
Comparative transcriptional profiling of the lung reveals shared
and distinct features of Streptococcus pneumoniae and influenza A

virus infection

Introduction

Streptococcus pneumoniae and influenza virus are the most

important agents of community-acquired pneumonia

with substantial morbidity and mortality worldwide.1–3 As

a further complication, influenza virus infection fre-

quently paves the way for pneumococcal infection so

exacerbating the impact of pandemic influenza.4 In addi-

tion to microbial virulence factors, detrimental aspects of

the host response against both infections have been

increasingly recognized as contributing significantly to the

fatal outcome of infection.5–7 Deeper understanding of

beneficial or detrimental pulmonary immune mechanisms

can provide guidelines for rational improvement of cur-

rent diagnostic and therapeutic regimens.

Global transcriptional profiling is a powerful approach

for analysing the host response during the course of infec-

tion, providing insights into unique parameters deter-

mined by the nature of the pathogen and the mode of

infection. In vitro studies using defined cell lines are sug-

gestive of molecular aspects of the pro-inflammatory

defence response elicited by S. pneumoniae or influenza

virus.8 However, in infected target organs, such as the

lung in the case of pneumonia, it is the complex cellular

interplay of immune as well as non-immune cells that

determines the response on the molecular level, which is

in part reflected by differential gene expression profiles.

Although less discriminative at the cellular level, the

potency of global transcriptome analysis of whole infected

organs rests in the provision of a molecular framework as
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Summary

Pneumonia is the most common cause of death from infectious disease in

the western hemisphere. Pathophysiological and protective processes are

initiated by pattern recognition of microbial structures. To provide the

molecular framework for a better understanding of processes relevant to

host defence in pneumonia, we performed pulmonary transcriptome

analysis in mice infected with the major bacterial and viral agents of com-

munity-acquired pneumonia, Streptococcus pneumoniae and influenza A

virus. We detected differential expression of 1300 genes after infection

with either pathogen. Of these, approximately 36% or 30% were specific

for pneumococcal or influenza infection, respectively, yielding pathogen-

specific as well as shared inflammatory transcriptional signatures. These

results not only reveal a differential response on the cytokine and chemo-

kine levels but also emphasize the important role of genes implicated in

regulation and fine tuning of inflammation. As one, albeit unexpected,

key feature of pneumococcal pneumonia we discovered down-regulation

of B-cell responses, probably reflecting a pneumococcal virulence strategy.

The pathophysiological consequences of influenza A virus infection were

reflected by the emerging protective T-cell response and differential induc-

tion of genes involved in tissue regeneration and proliferation. These data

provide new insights into pathogenesis of the most common forms of

pneumonia, highlighting the value of transcriptional profiling for the elu-

cidation of underlying mechanisms.
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Abbreviations: PIR, paired immunoglobulin-like receptor; TREM, triggering receptors expressed on myeloid cells.
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the rational basis for a comprehensive understanding of

underlying processes, guiding further elucidation of speci-

fic and general aspects of the host response.

In this study we compared the transcriptional signatures

of pneumococcal pneumonia with those of an extensive

inflammation induced by influenza A virus infection in

mouse lungs. This comparative approach revealed a partial

transcriptional signature overlap identifying genes that are

common to the immune response against both pathogens,

reflecting aspects of a general inflammatory response to

pulmonary infection. In addition, we found transcriptional

signatures that were specific for either pneumococci or

influenza A virus, thereby reflecting the distinct nature of

the pathogens and the courses of infection.

Materials and methods

Murine pneumonia models

Female C57BL/6 mice (8–12 weeks, 18–21 g; Charles

River, Sulzfeld, Germany) were used for all experiments.

Experiments were approved by local authorities (LAGetSi

Berlin) and performed under specific pathogen-free con-

ditions. For the induction of pneumococcal pneumonia,

anaesthetized mice were transnasally inoculated with

5 · 106 colony-forming units of S. pneumoniae serotype 3

(NCTC7978) in 20 ll phosphate-buffered saline (PBS) as

described previously.9 Control mice received 20 ll sterile

PBS. Infections with influenza A virus strain HKx31

(H3N2) were performed as described elsewhere.10 Ani-

mals were intranasally infected with 360 haemagglutinat-

ing units in 30 ll allantoic fluid. Mock infections were

performed with virus-free allantoic fluid.

