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Abstract

The interferon (IFN) pathway plays an essential role in the
innate immune response following viral infections and sub-
sequent shaping of adaptive immunity. Infections with in-
fluenza A viruses (IAV) activate the IFN pathway after the
recognition of pathogen-specific molecular patterns by re-
spective pattern recognition receptors. The IFN regulatory
factors IRF3 and IRF7 are key players in the regulation of type
I'and Il IFN genes. In this study, we analyzed the role of IRF3
and IRF7 for the host response to IAV infections in Irf37-,
Irf7=, and Irf37~Irf7~ knockout mice. While the absence of
IRF3 had only a moderate impact on IFN expression, deletion
of IRF7 completely abolished IFNa production after infec-
tion. In contrast, lack of both IRF3 and IRF7 resulted in the
absence of both IFNa and IFN after IAV infection. In addi-
tion, IAV infection of double knockout mice resulted in a

strong increase of mortality associated with a massive influx
of granulocytes in the lung and reduced activation of the

adaptive immune response. ©2016 The Author(s)
Published by S. Karger AG, Basel

Introduction

Influenza A virus (IAV) infections represent a threat
to both human and animal health [1]. In addition to viru-
lence factors of IAV, recent studies in animal models [2]
and humans [3, 4] revealed that host genetic factors are
strong determinants for the severity of influenza disease.
The interferon (IFN) system is a major player in the host
pathogen defense, especially against viruses. Type I and
type III IFN are induced if pathogens are recognized by
cell surface and endosomal pattern recognition receptors
and intracellular viral sensors in infected cells [5-8].
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These receptors in turn activate the IFN regulatory fac-
tors (IRF) that are transcription factors inducing the ex-
pression of IFN genes [9, 10]. IFNs are subsequently se-
creted from infected cells and initiate an antiviral state in
neighboring cells and systemically by inducing a large
number of IFN-induced genes [11-13]. The IRF gene
family consists of 9 members, and Irf3, Irf5, Irf7, and Irf9
have been shown to be important for viral infections [9,
10, 14]. The systemic expression of IFNA genes was com-
pletely dependent on Irf7 after murine cytomegalovirus
(MCMYV) infection in mice but independent of Irf3,
whereas IFNB production was not affected in single
knockout (KO) or double KO (DKO) Irf3/Irf7 mice.
However, single KO or DKO Irf3/Irf7 mice were only
modestly more susceptible than wild-type (WT) mice to
MCMYV infections [15]. Mice lacking Irf3 and Irf7 as sin-
gle KO or DKO still produced reduced levels of IfnbI in
myeloid dendritic cells after West Nile virus infection, but
only additional deletion of Irf5 resulted in increased sus-
ceptibility to West Nile virus and murine norovirus in
triple KO mice [16]. Robust induction of type I IFNs after
herpes simplex virus type 1, encephalomyocarditis virus
or vesicular stomatitis virus infection of embryonic fibro-
blast cells or dendritic cells from mutant mice was en-
tirely dependent on Irf7, whereas Irf3 contributed only
little in the absence of Irf7 [17]. IFN serum levels were
only slightly reduced after herpes simplex virus or vesicu-
lar stomatitis virus infection in Irf3 mutant mice, but
strongly reduced in Irf7 mutant mice [17]. Irf7 mutant
mice were highly susceptible to infections with these vi-
ruses. Mice deficient in Irf3 were more susceptible to
ECMYV infections and produced reduced levels of type I
IFNs [18]. The infection of Irf3/Irf7 double-mutant mice
with Chikungunya virus was highly lethal and no type I
IFNs were detected in the blood [19]. After the infection
of neonatal mice with metapneumovirus, Irf3 and Irf3/
Irf7 double-mutant mice exhibited higher viral loads in
their lungs compared to WT mice but not Irf/ single-mu-
tant mice [20].

In TAV-infected murine trachea epithelial cells, Irf3
deficiency had only a minor impact on IFN type I and III
expression, whereas the lack of Irf7 reduced IFN produc-
tion significantly and no IFN induction was seen in DKO
Irf3/Irf7 mice [21]. These data indicate that the role and
importance of Irf3 and Irf/ differs depending on the
pathogen and whether cell cultures or in vivo experi-
ments are used.

Therefore, we investigated the role of IRF3 and IRF7
for the host defense to IAV in vivo by infecting single
KO and DKO mice. We demonstrate here that the re-
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spective single KO resulted in a less pronounced in-
crease of susceptibility to IAV, whereas DKO exhibited
a strongly increased mortality and an aberrant immune
response.

Materials and Methods

Ethics Statement

The mice experiments were approved by the Niedersdchsisches
Landesamt fiir Verbraucherschutz und Lebensmittelsicherheit,
Oldenburg, Germany (permit No. 3392 42502-04-136/1234) ac-
cording to the guidelines of the German animal welfare law.

