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A brief window of antigen-nonspecific protection has been
observed after influenza A virus (IAV) infection. Although this
temporary immunity has been assumed to be the result of resid-
ual nonspecific inflammation, this period of induced immunity
has not been fully studied. Because IAV has long been character-
ized as a cytopathic virus (based on its ability to rapidly lyse
most cell types in culture), it has been a forgone conclusion that
directly infected cells could not be contributing to this effect.
Using a Cre recombinase-expressing 1AV, we have previously
shown that club cells can survive direct viral infection. We show
here not only that these cells can eliminate all traces of the virus
and survive but also that they acquire a heightened antiviral re-
sponse phenotype after surviving. Moreover, we experimentally
demonstrate temporary nonspecific viral immunity after IAV in-
fection and show that surviving cells are required for this pheno-
type. This work characterizes a virally induced modulation of the
innate immune response that may represent a new mechanism to
prevent viral diseases.

influenza virus | RNA sequencing | alternative cell fate | antiviral immunity

here have been reports of a short period after influenza A

virus (IAV) infection during which subsequent respiratory
viral infection is restricted. This phenomenon has been shown
experimentally in animal models (1-3), as well as in humans
given the live-attenuated IAV vaccine in clinical studies (4-7),
and has been postulated as a major factor in determining the rate
of IAV antigenic drift (8). This temporary immunity has also
been observed epidemically when the respiratory syncytial virus
season was delayed as a result of the 2009 pandemic IAV out-
break occurring earlier than is normally seen with seasonal strains
(9-11). Although observations of influenza-induced temporary
immunity are well documented, how this protection is established
is unknown.

We have previously shown that respiratory epithelial cells
(principally club cells) are infected by IAV and are capable of
clearing infection and surviving for long periods in vivo (12).
These surviving cells, characterized by an inflammatory tran-
scriptional profile, contributed to bronchiolar epithelium dam-
age. However, it was unclear why these cells would prolong an
inflammatory state beyond the resolution of infection.

In this report, we test the hypothesis that cells surviving IAV
infection are involved in protecting the host from subsequent
viral respiratory infections. We reasoned that the turnover of
“survivor cells” could explain the temporary nature of IAV-
induced antiviral immunity. We show that the cells that survive
direct IAV infection are reprogrammed and exhibit an increased
antiviral response to secondary infection and type I IFN. We also
show that the overall immune response to secondary infection
is different from the response to the primary infection. Finally,
we demonstrate temporary, antigen-nonspecific viral immunity
in the mouse model and show that surviving cells are required
for this protection.