Lung cell analysis and pulmonary bacterial load

At the indicated time-points after pneumococcal infec-

tion, lung leucocytes were prepared as described previ-

ously.11 Blood was collected by cardiac puncture, and

mononuclear cells were enriched from liver and spleen by

filtration through 70-lm cell strainers (BD Biosciences,

San Jose, CA) after erythrocyte lysis. Blood leucocyte

counts were performed using BD TruCount�, and cells

from organ specimens were counted on a haemocytome-

ter. Flow cytometric analysis was performed on a FACS

Calibur (Becton Dickinson, Franklin Lakes, NJ) after

staining with CD45 PerCP (pan-leucocytes; clone 145-

2C11, PharMingen, San Diego, CA), Gr-1 PE (neutrophil

granulocytes; clone RB6-8C5, Miltenyi Biotec, Bergisch

Gladbach, Germany), and CD19-APC (B cells; clone 1D3,

Pharmingen). For histological analysis, lungs were flushed

via the pulmonary artery with saline, transtracheally

instilled with TissueTek OCT compound (Plano, Wetzlar,

Germany), and frozen in liquid nitrogen. Ten-micrometre

sections were cut from lung tissue blocks using a cryostat

HM560 (Microm International, Walldorf, Germany).

Histopathological assessment was performed on slides

stained with haematoxylin & eosin. For quantification of

bacterial loads, lungs were flushed via the pulmonary

artery with sterile saline and homogenized. Serial dilu-

tions of lung samples were plated on blood agar, and

incubated at 37� for 16 hr before colonies were counted.

Preparation of total RNA from lungs

Mice (n ¼ 3 per group) were killed at the indicated time-

points, lungs were flushed via the pulmonary artery with

sterile saline, and total RNA was prepared with 1 ml TRI-

zol (Invitrogen, Karlsruhe, Germany) per lung using an

Ultraturrax T8 S8N-8G (IKA, Staufen, Germany). Homo-

genized aliquots were shock-frozen, stored at )70�,

pooled after thawing, and processed for total RNA isola-

tion as described by the manufacturer and purified using

RNeasy (Qiagen, Hilden, Germany). RNA integrity and

concentration analyses were performed with a Bioanalyser

2100 (Agilent Technologies, Palo Alto, CA).

DNA oligo microarrays

Two-colour microarrays were purchased from Agilent

Technologies (Palo Alto, CA). They were manufactured

using in situ SurePrint technology in 60-mer oligonucleo-

tide format with a custom design (AMADID 010646),

covering 8014 genes with a preference for immunological

relevance. Labelling of RNA for hybridization was per-

formed using the fluorescent linear amplification kit from

Agilent Technologies according to the supplier’s instruc-

tions. Briefly, 4 lg total RNA was reverse transcribed with

an oligo-dT-T7 promoter primer and MMLV-RT. Sec-

ond-strand synthesis was carried out with random hexa-

mers. Fluorescent antisense cRNA was synthesized with

either cyanine 3-CTP or cyanine 5-CTP and T7 poly-

merase. Purified products were quantified as absorbance

at 552 nm (A552 nm) for cyanine 3-CTP and A650 nm for

cyanine 5-CTP. Before hybridization, 1�25 lg of each

labelled cRNA was fragmented, mixed with control targets

and with hybridization buffer according to the supplier’s

protocol (Agilent Technologies). Hybridizations were per-

formed at 60� for 17 hr. Slides were washed according to

the manufacturer’s protocol and arrays were scanned at

5-lm resolution using a DNA microarray laser scanner

(Agilent Technologies). Features were extracted from raw

image data using the Agilent Technologies image analysis

software (G2567AA FEATURE EXTRACTION SOFTWARE, Version

A6�1.1�1) and default settings. A local background sub-

traction was applied. The arrays were normalized using

rank consistency filtering of normalization feature selec-

tion, together with a combined linear and LOWESS curve

fitting method. Ratios were calculated by the most con-

servative estimate between a universal error model and
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propagated error. Data analysis was performed using the