Virus and Mice

Original stocks of mouse-adapted A/Puerto Rico/8/34 (HIN1,
PR8M) virus were obtained from Stefan Ludwig, University of
Miinster [22]. Virus stocks were propagated in the chorioallantoic
cavity of 10-day-old pathogen-free embryonated chicken eggs for
48 h at 37°C as described previously [23]. The viral titer was deter-
mined by focus-forming unit (FFU) assay as described previously
[23]. Mutant B6;129S6-Irf3"!% (Irf37") and B6;129P2-Irf7m1Ti8
(Irf7”~) mice were kindly provided by Tadatsugu Taniguchi [17,
18] and backcrossed to C57BL/6] for at least 10 generations. The
background was confirmed by mouse universal genotyping array.
The analysis revealed 99.86% of the single nucleotide polymor-
phisms matched to the C57BL/6] background containing an 18.66-
Mb congenic region on chromosome 7 in Irf3”/~ mice and 99.89%
C57BL/6] background containing a 6.12-Mb congenic region on
chromosome 7 in Irf7”~ mice, respectively. B6.129-Irf3'm1Tte
Irf7™1 ([rf37/"Irf7-7) DKO mice were generated by breeding
Irf37~ with Irf7”~ mice. As controls, C57BL/6] mice were obtained
from Janvier (Le Genest-Saint-Isle, France). All mice were main-
tained under specific pathogen-free conditions at the animal fa-
cilities of the Helmholtz Centre for Infection Research (HZI). For
genotyping, genomic DNA was extracted from mouse tails and the
DNA concentration was quantified with a Nano Drop 100 (Ther-
mo Scientific) spectrophotometer. A total of 100 ng of DNA and
10 pmol of primer oligonucleotides were used for PCR. Primers
were designed for sequences flanking the targeted Irf3 locus (Irf3-
common 5'-GAA CCT CGG AGT TAT CCC GAA GG-3', Irf3-ds
5'-GTTTGA GTT ATC CCT GCA CTT GGG-3',Irf3-neo 5'-TCG
TGCTTT ACG CTA TCG CCG CTC CCG ATT-3') and Irf7locus
(Irf7-uzu 5'-GTG GTA CCCACT CCT GCCCTCTTT ATA ATC
T-3', Irf7-long 5'-AGT AGA TCC AAG CTC CCG GCT AAG
TTC GTA C-3',Irf7-neo 5'-TCG TGC TTT ACG GTA TCG CCG
CTC CCC ATT C-3').

Infection of Mice

Female mice at the age of 8-12 weeks were anesthetized by in-
traperitoneal injection of ketamine/xylazine (10% [v/v] of 100 mg/
ml ketamine and 5% (v/v) of 20 mg/ml xylazine in 0.9% [w/v]
NaCl) with a dose adjusted to the individual body weight (200
ul/20 g body weight). Infection was attained by the intranasal ap-
plication of virus solution in 20 ul of sterile phosphate-buffered
saline (PBS). Subsequently, survival and body weight loss were
monitored until day 14 postinfection (pi). In addition to mice that
were found dead, mice with a weight loss of more than 30% of their
initial body weight were euthanized and recorded as dead.
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Determination of Infectious Viral Particles

For determining the viral load in lungs, organs were extracted
and placed into 2 ml of PBS containing 0.1% BSA. Lung tissue was
subsequently homogenized using the Polytron 2100 homogenizer.
Debris was removed by centrifugation, and aliquots were stored at
-70°C. Virus titers were determined on Madin-Darby Canine Kid-
ney (MDCK) cells as FFUs as described previously [22].

Hematology

For the monitoring of hematological parameters, hearts were
punctured and blood was collected in EDTA tubes. Absolute num-
bers of white blood cells, lymphocytes, granulocytes, and mono-
cytes in the blood were determined immediately using the hema-
tologic system VetScan HM5 (Abaxis, Griesheim, Germany). The
ratio of granulocytes to lymphocytes were calculated and normal-
ized to the values from noninfected animals for each respective
mouse line.

ELISA

Mice were infected with 2 x 10° FFU PR8M (H1N1) virus and
PBS for mock controls. They were anesthetized by isoflurane inha-
lation and euthanized by retro-orbital bleeding on day 1 and 2 pi.
A sterile, 22-gauge catheter was inserted into the exposed tracheal
lumen. Bronchoalveolar lavage (BAL) fluid was collected by the
instillation and subsequent aspiration of 1 ml of PBS into the lung.
Supernatants were aliquoted, stored at -70°C and used to detect
the IFNA, IFNB1, and IFNL2/3 (also referred to as IL-28 A/B) pro-
tein concentration by the respective ELISA kits from PBL Assay
Science (Piscataway, N.J., USA). Standard curves were performed
according to the manufacturer’s instructions. Quantification of
the respective proteins was based on the standard curves deter-
mined.

Histological and Immunohistochemical Analyses

Ten-week-old female mice were infected with 2 x 10° FFU A/
Puerto Rico/8/34 (HIN1, PR8M) virus and their lungs were pre-
pared on day 3 pi. Subsequently tissues were immersion-fixed for
24 h in 4% buffered formaldehyde solution (pH 7.4), dehydrated
in a series of graded ethanol and embedded in paraffin. Sections
were cut from 3 evenly distributed levels and stained with hema-
toxylin and eosin (HE). For immunohistochemical studies, sec-
tions were stained overnight at 4°C with a primary antibody
against IAV nucleoprotein (clone hb65; ATCC, Wessel, Germa-
ny), incubated for 30 min with HRP-labeled goat-anti-mouse
IgG2a (Biozol, Eching, Germany) and counterstained with hema-
toxylin. Analysis of HE-stained lung sections from 5 WT and 4
Irf37~Irf7”- DKO mice on day 3 pi was performed using a semi-
quantitative scoring system for increase in cellular infiltration: 0 =
none, 1 = mild, 2 = moderate, 3 = severe. The degree of monocyt-
ic and granulocytic infiltration was evaluated separately on 3 HE
sections per animal and ratios of mean values were calculated. In
addition, bronchiolar structures with and without necrotic chang-
es of the epithelial cells were counted on 3 complete lung sections
per animal to determine epithelial damage. Influenza virus-infect-
ed cells were counted on 3 immunohistochemically stained sec-
tions of the complete lung per animal.

