rora®™® littermate controls.
Expression of IL-13, a correlate of lethality, was greater after
PR8 infection, regardless of the presence or absence of ILC2
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Fig. 5. Viral infection in mice lacking ILC2-specific IFN-y signaling. Survival (A) and weight loss (B) in IFN-yR1"Rora® and IFN-yR1*/*Rora™ littermate
controls following infection with CA04 or PR8 influenza virus. Lung edema (C), BALF total protein (D), BALF IL-5 (E), BALF IL-10 (F), BALF amphiregulin
(G), and BALF IL-13 (H) in IFN—yR1f’fRom(Cre and IFN—\(R1*/fRorozC'e littermate control mice on Day 9 after viral infection. Each symbol represents an individ-
ual mouse: 5 to 8 mice/group. (/) Representative Day 9 hematoxylin and eosin (H&E)-stained lung sections from IFN-yR1*Rora™ (/, i-iii) and IFN-yR1¥
fRorac"® (I, iv-vi) mice challenged with PBS (/, i and iv), CA04 virus (I, ii and v), or PR8 virus (/, iii and vi) at 20x magnification. (Scale Bar, 500 pm.) (J) H&E
histology scores: 4 mice/group. Survival data were combined from two independent experiments (8 to 14 per group) and analyzed by log-rank
Mantel-Cox test. All other data are presented as means + SD, and statistical analyses were performed by ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001;
****P < 0.0001; and ns, not significant.

IFN-y signaling (Fig. S5H). IFN-yR1"" Rora™ littermates with CA04 and PR8 (CA04 PB1-F2) (SI Appendix, Fig. S10).
infected with CA04 virus showed minimal lung pathology while  IL-13 is known to induce excessive mucus production and air-
there was severe inflammation and tissue damage following way obstruction in response to influenza infection. Lung tissue
PRS virus, compared to PBS-treated, uninfected control mice  sections stained with periodic acid-Schiff Alcian blue demon-
(Fig. 5 I, i-iii). Lesions were relatively mild in all IFN-yR17f  strated significantly greater levels of mucin secretion in IL-4**
Rora™ mice infected with CA04 or PRS virus (Fig. 5 I, IL-13"* mice in response to PR8 and reassortant CA04 (PRS
v and vi). Histopathology scoring confirmed the decreases in ~ PB1-F2) virus infection compared to IL-4~/~ IL-137/" mice
lung pathology observed in the absence in ILC2 IFN-y signaling  (Fig. 6 E and F). Histological changes were found to be greater
(Fig. 5J). in IL-4** IL-13** mice than in IL-4~/~ IL-13~'~ mice in
response to PR8 and CA04 (PR8 PB1-F2) virus (Fig. 6 G and
IL-13 Is Detrimental during PR8 Influenza Virus Infection. In our  f)  Consistent with the histology analyses, edema as assessed
previous work, we found that IL-5 played a protective role in by differences in wet/dry weight was similarly greater in IL-4*/+
CAO4. virus 1nfect10q (8). H(.)weve.r, IL-13 expression was pref-  1L-13** mice than in IL-4~~ IL-13"/" mice (Fig. 6I). Gran-
erentially increased in PR8 infection and associated with exac-  zyme B, which is an important marker for tissue pathology, was
erbated pathogenesis. Thus, we examined the role of IL-13 350 found at greater levels in the BALF of IL-4**+ IL-13*/+
after 1nf'ect10n wlt/ll PRS 0{/ reassortant QAO4 (PR8 PBI1-F2)  pjce compared to IL-4~/~ IL-137/" mice (Fig. &/).

