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Long-term survival of influenza virus
infected club cells drives immunopathology
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Respiratory infection of influenza A virus (IAV) is frequently characterized by extensive
immunopathology and proinflammatory signaling that can persist after virus clearance.
In this report, we identify cells that become infected, but survive, acute influenza virus
infection. We demonstrate that these cells, known as club cells, elicit a robust transcrip-
tional response to virus infection, show increased interferon stimulation, and induce high
levels of proinflammatory cytokines after successful viral clearance. Specific depletion of
these surviving cells leads to a reduction in lung tissue damage associated with IAV
infection. We propose a model in which infected, surviving club cells establish a proinflamma-
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tory environment aimed at controlling virus levels, but at the same time contribute to

lung pathology.

Influenza A virus (IAV) is a seasonal pathogen
with the capacity to cause devastating pandem-
ics. IAV infects a variety of cells within the re-
spiratory tract, including ciliated epithelial cells,
type I and II alveolar cells, and immune cells
(Matrosovich et al., 2004; Manicassamy et al.,
2010; Shieh et al., 2010; Langlois et al., 2012;
Smed-Sorensen et al., 2012). Classically, IAV-
infected cells are tracked through detection of
virus-derived products or reporters (e.g., virus
RNA or protein), all of which have short half-
lives and are therefore incapable of defining
infected cell types in the long-term. Ultimately,
acute TAV infections are resolved within 2 wk
post-infection (Carrat et al., 2008).

Infected cells are eliminated through two
major mechanisms, apoptosis/necrosis driven by
virus replication (Sanders et al., 2011;Yatim and
Albert, 2011) or clearance mediated through the
innate and adaptive arms of the immune system
(Zinkernagel and Doherty, 1979; Eichelberger
et al., 1991; Julkunen et al., 2001; Takeuchi and
Akira,2009). Clearance of AV infections can come
at the cost of aberrant immune-mediated disease
(Damjanovic et al., 2012). Therefore, a balance
between virus clearance and immune-mediated
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tissue damage is important for recovery from
IAV infections.

In this study, we define the long-term fate of
virus-infected cells within the lung through an
IAV expressing Cre recombinase and transgenic
reporter mice (Nagy, 2000). This experimental
model system allows for the indelible labeling
of virus-infected cells, even at time points well
after replication has ceased and virus has been
cleared. Surprisingly, despite a potent viral lytic
phase and generation of antiviral immune re-
sponses, we demonstrate that a small population
of cells that were infected by IAV persist after
virus clearance. Furthermore, using a combina-
tion of next-generation mRNA sequencing
and flow cytometry, we determine that in-
fected long-term surviving cells were comprised
mainly of a single cell lineage, club cells (formerly
termed Clara cells; Winkelmann and Noack,
2010), and that these cells have heightened in-
terferon stimulated gene (ISG) levels. Specific
depletion of surviving cells results in increased
pulmonary pathology, suggesting a proinflam-
matory role in recovery. This study provides
evidence of cellular survival from acute virus
infection and details new cellular mechanisms
of immunopathology.

© 2014 Heaton et al. This article is distributed under the terms of an Attribution-
Noncommercial-Share Alike-No Mirror Sites license for the first six months
after the publication date (see http://www.rupress.org/terms). After six months
it is available under a Creative Commons License (Attribution-Noncommercial-
Share Alike 3.0 Unported license, as described at http://creativecommons
.org/licenses/oy-nc-sa/3.0/).
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RESULTS AND DISCUSSION

To identify and characterize cells that are productively in-
fected by IAV but go on to survive infection, we generated an
H1NT strain (A/Puerto Rico/8/1934) expressing the bacte-
riophage protein Cre recombinase after a PTV-1 self-cleavage
site with a glycine-serine linker (Kim et al.,2011) on the viral
PB2 protein (Fig. 1 A). By infecting mice harboring the ap-
propriate transgenic fluorescent reporter cassette, the expres-
sion of Cre leads to the excision of a stop cassette (Madisen
et al., 2010). After the stop element is removed, the cells will
constitutively express the red fluorescent protein tdTomato
(Fig. 1 B). Because the host cell harbors the tdTomato expres-
sion cassette, the cells continue to express the reporter protein
even if viral replication is stalled or eliminated.

