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Influenza A virus (IAV) infection causes an acute respiratory disease characterized by a strong inflammatory immune response 
and severe immunopathology. Proinflammatory mechanisms are well described in the murine IAV infection model, but less is 
known about the mechanisms leading to the resolution of inflammation. Here, we analyzed the contribution of CD11b+Ly6C++Ly6G− 
cells to this process. An accumulation of CD11b+Ly6C++Ly6G− cells within the lungs was observed during the course of IAV in-
fection. Phenotypic characterization of these CD11b+Ly6C++Ly6G− cells by flow cytometry and RNA-Seq revealed an activated 
phenotype showing both pro- and anti-inflammatory features, including the expression of inducible nitric oxide synthase (iNOS) 
by a fraction of cells in an IFN-γ-dependent manner. Moreover, CD11b+Ly6C++Ly6G− cells isolated from lungs of IAV-infected 
animals displayed suppressive activity when tested in vitro, and iNOS inhibitors could abrogate this suppressive activity. Collec-
tively, our data suggest that during IAV infection, CD11b+Ly6C++Ly6G− cells acquire immunoregulatory function, which might 
contribute to the prevention of pathology during this life-threatening disease.
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Introduction

Immune regulation is especially important in the con-
text of an acute infection of the respiratory tract with in-
fl uenza A virus (IAV), since lethality here is caused by 
infl ammation-induced lung destruction [1, 2]. Different 
immune mechanisms counter IAV infection while assur-
ing tissue integrity in the delicate environment of lungs. 
IL-10 production by effector T cells, for example, is es-
sential for mice to maintain immune balance and evade 
lung immunopathology although effi ciently clearing the 
virus [3]. Foxp3-expressing regulatory T cells (Treg cells) 
also play a role during the immune response to IAV, since 
virus-specifi c Foxp3+ Treg cells vigorously increase at the 
site of infection, control cytotoxic T cell-mediated lung 
infl ammation during secondary infections [4, 5], and pro-
mote recovery [6]. Notably, lethal IAV infection in mice 

is attenuated if the number of monocyte-derived cells, 
which are myeloid cells phenotypically characterized as 
CD11b+Ly6C++Ly6G−, is reduced [7, 8]. In fact, upon IAV 
infection, monocyte-derived CD11b+Ly6C++Ly6G− cells 
can differentiate into tumor necrosis factor-α (TNF-α)/
inducible nitric oxide synthase (iNOS)-producing den-
dritic cells (TiP-DC), which contribute to the induction 
of potent CD8+ T cell responses and severe lung infl am-
mation [9, 10]. However, CD11b+Ly6C++Ly6G− cells 
are known to react to different stimuli with a remarkable 
plasticity, being even able to give rise to cell populations 
showing immunosuppressive activity, such as for example 
myeloid-derived suppressor cells [11, 12]. Suppressive 
CD11b+Ly6C++Ly6G− cells can dampen T cell responses 
via different mechanisms, including tyrosine nitration of 
the T cell receptor [13] and local depletion of tryptophan 
by the activity of indoleamine 2,3-dioxygenase (IDO) [14, 
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15]. Immunosuppressive monocyte-derived cells can also 
restrain T cell responses via consumption of arginine and 
production of reactive nitrogen and oxygen species by 
iNOS and arginase-1 (Arg1) expression [11].

Although fi rst experimental data suggested a role of 
immunosuppressive myeloid cells during IAV infection 
[16, 17], the importance of this cell type for the preven-
tion of infl ammation-induced lung destruction is only in-
completely understood. Thus, we here hypothesized that 
monocyte-derived cells can acquire an anti-infl ammatory 
phenotype in lungs of IAV-infected mice to suppress an 
exaggerated T cell response. To test this, we sublethally 
infected mice with a mouse-adapted IAV strain, isolated 
CD11b+Ly6C++Ly6G− cells from infected lungs, and char-
acterized their phenotype and function. We observed that ex 
vivo isolated CD11b+Ly6C++Ly6G− cells from IAV- infected 
mice displayed a dual pro- and anti-infl ammatory pheno-
type and were able to suppress naive T cell proliferation 
in vitro. Suppressive activity was dependent on iNOS but 
not on Arg1 or IDO. Furthermore, in vivo iNOS expression 
was under control of IFN-γ. In summary, our data suggest 
that CD11b+Ly6C++Ly6G− cells with an immunoregulatory 
phenotype accumulate in lungs of IAV-infected mice and 
might contribute to the local prevention of immunopathol-
ogy. Thus, the functional role of monocytes and their prog-
eny during IAV infection needs to be redefi ned.