Rosetta Inpharmatics (Seattle, WA) RESOLVER software

package BUILD 3�2.2. Ratio profiles were generated from

raw scan data using a processing pipeline, which includes

pre-processing (FEATURE EXTRACTION) and post-processing

(ROSETTA RESOLVER) of data, and error model adjustments

to the raw scan data. Ratio profiles were combined in an

error-weighted fashion by RESOLVER to create ratio experi-

ments. To compensate for dye-specific effects, and to

ensure validity of the data, a colour-swap analysis (fluor-

escence reversal) was performed. Expression patterns were

identified using stringent analysis criteria of two-fold

expression cut-offs of the ratio experiments and an anti-

correlation of the dye-reversal ratio hybridizations. Anti-

correlation was determined by using the ‘compare func-

tion’ to compare two-colour-swap dye-reversal hybridiza-

tions and to decide how similar or dissimilar they were.

In this way, only anti-correlated spots that were red on

one array and green on the other, and vice versa, were

selected. By combining the less than two-fold and the

anti-correlation criteria, we filtered out data-points with

low P-values, rendering the analysis highly robust and

reproducible. After applying this strategy, all valid data-

points had an error-weighted P-value < 0�01. In addition,

by using this strategy data selection was independent of

the error models implemented in the Rosetta RESOLVER

system.

Quantitative polymerase chain reaction analysis

Assorted genes exhibiting a more than two-fold difference

of expression in microarray analysis were forwarded to

quantitative polymerase chain reaction (PCR). For real-

time quantitative PCR, total RNA was reverse transcribed

using random hexamers (Pharmacia Biotech, Uppsala,

Sweden) and Superscript II reverse transcriptase (Invitro-

gen) according to the recommendations of the manufac-

turer. SYBR Green (Applied Biosystems; Foster City, CA)

uptake in double-stranded DNA was measured using an

ABI PRISM 7000 thermocycler (Applied Biosystems)

according to the manufacturer’s instructions. The amplifi-

cation primer pairs were designed with the ABI PRISM

PRIMER EXPRESS Version 2�0.0 software (Applied Biosystems).

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and

b-actin-specific cDNA amplifications were used as controls

and GAPDH was used for subsequent data normalization.

Results

Pneumococcal and influenza pneumonia in mice

Inflammatory cell influx into the lungs emerged 12 hr

after pneumococcal infection (Fig. 1a) and consisted pre-

dominantly of neutrophils (Fig. 1b). Histological analyses

revealed focal inflammation after 24 hr (data not shown),
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Figure 1. Inflammatory influx of leucocytes and granulocytes into the lung, histopathological consequence and lung bacterial burden after infec-

tion with S. pneumoniae. Mice transnasally infected with S. pneumoniae were killed 12 hr, 24 hr or 48 hr after infection. Control mice were chal-

lenged with 20 ll PBS, and killed after 48 hr. Lung cells were counted using a haemocytometer and leucocytes were further differentiated by

FACS analysis of CD45 and Gr-1 expression. Data are presented as mean leucocyte (a) or granulocyte (b) numbers ± SEM, *P < 0�05,

**P < 0�01 versus control, n ¼ 5 each. The representative haematoxylin & eosin-stained cryosection of a blood-free mouse lung 48 hr after pneumo-

coccal challenge confirms severe pneumonia (c). For the quantification of bacterial load, mice were killed 12 hr, 24 hr or 48 hr after infection. Blood-

free lungs were homogenized, plated on blood agar and incubated at 37� for 16 hr before colony counting. Data are depicted as log colony forming

units (CFU) ± SEM, **P < 0�001 versus control (non-infected mice), n ¼ 5 each (d).
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and severe pneumonia was noted 48 hr after infection