To characterize the system, we performed ex vivo experi-
ments on mouse lung fibroblasts isolated from the transgenic
tdTomato reporter animals. Wild-type IAV or mock-infected
fibroblasts failed to express tdTomato; however, upon infec-
tion with IAV-Cre, we observe red fluorescence (Fig. 1 C).To
demonstrate that viral replication is required to activate the
reporter, we pretreated cells with IFN-o/3 and infected with
IAV-Cre. Under these conditions, we observed no red signal,
indicating that viral RNA replication and protein expression
are required (Fig. 1 C). Finally, to determine if phagocytosis of
infected cellular extract was sufficient for tdTomato expres-
sion, we applied lysed cell debris from IAV-Cre infections
in the presence of a neutralizing antibody but found no
evidence for fluorescence (Fig. 1 C). Collectively, these data
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Days Post Infection

Generation of influenza A virus expressing Cre recombinase. (A) Schematic showing insertion of Cre recombinase (Cre) downstream of a

PTV-1 2A site at the 3’ end of PB2 segment. (B) Model depicting Cre mediated excision of tdTomato reporter stop cassette. (C) Lung fibroblast generated
from ROSA26 tdTomato lox-stop mice were mock infected or infected with WT IAV or IAV-Cre at an MOI of 5 (top three panels). Reporter fibroblasts were
treated with 100 U of IFN-a/B for 6 h and infected with IAV-Cre at MOI of 5 (fourth panel). MDCK cells were infected with IAV Cre at an MOI of 5 for 24 h.
Cell debris were treated with anti-HA antibodies for 30 min and placed on reporter fibroblast (bottom). All images were taken 36 hpi. Bar, 50 um. Data are
representative of two independent experiments. (D) WT C57BL/6 mice were infected with WT IAV (left) or IAV-Cre (right) at the indicated doses and moni-
tored for morbidity and mortality. Calculated LDs, values are ~50 PFU for WT IAV and ~240PFU for IAV-Cre. n = 5 mice per group. The experiment was

performed once.
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suggest that activation of the tdTomato cellular reporter re-
quires active viral replication.

We next characterized the virulence of IAV-Cre in vivo
to ensure that the pathogenesis of this recombinant virus was
maintained. To this end, C57BL/6 mice were infected with
either wild-type IAV or IAV-Cre at a range of infectious doses,
and body weight and survival were monitored over time
(Fig. 1 D). Excitingly, despite the insertion of Cre recombi-
nase, intranasal inoculation of IAV-Cre was sufficient to in-
duce morbidity in a manner comparable to the parental IAV
stain (Fig. 1 D). Furthermore, mortality upon infection with
IAV-Cre was only mildly attenuated when compared with
the parental strain, with the median lethal dose (LDsy) shifting
from ~50 to ~240 PFU (Fig. 1 D). These data suggest that
IAV-Cre retains the pathogenic properties associated with
IAV disease and justifies its utilization as a tool to probe for
cells that survive replicating virus in vivo.

Although IAV infection and replication generally result in
the induction of cell death, here we chose to determine whether
any cell types could successfully clear virus and survive. We
therefore infected tdTomato reporter mice with IAV-Cre and
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assessed the presence of reporter-positive cells using flow
cytometry at various times after infection (Fig. 2 A). While
no tdTomato* cells were identified in uninfected mice or re-
porter mice infected with WT PRS8 virus (Fig. 2,A and B), we
observed a population of reporter-positive cells during active
viral replication (5 d post-infection) as expected. Surprisingly,
we also observed a population of tdTomato* cells at 10 and
21 d post-infection (Fig. 2 A), time points that exceed the
physiological course of IAV replication ( Eichelberger et al.,
1991; Carrat et al., 2008).