WWww.pnas.org/cgi/doi/10.1073/pnas.1522376 113

Results

To study the cells surviving IAV infection, we developed an in vitro
reporter system. The human club cell-like line H441 was transduced
with a lentiviral construct that induces production of ZsGreen pro-
tein after Cre recombinase activity (Fig. 14). Shortly after infection
with an HIN1 (A/Puerto Rico/8/1934) IAV expressing Cre (IAV-
Cre) (12), infected cells produced both ZsGreen and viral protein
(Fig. S1). Fourteen days postinfection, we detected a population of
viable surviving cells (Fig. 1B). We sorted ZsGreen-positive cells
over a time course and performed transcriptome analysis. These
cells express high levels of viral mRNA immediately after infection,
but virus is cleared by 2 wk postinfection (Fig. 1C). We also per-
formed quantative (q)RT-PCR to detect viral RNA at 2 and 14 d
postinfection and observed the same clearance kinetics (Fig. 1D).
We next investigated how cells were responding during viral
replication and after viral clearance. Ordering the data by the
most up-regulated genes (relative to preinfection) shows an early
establishment of antiviral and stress response genes; resolution
of this state occurs when viral RNA is eliminated (Fig. 1E). In-
terestingly, after the virus is cleared, we observe a distinct tran-
scriptional profile emerge (Fig. 1F). Over the course of the 24 d,
we found three categories of gene regulation that were of interest:
transient up-regulation during infection (Fig. 1G), up-regulation
after clearance of viral RNA (Fig. 1H), or down-regulation during
or after infection (Fig. 1/). To verify that this gene regulation also
occurred in vivo, we next infected transgenic mice (13) with IAV-
Cre to fluorescently label surviving cells (Fig. S2). On days 0, 5, 21,
and 50 postinfection, we sorted CD45-negative, reporter-positive
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Fig. 1. Cells that survive IAV infection have stably altered
profiles in vitro and in vivo. (A) Diagram of the Cre/LoxP
system used to identify survivor cell populations via zsGreen
protein production. (B) Flow cytometry plot of a human H441
cell line stably transduced with the Cre reporter construct
before and 14 d after IAV-Cre infection. (C-/) Human H441
Cre reporter cells were infected with IAV-Cre over a period of
time. At the indicated days, RNA was collected and analyzed
from reporter-positive cells. (C) RNAseq quantification of viral
or GAPDH mRNA from H441 Cre reporter cells at the in-
dicated days postinfection. (D) IAV gRT-PCR assay for all forms
of viral RNA in H441 Cre reporter cells at the indicated days
postinfection. (E) RNAseq heat map of the top 40 RNA
transcripts from Cre reporter-positive cells (as in C) at the
indicated days postinfection ordered by the most up-regu-
lated genes on day 2 postinfection. (F) Same data as in E, but
ordered by the most up-regulated genes on day 24 post-
infection. (G-/) Three major types of gene regulation after
infection and survival: transient up-regulation (G), delayed
up-regulation (H), and down-regulation (/). (J/-M) Transgenic
mice harboring a fluorescent Cre reporter cassette were in-
fected with IAV-Cre, and reporter-positive cells were isolated
at the indicated points. (J) RNAseq transcripts from viral or
beta-actin (ACTB) mRNA from reporter-positive CD45™ cells.
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(K and L) RNAseq of the top 50 RNA transcripts ordered by
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cells [a population we have previously shown to be predominantly,
but not necessarily exclusively, club cells (12)] and performed
RNAseq. As expected, high levels of viral mRNA are detected
after infection and are subsequently cleared (Fig. 1J). We again
observed an antiviral response 5 d after infection (Fig. 1K) and
a distinct transcriptional profile after viral clearance (Fig. 1L).
Finally, we compared gene expression at 21 and 50 d post-
infection to assess stability of the transcriptional changes (Fig.
1M). The expression level of most genes (99.4%) changed less
than 10-fold.

To understand whether the altered state of survivor cells af-
fected their response to subsequent stimuli, we subjected either
naive or survivor H441 cells to WT IAV infection. Through
several complementary assays, survivor H441 cells were found to
be fully capable of supporting subsequent influenza virus in-
fection. Naive and survivor cells were equally infected by IAV
(Fig. S3 A-C), although we did observe a small but statistically
significant reduction in the quantity of surface-expressed HA on
surviving cells (Fig. S3D). When we assessed transcriptional
profiles of cells responding to a primary or secondary infection,
we found major differences (Fig. 24). The differential response
cannot be explained by unequal infection levels (Fig. 2B and Fig. S3)
or maintained interferon-stimulated gene (ISG) expression from the
primary infection (Fig. 2C). Interestingly, many but not all ISGs
were up-regulated to a greater extent during the secondary in-
fection (Fig. 2 D and E). We hypothesized this was a result of a
potentiation of IFN signaling in surviving cells. We therefore

3862 ' | www.pnas.org/cgi/doi/10.1073/pnas.1522376113

>100 reads) in survivor cells isolated from mice at days 21 and
50 postinfection. Lines indicate two- and 10-fold changes.

treated naive or survivor H441 cells with IFN alpha and per-
formed qRT-PCR for the ISGs: IRF7 (Fig. 2F), RIG-I (Fig. 2G),
and ISG15 (Fig. 2H). As expected, viral secondary infection was
not required to reproduce the increased IFN response in the sur-
viving cell populations.