Preparation of RNA
Eight- to 12-week-old female mice were intranasally infected
with 2 x 10®> FFU A/Puerto Rico/8/34 (HIN1, PR8M) virus or
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mock infected with PBS. On day 3 pi, mice were euthanized by CO,
asphyxiation, lungs were extracted and immediately stored in
RNAlater solution (Qiagen, Hilden, Germany). RNA was isolated
using Qiagen RNeasyMidi Kit according to the manufacturer’s in-
structions. RNA was eluted in RNase-free water, measured by
NanoDrop spectrophotometer and quality controlled on a 2100
Bioanalyzer Instrument (Agilent Technologies, Waldbronn, Ger-
many).

Microarray Analysis

All samples had an RNA integrity number of >9.7. One hun-
dred nanograms of total RNA were applied for Cy3-labelling reac-
tion using a one color Quick Amp Labeling protocol (Agilent
Technologies). Labeled cRNA was hybridized to Agilent's mouse
microarrays (Agilent 4x44k Mouse V2 Design ID 026655) for 16 h
at 68°C and scanned using the Agilent DNA Microarray Scanner.
Expression values were calculated by the software package Feature
Extraction 10.5.1.1 (Agilent Technologies). Microarray data were
then analyzed using the R software package [24]. Preprocessing
steps included background correction, quantile normalization and
annotation using the MmAgilentDesign026655.db [25], LIMMA
[26], and Agi4x44PreProcess [27] packages. Multigroup compari-
sons and the identification of DEPS (differentially expressed probe
sets) were performed with the LIMMA package [26] using BH cor-
rection for multiple testing [28]. DEPS were identified based on an
adjusted p value <0.05 and exhibiting more than a 2-fold difference
in expression levels (abs[log,] >1). Reactome enrichment analysis
and cluster profiling was performed with the package clusterPro-
filer [29]. KEGG pathway analysis was performed using the path-
view package in R [30]. Digital cell quantification (DCQ) analysis
was performed according to the algorithm described by Altboum
etal. [31]. Gene expression values were preprocessed by subtract-
ing the mean of the mock-infected mice from the infected mice for
each mouse strain and by selecting the most variant probe sets for
genes with multiple probe sets based on the standard deviation
across all groups. DCQ analysis was then performed at the public
server provided by the University of Tel Aviv (http://dcq.tau.ac.il/)
using the immune cell database at http://dcq.tau.ac.il/. The results
were then visualized by heat maps using the R software [24]. The
raw data has been deposited in the GEO database (http://www.
ncbi.nlm.nih.gov/geo/) under the accession number GSE77600.

Real-Time Reverse Transcription Polymerase Chain Reaction

Aliquots from the same RNA preparations that were used for
array analysis were subsequently analyzed by quantitative real-
time reverse transcription polymerase chain reaction (QRT-PCR).
One microgram of lung-extracted RNA from each sample was
used for cDNA synthesis (SuperScriplll; Invitrogen, Karlsruhe,
Germany) using a 1:1 mixture of oligodT and random hexamers
(Invitrogen). Specific primers were designed for the respective
genes (see online suppl. table 1; for all online suppl. material, see
www.karger.com/doi/10.1159/000450705). The cDNA was dilut-
ed into a final volume of 50 pl, and RT-PCR was carried out with
the DNA Master SYBR Green I kit (Roche, Mannheim, Germany)
using a LightCycler 480 apparatus (Multi-Well Plate 96; Roche).
For relative quantification of specific host genes, standard curves
were generated from a serial 10-fold dilution of cDNA of 1 infect-
ed sample using the respective specific primers. Gene induction
was normalized to the ribosomal protein L4 (Rpl4) housekeeping
gene using the AACp method [32].

J Innate Immun 2017;9:145-161
DOI: 10.1159/000450705

147



Data Analysis

Means + standard error of the mean (SEM) were calculated and
the data for percent body weights, viral titers, hematology, epithe-
lial damage, cellular infiltration, influenza virus-infected cells, and
cytokine/chemokine expression were evaluated for statistically
significant differences by the nonparametric Mann-Whitney U
test using GraphPad Prism version 5.04 and 6.05 for Windows
(GraphPad Software, San Diego, Calif., USA). p values <0.05 were
considered significant. The log-rank Mantel-Cox test was used to
calculate the significance of differences in survival rates between
KO and WT mice.

Flow Cytometry

For the measurements of lymphocytes, lungs were rinsed and
passed through a 70-um cell strainer. Subsequently, lymphocytes
were separated by a density gradient centrifugation using Easy-
coll (Biochrom, Berlin, Germany). The single cell suspensions
were stained with aCD3-V500 (BD Biosciences, Heidelberg,
Germany), aCD4-PE-Cy7 (eBioscience, Frankfurt, Germany),
aCD8-BV650 (BioLegend, London, UK), alL-10-BV421 (BioLe-
gend), alL-17-FITC (eBioscience), and LIVE/DEAD Fixable
Blue Dead cell stain kit (UV excitation, ThermoFisher, Schwerte,
Germany) to exclude dead cells. Intracellular staining for inter-
leukin (IL)-10 and IL-17 was performed using the Cytofix/Cy-
toperm system (BD Biosciences). To analyze granulocytes, lungs
were isolated and passed through a 40-um cell strainer and a
density centrifugation using Lympholyte M (Biozol) was per-
formed. After washing the cells twice with PBS/2% fetal calf se-
rum, Fc receptors were blocked with aCD16/32 and subsequent-
ly stained with aCD45-FITC, aCD11b-APC and aLy-6G/Ly-6C-
PerCp (Gr-1; eBioscience). To exclude dead cells, propidium
iodide was added to each sample. Samples were measured using
an Accuri C6 or LSR Fortessa flow cytometer (BD Biosciences)
and data were analyzed using FlowJo version 7.6.5 (Tree Star,
Ashland, Oreg., USA).