To formally demonstrate that the observed tdTomato™ cells
were not a reflection of prolonged replication of IAV-Cre, we
determined the amount of recoverable virus from lungs over
the same time course as the FACS experiments. While high
titers were recovered at 2 and 5 post-infection, no virus was
detected at day 10 post-infection (Fig. 2 C).To identify where
in the lung architecture these surviving cells exist, we infected
reporter animals and collected lungs for histological analysis at
10 d post-infection. Upon examination of the lung sections,
tdTomato™ cells were only found in the epithelial layer of
larger airway spaces (bronchi), never in the alveoli (Fig. 2 D).
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Figure 2. 1AV-Cre demonstrates long-term cell
survival in vivo. (A) tdTomato reporter mice were
infected with 500PFU of IAV-Cre and live CD45~ cells
were analyzed for tdTomato expression by FACS.
Values represent percent live, CD45~ tdTomato* cells.
Data are representative of five independent experi-
ments. (B) The presence of surviving tdTomato* cells
was measured 10 d post-infection from mice infected
with WT IAV or IAV-Cre. (C) Mice were infected with
IAV-Cre and lungs were removed at indicated time
points and virus titers from total lung homogenates
were assessed by plaque assay. Dotted line represents
the limit of detection. ND, not detected; NT, not ti-
tered. n = 3 mice per time point. Data are representa-
tive of two independent experiments. (D) Mice were
infected as in A and lungs were harvested at 10 d
post-infection. Frozen lung sections were counter
stained with DAPI and analyzed for tdTomato expres-
sion. Insets are enlargements of the white-boxed
areas. Bars, 100 um. Data are representative of two
independent experiments.

10 21
Days Post Infection
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In an effort to better characterize and identify the surviv-
ing cells type(s), we profiled the transcriptome of tdTomato™
cells. To this end, reporter mice were infected with IAV-Cre
and over a time course we performed fluorescence-activated
cell sorting (FACS). At each time point (days 0, 2, 5, 10,
21 post-infection), we separated live, CD457, tdTomato™ and
negative cells and collected RNA from the different popula-
tions. Next-generation RNA-seq analysis was then performed
to define the transcriptional profiles of each population. Tran-
scriptome analyses of these two cellular cohorts demonstrated
that despite deriving from comparable environments, there
were significant differences in the gene expression profiles
(Fig. 3 A). Results from replicate tdTomato™ cell isolation and
RNA-seq experiments were highly reproducible (Fig. 3 B).
Thus, cells that will go on to survive infection have a distinct
transcriptional profile relative to uninfected cells.

Within the RNA-seq data, we assessed IAV-specific
mRNA reads. In agreement with data in Fig. 2 C, we ob-
served high levels of viral mRINA at early time points (days
2 and 5 post-infection), but viral mRNA is lost from tdTo-
mato™ cells by day 10 post-infection (Fig. 3 C). Recovered viral
mRNA reads from day 5 infected cells mapped to all 8 viral
segments (Fig. 3 D) indicating that activation of the reporter
is unlikely to be a reflection of defective interfering particle
entry but instead competent viral infection and replication.
To further demonstrate that tdTomato* cells were the result
of productive viral infection, we injected FACS-purified
tdTomato™ cells from day 5 post-infection animals into
embryonated chicken eggs, for which 11/12 eggs became
positive for virus (Fig. 3 E). Conversely, eggs injected with
tdTomato* cells from 10 d post-infection animals failed to in-
duce viral amplification (Fig. 3 E). Together, these data argue
that the observed tdTomato™ cells are the result of cells sur-
viving and successfully clearing a productive IAV infection.