Materials and methods

Mice

Wildtype C57BL/6JRj mice were either purchased from 
Janvier or bred at the Helmholtz Centre for Infection Re-
search (Braunschweig, Germany). Female animals at age 
of 10 to 14 weeks were used. All mice were housed and 
handled under specifi c pathogen-free conditions in accord-
ance with good animal practice as defi ned by FELASA 
and the national animal welfare body GV-SOLAS under 
supervision of the institutional animal welfare offi cer. 
Animal experiments were performed in accordance with 
institutional, state, and federal guidelines. The animal pro-
tocol was approved by the Niedersächsisches Landesamt 
für Verbraucherschutz und Lebensmittelsicherheit: ani-
mal licensing committee permission no. 33.14-42502-04-
091/09. Animals were handled with appropriate care and 
welfare, and all efforts were made to minimize suffering.

Virus preparation and mouse infection

Mouse-adapted infl uenza A/Puerto Rico/8/34 (H1N1 PR8 
Münster) virus strain was produced as described before 
[18]. Intranasal infection was performed with one tenth 
of the median lethal dose (LD50) as defi ned before for the 
respective virus batch (2 × 104 focus forming viral units/
mouse in 20 μl phosphate-buffered saline [PBS]) [19]. 
Mice were anaesthetized prior to infection by i.p. injec-

tion of 10 mg/ml ketamine and 1 mg/ml xylazine diluted in 
PBS (10 μl/g of body weight). Ophthalmic ointment was 
applied to prevent drying of the corneas, and mice were 
kept insulated to avoid loss of body heat. Health status and 
body weight were checked every second day. Intranasal 
 infection resulted in rapid loss of body weight, reaching 
lowest levels between day 6 and day 8. Mice losing more 
than 20% of body weight within 2 days were euthanized, 
and the infection was considered lethal. I.p. injection of 
1 mg of either anti-IFN-γ (R4-6A2) or rat IgG isotype con-
trol (HRPN) antibodies from BioXCell was performed on 
day 5 post infection (p.i.). Mice were sacrifi ced at indi-
cated time points, and cells from spleen and lungs were 
isolated and analyzed.

Histology

At day 14 of infection, IAV-infected animals were sacri-
fi ced and the lungs were excised, gently instilled, and sub-
sequently fi xed in 4% buffered formalin (pH 7.2). After 
trimming according to the Registry of Industrial Toxicol-
ogy Animal-data recommendations [20] and dehydra-
tion (Shandon Hypercenter), the lungs were embedded 
in paraffi n. Sections were deparaffi nized with xylene and 
stained with H&E to evaluate general morphology by light 
microscopy (Axioskop 40, Zeiss). A blinded, semiquan-
titative scoring system was used to grade the pathologic 
changes in the lungs, as described previously [21].

Organ isolation and preparation of single cell
suspensions

Mice were sacrifi ced by CO2 asphyxia, and spleen and 
PBS-perfused lungs were taken. Lungs were minced and 
digested at 37 °C for a total of 45 min in Iscove’s Modi-
fi ed Dulbecco’s Medium (Invitrogen), 10% fetal calf serum 
(Sigma-Aldrich), 0.2 mg/ml collagenase D (Roche), and 
10 mg/ml DNAse (Roche). For the last 15 min of digestion, 
0.8 U/ml Dispase (Roche) was added. Lung digestion was 
stopped by adding EDTA to a fi nal concentration of 5 mM 
and by keeping samples on ice. Single cell suspensions 
were prepared by mechanical squeezing of minced spleens 
or digested lungs through 100 μm nylon meshes. Erythro-
cytes in spleen and lung samples were lysed by incubation 
with ammonium–chloride–potassium (ACK) buffer for 
4 min at room temperature. Lysis was stopped by diluting 
ACK buffer in a tenfold volume of PBS–bovine serum al-
bumin (BSA). Centrifugation steps were performed at 4 °C 
and 450 g for 8 min. If not described otherwise, samples 
were subsequently maintained in PBS–BSA.