To verify that the differential response to secondary infection was
recapitulated in vivo, we infected transgenic reporter animals that
survived a primary infection with IAV-Cre with a heterologous
mouse-adapted influenza B virus (IBV) strain (B/Malaysia/2056/04).
There is no cross protection between IAV and IBV (14), allowing
specific interrogation of innate immune processes. During the
secondary infection, CD45-negative cells surviving the primary in-
fection were sorted, and as with the in vitro data, a significantly
different response to secondary infection was observed (Fig. 2I).
Surviving cells cleared the primary infection and were actively in-
fected during the secondary infection (Fig. 27). To control for po-
tential differences between the immune response to IAV and IBV,
mice received a primary infection with each, and the responses of
infected cells were compared (Fig. 2K). The response was similar,
supporting our hypothesis that in vivo survivor cells respond dif-
ferently to secondary infection. In addition, ISGs up-regulated
during primary infection returned to baseline by the secondary in-
fection (Fig. 2L), and many ISGs were transcribed at higher levels
during the secondary infection (Fig. 2M). On the basis of these
in vitro and in vivo data, we conclude that the transcriptional al-
teration of surviving cells has functional consequences during sec-
ondary viral infection and type I IFN signaling.

Hamilton et al.
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We reasoned that reprogrammed surviving cell populations
could potentially contribute to the temporary window of antiviral
immunity observed after influenza virus infection. To investigate
this, we first tested the existence of a temporary window of non-
specific immunity after IAV infection. Mice received an infection
with AV, and at various intervals postinfection, the median lethal
dose of IBV was determined (Fig. 34). At the time of secondary
infection, we verified that no infectious IAV remained (Fig. S44)
and that no IBV cross-reactive antibodies were generated from the
primary infection (Fig. S4B). On IBV infection, we observed a
striking difference in morbidity and mortality between naive mice
and mice challenged 3 wk prior with IAV (Fig. 3 B and C). In-
terestingly, this protection waned by 6 wk postprimary infection
and was almost completely undetectable by 12 wk (Fig. 3 B and C).
This window of immunity is dependent on viral replication and
cannot be explained by intranasal treatment with IFN alone (15).
Temporary protection over this short period strongly argues against
a classical adaptive immune response and fits with our model of a
temporary window of enhanced innate immunity mediated by
survivor cells. Presumably the turnover or alteration of survivor
cells during lung remodeling/repair (16, 17) could be responsible
for the temporal aspect of this protection.

Hamilton et al.

mMRNA Reads 4 Days Post 1AV

IR
&P o’rpqd*b

Fig. 2. Survivor cells respond differently to secondary in-
fection and type | IFN stimulation in vitro and in vivo. (A-D)
Human H441 cells were infected with WT-IAV at a multiplicity
of infection (MOI) of 2.5; 12 d postprimary infection, cells were
reinfected with WT-IAV at the same MOI, and cells were se-
quenced 2 d postsecondary infection. (A) RNAseq heat map
representation of the top 100 RNA transcripts from H441 cells,
as ordered by the most differentially regulated transcripts
between the primary and secondary infection. (B) ACTB and
viral RNA transcripts from A. (C) Representative expression
levels of a subset of I1SGs during primary infection (day 2) and
after viral clearance (day 14). (D and E) Expression levels of a
subset of ISGs during the primary and secondary infections
(from A). (F-H) Stimulation of naive or survivor H441 cells
with 1,000 U of IFN-alpha for 24 h and gRT-PCR of the ISGs:
IRF7 (F), RIG-I (G), or ISG15 (H). Error bars represent SEM. (I-M)
Transgenic Cre reporter mice were infected with 1AV-Cre;
22 d postprimary infection, mice were infected with IBV and
reporter-positive cells were isolated 3 d postsecondary in-
fection. For the primary infection, reporter-positive cells were
isolated at 4 d postinfection with 1AV-Cre. (/) RNAseq heat
map representation of the top 60 RNA transcripts from mouse
reporter-positive CD45~ cells, as ordered by the most differ-
entially regulated transcripts between the primary (IAV) and
secondary (IBV) infection. (J) IAV and IBV viral mRNA tran-
scripts from /. The dotted lines indicate the background levels
of detection. (K) Transcriptional response of primary infec-
tions in mouse CD45~ lung cells to IBV (y axis) and 1AV (x axis).
Labeled data points indicate viral mRNA. (L) Representative
expression of a subset of I1SGs during primary infection
(D4) and postviral clearance (D25). (M) Expression levels
of a subset of ISGs during the primary and secondary in-
fections (from /). For all panels: *P < 0.05; **P < 0.001;
ns, not significant.
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We next assessed hematoxylin and eosin-stained lung sections
from mice experiencing either a primary or secondary IBV in-
fection (Fig. 3D). Although both groups exhibited epithelial
damage, we observed a significant increase in inflammation during
the secondary infection (Fig. 3 E-H). The localization of in-
filtration also differed: Most immune cells were peribronchiolar
during the secondary infection, whereas intraluminal infiltration
was observed during the primary infection.