In an effort to define the cell lineage capable of surviving a
productive AV infection, we analyzed the RNA-seq data for
cell type-specific markers over a 21-d time period. At early time
points during active IAV replication, tdTomato™ cells demon-
strate high levels of Sfipc and Cc10 (Fig. 3 F), markers specific
for type II alveolar cells and club cells, respectively (Glasser
et al., 1990; Hackett et al., 1992; Kalina et al., 1992; Daly et al.,
1997). Interestingly, time points as early as day 5 post-infection
show almost a complete loss of Sfipc in tdTomato* cells while
the levels of Cc10 are maintained (Fig. 3 F). Furthermore, with
the exception of Cc10, no cell-specific marker was detected in
appreciable amounts in the surviving cell population implicat-
ing club cells as the long-term cell survivors of IAV infection
(Table S1).This hypothesis is further supported by data demon-
strating that club cells are restricted to the larger airways of
the respiratory tract, the same physiological location where
tdTomato™ expression was observed (Fig. 2 D).

‘We next turned our attention to understanding the mecha-
nism by which tdTomato™ cells resisted the cytopathic effects
of TAV. The mammalian response to infection is mediated
by the type I IFN (IFN-I) response and the transcriptional
up-regulation of a barrage of antiviral genes (Bowie and
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Unterholzner, 2008). Strikingly, we observed an increase in
magnitude of ISGs in tdTomato™ cells relative to tdTomato ™~
cells in the same lungs (Fig. 3 G). Furthermore, this enhanced
antiviral transcriptional signature persisted for the duration
of the time course (Table S1). Given the capacity of ISGs to
block IAV replication (Fig. 1 C), we postulate that this tran-
scriptional signature is responsible for allowing cellular sur-
vival and clearance of viral replication.

To determine if club cells are more responsive to IFN-I,
as suggested by in vivo RNA-seq data, we treated a murine
club cell line (mtCC10-1; Magdaleno et al., 1997) and a lung
epithelial cell line (MLE-15; Wikenheiser et al., 1993) with
either IFN-I or IAV (Fig. 3, H and I). In agreement with the
in vivo transcriptome analyses, club cells had significantly
higher expression of ISGs—including the master regulator of
the response—Irf7 (Honda et al., 2005). Although the rela-
tionship between ISG up-regulation and cellular survival is
only correlative, we favor the hypothesis that the robust IFN-I
response in club cells permits a subpopulation of cells to suc-
cessfully clear infection despite active virus replication.

Finally, we wanted to ascertain the function of club cells
as they relate to the pathogenesis of IAV infection. To define
a role for surviving cells, we used another Cre-responsive
transgenic mouse strain, one in which instead of turning on
tdTomato expression, the diphtheria toxin receptor is ex-
pressed (Buch et al., 2005). By using these mice, we can ad-
minister diphtheria toxin and selectively deplete only those
cells that have been infected by IAV.To this end, we infected
wild-type or the diphtheria receptor transgenic mice with
500 PFU of IAV-Cre as in previous studies with the tdTomato
reporter mice (Fig. 2). After allowing the virus to replicate
for 5 d, we administered diphtheria toxin—a time where
diphtheria toxin receptor expression should be limited to
long-term survivors of viral infection (Fig. 3 F).At 10 d post-
infection (5 d after diphtheria toxin administration), lung
sections were processed for histological analysis. Sections
were then analyzed and scored by an independent patholo-
gist. Counterintuitively, there was a noticeable improvement
in lung pathology under conditions where surviving cells
were depleted (Fig. 4 A). Although the overall cell infiltration
scores were not significantly different between the treatment
groups, there was a significant reduction in bronchiolar epi-
thelial pathology, the exact localization of club cells (Fig. 4 B).
Specifically, the epithelium in nondepleted mice was ob-
served to frequently be necrotic and attenuated in a segmen-
tal manner that affected most of the airways. Rarely, a few
normal segments were found at the terminal bronchioles. In
contrast, the bronchiolar epithelium in mice where surviving
club cells were depleted showed only minor necrotic lesions
and less of the airway epithelium was affected. Frequently,
the terminal bronchioles were completely unaffected (Fig. 4,
A and B). Although the interpretation of these data are
complicated by the possible contribution of surviving non-
club cells, the data show that surviving cells do significantly
contribute to the lung pathology in the larger airways after
IAV infection.