virus using IL-4 IL-137""—deficient mice. Both IL-4 and

IL-13 exert their functions through different combinations of  IL-13 Production during PR8 Influenza Virus Infection Derives from
shared receptor chains (35) and could have redundant activity, =~ CD8 T Cells. Several cellular sources of IL-13, such as ILC2s, T
an issue that we avoided using double-deficient animals. cells, and natural killer (NK) cells, have been described (36). In
BALB/c knockout and WT control mice were infected with  our studies, high levels of IL-13 were observed in response to
1,000 PFU and observed for morbidity and mortality (Fig. 6 PR8 but not CA04 infection (Fig. 1L). The majority of
A-D). Compared to IL-4*"* IL-13%* controls, IL-4~/~ IL-13~  IL-13-producing cells following PRS challenge were found to
~ mice showed relatively more resistance to PR8 (Fig. 64) and  be CD3" T cells, with a small population of CD3* CD335* NK
CA04 (PR8 PB1-F2) virus infection (Fig. 6C). However, IL-4*/  cells also expressing IL-13 (Fig. 74). However, few IL-13*
* IL-13** and IL-4~'~ IL-137/~ mice showed no significant  ILC2s or other cells could be detected. Nearly all IL-13* Tcells
differences in mortality and morbidity in response to infection = were CD8 T cells with only some CD4 T cells producing this
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weight loss (B) following infection with PR8 and survival (C) and weight loss (D) following infection with CA04 (PR8 PB1-F2) in BALB/c IL-4**IL-13*"* and IL-
4771L-137"~ mice. The results were pooled from two independent experiments (12 to 17 mice/group). (E and F) Representative periodic acid-Schiff Alcian
blue staining and scoring of Day 9 lung sections following infection with PR8 or CA04 (PR8 PB1-F2) virus. (G and H) Representative lung tissue hematoxylin
and eosin (H&E) staining and scoring at 20x magnification. (Scale Bar, 100 um [4 mice/group]). (/) Lung edema determined by wet/dry weight ratios (5 to 7
mice/group). (J) BALF granzyme B levels (5 mice/group). Survival data were combined from two independent experiments analyzed by the log-rank
Mantel-Cox test. For F, G, and /, each symbol represents an individual mouse, and the data are presented as means + SD. Statistical analyses were per-

formed by two-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001; and ns, not significant.

cytokine after PR8 infection (Fig. 7 B-E). No significant differ-
ences were observed in IL-13 T cell levels between IFN-y*'*
and IFN-y~'~ mice (Fig. 7 B-E), which is consistent with our
survival results in PR8-challenged mice (Fig. 1 B and C). We
conclude that the detrimental effects of IL-13 during PRS, but
not CAO04 virus infection, are due to PB1-F2-mediated activa-
tion of CD8 T cells; these IL-13* CDS8 cells could represent a
Tc2 population based on the increased granzyme B expression
seen in Fig. 6J.

Discussion

We found that neutralization of IFN-y enhanced protection
against the pandemic HIN1 CA04 influenza A virus but did not
influence susceptibility to the HIN1 PRS strain. In the absence
of IFN-y, increased resistance following the CA04 virus chal-
lenge correlated with reduced lung inflammation and height-
ened production of IL-5 by ILC2s. Conversely, following PR8
challenge, we observed greater pathology and increased pro-
duction of IL-13 by CD8 T cells, which correlated with detri-
mental mucin production. By exploiting reverse engineering to
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generate PB1-F2 gene reassortant virus strains, the differential
effects of IFN-y during CA04 and PRS infection were found to
be due to disparate PB1-F2 expression. Specifically, the greatest
protection from viral infection was observed in the absence of
both functional PB1-F2 and IFN-y, and this protection was
dependent upon lack of IFN-yR signaling in the lung ILC2 cell
population. In the presence of these molecules, mice were
highly susceptible to infection. This study revealed intercon-
nected roles for influenza virus PB1-F2 and host IFN-y in regu-
lating the protective and detrimental effects of ILC2s.

Our results established the unique observation that neutrali-
zation of IFN-y can mediate enhanced resistance to HINI1
CAO04 influenza infection, while PR8 infection results in signifi-
cant pathogenesis irrespective of IFN-y expression. The results
further showed that protection against CA04 virus infection
correlated with increased IL-5 production and increased tissue
integrity, similar to our earlier studies (8), while IL-13 up-
regulation during PRS infection was associated with increased
mucin expression and lethality. ILC2s were the major producer
of IL-5 in the lungs of infected animals, while almost all IL-13
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Fig. 7.