Broad immunophenotyping of the immune cells (Fig. S5) in both
the bronchoalveolar lavage (BAL) and the lung tissue was next
performed. In agreement with the histology data, there were sig-
nificantly fewer cells in the BAL of animals experiencing a secondary
infection, despite there being more cells overall in the lung itself (Fig.
44). Significantly fewer monocytes and neutrophils were found in
the BAL during the secondary infection, but no change in dendritic
cell/macrophage numbers (Fig. 4 B-D). Interestingly, the dendritic
cell/macrophage population expressed higher levels of MHCII dur-
ing the secondary infection (Fig. 4E). B cells and T cells showed the
opposite trend of neutrophils and monocytes, with significantly more
present in the BAL during the secondary infection (Fig. 4 F and G).
When comparing the percentages of each cell population, we ob-
served no major changes in the lung (Fig. 4H), but there were
striking differences in immune cell composition of the BAL (Fig. 4/).

PNAS | April 5,2016 | vol. 113 | no.14 | 3863
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We next measured cytokines and chemokines to understand
how infiltration was being altered during secondary infection.
We observed that the vast majority of these molecules was de-
tected in higher amounts during primary infection relative to
secondary infection (Fig. 4/). Many factors were detected at
much lower levels, including TNF-alpha, a major contributor to
lung disease during influenza virus infection (18). In fact, only
two factors (IL-12 and IFN-gamma) were expressed at a higher
level in the BAL during secondary infection (Fig. 4K). As the
CD45-negative surviving cells sit directly in the respiratory epi-
thelial layer separating the lung from the BAL, these cells could
be contributing to the control of chemokine/cytokine signaling
and/or cellular infiltration.

To probe how surviving cells may be contributing to altered
cytokines/chemokines in the BAL, we determined their tran-
scriptional levels during primary and secondary IBV infections.
Underscoring how survivors respond differently than naive cells,
we observed a range of changes (Fig. 4L). Several genes (TNF,
1L6, GM-CSF, CXCL1, CXCL2, CCL20) were transcribed in lower
amounts during secondary infection. Survivors also expressed in-
creased levels of two isoforms of the immunosuppressive cytokine
TGF-f during secondary infection (Fig. 4M). Thus, survivor cells
may both directly and indirectly contribute to the altered levels of
cytokines and chemokines. Analysis of viral titers revealed a sig-
nificant 10-fold reduction during the secondary infection, which
suggests that the changes in cellular infiltration and cytokine pro-
files are better suited to controlling viral replication (Fig. 4N).

To test the surviving cells’ contribution to nonspecific immunity,
we used a transgenic mouse expressing the diphtheria toxin (DT)
receptor after Cre-mediated recombination (19). Mice were in-
fected with a sublethal dose of IAV-Cre and, after recovery, were
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administered either DT to specifically deplete surviving cells or
PBS as a control. Lungs 21 d postinfection maintained high num-
bers of club cells after DT treatment, suggesting survivor cells
represent a small proportion of the total club cell population in the
lung (Fig. S6). When mice were subsequently challenged with IBV
on day 21, we observed increased morbidity and mortality in the
DT-treated mice (Fig. 4 O and P), demonstrating that survivor cells
contribute to the temporary nonspecific viral immunity observed
after IAV infection.

Discussion

We have provided evidence that cells survive direct viral infection,
which causes long-term genetic changes. These changes alter the
way the cells respond to secondary infection and type I IFN
stimulation. Antigen-nonspecific immunity exists for a period of a
few weeks after IAV infection and is correlated with changes in the
composition of cellular infiltration and cytokine/chemokine pro-
files. Importantly, we demonstrated that survivor cells are required
for this immunity: When survivor cells are depleted, mice are not
protected from secondary infection.