SDS-PAGE and Western Blot Analysis

Eight- to 12-week-old female mice were intranasally infected
with 2 x 10° FFU PR8M virus or mock infected with PBS. On day 3
pi, mice were euthanized by CO, asphyxiation, and their lungs were
extracted and immediately stored in RIPA buffer (1x PBS, 1% NP-40,
0.5% sodium deoxycholate, 1% SDS and Halt phosphatase/protease
inhibitor cocktail; ThermoFisher, Grand Island, Nebr., USA). The
lungs were then homogenized in Fastprep homogenizer (MP Bio-
medicals, LLC, Santa Ana, Calif., USA) for 60 s, centrifuged (1 min,
1,000 x g), and debris was discarded. Approximately 20 pg of protein
homogenate was diluted in 2x SDS loading buffer (125 mM Tris-
HCI, pH 6.8, 5% SDS, 20% glycerol, 0.004% bromophenol blue, and
10% B-mercaptoethanol), boiled for 5 min, and the proteins were
resolved by SDS-PAGE on a 10% Tris-Glycine SDS gel. The proteins
were transferred to a nitrocellulose membrane. The membrane was
blocked with 5% BSA in 1x TBS for 1 h at room temperature. Phos-
phorylated and total JNK proteins were detected by incubating the
membrane overnight at 4°C with rabbit anti-]NK-pT183/Y185
(1:2,000) and mouse anti-JNK antibodies (1:1,000; Cell Signaling
Technologies, Danvers, Mass., USA) diluted in 5% BSA in 1x TBST
(TBS + 0.05% Tween-20). The membranes were washed 5 times in
1x TBST and then incubated with donkey anti-mouse infrared dye
(IRDye) 680RD and donkey anti-rabbit IRDye 800CW secondary
antibodies (1:10,000, LI-COR; Lincoln, Nebr., USA) diluted in 5%
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BSA-TBST for 1 h at room temperature. After washing the mem-
brane 5 times in 1x TBST and once in 1x TBS, the bands were visu-
alized and fluorescent intensities were quantified using an Odyssey
CLx imager and Image Studio Software, respectively (LI-COR).

Results

Deletion of Irf3 and Irf7 Results in Increased

Susceptibility to Influenza A Infection

IRF genes are important mediators of the host re-
sponse to infections. Here, we examined the function of
both Irf3 and Irf7 and their interaction for the immune
response to IAV infection using Irf3”~ and Irf7”~ single
KO and Irf3"Irf7”/- DKO mice. Eight- to 11-week-old
female WT, KO and DKO mice were infected with mouse-
adapted PR8M (A/Puerto/Rico/8/34, HIN1). Irf3”7~ and
Irf7”~ single KO and the DKO mice lost significantly
more body weight after infection with PR8M and re-
vealed significantly increased mortality rates compared
to WT mice (fig. 1). Whereas 60% of Irf3~'~ mice survived
the infection, only 40% of Irf7~'~ and 20% of Irf3~/"Irf7~'"~
KO mice survived. Furthermore, a significantly higher vi-
ral load was detected on day 1 in Irf37~ and Irf3~/"Irf7/~
DKO mice compared to WT mice, whereas no differenc-
es were observed at other time points with respect to viral
loads in WT mice (fig. 1a, ¢, right panel). Ir ~/~_infected
mice did not have a significantly different viral load com-
pared to WT mice on any day tested pi (fig. 1b, right pan-
el).

Global Analysis of Gene Expression Revealed

Qualitative Differences of the Host Response in

Dependence of Irf3 and Irf7

To characterize the host response in more detail, we
analyzed global changes of the transcriptome in PR8M-
infected lungs 3 days pi in the lungs of Irf3 and Irf7 single
KO as well as DKO mice in comparison to WT mice. A
similar number of differentially expressed probe sets (de-
fined as more than a 2-fold change, adjusted p < 0.05) was
found to be regulated after IAV infection compared to the
respective mock controls in WT as well as single and
DKO mice (online suppl. fig. 1). Functional analysis of
differentially expressed genes using the Reactome path-
way database revealed a group of genes related to the
‘adaptive immune response’ that was strongly reduced in
DKO mice (fig. 2a). A heat map showing expression levels
from the genes that belong to this pathway revealed 22
probesets with decreased levels in DKO mice (fig. 2b).
Next, we used a DCQ analysis based on the Immunolog-
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Fig. 1. Body weight loss, survival, and viral load of Irf37, Irf7",
and Irf37"Irf7”'~ mutant mice after AV infection. Irf37" (a),
Irf77~ (b) and Irf3"Irf7”~ (c) female mice at the age of 8~12 weeks
were infected intranasally with 2 x 10° FFU PR8M (HIN1) IAV.
C57BL/6] (WT) female mice at the same age were used as controls.
Body weight (left panel) and survival (middle panel) was moni-
tored until day 14 pi. Mice reaching more than 30% of their initial
body weight had to be euthanized and recorded as dead. Weight
loss data represent mean values + SEM. Group sizes were the same
for body weight and survival measurements (as indicated in the
body weight loss curves). Homozygous KO and DKO mice re-