Cell staining for flow cytometry

Dead cells were stained using LIVE/DEAD® fi xable dead 
cell stain kit (Invitrogen) as described by the manufacturer. 
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Fluorochrome-coupled antibodies recognizing mouse CD3 
(clone 145-2C11), CD4 (RM4-5), CD11b (M1/70), CD11c 
(N418), CD19 (MB19-1), CD25 (PC61.5), CD44 (IM7), 
CD49b (DX5), CD62L (MEL-14), CD86 (GL1), CD90.2 
(53-2.1), iNOS (C-11), and MHCII (M5/114.15.2) were 
purchased from either BD Biosciences, BioLegend, eBio-
science or Santa Cruz Biotechnology. Specifi c antibody 
staining was performed at 4 °C in the dark for 15 min (sur-
face staining) or 30 min (intracellular staining using Foxp3/
Transcription Factor Staining Buffer Set from eBioscience). 
Spleens were stained in a total volume of 100 μl, and lung 
samples in 200 μl. To reduce unspecifi c antibody binding, 
surface and intracellular staining were performed in the 
presence of anti-CD16/CD32 (2.4G2, BioXCell) antibodies 
and ChromPure rat IgG whole molecule (Jackson Immu-
noResearch), respectively, and using predetermined optimal 
antibody dilutions. Carboxyfl uorescein succinimidyl ester 
(CFSE, Invitrogen) staining (10 μM) was performed at 2 × 
107 cells/ml of PBS for 2 min and 45 s at room temperature. 
Reaction was stopped by adding a tenfold volume of com-
plete RPMI 1640 medium (Invitrogen) containing 10% fetal 
calf serum (cRPMI) followed by two washing steps.

Flow cytometry

Flow cytometry data were acquired on a BD Fortessa, and 
cells were sorted with help of a FACSAria II, all using 
BD FACSDiva software (BD Biosciences). Data were 
analyzed by means of FlowJo software (Treestar, Ashland, 
OR, USA). Only living single cells were considered for 
further fl ow cytometry analysis. Absolute cell numbers 
were calculated using a BD Accuri C6 (BD Biosciences) 
fl ow cytometer, with data analysis being performed using 
CFlow Plus software (BD Biosciences) according to in-
structions by the manufacturer.

Suppression assay

Naive CD4 T cells were pre-enriched from murine spleens 
by magnetic sorting using anti-CD4 microbeads (Miltenyi 
Biotec) labeling followed by positive selection using an 
autoMACS (Miltenyi Biotec), as described by the manu-
facturer. Pre-enrichment was followed by fl uorescence-
activated cell sorting (FACS) with the target cells having 
the phenotype of single CD90.2+CD4+CD62LhighCD44−
CD25− events. 2 × 105 CFSE-labeled naive CD4+ T cells 
were incubated in cRPMI in 96-wells plates for 4 days at 
37 °C, >95% humidity and 5% CO2 in the presence or ab-
sence of plate-bound 0.5 μg/ml anti-CD3 and 0.1 μg/ ml 
anti-CD28 antibodies (145-2C11 and 37.51, both from 
eBioscience). CD3−CD19−CD49b−CD11b+Ly6C++Ly6G− 
cells from digested lungs of IAV-infected mice were 
FACS-sorted and added to the cultures. 500 μg/ml 
L-NMMA, 200 μM 1-MDT (both from Sigma-Aldrich), 
and 500 μg/ ml NOR-NOHA (Merck) were used to block 
iNOS, IDO, and Arg1, respectively.

Enzyme-linked immunosorbent assay (ELISA)

To determine IFN-γ levels within lungs of IAV-infected 
mice, lungs were isolated and stored in 1 ml sterile PBS 
at −70 °C until homogenized. For homogenization, sam-
ples were thawed, diluted in 4 ml sterile PBS containing 
 cOmplete™ Protease Inhibitor Cocktail (Merck) and pro-
cessed using a homogenizator. After centrifugation, super-
natants were stored at −70 °C until measurement using the 
Mouse IFN-γ ELISA MAX Deluxe kit (BioLegend) fol-
lowing the instructions of the manufacturer.

RNA-Seq

Total RNA was isolated from sorted cells with RNAeasy 
Plus mini kit (Qiagen). The quality and integrity of total 
RNA were controlled on Agilent Technologies 2100 Bio-
analyzer (Agilent Technologies). Purifi cation of mRNA 
was done using polyT oligo-attached magnetic beads. Fol-
lowing the purifi cation, the mRNA was used for library 
preparation using ScriptSeq v2 Library preparation kit 
(Epicentre). The sequencing was carried out on HiSeq2500 
(Illumina) using 100 bp paired-end sequencing.