IL-13 is produced by CD8 T cells and is not increased in IFN-y~~ BALB/c mice following CA04 or PR8 viral infection. Lung cells were harvested 9 d

after infection with 50 PFU/mouse and restimulated ex vivo with PMA (50 ng/mL) and ionomycin (500 ng/mL) in the presence of brefeldin A (10 pg/mL).
(A) Flow cytometry confirmed the identity of most IL-13-positive cells as CD3 T cells. FSC, forward scatter; SSC, side scatter. Representative dot plots of
CD3*CD4" T cells (B) and CD3*CD8" T cells (C) following CA04 or PR8 infection of BALB/c IFN-y*"* and IFN-y~~ mice. (D) Total CD4 and IL-13* CD4 T cells.
(E) Total CD8 and IL-13" CD8 T cells in the lung tissues following CA04 or PR8 infection. The data are presented as means + SD from 5 mice/group and
are representative of two independent experiments. Statistical analyses were performed by two-way ANOVA. *P < 0.05; **P < 0.01; ***P < 0.001; and

****p < 0.0001.

was expressed by CDS8 T cells. Growing evidence has shown
that IFN-y can limit ILC2 activity. After in vitro or in vivo stim-
ulation with IL-33, ILC2 numbers and production of IL-5 was
reduced by IFN-y (37, 38). Similar effects were seen after infection
of mice with Nippostrongylus (37, 39), after a-galactosylceramide—
mediated in vivo activation of natural killer T (NKT) cells (40),
and in a murine model of systemic lupus erythematous (41).
In all cases, it was reported that IFN-y inhibited production
of IL-5 by ILC2s obtained from various organs. However, we
have shown that during murine influenza ILC2 cytokine pro-
duction can be differentially regulated by IFN-y, with IL-5
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predominantly expressed in response to CA04, but not PRS8
virus, after IFN-y neutralization. To our knowledge, this is the
first description of differential regulation of ILC2 activity based
upon the pathogen used for the challenge, results that have sig-
nificant implications for viral pathogenesis. It has been reported
that reduced levels of IFN-y seen in influenza virus—infected
Rag2 ™/~ mice result in greater levels of IL-5, although effects
on survival were not shown (42). IL-5 production usually pro-
motes the recruitment of eosinophils and can play a role in tis-
sue healing, particularly during viral infections (43-45). We also
observed increased amphiregulin and IL-10 expression in the
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absence of IFN-y signaling. Although our previously published
results indicate that heightened production of IL-5 in the
absence of IFN-y is most crucial to improved survival following
CAO04 virus infection (8), the precise role of amphiregulin and
IL-10 in the CAO4 virus challenge model remains to be fully
clarified.

Influenza A virus (IAV) infection also stimulates production
of type-I interferons to enhance innate immune protection
against viral infection (46). Duerr et al. reported that type-I
IFN signaling inhibits lung ILC2 activation during IAV infec-
tion as well as immunopathology (37). Moro et al. similarly
reported that type-I (and type-1I) interferons antagonize ILC2
activity in the context of parasitic infection (39). PB1-F2 pro-
tein is known to suppress IFN synthesis by reducing mitochon-
drial membrane potential (47). However, in our studies, we
actually observed optimal, ILC2-protective activity in the
absence of functional PB1-F2 (i.e., during CA04 viral infection,
a condition that would be expected to cause increased type-I
IFN expression). A full mechanistic understanding of PBI1-
F2-mediated inhibition of type-I IFN signaling and its impact
on immunopathology clearly needs further investigation.

IL-13 increases mucus secretion, goblet cell hyperplasia and
AHR, which are typically detrimental, although some investiga-
tors have reported beneficial effects in parasitic infections (48,
49). In influenza infection, IL-13 can compromise the epithelial
barrier (50, 51) and predispose to a more severe form of dis-
ease (52), as also seen in our study. Furthermore, continuous
production of IL-13 by macrophages following lung inflamma-
tion can result in chronic lung disease (53). We found that
ILC2s stimulated by CA04 challenge expressed a robust IL-5
response but little IL-13, whereas following PR8 challenge, a
significant IL-13 response was induced. Nevertheless, few
ILC2-producing IL-13 could be detected in lung tissue by flow
cytometry, prompting us to closely examine other cellular sour-
ces of IL-13. The major population of IL-13-secreting cells
during PRS infection was discovered to be CD8 T cells, regard-
less of the presence or absence of IFN-y. Mice lacking IL-13
expression were rescued from PRS lethality, indicating a patho-
logic role for IL-13 following influenza. The absence of IL-13
production during CA04 infection further indicated that func-
tional PB1-F2 protein regulates CD8 T cells independently
from IFN-y. During SARS-CoV-2 lung infection, levels of
IL-13 are increased in patients with severe COVID-19, and this
causes immune dysregulation (54). In a mouse infection model,
neutralization of IL-13 reduced disease severity and levels of
pulmonary hyaluronan, highlighting the role of IL-13 in lung
pathology (54). Also, IL-13* T cells induced during Chlamydia
muridarum infection have been associated with immunopathol-
ogy (55). Taken together, various reports are in agreement with
the levels of lethality we observed in response to PRS virus
infection. However, there is also evidence that IL-13 can
increase resistance against other pathogens, such as Leishmania
major, Leishmania mexicana, and Listeria monocytogenes (56).