Although numerous reports detail how tissues are remodeled
after infection (16, 17, 20-22), and how residual (or tissue resident)
immune cells influence immune responses (23-28), this report is, to
our knowledge, the first to demonstrate that previously infected
cells contribute to this environment. Although our in vitro studies
have characterized the survival of club cells, additional cellular
populations may survive IAV infection in vivo and may also be
contributing to the observed protection phenotype.

Our results suggest that an active host immune program exists to
prevent a secondary infection from a previously unencountered
viral pathogen. In contrast to classical adaptive immunity, which is
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Fig. 4. Survivor cells contribute to the antiviral lung environment that is established after IAV infection. (A-G) C57BL/6 mice were infected with a sublethal =
dose (50 PFU) of WT IAV. Twenty-one days postinfection, mice were challenged with a secondary infection of 10° PFU of IBV. Three days postsecondary =
infection, BAL fluid and lung tissue were collected for immune cell phenotyping by flow cytometry. Total numbers of lung (white bars) and BAL (black bars):
CD45" cells (A), CD457CD11b*Ly6G Ly6C™™ monocytes (B), CD45*CD11b*Ly6GLy6C™ neutrophils (C), CD457CD11c"MHCII™ dendritic cellssmacrophages (D),
MHCII surface expression on dendritic cellssmacrophages (E), CD45*CD19*CD3™ B cells (F), and CD45*CD3™ T cells (G). (H and /) Percentages of total CD45* cells
in the lung (H) and BAL (/). (J) Heat map representation of logy, fold changes of cytokine/chemokine protein levels in BAL from the indicated treatments. (K)
Fold change in cytokine/chemokine protein levels in BAL comparing IBV secondary infection with IBV primary infection. (L and M) Cytokine/chemokine RNA
transcript levels in survivor cells during primary and secondary IBV infections. (N) IBV lung titers in primary and secondary infected animals. (O) Diphtheria
toxin receptor Cre reporter animals were given a sublethal primary infection with IAV-Cre. Sixteen and 17 d postinfection, survivor cell populations were
depleted via DT administration. Twenty-one days postprimary infection, animals were challenged with 5.6 x 10° PFU IBV, and body weight (0) and survival (P)
were monitored. Error bars represent SEM. For all panels: *P < 0.05] **P < 0.001; ns, not significant.
highly antigen-specific, reprogrammed survivor cells provide a win-  and cellular infiltration are modulated when surviving cells are
dow of protection after clearance of the first virus. This protection  present, the distinct correlates of protection remain unclear. In
was not simply a prolonged window of antiviral signaling by the  conclusion, we have provided evidence that the cells that survive
survivor cells, but a distinct response (and/or an increased response)  direct IAV infection have profound effects on the immune status of
to the secondary infection. It is tempting to speculate that this tem-  the host. Therefore, we propose that cells surviving infection (and
porary nonspecific antiviral immunity may have evolved to protect ~ their subsequent effect on pathogenesis and immunity) represent
the host during the lung repair period after the primary infection. — an additional mechanism of protection against viral pathogens.
Understanding how to induce survivor-like cell populations ma .
Sancing POP %Y Materials and Methods
potentially inform the development of broadly antiviral therapeutics, Tissue Culture. H441 2937 and MDCK cell 4 in this study (ATCC
as well as more clinically effective live-attenuated vaccines. ssue Lulture. ’ - and cells were used in this study ( )
. . . H441 cells (a human club cell-like line) were maintained in RPMI-1640 (ATCC),
Future studies are required to understand how survivor cells o . ;
N N N 1 ! s A MDCK cells were maintained in EMEM (Gibco), and 293T cells were main-
d'nve nonspec1ﬁp 1mr'nun1ty. The pr(?tectlve effects are likely in-  tained in DMEM (Gibco). All media was supplemented with 10% (vol/vol)
direct, modulating either the recruitment or retention of pro-  Fcs, L-glutamine, and Pen/Strep. Development of the H441-CR cells is described
fessional immune cells. Although our data show that both cytokines  in the S/ Materials and Methods.
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Animal Experiments. WT, female C57BL/6 mice were purchased (Jackson) at
8-10 wk old. C57BL/6-Gt(ROSA)26Sort™! (HEEGGIAwai)y and B6.Cg-Gt(ROSA)
265ortm14(cAG-tdTomato)Hze ) \yare also purchased (Jackson) and bred on site.
Animal infections are detailed in the S/ Materials and Methods. All experi-
ments involving animals were performed in accordance with the Icahn School
of Medicine at Mount Sinai Animal Care and Use Committee.