RNA-Seq preprocessing

After base calling and demultiplexing using CASAVA ver-
sion 1.8, the 100 bp paired-end reads were aligned to the 
murine reference genome mm10 from UCSC by TopHat2 
version v2.0.11 and Bowtie2 version 2.2.1 using the de-
fault parameters. This annotation included 15,222 unique 
transcript entries with genomic coordinates. After map-
ping of the reads to the genome, we imported them into 
Partek Genomics Suite (PGS) version 6.6 to calculate the 
number of reads mapped to each transcript against the 
 RefSeq [22] mm10 annotation download on April 2014. 
These raw read counts were used as input for DESeq to 
calculate normalized signals for each transcript using the 
default parameters [23]. After DESeq normalization, the 
normalized read counts were imported back into PGS, 
fl oored by setting all read counts to at least a read count 
of 1 after batch-correction. Subsequent to fl ooring, all 
transcripts having a maximum overall group means lower 
than 10 were removed. After dismissing the low expressed 
transcripts, the data comprised of 11,034 transcripts. 
RNA-Seq data can be accessed under GSE62795.

Data analysis

A one-way analysis of variance (ANOVA) model was per-
formed to calculate differentially expressed genes between 
the conditions “infected lung”, “infected spleen”, and 
“non-infected spleen”, as well as the 1000 most variably 
expressed genes within the whole dataset. Differentially 
expressed genes were defi ned by a fold change (FC) >2 
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or ≤2, and a false discovery rate (FDR) corrected p-value 
< 0.05. To visualize the structure within the data, we per-
formed principle component analysis (PCA) on all genes 
and hierarchical clustering (HC) on the 1000 most variable 
genes, with default settings in PGS, on p-values according 
to the expression values of the samples across the condi-
tions.

The heat map of the z-scores of the log2 expression 
profi les were generated using the Mayday open source 
soft ware (http://www-ps.informatik.uni-tuebingen.de/
mayday/ wp/) [24]. Gene ontology enrichment analysis 
(GOEA) was calculated for up- and down-regulated dif-
ferentially expressed genes by BiNGO (http://www.psb.
ugent.be/cbd/papers/BiNGO) [25, 26], which is imple-
mented as a plugin for Cytoscape. For GOEA visualiza-
tion, we used the Cytoscape plugins Enrichment Map 
(http://baderlab.org/Software/EnrichmentMap) [27] and 
WordCloud (http://baderlab.org/Software/WordCloud-
Plugin) [28].

Statistics

GraphPad Prism software (La Jolla, CA, USA) was used 
to compare data applying two-tailed unpaired t test with 
Welch’s correction. p-values ≤ 0.05 were considered as 
statistically signifi cant.

Results

Monocytic cells transiently accumulate in lungs
of IAV-infected mice

A number of different suppressive mechanisms were 
described to be essential for the prevention of im-
munopathology within the lungs during IAV infec-
tion. However, the contribution of monocyte-derived 
CD11b+Ly6C++Ly6G− cells is incompletely understood 
[16, 17]. Thus, here, we determined the changes within 
the myelomonocytic compartment from healthy to in-
fected mice. Remarkable changes were observed within 
this population, which could be detected in the lungs 
of mice after infection with a sublethal dose of mouse-
adapted H1N1 (PR8) virus strain (Fig. 1A and S1). In 
the early days after infection, CD11b+Ly6C++Ly6G− cell 
numbers steadily increased, achieving their highest lev-
els on day 6 and day 7, but steadily decreasing after-
wards (Fig. 1B). At day 14, cell numbers returned to 
basal levels (Fig. 1B). Next, we characterized the phe-
notype of CD11b+Ly6C++Ly6G− cells isolated from the 
lungs at the peak of their accumulation (i.e., day 6). In 
line with previous reports [7–9], a large fraction of these 
cells expressed CD11c or MHC class II, which are mark-
ers of differentiation of monocytes into dendritic cells 
(Fig. 2). Furthermore, most cells isolated from infected 
lungs also expressed the activation marker CD86, sug-
gesting that these cells are fully activated.

Fig. 1. CD11b+Ly6C++Ly6G− cells transiently accumulate 
in lungs of IAV-infected mice. (A) Gating strategy for 
CD11b+Ly6C++Ly6G− cells. Cells were isolated from lungs of 
PBS-treated mice (left, d0) or IAV-infected mice on day 6 p.i. 
(right, d6). Top panels were pregated on single events after 
exclusion of dead cells (see Fig. S1). Plots are representative 
for at least two independently performed experiments. Numbers 
indicate frequency of cells within gates. (B) Total number of 
CD11b+Ly6C++Ly6G− cells in lungs of PBS-treated (d0) or IAV-
infected mice on indicated time points p.i. as determined by flow 
cytometry. Data were pooled from two independent experiments 
(mean ± SD, n = 5–13)
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CD11b+Ly6C++Ly6G− cells isolated from lungs of
IAV-infected mice display potent suppressive activity