By exploiting unique influenza virus reassortants, we were
able to directly show that the observed differences in CA04 and
PR8 infection outcome were due to the PB1-F2 viral gene.
All viruses were fully capable of replicating in vitro in
Madin-Darby canine kidney (MDCK) cells and in vivo in mice
and, therefore, did not appear to have a defect in the RNA
polymerase complex. Rather, CA04 virus—expressing PR8 PB1-
F2 and PR8-expressing CA04 PB1-F2 induced an ILC2 pheno-
type and tissue pathogenicity similar to that of the PB1-F2
donor strains, demonstrating the role of PB1-F2 on ILC2 func-
tion. Our results indicate that activation of ILC2s can improve
host survival following CA04 infection and that the PR8 PB1-
F2 inhibits this ILC2-mediated protection. By histopathology
analysis, the PR8 parent virus and the CA04 reassortant virus
expressing PR8 PB1-F2 induced diffuse, necrotizing bronchitis
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and bronchiolitis, leading to the collapse of the alveoli and
death of the mice. Similar observations of diffuse alveolar dam-
age leading to the death of mice were reported by others with
PR8 virus infection (57).

PB1-F2 is a proapoptotic protein that originates from an
alternate open reading frame in the PB1 polymerase gene of
most human and avian isolates (19, 27, 58). CA04 and PR8
viruses are both HINT1 strains, but the PB1-F2 of CA04 is trun-
cated and nonfunctional, whereas the PRS8 virus possesses a
full-length and functional PB1-F2 (16-20). It has been reported
that the PB1-F2 protein of the PRS8 virus induces increased
immunopathology and promotes apoptosis of immune cells (16,
19, 20), which agrees with our findings of increased ILC2 cas-
pase expression following exposure to PR8 and improved tissue
pathology and survival in IL-4~~ IL-13~/~ mice after challenge
with PRS virus or reassortant CA04 virus containing PR8 PB1-
F2, when compared to WT animals. Enhanced apoptosis and
IL-13 expression during PRS virus infection likely contribute to
increased pathology compared to CA04 virus. It is known that
PB1-F2 does not impact viral replication (16, 28), further indi-
cating its major impact on host tissue integrity.

Our results show that the improved lung pathology and
survival against challenge with CA04 virus and PR8 (CA04
PB1-F2) that was observed after neutralization of IFN-y was
dependent upon ILC2s. However, the presence or absence of
ILC2s after PR8 or CA04 (PR8 PBI1-F2) challenge had no
apparent effect on lethality or tissue pathology. This is in agree-
ment with our finding that PRS infection induces a predomi-
nant subset of CD8 T cells that express IL-13. Conversely, IL-5
produced in CA04 virus—challenged animals is almost entirely
derived from ILC2s. Thus, deficiency of ILC2s would be
expected to abrogate production of IL-5, but not IL-13, which
is consistent with our findings. Use of IFN-yR1"" Rora“™ mice,
which lack IFN-y receptors specifically on ILC2s, confirmed
that IFN-y acts directly on ILC2s to decrease protection from
lung pathology and overall survival in response to CA04, but
not PRS8, viral infection. IL-5 production in CAO4-infected
IFN-yR1"® Rora®™ mice was greater than in WT littermate
controls. Previous investigators, including ourselves, have
reported the presence of the IFN-yR on ILC2s (8, 37, 39, 40).
Thus, we conclude that the effect of IFN-y during influenza is
due to direct effects on ILC2s, rather than indirectly through
intermediary cells.