Surviving flu infected club cells drive pathology | Heaton et al.


http://www.jem.org/cgi/content/full/jem.20140488/DC1

A

Figure 3.

IFN:
Mock:
1AV
IFN

mtCC10-1 MLE15

Brief Definitive Report
Day 2 Day5 Day10 Day21 108 300000+ M tdTomato+ 10%
™ B Ri=0.84 C M tdTomato- D
, 105 P=<0.001 by .
g 2 $ 2 g
g £ = & T 2000001 g 10
e g ggw ss 5
S = z2 x e % 102
g 5 E 1000001 3
;-5 10" §5 § 101
8 : g z
T00 107 102 10° 10° 105 108 o 100
Day 10 tdTomator S A0S TEEirEee
(Replicate 2) I T gggggegee
oD D DD DD DD
B33 B333383
E F 250000; - cc10
- SFTPC
& 200000
) =
o= < ]
o2% & X 150000
w28 1}
€50 5 E
Se s 2 5 100000
58S §<
& Z 50000
A \d \d \d \d c L) v .
I’:rjizltlesd: AR S SES SE® ) " 7P - cht 21
tdTomato= tdTomato+ tdTomato+ Infected aysi-ostinrection
D5 D5 D10 MDCKs
G 1000 M tdTomato+
M tdTomato-
=g
o 5 100
oL
> C
BT
E =
o=
S 1o
w >
e
1 Q < © N < X TN N © NN [+ N Q @ £ c E_
S < < & RN -
A O L E Y HEE L
S g e
58 AF 2 =0 ovY3 S o= =
Gene Name
*
H = |
*%
| e |
0
~c c
&2 ® 9
53 2%
53 352
w £ 0 =

mtCC10-1

MLE15

Surviving cells have an altered transcriptional profile and represent a unique cellular lineage. Live, CD45~ tdTomato*, and

tdTomato™ cells were sorted at the indicated time points and transcriptional profile assessed by mRNA-seq. (A) The 300 most differentially ex-
pressed transcripts mapping to the mouse genome were ranked by magnitude of induction (at 2 d post-infection) and represented as fold change
relative to mock-infected lung cells. Data from 2, 5, 10, and 21 d post-infection are represented. (B) Replicate sequencing experiments of 10 d
post-infection tdTomato* samples were plotted against each other to demonstrate reproducibility. Data are representative of all time points ana-
lyzed. R% indicates the coefficient of determination and the p-value indicates the significance of the association between the two variables.
(C) Transcripts from tdTomato* and tdTomato™ cells that mapped to IAV mRNA were analyzed at the indicated time points. (D) Transcripts that
mapped to each of the eight IAV segments were analyzed from tdTomato* cells at 5 d post-infection. (E) FACS sorted cells from tdTomato* or
tdTomato™ populations at the indicated time points were injected into embryonated chicken eggs. 48 h after injection, the detection of amplified
virus (via hemagglutination assay) was scored as positive. (F) mRNA reads were analyzed for cell type-specific signatures, Cc70 and Sftpc at the
indicated time points. Data are representative of two independent experiments. (G) The fold induction of interferon stimulated genes in tdTomato*
and tdTomato~ cells at 5 d post-infection were ranked and plotted by largest change in tdTomato* cells. (H) Club or mouse lung epithelial cell
lines infected with IAV (MOl = 1) or treated with IFN-a/B and analyzed for Irf7 expression. (1) Cells were infected/treated as in H and analyzed for
Isg15 expression. Data in H and | are representative of two independent experiments. Significance is based on an unpaired Student's ¢ test.