Since CD11b+Ly6C++Ly6G− cells can also exert immu-
nosuppression upon activation with different stim-
uli, we next examined the suppressive capacity of 
CD11b+Ly6C++Ly6G− cells derived from IAV-infected 
lungs by performing a functional in vitro suppression as-
say. Naive CD4+ T cells were labeled with the proliferation 
dye CFSE and stimulated with plate-bound anti-CD3 and 
anti-CD28 antibodies, which leads to a signifi cant prolifer-
ation (loss of CFSE) when compared to nonstimulated cells 
(Fig. 3). When CD11b+Ly6C++Ly6G− cells isolated from 
lungs of IAV-infected mice (day 6 p.i.) were added to the 

cultures, proliferation of naive CD4+ T cells was effi cient-
ly inhibited (Fig. 3), suggesting that CD11b+Ly6C++Ly6G− 
cells isolated from the lungs of IAV-infected mice display 
suppressive activity.

CD11b+Ly6C++Ly6G− cells isolated from lungs
of IAV-infected mice express both pro- and
anti-inflammatory signature genes

After having demonstrated a suppressive phenotype of 
CD11b+Ly6C++Ly6G− cells isolated from lungs of IAV-
infected mice, we next aimed to identify the molecular 
mechanism used by these cells to suppress immune re-

Fig. 2. CD11b+Ly6C++Ly6G− cells in lungs 
of IAV-infected mice display an activated 
phenotype. (A) Histograms from representative 
mouse and (B) bar graph with pooled data 
show expression of CD11c, MHCII, and CD86 
on CD11b+Ly6C++Ly6G− cells. Cells were 
isolated from lungs of PBS-treated mice (gray) 
and IAV-treated mice on day 6 p.i. (black line) 
and analyzed by flow cytometry. Numbers in 
the histograms denote frequency of gated cells 
among total CD11b+Ly6C++Ly6G− cells. Data 
derived from two independent experiments 
with a total of three (d0) or four mice (d6) are 
depicted

Fig. 3. CD11b+Ly6C++Ly6G− cells isolated from 
lungs of IAV-infected mice suppress naive T cell 
proliferation. Naive CD4+ T cells were labeled 
with CFSE and stimulated for 4 days with plate-
bound anti-CD3 and anti-CD28 antibodies 
(+stimulus) or left unstimulated (−stimulus) 
as control. CD11b+Ly6C++Ly6G− cells isolated 
from lungs of IAV-infected mice (day 6) were 
added at a ratio of 1:1. At the end of the culture, 
cells were analyzed by flow cytometry. (A) His-
tograms show CFSE profile of naive CD4+ 
T cells pregated as living CD4+CD11b− cells. 
Numbers show frequency of cells that have 
lost CFSE. Each condition was performed in 
triplicates, and representative data from one out 
of two independently performed experiments 
are depicted. (B) Pooled geometric mean fluo-
rescence intensity (geo mean) of CFSE in naive 
CD4+ T cells from the two experiments depicted 
in A (mean ± SD, n = 6). * = p ≤ 0.05, two-tailed 
unpaired t test with Welch’s correction
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sponses. First, we analyzed the global transcriptome of 
FACS-sorted CD11b+Ly6C++Ly6G− cells isolated from 
lungs of mice on day 6 p.i. (“infected lung”) by RNA-Seq, 
and CD11b+Ly6C++Ly6G− cells isolated from spleens of 
healthy mice (“non-infected spleen”) or from spleens of 
mice on day 6 p.i. (“infected spleen”) were taken as con-
trols (Fig. 4A). Unfortunately, we could not isolate suf-
fi cient numbers of CD11b+Ly6C++Ly6G− cells from non-
infected lungs as additional control. An initial principle 
component analysis (PCA) using all 11,034 present tran-
scripts revealed a clear separation of the three different cell 
populations for all three independently performed experi-
ments (Fig. 4B). Assessing and visualizing the variance in 
gene expression by hierarchical clustering (HC) of tran-
scripts of the 1000 most variable genes within the dataset 
clearly showed strong differences between “infected lung” 
and the two groups “infected spleen” and “non-infected 
spleen,” while a high degree of similarity was observed 
between “infected spleen” and “non-infected spleen.” This 
fi nding was corroborated by the number of differentially 
expressed genes between “infected lung” vs. “infected 
spleen” (1589 up and 757 down) and between “infected 
lung” vs. “non-infected spleen” (2018 up and 1587 down), 
showing a higher transcriptional change when compare  d 
to a direct comparison of “infected spleen” vs. “non-in-