In summary, we have shown that the PB1-F2 virulence factor
of influenza virus acts in concert with host IFN-y to regulate
ILC2- and T cell-mediated recovery from viral disease. In the
absence of both IFN-y and influenza PB1-F2, ILC2s protect
lung tissue from virus-induced damage and increase host
resistance. This protection correlates with increased IL-5 pro-
duction by ILC2s. However, in the presence of a functional
PB1-F2, ILC2s produce less IL-5, leading to enhanced lethality.
These findings demonstrate that both pathogen and host fac-
tors can regulate ILC2 activity to impact recovery from pulmo-
nary viral infection.

Materials and Methods

Mouse Experiments. BALB/c IFN-y** and IFN-y "~ mice were purchased from
Jackson Laboratories. ILC2-deficient Rora™ IL7r"® and IL-4~/~IL-137~ BALB/c
were developed at the Medical Research Council, as described previously (34).
Rora“® mice were kindly provided by Dr. Steven Zeigler, Benaroya Research
Institute, Seattle, WA and bred with IFN—yR1“/f mice (Jackson Laboratories) at
Albany Medical College. All mice were housed in a specific, pathogen-free
environment. For virus infection, mice were anesthetized by isoflurane inhala-
tion and inoculated i. n. with influenza virus. The animals were observed daily
for weight loss, clinical signs of morbidity, and survival for a period of 20 d.
Influenza virus replication was measured in BALF samples by plaque assay on
MDCK cells. The Institutional Animal Care and Use Committee at Albany Medi-
cal College approved all experimental methods used in this study (protocol
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Nos. 17-03006 and 20-04001). Details of all animal models used are described
in SI Appendix,Table S1.

Generation of PB1-F2 Gene Reassortant Influenza Viruses. Viruses containing
the PB1 gene from either PR8 or CA04 viruses were created as 1:7 reassortants
using the well-established, eight-plasmid reverse genetic system, as described
previously (59-61). Plasmids for PR8 and CA04 viruses were kindly provided by
Richard J. Webby, St. Jude Children’s Research Hospital, Memphis, TN. Viruses
rescued from 293T: MDCK cell cocultures were propagated in 10-d-old embry-
onated chicken eggs for 72 h at 35°C, and viral genome sequencing (Cam-
bridge Technologies, Worthington, MN) was used to confirm the anticipated
genotype. The PR8 (CA04 PB1-F2, OM488259-OM488266) and CA04 (PR8 PB1-
F2, OM486956-OM486963) viruses produced essentially equivalent numbers
of PFU after growth in MDCK cells. In addition, the WT parent viruses present
at Albany Medical College for over 10 y matched the reassortment viruses
made at University of South Dakota for viral PFU.

Details of all WT and reassortant viruses are mentioned in S/ Appendix,
Table S2.

Flow Cytometry Analysis. Lung tissue was digested in 3 mL digestion buffer
composed of PBS, 2 mg/mL Liberase TL (Roche Diagnostics GmbH), and 10 mg/
mL DNase | (Roche Diagnostics GmbH) at 37°C for 0.5 h and then filtered
through a 40-pm filter with Roswell Park Memorial Institute medium 1640
containing 10% fetal bovine serum. Red blood cell lysis was performed using
ammonium-chloride-potassium buffer. Single-cell suspensions from lungs and
BAL were incubated with FcyRIIII block (2.4G2 mAb) for 15 min and then
stained with anti-mouse mAbs followed by fixable viability dye to differenti-
ate live and dead cells. Antibodies used for flow cytometry analysis are listed
in the Key Resources table. For intracellular cytokine staining of T cells and
ILC2s, cells were stimulated ex vivo for 3 to 4 h with 50 ng/mL PMA, 500 ng/mL
ionomycin, and 10 pg/mL brefeldin A at 37 °C. Cells were then stained for sur-
face markers, followed by fixation in 2% paraformaldehyde, permeabilization
in BD perm/wash buffer, and incubation with intracellular cytokine mAbs. The
stained cells were analyzed on a BD fluorescence-activated single cell sorter
(FACS) Canto or LSR Il using FACSDiva. Flow cytometry data were analyzed
using FlowJo software (BD). ILC2s were designated as cells that were positive
for CD90.2 (Thy1.2), KLRG1, and CD127 (IL-7R) but negative for the lineage
markers for T cells (CD3, CD5, and TCR), B cells (CD45R), NK cells (CD335), and
myeloid cells (TER-119, CD11b, and Gr-1). IL-13+ T cells were identified as
IL-13+ and CD3+ and further characterized based on expression of CD4 and
CD8. Antibodies and all essential chemical/reagent used for this study are
mentioned in S/ Appendix, Tables S3 and S4.