* P<0.05;* P<0.001.
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Figure 4. Surviving cells contribute to IAV-induced immuno-
pathology. Wild-type (C57BL/6) or diphtheria toxin receptor Cre inducible
(C57BL/6 Cre-DTR) mice were infected with 500 PFU of IAV-Cre. 5 d post-
infection, mice were administered diphtheria toxin to deplete surviving
club cells. At 10 d post-infection (5 d after toxin depletion), lungs were
collected, and lung pathology was assessed. (A) Representative images of
lung sections from uninfected mice, C57BL/6 mice infected and toxin
treated (nondepleted), and C57BL/6 Cre-DTR mice infected and toxin treated
(depleted for surviving club cells). Enlargements (bottom) show a reduction
in bronchiolar epithelial necrosis when surviving club cells are depleted,
arrows indicate the epithelial cell layer. Bar, 200 um. (B) Independent
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To understand the mechanism of how surviving cells were
negatively influencing the bronchiolar epithelium, we looked
for highly induced transcripts that were also differentially ex-
pressed between tdTomato® and tdTomato™ cells. Many of
the genes that fit these criteria were proinflammatory cyto-
kines and chemokines, most strikingly: Cxcl10, Ccl20, and
Ccl5 (Fig. 4 C). Interestingly, it does not appear that pro-
inflammatory mediators are universally up-regulated, as the
monocyte chemoattractant Cc/2 was not appreciably induced
in surviving tdTomato™ cells (Fig. 4 C).To validate secretion
of the chemokines identified from our in vivo RNA-seq data,
we infected murine club cells in vitro and quantified CXCL10,
CCL20, CCL5, and CCL2 protein levels in the supernatant
(Fig. 4 D). In agreement with our RNA data, infection of
club cells led to a significant increase of secreted CXCL10,
CCL20, and CCL5 (Fig. 4 D). No significant changes were
observed in CCL2 levels, as expected (Fig. 4 D).

Finally, we wanted to ensure that the club cell biology
described here was not murine specific. We therefore infected
the human club cell line H441 (Brower et al., 1986) with IAV
and measured release of a panel of proinflammatory factors.
Similar to mouse club cells, CXCL10, CCL20, and CCL5
were significantly up-regulated upon infection (Fig. 4 E). CCL2
was not reproducibly induced by viral infection as expected
(Fig. 4 E). These data suggest that human club cells and mu-
rine club cells respond similarly during viral infection.

In summary, we demonstrate that despite IAV causing an
acute and lytic infection, a subpopulation of lung epithelial
cells survive viral replication. Long-term surviving cells were
identified to be predominantly club cells that expressed a ro-
bust ISG response. Furthermore, surviving club cells demon-
strate elevated levels of proinflammatory mediators relative to
uninfected cells in the same lungs, which ultimately leads to
increased lung pathology in the bronchi. We therefore pro-
pose a model in which club cells that are directly infected by
IAV but survive that infection provide a local proinflammatory
environment in the bronchi. Although club cells are likely criti-
cal for the initial up-regulation of an antiviral response, their
prolonged activation appears to be detrimental to bronchus re-
modeling after the pathogen has been cleared. This finding is
particularly relevant given that the significant mortality in the
most severe influenza infections (recently with the 2009 swine

pathologist scoring of virus induced bronchiolar epithelial cell necrosis
(Bronch. Nec.), bronchiolar infiltration (Bronch. Infilt.), and alveolar infil-
tration (Aveo. Infilt). Data are representative of two independent experi-
ments. (C) RNA-seq reads of chemokine transcripts highly induced in
tdTomato* surviving cells relative to uninfected mice. The dashed line
indicates the reproducible level of detection for RNA transcripts based on
Fig 3 B. (D) The murine club cell line mtCC10-1 was mock or IAV-infected
at an MOI of 2 for 24 h. The concentration of the secreted chemokines in
the cellular supernatant is shown. (E) The human club cell line H441 was
mock or IAV infected at an MOI of 2 for 24 h. The concentrations of the
secreted chemokines in the cellular supernatant are indicated. Data in

D and E are representative of two independent experiments. Significance
is based on an unpaired Student's t test. *, P < 0.05; **, P < 0.001.
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H1NT1 virus [Gao et al., 2013] and avian H5N1 viruses [de Jong
et al., 2006]) 1s attributed to a sustained proinflammatory re-
sponse after infection. Although it is unlikely that the small
numbers of surviving club cells contribute significantly to the
global cytokine profile of an infected host, the localized effect
on bronchiolar epithelial layer integrity may be an important
component of IAV-related immunopathology.