fected spleen” (240 up and 345 down) (Fig. 4D). We also 
found that CD11b+Ly6C++Ly6G− cells isolated from the 
site of infection display a dual pro- and anti-infl ammatory 
phenotype with an upregulation of mRNA transcripts for 
Il1a, Il6, Il10, Il12a, Il12b, Il18, Il18bp, Il27, Tnf, Vegfa, 
and iNOS (Fig. 4E), while Arg1 and Ido1 did not show 
differential expression. In fact, iNOS was among the most 
upregulated genes in CD11b+Ly6C++Ly6G− cells from in-
fected lungs when compared to corresponding cell popu-
lations isolated from spleens of healthy or infected mice, 
suggesting that iNOS might be functionally involved in the 
suppressive activity of lung-derived CD11b+Ly6C++Ly6G− 
cells.

To identify major biological processes altered in 
CD11b+Ly6C++Ly6G− cells during IAV infection, we 
performed gene ontology enrichment analyses (GOEA) 
followed by network visualization using the differential-
ly expressed transcripts (2018 up and 1587 down) from 
“infected lung” vs. “non-infected spleen” (Fig. S2). In 
this densely populated network, a signifi cant number of 
network hubs defi ned by genes upregulated in “infected 
lung” (red edges and nodes) were linked to various pro-
infl ammatory processes like infl ammatory response, re-
sponse to oxygen species (ROS), apoptosis, and antigen 
presentation. At the same time, we observed an enrich-

Fig. 4. CD11b+Ly6C++Ly6G− cells isolated from lungs of IAV-infected mice express both pro- and anti-inflammatory genes. 
(A) Schematic description of the RNA-Seq workflow. (B) Principal component analysis (PCA) using all 11,034 present transcripts 
was performed in Partek Genomics Suite (PGS) using default settings, and principle component 1 (PC1) and PC2 are plotted in a 
two-dimensional graph. Data were derived from three independently performed experiments. (C) Hierarchical clustering (HC) of 
1000 transcripts with the most significant variance between “infected lung”, “infected spleen”, and “non-infected spleen”. Standard 
settings for HC analysis in PGS to determine the source of variance in the dataset were used. (D) Visualization of differentially up 
and down regulated genes between all three experiments. (E) Heatmap (left) (standardized and scaled log2 expression) of pro- and 
anti-inflammatory genes differentially expressed (p-value ≤ 0.05 and fold change ≥ 2) at least between “infected lung” and “non-
infected spleen”. Table (right) describes the fold changes between “infected lung” compared to “non-infected spleen”, “infected lung” 
compared to “infected spleen” as well as “infected spleen” compared to “non-infected spleen”. Fold changes which were between −2 
and 2 or did not reach statistical significance by p-value ≤ 0.05 are represented by “–”
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ment of p rocesses like phagocytosis, positive regulation 
of angiogenesis, wound healing, and lung alveolus devel-
opment, which are all known to be associated with anti-

infl ammatory processes. Together, these data suggest that 
CD11b+Ly6C++Ly6G− cells isolated from lungs of IAV- 
infected mice show a dual pro- and anti-infl ammatory 
phenotype, with a prominent expression of iNOS.

CD11b+Ly6C++Ly6G− cells in lungs of IAV-infected mice 
express iNOS in an IFN-γ-dependent manner

Flow cytometric analyses revealed that a small fraction 
of CD11b+Ly6C++Ly6G− cells isolated from IAV-infected 
lungs expressed iNOS (4.37 ± 1.88% [mean ± SD], n = 4), 
while hardly any iNOS+CD11b+Ly6C++Ly6G− cells could 
be detected in lungs of healthy mice or spleens of infected 
mice (Fig. 5A). Interestingly, iNOS+CD11b+Ly6C++Ly6G− 
cells appeared in lungs of IAV-infected mice on day 6 p.i. 
in a very transient manner, a phenotype that largely corre-
lated with the local presence of IFN-γ (Fig. 5B), known as 
potent inducer of iNOS [29]. Indeed, in vivo administration 
of neutralizing anti-IFN-γ antibodies led to a signifi cant de-
crease in the number of iNOS+CD11b+Ly6C++Ly6G− cells 
in lungs of IAV-infected mice when compared to mice re-
ceiving isotype control antibodies (Fig. 5C), although the 
overall outcome of disease was not altered by this treatment 
(Fig. S3). These data suggest a direct link between IFN-γ 
expression and iNOS induction in CD11b+Ly6C++Ly6G− 
cells from lungs of IAV-infected mice.