Deletion of Irf3 and Irf7 Genes in Mice

vealed significantly higher weight loss early after infection (* p <
0.05, ** p < 0.01, *** p < 0.001) and significantly lower survival
rates (p < 0.01 for Irf3”~ and p < 0.001 for Irf7~'~ and Irf3~/"Irf7",
respectively). The viral load (right panel) was determined in lung
homogenates. The detection limit of the assay was 80 infectious
particles per lung, as indicated by the blue line. Significances were
calculated using the Mann-Whitney U test (body weight loss and
viral load) and log-rank test (survival). The results on infections of
Irf7 mutant mice include data from our previous publication [44]
plus additional mice.
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ical Genome Project (ImmGen) database as described in
Altboum et al. [31] to determine the relative number of
different immune cells in infected lungs (fig. 3a, b). We
found that Irf3"Irf7~ DKO mice exhibited a pro-
nounced increase of gene expression signals that are spe-
cific for granulocytes (fig. 3a). In addition, T cell-specific
gene expression signals were much lower in DKO mice
(fig. 3b). Furthermore, expression levels of neutrophil at-
tracting chemokines (Cxcl1, Cxcl2, Cxcl3, Cxcl5) as well
as the respective Cxcr2 receptor and the neutrophil-spe-
cific Mmp9 gene were higher in DKO compared to WT
and single KO mice (fig. 3c).

Increased Epithelial Cell Damage and Granulocyte

Infiltration in Irf3”"Irf7”~ DKO Mutant Mice

Histopathological analysis of infected lungs revealed
increased epithelial damage in Irf37"Irf7”~ DKO mice
(fig. 4a, b; online suppl. fig. 2). A more pronounced infil-
tration of granulocytes was found in the infected lungs on
day 3 pi of the DKO mice compared to WT controls
(fig. 4c, d; online suppl. fig. 2). Immunohistochemical
analyses of viral antigen expression revealed increased
numbers of infected cells in the bronchiolar epithelium of
DKO lungs compared to WT mice (fig. 4e, f; online suppl.
fig. 2). Since the total amount of infectious particles was
not significantly different after day 3 and 5 pi (fig. 1) in
DKO versus WT mice, these observations suggest a faster
spreading of the virus in the lungs of DKO mice.

In addition, we investigated the inflammatory re-
sponse by monitoring the composition and absolute
numbers of white blood cell lymphocytes, monocytes,
and granulocytes in the peripheral blood between day 1
and day 5 pi (fig. 5, left panel). During the course of infec-
tion, a slight increase of granulocytes and monocytes was
observed in single KO mice. It is noteworthy that a max-
imum of granulocyte infiltration was already seen in
Irf3”~ mice on day 1 pi, which remained at that level un-

Fig. 2. Functional analysis of differentially expressed genes. a Path-
way enrichment analysis for differentially expressed genes (DEGs)
from the lungs of WT, KO, and DKO mice (n = 3) infected with 2
x 10° FFU PR8M virus using cluster profiler. The x-axis indicates
mouse groups (Irf37~, Irf7~~, Irf3"Irf7”~). The y-axis lists path-
way descriptions from the Reactome pathway database. The sizes
of filled circles reflect the ratio between the number of differen-
tially expressed genes in the group and the total number of genes
that belong to the respective pathway. The color indicates p values
for the probability that the observed number of DEGs for the re-
spective pathway occurs by chance. The cut-off for adjusted p val-
ues was set to 0.1 and the maximum number of displayed pathways

Deletion of Irf3 and Irf7 Genes in Mice

til day 5 pi. In DKO mice, the number of granulocytes in-
creased steadily and was 6.8 times higher at 5 days pi com-
pared to day 0, whereas Irf3”~ and Irf7”~ mice reached
2.6-fold and 2.8-fold higher levels compared to day 0, re-
spectively. The absolute amount of monocytes was 3.7
times higher on day 5 in DKO mice compared to a 1.3-fold
and 1.4-fold increase in Irf37~and Irf7~'~, respectively. The
ratio of granulocyte to lymphocyte numbers, which is an
indicator for the severity of IAV infectious disease [33],
was significantly increased in Irf3~/~ compared to WT mice
on all of the days tested (fig. 5a, right panel). In comparison
to WT infected mice, this ratio increased in Irf7~~ mice on
days 3 and 5 pi (fig. 5b, right panel). The granulocyte to
lymphocyte ratio in Irf3”~Irf7”~ DKO mice rose consider-
ably from day 1 to day 5 pi (fig. 5¢, right panel).

In summary, these results indicated a qualitative and
quantitative difference in the host innate immune re-
sponse of Irf3”~Irf7”~ DKO mutant mice after AV infec-
tion characterized by increased numbers of infiltrating
granulocytes and a lack of T cell activation.

Impaired Induction of IEN Response in Irf37, Irf7/",

and Irf3"Irf7”/~ Mutant Mice

Irf3 and Irf7 are important regulators of the host IFN
response to infections. We therefore analyzed changes in
the expression levels of IFN and IFN response genes in
WT, single KO, and DKO mice after infection with PR8M.
Only genes that exhibited a significant change with an
adjusted p value <0.05 between groups using ANOVA
were considered. Of the type I IFNs, Ifnal and Ifna4 were
solely upregulated in WT mice whereas Ifna7 was signif-
icantly increased in WT (1.3-fold) and Irf3”~ mice (1.7-
fold; online suppl. fig. 3a). Ifnbl was strongly elevated
(56-fold) in infected WT mice and to a lesser extend in
the single mutants Irf3”~ and Irf7”~ (9- and 29-fold, re-
spectively; online suppl. fig. 3b). In DKO mice, no sig-
nificant regulation of IfnbI after infection was observed.