(Fig. 1c). Infected mice suffered from a dramatic increase

in pulmonary bacterial load over time (Fig. 1d), and

developed significant bacteraemia after 48 hr (data not

shown). Respiratory influenza virus infection has been

documented in several studies.10,12,13 In essence, peak cel-

lular infiltration occurs 7 days after infection and is pre-

dominated by lymphocytes; infectious virus is generally

cleared 7 days after challenge.10,12,13 Analysis of intracellu-

lar cytokine expression after restimulation with irradiated

virus preparations10 was employed for the determination

of time-points for microarray analyses, covering the onset

of infection and inflammation, as well as the full-blown

clinical picture.

Transcriptional profiling: general results

We detected almost 1300 genes exhibiting differential

relative levels of expression compared to respective mock-

infected controls (Table S1). Of these, 466 genes were

specific for infection with S. pneumoniae, and 384 genes

were specific for influenza A virus infection, while 436 dif-

ferentially expressed genes were common to infection with

both pathogens (Fig. 2). The data discussed in this publi-

cation have been deposited in NCBIs Gene Expression

Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo/) and

are accessible through GEO Series accession number

GSE5289. Microarray data were generated from pools of

RNA derived from three individual mice as biological rep-

licates and two technical replicates carried out as colour-

swap dye reversals to balance the dyes and samples and to

ensure that the resulting data were amenable to statistical

analysis.14 P-values as statistical significance measures are

accessible through GEO sample numbers GSM84211–

GSM84217. Moreover, results were validated by real-time

quantitative PCR, which largely confirmed the results for

most of the genes tested (Fig. 3).

Transcriptional signature and lung inflammatory
cellularity

Consistent with the strong influx of neutrophils in pneu-

mococcal pneumonia, we detected an increase of the relat-

S. pneumoniae Influenza

S. pneumoniae Influenza A virus

[12 hr, 24 hr, 48 hr]

(a) 

(b)

[4 days, 7 days,
1 day, 2 days]

I.
466

<–2·0 >+2·0 

II.
436

III.
384

Figure 2. Pulmonary transcription signatures of mice infected with

S. pneumoniae and influenza A virus. Different time-points of the

S. pneumoniae and influenza A virus infections were analysed inde-

pendently using the two criteria (i) more than two-fold differential

expression of the combined colour-swap ratio profiles as ratio

experiments and (ii) anti-correlation of the respective colour-swap

ratio profiles. The set union of all analysis results comprised 1286

genes which were differentially expressed at least at one time-point

during either infection. (a) This set union was used to generate a

two-dimensional cluster containing a gene-level cluster and an

experiment-level cluster in one graph by applying an agglomerative

algorithm with the heuristic criterion ‘average link’ and the similarity

measure ‘Manhattan distance’ for both classifications. The hierarchi-

cal structure of the time-points and infections is illustrated as a

dendrogram while the fold change values are colour encoded with

green for down-regulated genes, black for unregulated genes and red

for up-regulated genes. (b) The set union of the different time-points

of the S. pneumoniae infection comprised 902 genes and the set

union of the different time-points of the influenza A virus infection

included 820 genes. These two sets were compared and the Venn

diagram shows the numbers of transcripts that were differentially

expressed in a pathogen-specific or common manner.
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ive expression levels of neutrophil-specific genes and of

genes implicated in neutrophil function, such as integrin

Pactolus-1, Ly6-G, granulocyte colony-stimulating factor

(G-CSF), G-CSF receptor, matrix metalloproteinase 9 and

tissue inhibitor of metalloproteinase 3. We noted a signifi-

cant decrease in the expression level of B-cell-specific genes,

namely light and heavy immunoglobulin chains, CD19,

CD20, CD22, or CD79a/b (Table 1). Further cellular analy-

ses confirmed the disappearance of B cells from the lung,

blood, spleen and liver of infected animals (Fig. 4). Influ-

enza infection induced a significant accumulation of virus-

specific T cells in the lungs 7 days after virus challenge.10,12

Accordingly we noted increased relative expression levels

of T-cell-specific genes, including CD3d, CD3c, CD8a/b,

lag-3, osteopontin and CD5 (Table 1).