Measurement of Cytokines/Chemokines. Lungs were washed three times with
PBS to obtain BAL, and the cell-free supernatants were analyzed for IL-2, IL-4,
IL-5, IL-9, IL-10, IL-12, IL-13, IL-17, amphiregulin, TNF-a, GM-CSF, and IFN-y by
enzyme linked immunosorbent assay using methods recommended by the
manufacturers (BD Biosciences, eBioscience, and R&D Systems). Levels of albu-
min in BALF were determined with the bacillus Calmette-Guérin albumin
assay kit (Sigma-Aldrich). Total protein concentrations in BALF were analyzed
using a Micro bicinchoninic acid protein assay kit (Thermo Fisher Scientific).
Nitrite levels were quantified using a colorimetric Griess reagent kit (Life Tech-
nologies). The critical commercial kits used here are mentioned in S/
Appendix, Table S5.

Caspase 3/7 Apoptosis Analysis. To assess apoptosis induced by PR8 versus
CAO04 virus, BALB/c mice were infected with 2,000 PFU of CA04 and PR8 viruses.
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Control mice received PBS. Around 5 d later, the mice were euthanized, and
BAL was collected in a-minimum essential medium (MEM) containing 1 ng/mL
rIL-33 (R&D Systems) and 10 ng/mL IL-2 (R&D Systems). In addition, a murine
ILC2 cell line (kindly provided by Dr. Qi Yang, Albany Medical College, Albany,
NY) was incubated for 5 d with BALF from the above virus-infected mice. All
cells were then assessed for apoptosis using the Caspase-Glo 3/7 (Table 5), as
per the manufacturer’s protocol (Promega). Caspase activity was reported as a
mean relative light units.

Histopathology Analysis of Lung Tissue. For histopathology analysis, lung tis-
sues were fixed in 10% formalin and 5-pm tissue sections were stained with
hematoxylin and eosin. A histopathology scoring system was used based upon
known pathological features of influenza virus infection (57, 62, 63). The scor-
ing included the presence and extent of inflammatory infiltrates, edema,
hyperemia and congestion, focal necrosis of alveolar epithelium, and necrotiz-
ing bronchitis and bronchiolitis. For evaluation of mucus production, periodic
acid-Schiff Alcian blue staining was performed. A total of 10 fields from both
left and right lung sections were examined under a microscope in a double-
blinded manner by a veterinary pathologist to determine histopathology
scores, as described by others (64). The scoring criteria were the following: 0
for no changes, 1 for mild changes, 2 for moderate changes, 3 for marked
changes, and 4 for severe changes. Images were captured with an Olympus
BX41 microscope (Olympus) under 20x magnification. Images were acquired
using CellSense software.

Measurement of Lung Edema. Lung edema was measured as previously
described (65). After euthanasia, lungs were collected, blotted dry, and wet
weight was determined using an AX105 Delta Range analytical balance (Met-
tler Toledo). The lungs were then incubated at 60 °C for 72 h and reweighed
as dry weight. The ratio of wet lung/dry lung weight was used to determine
the amount of tissue edema.

Statistical Analysis. Data are expressed as means + SD. Survival curves were
evaluated by log-rank Mantel-Cox test, and weight loss data were analyzed
by using a two-tailed Mann-Whitney U test. Statistical significance between
groups was determined using a two-tailed Student’s t test (to compare two
samples), ANOVA followed by Tukey’s/Bonferroni’s multiple comparisons test
(to compare multiple samples), or a two-tailed Mann-Whitney U test (non-
parametric test). All statistical calculations were performed in GraphPad Prism
(GraphPad Software, Inc). For all analyses, a P value <0.05 was consid-
ered significant.

Data Availability. The gene sequences of the reassortant viruses have been
deposited at GenBank (OM488259, OM488260, OM488261, OM488262,
0OM488263, OM488264, OM488265, and OM488266 for PR8(CA04 PB1-F2) and
OM486956, OM486957, OM486958, OM486959, OM486960, OM486961,
0OM486962, and OM486963 for CA04(PR8 PB1-F2). All other data needed to
draw the conclusions are available within the manuscript. All study data are
included in the article and/or S/ Appendix.
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