was set to 20. DEGs from DKO mice were not enriched for the
‘adaptive immune system’ pathway (yellow arrow) as it was seen
for WT and single KO mice. b Heat map of log,-transformed nor-
malized expression values from the lungs of individual mice for
DEGs that belonged to the ‘adaptive immune system’ pathway and
which showed lower expression levels in DKO compared to WT
and single KO mice. Green indicates lower (lowest values are
bright green), red higher (highest values are bright red) and black
mean (at or close to mean value) expression. Rows represent ex-
pression values per gene and columns represent individual sam-
ples. Rows were clustered based on Pearson correlations.
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The expression of type III IEN Ifnl3 (also referred to as
1128b, probeset A_52_P254088) was more strongly in-
duced in Irf3”~ mice (13-fold) compared to WT mice (7-
fold), whereas Irf7”~ mice revealed only a slight increase
(3-fold). DKO presented no significant regulation of
Ifnl3. Furthermore, we found type II IFN Ifng gene to be
upregulated in all mutant and WT mice to similar levels.
Whereas the single KO mice exhibited a pronounced up-
regulation of the IFN-stimulated MxI gene, which was
even higher than in WT mice, DKO mice revealed a more
than 4-fold lower expression level although an activation
compared to mock-infected controls could still be ob-
served (online suppl. fig. 3c). Similar results were ob-
tained for Oas encoding genes (online suppl. fig. 3d) as
well as other IFN-stimulated genes (online suppl. fig. 3e,
f). The results from the array analysis were confirmed by
qRT-PCR for 9 genes (online suppl. fig. 4).

To also verify the regulation of IFNs at the protein lev-
el, we analyzed BAL from infected I rf3’/ 1 rf7’/ -, DKO, and
WT mice on day 1 and 2 pi (fig. 6). Whereas Irf37~ mice
revealed a decrease of IFNA and IFNBI1 proteins accom-
panied by strongly elevated levels of IFNL2/3 proteins on
day 2 pi, Irf7”~ mice showed no detectable IFNA protein
expression, reduced levels of IFNB1 and lower IFNL2/3
protein synthesis compared to WT mice. In DKO mice no
induction of IFNA and IFNB proteins was observed in
BAL, and only small amounts of IFNL2/3 proteins were
detectable. Most notably, single Irf7”~ KO and DKO mice
did not exhibit an increase in IFNL2/3 production.

In summary, Irf7 was crucial for the induction of
IFNA. The expression of IFNB1 was more affected in the
absence of Irf3 than Irf7. Interestingly, IFNL2/3 reached
asignificantly higher level in Irf37~ mice, whereas a defect
in Irf7 caused reduced transcription and translation of
IFNL2/3.

Altered IFN Induction in Mutant Mice Impacts

Downstream Pathways and Activation of Adaptive

Immune Response

KEGG pathway analysis of transcriptome differences
in DKO versus WT infected mice revealed an increased

Fig. 3. Changes in the relative numbers of immune cells in the
lungs of WT, single KO, and DKO mice. The relative number of
immune cells in the lungs of WT, single KO, and DKO mice (n =
3 for all groups) on day 3 pi after infection with 2 x 10° FFU PR8M
was determined by DCQ, based on gene expression values. Results
from the analysis were visualized as heat maps for selected immune
cell populations: granulocytes (a), T cells (b). A detailed descrip-
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activation of the MKK/JNK pathway in DKO mice (fig. 7).
This activation resulted in higher expression levels of the
downstream proinflammatory cytokines IL-1 and TNF
(fig. 7). Signaling via IFNAR and the JAK/STAT pathway
induces the expression of antiviral genes including Mx
and Oas. However, the activation of the IFN pathway and
downstream IFN response genes was strongly reduced in
DKO mice compared to WT mice (fig. 7). The results
from the array analysis were confirmed by qRT-PCR for
10 genes (online suppl. fig. 4).

This pathway analysis revealed that genes of the JNK
pathway were upregulated in DKO mice and a concomi-
tant increase in granulocyte infiltration was observed
while induction of T cell responses were significantly re-
duced. Thus, to confirm the gene expression data, we di-
rectly assayed MKK/JNK pathway activation by Western
blot analysis of phosphorylated JNK protein (JNK-pT183/
Y185) in infected mouse lungs. On day 3 pi, we observed
amarked increase (~50%) in JNK activation (pJNK/JNK)
in PR8M-infected WT mice compared to mock-infected
mice (fig. 8a, ¢). Consistent with our gene expression
data, the virus-induced activation was stronger in DKO
mice (fig. 8b, c) suggesting increased activation of the
MKK/JNK pathway at the protein level in these mice
compared to WT mice.

Furthermore, we performed flow cytometry studies of
immune cells in the lung of DKO and WT infected mice
to further substantiate these observations. IAV infection
of WT mice did not reveal any differences in the frequen-
cy or functionality of lung CD3+ T cells (60%; fig. 9a).
However, in the DKO mice IAV infection resulted in a
decreased frequency of CD3+ T cells on day 3 (~46%) as
compared to day 0 (~60%), although these differences
were not significant (fig. 9a). The detailed analysis of
CD4+ and CD8+ T cells showed that this observation
might be due to reduced frequencies of CD8+ T cells
(~16%) in the lungs of DKO mice as compared to unin-
fected mice (~21%; tig. 9b, c¢). With respect to their func-
tionality, increased frequencies of IL-10- (~12%) and IL-
17- (~2.7%) secreting CD3+ T cells were detected in
DKO mice as compared to the lungs from mice prior to