MATERIALS AND METHODS

Cell lines and in vitro infections. 293T, H441,and MDCK cells (Ameri-
can type Culture Collection) were used in this study. mtCC10-1 and MLE-15
cells were gifts from F DeMayo (Baylor College of Medicine, Houston, TX)
and J. Whitsett (University of Cincinnati, Cincinnati, OH), respectively. All
cells were maintained in DMEM supplemented with 10% FCS, L-glutamine, and
Pen/Strep with the exception of the H441 cells, which were maintained in
RPMI-1640 and supplemented with 10% FCS and Pen/Strep. For infection,
virus was diluted to the appropriate concentration in PBS supplemented
with 3% BSA and used to infect cells for 1 h at 37°C, followed by replace-
ment of culture media. Virus was titered on MDCK cells as previously de-
scribed (Langlois et al., 2013).

Generation of Cre recombinase expressing influenza virus and virus
quantification. The plasmid encoding PB2-Cre in the pDZ vector, which
expresses negative sense VRINA and positive sense mRNA. PB2 with silent
mutations in the packaging signal was amplified from the previously published
PB2-GLuc plasmid (Heaton et al., 2013a) with the following primers: forward
5'-CTCCGAAGTTGGGGGGGAGCGAAAGCAGG-3" and reverse 5'-GTT-
AATAGCCATACGGATCCTCTTAG-3".We synthesized a sequence encod-
ing a PTV-1 2A site, a codon-optimized Cre recombinase with an N-terminal
SV40 NLS and a duplicated PB2 packaging signal. The Cre region was amplified
with: forward 5'-ATCCGTATGGCTATTAACGGAAGCGGAGCAA-
CAAATTTCAGC-3" and reverse 5'-TGGGCCGCCGGGTTATTAG-
TAGAAACAAGG-3".The two PCR fragments were recombined into pDZ
via Infusion HD cloning (Takara Bio Inc.). Clones were sequence verified and
rescued via 293T transfection and amplification in embryonated chicken eggs
as previously described (Heaton et al., 2013b). Rescued virus was dilution pu-
rified and titered on MDCK cells. For all experiments, viral titer was deter-
mined via standard plaque assay on MDCK cells.

Mice, virus infection, and diphtheria treatment. Wild-type C57BL/6,
B6.Cg-Gi(ROSA)26Sorm1#CAGtdTomaw)Hze /T and  C57BL/6-Gt(ROSA)
26SopmIHBECGAwai/T mice were purchased from The Jackson Laboratory.
Mice were anesthetized with ketamine/xylazine and infected i.n. with
500 PFU of IAV-Cre unless otherwise indicated. 5 d post-infection, mice
were administered 100 ng diphtheria toxin (Sigma-Aldrich) i.p. and
10 ng i.n. Body weight was monitored over the course of infection, and 80%
initial body weight was designated as the humane endpoint. All experi-
ments involving animals were performed in accordance with the Icahn
School of Medicine Animal Care and Use Committee.

Lung sectioning and histology. Mice were euthanized via CO, inhala-
tion and lungs were inflated before removal. For H&E staining, lungs were
inflated and fixed with 4% PFA in PBS. Lungs were paraffin embedded and
5-um sections were cut. For pathological scoring, two lung sections 100 pm
apart were analyzed. For frozen sectioning and tdTomato™ cell localization,
lungs were inflated with 10% OCT in PBS. Lungs were embedded in OCT
and frozen at —80C. 5 um sections were dried on slides, fixed for 3 min in
1% PFA, and mounted in Prolong Gold with DAPI (Invitrogen).