Flow Cytometry. Flow cytometry analysis of H441-CR cells was performed by
scraping cells into FACS buffer (PBS containing 1% BSA). After pelleting at
240 x g, cells were resuspended in PBS and stained with LIVE/DEAD Fixable
Blue Dye (Life Technologies) for 10 min on ice. Live cells were assessed for
zsGreen expression. BAL was performed to isolate infiltrating immune cells
from murine lungs: 1 mL PBS was injected through the trachea to inflate
lungs and subsequently aspirated for collection. BAL fluid was centrifuged at
240 x g, supernatant was frozen at —80 °C for Luminex analysis. Cells from
the BAL or lungs were collected and processed for flow cytometry analysis,
as described in the S/ Materials and Methods.

FACS. Cells were isolated using a FACS Aria cell sorter (BD) and sorted directly
into lysis buffer containing RNase inhibitor (Takara Bio Inc.). To isolate
reporter-positive H441-CR cells, culture flasks were scraped to collect cells,
which were then passed through a 70-um filter (Falcon) and resuspended
in FACS buffer, and then zsGreen-positive cells were sorted. For assessing
cells infected and/or surviving infection in vivo, lungs were perfused with
PBS and treated with dispase (Corning), as described earlier. For sorting
out cells from mice experiencing a primary infection from IAV-Cre or
B/Malaysia/2506/04, polyclonal serum from mice infected with these viruses
was used at a 1:1,000 dilution, followed by staining with Alexa Fluor 488
anti-mouse secondary (Thermo Fisher Scientific) at a 1:1,000 dilution. For
sorting out surviving cells during secondary influenza virus challenge,
tdTomato-positive cells (indicating IAV-Cre survivors) were sorted. In both
primary and secondary influenza virus challenge experiments, anti-CD45
antibody (30-F11; BD) was used to specifically isolate CD45-negative cells.

gRT-PCR. RNA was isolated either through TRIzol extraction (Life Technologies)
or the 96 RNeasy kit (QIAGEN). SuperScript lll Platinum One-Step qRT-PCR kit (Life
Technologies) was used for reverse-transcription and TagMan FAM-labeled
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probes were used for IRF7, RIG-I, and ISG15 quantification of gene expression
(Life Technologies). A custom IAV TagMan assay is described in S/ Materials and
Methods. Copy number values were normalized to a VIC-labeled eukaryotic 185
ribosomal RNA probe (Thermo Fisher), and arbitrary copy numbers were
assigned on the basis of a standard curve.

Luminex Cytokine and Chemokine Analysis. To assess cytokine and chemokines
in lung BALs, mice were killed by cervical dislocation, and 1 mL PBS was used
to isolate cells infiltrating the lungs. BALs were then pelleted for 10 min at
240 x g, and supernatant was transferred to a new tube and frozen at —80 °C.
Cytokines and chemokines were assessed through a multiplex bead array assay,
as previously described (12).

Next-Generation mRNA Sequencing. RNA was sequenced as previously described
(12) and detailed in S/ Materials and Methods. Resulting reads were mapped to
the mouse or human transcriptome, as well as the influenza virus genome, via
Bowtie. Samples were run either on Basespace (Illumina) or Mount Sinai’s high-
performance computing cluster. In determining the fold changes between
conditions, total read numbers were normalized, and all values were increased
by 10 reads to minimize the outlier effects of extremely small read numbers.
Heat maps were generated via methods described elsewhere (29). Raw se-
quencing data and mapped reads are available in the Gene Expression Omnibus
database under series accession number GSE77734.

Statistical Analysis. Unless specifically noted, all statistical analysis between
datasets was performed using a two-tailed Student’s t test in Prism software
(GraphPad). Differences were considered significant when P < 0.05.
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