Suppressive capacity of CD11b+Ly6C++Ly6G− cells
from IAV-infected lungs relies on iNOS activity

Having shown that iNOS is expressed in a fraction 
of CD11b+Ly6C++Ly6G− cells derived from lungs of 
IAV-infected mice, we next asked if this enzyme medi-
ates the suppressive capacity of these cells. In addition 
to iNOS, whose activity was blocked by addition of 
L-NMMA [30], we also tested the functional importance 
of Arg1 and IDO enzymes by addition of NOR-NOHA 
[31] and 1-MDT [32], respectively, since both enzymes 
were described to contribute to T cell suppression by my-
eloid cells in different settings [11, 12]. Stimulation of 
CFSE-labeled naive CD4+ T cells with plate-bound anti-
CD3 and anti-CD28 antibodies resulted in strong T cell 
proliferation, which was not affected upon addition of 
chemical inhibitors (Fig. 6A, upper row). As expected, 
addition of CD11b+Ly6C++Ly6G− cells isolated from 
lungs of IAV-infected mice at a ratio of 1:1 effi ciently 
inhibited T cell proliferation (Fig. 6A, lower row). Inter-
estingly, this strong suppressive activity of lung-derived 
CD11b+Ly6C++Ly6G− cells was not affected by inhibition 
of Arg1 and IDO; however, addition of the iNOS inhibitor 
L-NMMA completely abrogated the inhibition of T cell 
proliferation (Fig. 6). Hence, the data presented here 
show for the fi rst time that CD11b+Ly6C++Ly6G− cells 
accumulating in lungs of IAV-infected mice display sup-
pressive capacity that relies on the enzymatic activity of 
iNOS.

Fig. 5. CD11b+Ly6C++Ly6G− cells in lungs of IAV-infected mice 
express iNOS in an IFN-γ-dependent manner. (A) Expression of 
iNOS by CD11b+Ly6C++Ly6G− cells from lungs of IAV-infected 
mice (lung d6), lungs of PBS-treated mice (lung d0), and spleens 
of IAV-infected mice (spleen d6) as determined by flow cytometry. 
Representative data from two independent experiments with a 
total of three (d0) or four mice (d6) are depicted. Numbers indicate 
frequency of cells within gates. (B) White bars: Total number of 
iNOS-producing CD11b+Ly6C++Ly6G− cells in lungs of PBS-
treated (d0) and IAV-infected mice on indicated days p.i. Data 
were pooled from two independent experiments (mean ± SD, n = 
5–13). Black bars: Concentration of IFN-γ in lung homogenates 
of PBS-treated (d0) and IAV-infected mice on indicated days p.i. 
as determined by ELISA. Data were pooled from two independent 
infection experiments (mean ± SD, n = 4–6) and were obtained 
from one ELISA experiment with each lung homogenate being 
measured in duplicates. (C) Total number of iNOS-producing 
CD11b+Ly6C++Ly6G− cells in lungs of IAV-infected mice on day 
6 p.i. as determined by flow cytometry. One day before, mice were 
either injected with IgG isotype control (IgG, white bars) or anti-
IFN-γ (aIFNγ, black bars) antibody. Data were pooled from two 
independent experiments (mean ± SD, n = 5–7, * = p ≤ 0.05, two-
tailed unpaired t test with Welch’s correction)
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Discussion

The results reported here present evidence that IAV infec-
tion induces the accumulation of CD11b+Ly6C++Ly6G− 
cells with the ability to use iNOS to suppress overwhelm-
ing immune responses. The study sheds new light on the 
role of infi ltrating monocytes during IAV infection by 
indicating that monocyte-derived cells also perform anti-
infl ammatory functions in this context. Since the IFN-γ/
iNOS axis was shown before to function as negative feed-
back regulator of infl ammatory T cells [33], it is tempt-
ing to speculate that CD11b+Ly6C++Ly6G− cells and iNOS 
are involved in the self-limitation of the infl ammatory re-
sponse during IAV.