Flow cytometry. Lungs were digested with Type-IV collagenase (Worthing-
ton) for 30 min with agitation, and then processed into single-cell suspension
and incubated with a rat anti-mouse CD45 antibody (30-F11; BD). Live/dead
violet dye was used as per the manufacturer’s instructions (Life Technologies).
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All flow cytometry data were acquired on a LSR II (BD), sorting performed
on a FACS Aria (BD), and analyzed using Flow]Jo software (Tree Star).

Next generation mRNA sequencing. Mice were infected and cells
FACS sorted as described above. 500 of the indicated cells were sorted into a
96-well plate, containing 20 pl of RINA reaction buffer. RNA was extracted
and reverse transcribed via SMARTer Ultra Low RNA kit for Illumina Se-
quencing (Takara Bio Inc.) as per the manufacturer’s instructions. cDNA was
sheared via Covaris sonication and prepared for sequencing using the TruSeq
DNA sample Preparation kit (Illumina) as per the manufacturer’s instruc-
tions. Samples were sequenced via 100 nt single-end run on a HiSeq 2000.
The raw data are available under accession nos: GSM 1422381, GSM 1422382,
GSM 1422383, GSM 1422384, GSM 1422385, GSM 1422386, GSM 1422387,
GSM 1422388, GSM1422389. The reads were mapped to the mouse tran-
scriptome and the influenza genome using Bowtie. All software was parallel-
ized and run on an internal high performance-computing cluster at Mount
Sinai. Heat map visualization of the sequencing data were generated using
the method described by Pavlidis and Noble (2003).

Microscopy. All images of tdTomato™ cells in cell culture and lung sections
were captured on an Olympus IX-70 camera. All H&E-stained sections were
captured on an Axioplan 2 camera (Carl Zeiss). Images were captured with
the same exposures and processed with Image] (National Institutes of Health).
The same thresholds were applied to all images in a given experiment with
the exception of the DAPI channel, which due to nonuniform staining was
adjusted to be visible in all sections.

gqRT-PCR. RNA was extracted, reverse transcribed and assessed by qPCR as
previously described (Langlois et al.,2012). In brief, cDNA was amplified using
primers specific for tubulin, IRF-7, and ISG15 with KAPA SYBR FAST
qPRC Master Mix (KAPA Biosystems) and analyzed on a realplex2 (Eppen-
dorf). Delta delta cycle threshold (AACT) values were calculated with replicates
over tubulin.Values represent the fold change over mock-infected samples.

Cytokine and chemokine quantification. Protein levels of cytokines/
chemokines in culture medium were evaluated using a multiplex bead array
assay. All the antibodies and cytokine standards were purchased as antibody
pairs from R&D Systems or PeproTech. Individual bead sets (Luminex) were
coupled to cytokine-specific capture antibodies according to the manufac-
turer’s recommendations and as previously described (Biancotto et al., 2007).
Conjugated beads were washed and kept at 4°C until use. Biotinylated poly-
clonal antibodies were used at twice the concentrations recommended for a clas-
sical ELISA according to the manufacturer. All assay procedures were performed
in assay buffer containing PBS supplemented with 1% normal mouse serum
(Invitrogen), 1% normal goat serum (Invitrogen), and 20 mM Tris-HCI
(pH 7.4). The assays were run using 1,500 beads per set of each of cytokines
measured per well in a total volume of 50 pl. The plates were read on a Lu-
minex MAGPIX platform. For each bead set, >50 beads were collected. The
median fluorescence intensity of these beads was recorded and used for analysis
with the Milliplex software using a 5P regression algorithm.

Statistical analysis. Statistical analysis between datasets was performed using
a one- or two-tailed Student’s f test where appropriate. Differences were con-
sidered to be statistically significant at P values at or below 0.05.

Online supplemental material. Table S1 shows normalized RNA tran-
script numbers detected in FACS purified tdTomato™ and tdTomato™ cell
populations over a 21-d time course. Online supplemental material is avail-
able at http://www.jem.org/cgi/content/full/jem.20140488/DC1.
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