tion for the designation of the different immune cell types can be
found at https://www.immgen.org/ListPDFs/Myeloid.pdf. ¢ log,
gene expression values of the differences between infected mice
and respective mock-infected controls (mean infected mice minus
mean mock-treated controls) for Cxcl1, Cxcl2, Cxcl3, Cxcl5, Cxcr2,
and Mmp9 from the lungs of WT, single KO, and DKO mice that
were significantly regulated (based on ANOVA, p <0.001).
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(a, b, e, f), x40 (c, d). Both WT and mutant mice revealed strong
infiltrations with more densely consolidated tissue and increased
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epithelial damage (arrow in b) in DKO mice. Many more infiltrat-
ing polymorphonuclear cells were observed in the infected lungs
of DKO mice compared to WT controls (c, arrows in d). Virus-
infected cells were observed mainly in bronchiolar regions of WT
(e) and DKO (f) mice.

Hatesuer/Hoang/Riese/Trittel/ Gerhauser/
Elbahesh/Geffers/Wilk/Schughart



- WBC
== Lym
: -+~ Mon
E -¥- Gr
8
>
—
a Time pi (days)
15 =
- WBC
- lym
i =& Mon
= 1:——-—1\_?//‘} = v
R
5
5
——————————— v
e --¥
0 ¥ T : P :
0 1 5 : ; 5
b Time pi (days)
15 -
- WBC
-= Lym
g -+ Mon
E f -¥- Gr
g ;
>
— £
Fomm——""" |
O ¥-
0 ‘%’_—,_—ﬁ
0 1 5 : ; 5
C Time pi (days)

15 - I 1 I 1 T 1
B wr
o B 3
£ 10 -
e
S
©
E
[e)
z
1 3 5
Time pi (days)
A kK 4 A %k 3k ok =
15 -y Ll L) L 1
B wr
8 B 7
10 1
©
N
E
5 51
z
0 A
1 3 5
Time pi (days)
L * N 1 3k k k 1 1 %k k P
15 o T 1 L} 1 L} 1
B wr
o B 377
10 1
el
(]
N
E
5 57
z
0 -
1 3 5

Time pi (days)

Fig. 5. Hematological analysis of influenza-infected WT, KO, and
DKO mice. Eight- to 12-week-old female Irf37~ (n = 14-19; a),
Irf77'= (n = 16-18; b), and Irf3"Irf7”~ (n = 11-21; c) mice were
infected with 2 x 10° FFU PR8M. Hematological parameters in
blood were measured using the VetScan HM5 system and absolute
numbers of white blood cells (WBC), lymphocytes (Lym), mono-
cytes (Mon), and granulocytes (Gr) were determined at different
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days pi. Error bars represent +£1 SEM. The ratio of granulocyte to
lymphocyte cell counts was calculated and then normalized to un-
infected values (right panel). Significances were calculated using
the Mann-Whitney U test (* p < 0.05, ** p < 0.01, *** p < 0.001).
Note that there was also an increase in the granulocyte to lympho-
cyte ratio in infected C57BL/6] mice. However, this increase is not
apparent because of the scale used for the y-axis.
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infection (approx. 3 and 0.6%; fig. 9d, e). These findings
revealed phenotypical and functional differences of T
cells in the lungs of DKO mice after infection. Analysis of
granulocyte markers confirmed the above observations
from gene expression arrays and histological studies of an
increased infiltration of granulocytes in DKO compared
to WT mice at day 3 pi (fig. 9f).

Discussion

We recently described the susceptible phenotype of
Irf7”~ mice [34], a key player of host IFN response to IAV
infections. In this study, we investigated the roles of both
Irf3 and Irf7 in the host response early after IAV using

J Innate Immun 2017;9:145-161
DOI: 10.1159/000450705

156

single KO and DKO mice. In line with previous studies,
the absence of Irf3 and particularly Irf7 genes resulted in
asignificant reduction of type I IFN expression in mutant
mouse lungs after viral infection [16-19, 21, 35-37]. This
correlated with the higher susceptibility of the Irf37,
Irf7”~ and Irf3”"Irf7”~ mice, underlining the importance
of the IFN response to fight IAV infections.

A previous publication studied the role of Irf3 and Irf7
for IFN induction after IAV infection using epithelial cell
cultures from the respective KO mice [21]. Cultured mu-
rine tracheal epithelial cells were able to produce type I
and type III IFN in a RIG-I/MAVS-dependent manner.
Crottaetal. [21] found a significantly reduced production
of IFN type I in Irf7”~ epithelial cells. Irf7 was also identi-
fied as a highly regulated gene in an RNAseq transcrip-
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Fig. 7. KEGG pathway view for influenza-activated genes. Mean
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(mean infected minus mean mock-infected controls) to WT mice
(mean infected minus mean mock-infected controls) were calcu-
lated and visualized on the KEGG pathway ‘influenza A pathway:
mmu05164° using the ‘pathview’ package. The image was slightly

tome analysis from IAV-infected lungs of susceptible and
resistant mouse strains [34]. This study also demonstrat-
ed that Irf7”~ mice were more susceptible than WT mice
to IAV infections [34].