Many factors are involved in immune regulation dur-
ing IAV infection. An elegant work showed that IL-10 pro-
duction by virus-specifi c effector T cells is crucial to avoid 
immune-mediated lung disease and death in IAV-infected 

mice [3]. Foxp3+ Treg cells also seem to be involved in 
the immune response to IAV, since an expansion of IAV-
specifi c Foxp3+ Treg cells in lungs of infected mice was 
reported [4]. Despite the large number of immunosuppres-
sive pathways during IAV infection, the virus can induce 
excessive lung infl ammation under certain conditions. 
Lung infi ltration by monocytes, for example, is consid-
ered detrimental for IAV-infected mice, as these cells were 
shown to differentiate in situ into TiP-DC and exert over-
whelming proinfl ammatory functions [7–9]. In the pres-
ent study, new evidence that lung-infi ltrating monocytes 
might also exert an anti-infl ammatory function, since they 
expressed different immunosuppressive genes and were 
able to suppress T cell proliferation ex vivo, was described. 
Most likely, monocyte-derived cells induce a proper T cell 
response upon IAV infection but, at the same time, evolve 
properties to avoid that this response becomes pathogenic. 
One explanation for the discrepancy – namely, the previ-
ously unrecognized anti-infl ammatory role of lung-infi l-

Fig. 6. Suppressive capacity of CD11b+Ly6C++Ly6G− cells from IAV-infected lungs relies on iNOS activity. (A) Naive CD4+ T cells 
were labeled with CFSE and stimulated for 4 days with plate-bound anti-CD3 and anti-CD28 antibodies in the absence (upper row) 
or presence (lower row) of CD11b+Ly6C++Ly6G− cells isolated from lungs of IAV-infected mice (day 6). Inhibitors against Arg1 
(NOR-NOHA), IDO (1-MDT), and iNOS (L-NMMA) were added to both conditions or cells remained untreated (no inhibitor). 
At the end of the culture, cells were analyzed by flow cytometry. Histograms show CFSE profile of naive CD4+ T cells pregated as 
living CD4+CD11b− cells. Numbers show frequency of cells that have lost CFSE. Each condition was performed in triplicates, and 
representative data from one out of two independently performed experiments are depicted. (B) Pooled geometric mean fluorescence 
intensity (geo mean) of CFSE in naive CD4+ T cells from the two experiments depicted in A (mean ± SD, n = 6). ns = not significant, 
* = p ≤ 0.05, two-tailed unpaired t test with Welch’s correction
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trating monocytes in IAV infection – might come from the 
fact that, by now, it is still diffi cult to distinguish between 
the progeny of infi ltrating monocytes by means of surface 
markers and to study their function with in vitro functional 
assays. Future work on additional differentiation mark-
ers and standardized functional assays are needed to shed 
light on the progeny of lung-infi ltrating monocytes in IAV 
infection. A promising approach might involve transcrip-
tome-based network analysis, which was used recently for 
a systematic phenotypic and functional characterization of 
human and murine monocyte-derived macrophages upon 
activation [34]. The data on global transcriptional activity 
presented here might be useful for such future studies.

Interestingly, chemical or genetic blockade of iNOS 
improves resistance of mice to lethal IAV doses, which led 
to the conclusion that excessive iNOS expression and NO 
production are actually toxic and promote rather than pre-
vent lung immunopathology in the IAV-infected lung [35–
37]. In those studies, it was discussed whether production 
of NO, a highly toxic reactive nitrogen species, leads to 
destruction of delicate lung tissues. Our work indicates a 
new role of iNOS during IAV infection, namely, control 
of excessive T cell responses. However, this has to be fur-
ther investigated since iNOS is expressed by only a very 
small subset of CD11b+Ly6C++Ly6G− cells within lungs of 
IAV-infected mice and since effi cient inhibition of iNOS 
expression via in vivo IFN-γ-blockade at the peak of infec-
tion did not lead to changes in disease outcome. These data 
suggest that iNOS expression is only one pathway that can 
be used by CD11b+Ly6C++Ly6G− cells during IAV infec-
tion to avoid lung immunopathology. Indeed, we found 
that highly activated CD11b+Ly6C++Ly6G− cells in lungs 
of IAV-infected mice express a range of genes, which are 
associated with immunosuppression, including Il10, Il27, 
and Vegfa [3, 38, 39]. Therefore, our work, besides un-
covering a new role for iNOS during IAV infection, also 
opens new questions on the specifi c role of the expression 
of these molecules by CD11b+Ly6C++Ly6G− cells in keep-
ing immune balance during IAV infection.

In summary, monocyte-derived CD11b+Ly6C++Ly6G− 
cells were shown here to transiently accumulate in 
lungs of mice sublethally infected with IAV, where they 
become highly activated, expressing pro- and anti-in-
fl ammatory genes. The in vitro suppressive activity of 
CD11b+Ly6C++Ly6G− cells was dependent on iNOS, 
which is a new role for this molecule in the IAV infec-
tion model. Therefore, these observations might lead to a 
reconsideration of the role of monocytes and their prog-
eny during IAV infection. Better understanding of immune 
regulation during IAV infection might result in the devel-
opment of novel therapies to avoid immune-mediated lung 
damage and associated deaths.
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