Here, we report that the deletion of Irf3 also had a sig-
nificant impact on the host response since KO mice ex-
hibited increased susceptibility to PR8 infection whereas
Irf3 was not required for IFN induction in primary epi-
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modified (e.g. trimmed) for better visualization. Red indicates
higher expression in WT mice and green indicates higher expres-
sion levels in DKO mice. The range for the color scale was set from
-2 to 2 to increase sensitivity for small differences (total range was
6 to -3.6, 1st quantile -0.183, 3rd quantile 0.149).

thelial cells [21]. Notably, we found an increased level of
IFNL2/3 in BAL of Irf3”~ mice after infection compared
to WT mice. These results suggest a compensatory mech-
anism in Irf3”~ KO mice which has also been suggested
by Crotta et al. [21]. However, the increased IFNL2/3 was
not able to compensate for the lower type I IEN levels in
Irf37~ mice, resulting in a higher viral load on day 1,
which is most likely the cause for increased mortality. It
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Fig. 8. Western blot analysis of active JNK proteins in infected
mouse lungs. Eight- to 12-week-old female WT (a) and DKO (b)
mice were intranasally infected with 2 x 10° FFU PR8M (n = 4 per
mouse strain) or mock infected (n = 5 per mouse strain) with PBS.
On day 3 pi, the lungs were harvested from euthanized mice, ho-
mogenized, and proteins were separated by SDS-PAGE and im-
munoblotted using primary antibodies for total JNK (JNK) or ac-
tive JNK phosphorylated at T183 and Y185 (JNK-p), and IRDye-

conjugated secondary antibodies. The bands were visualized using
the LI-COR Odyssey CLx imager. ¢ LI-COR Image Studio software
was used to quantify band intensities. The data are presented as
the increase of active to total JNK ratio (pJNK/JNK) relative to
that observed in mock-infected WT mice. Error bars represent
+1 SEM. Significance was calculated by an unpaired t test (* p <
0.05, ** p < 0.01).
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Fig. 9. Flow cytometry of lung cells in WT and DKO mice. The
frequencies of CD3+, CD4+, and CD8+ T cells in the lungs of WT
and DKO mice (n = 3-5) on day 3 pi after infection with 2 x 10°
FFU PR8M were determined by flow cytometry staining of cells ex
vivo: CD3+ T cells (a), CD3+CD4+ T cells (b), CD3+CD8+ T cells
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(c), IL-10+CD3+ T cells (d), IL-17+CD3+ T cells (e), and granu-
locytes (f). Differences between WT and DKO in a-e were not
significant; differences between WT and DKO in f were significant
(p < 0.05, Mann-Whitney U test).
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is important to note that the differences between the in
vitro and in vivo findings that were observed underscore
the necessity to validate gene functions in in vivo models.

A case report from a 2.5-year-old child suffering from
severe influenza revealed heterozygous mutations (F410V
and Q421X) in IRF7 and a remarkable reduction in the
production of IFN type I (except IFNP) and type III [38].
This observation supports our findings that, despite a cer-
tain redundancy of the IFN system, the effect of a loss-of-
function may be much more severe in the context of the
whole organism.

In line with the data from Crotta et al. [21], we found
that type I IFN was completely absent in Irf37~/Irf7-~
DKO and only a slight production of IFNL2/3 was ob-
served. Using a 100-fold lower dose of PR8M, DKO mice
showed a survival rate of 75% (data not shown), demon-
strating that DKO mice are still able to clear the infection
and that the alternative pathways are functional, albeit to
a very limited degree.

MX1 is not functional in C57BL/6 mice but RNA is still
expressed and can be used to monitor the activation of
IFN-stimulated genes. In DKO mice, Mx1 expression was
strongly reduced as well as other antiviral genes like the
Oas family. From these results, we conclude that alterna-
tive pathways can still be activated even in the absence of
Irf3 and Irf7, but have limited protection from severe dis-
ease.

The genes of the JNK pathway were upregulated in
DKO mice and, in addition, an increased activation of the
JNK pathway was observed. A pronounced infiltration of
granulocytes was observed in DKO mice whereas induc-
tion of a T cell response was missing and the numbers of
infiltrating T cells were decreased in DKO mice. The
genes encoding the proinflammatory cytokines TNF and
IL-1 were found to be more highly expressed in DKO
compared to WT mice, as well as other granulocyte-at-
tracting chemokines like Cxcl1, Cxcl2, Cxcl3, and Cxcl5.
The role of granulocytes in viral infections is dichoto-
mous, since they can have beneficial and detrimental ef-
fects [39-42]. The release of their toxic substances might
be responsible for massive cell damage and tissue necrosis
leading to severe pneumonia and acute respiratory dis-
tress syndrome. Brandes et al. [39] revealed qualitative
differences in the lung transcriptome between lethal ver-
sus nonlethal influenza infections. They identified a feed-
forward inflammatory loop that was driven by accumula-
tion of neutrophils in infected lungs. Their study indi-
cated a narrow therapeutic window. Moderate neutrophil
depletion increased survival of IAV-infected mice by re-
ducing the damaging effects of these cells, whereas the
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total depletion of granulocytes resulted in increased mor-
tality. Our results indicate that upregulation of the Irf3-
and Irf7-independent pathways, namely the JNK path-
way, and the resulting higher infiltration of granulocytes
may be an important driver of a severe outcome. This
result is in line with the findings of Borgeling et al. [43],
who presented p38 MAPK as a potential target for antivi-
ral strategies since an inhibitor was able to protect mice
from lethal influenza.

In conclusion, this study adds to our understanding of
the role of IRF genes and downstream IFN pathway acti-
vation for the host defense to IAV infection. Deletion of
both Irf3 and Irf7 resulted in the absence of induction of
IFNA and IFNB. Concomitantly, we observed a wider
spread of virus in the lungs, a larger degree of tissue dam-
age, an increase in granulocyte infiltration and reduced
activation of the adaptive immune response in DKO
mice. Together, these factors contribute to the observed
higher susceptibility of DKO mice to IAV infection.
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