Orchestration of the pulmonary inflammatory response
induced by S. pneumoniae and influenza virus

The inflammatory response induced by S. pneumoniae is

dominated by members of the interleukin-1 (IL-1) family,

IL-6 and tumour necrosis factor-a (TNF-a) (Table 2). The

participation of IL-1 family members is not only confined

to IL-1a and IL-1b; the recently identified members IL-

1F6, IL-1F9, and IL-1F1015 also seem to participate in the

pulmonary immune response against this pathogen (Fig. 3;

Table 2). A complex balancing of the pro-inflammatory

activities is shown by strong expression of the IL-1 recep-

tor antagonist and the inert type-II IL-1 receptor. Simi-

larly, we observed marked expression of the pyrin member

marenostrin/familial Mediterranean fever, which is

involved in dampening IL-1b processing.16 In influenza

virus infection, IL-6 expression was also significantly

increased, but differential expression of TNF-a and IL-1

family members was far less prominent as compared to

pneumococcal infection. Further modulatory activities in

pneumococcal pneumonia were represented by increased

expression of IL-10 which could limit the inflammatory

response, as well as IL-22 serving to integrate non-immune

cells into the innate defence process.17 Transcripts of mye-

loid cell-derived IL-27, a cytokine implicated in T helper

type 1 responses,18 were also elevated upon pneumococcal
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Figure 3. Quantitative PCR analysis of assor-

ted gene products. Real-time quantitative PCR

analysis of total lung mRNA from infected and

mock-infected mice was performed to verify

and extend the microarray data. A positive fold

change of gene expression on the x-axis reflects

increased expression in infected versus control

mice and a negative value reflects the opposite.

Averaged values from three animals performed

in triplicate are depicted. Groups of differen-

tially expressed genes at given time-points after

S. pneumoniae (a) or influenza A virus infec-

tion (b) are shown. Columns of genes depicted

in (a) and (b) are shown in a temporally con-

secutive manner.
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infection. In addition, we noted increased IL-17 expres-

sion, a cytokine involved in the recruitment of neutrophils

and considered critical for the combat of acute pulmonary

infection.19,20 Common to both cytokine-orchestrated

inflammatory events is an underlying prominent type I

and type II interferon (IFN)-mediated response represen-

ted by induction of members of the 65 000 or 47 000

molecular weight GTPase gene family (GBP2, GBP4, GTPI,

IIGP) and other known IFN-responsive genes including

IFI16, IFI35 and PUMA-G21 (Table 2, Table S2). On the

chemokine level, both pathogens induced expression of

CCL20, MCP1, IP10, MIG, KC/Gro1, MCP3, RANTES

and MIP2/Gro2. The pneumococcal infection was further

characterized by MCP5, LIX, MIP1a and MIP1b
(Table S2), driving attraction of monocytes/macrophages

and neutrophils, as well as IP9/ITAC, which is strongly

induced by IFN-c and is known to attract activated T cells

and plasmacytoid dendritic cells.22 Overall, chemokines

implicated in the recruitment of T cells (CCL21a/b) as

well as B cells (CXCL13/BCA1, CXCL12) were signifi-

cantly less expressed compared to influenza infection,

which is featured by marked elevation of BCA1, and – at

later stages – of CCL1, lymphotactin and CCL8/MCP2

(Table S2).

Table 1. Differential expression of cell-type-specific genes

Gene product Accession no.

S. pneumoniae Influenza A virus

12 hr 24 hr 48 hr 1 day 2 days 4 days 7 days

T-cell specific antigens

TCRa TCRa U07662 1�3 1�2 ) 1�5 1�3 1�7 1�1 3�9
TCRb TCRb AF012147 1�0 ) 1�1 ) 1�3 1�4 1�3 1�4 3�3
CD3 antigen d CD3d NM_013487 1�1 ) 1�1 ) 1�7 1�8 1�8 ) 1�2 4�7
CD3 antigen c CD3c NM_009850 ) 1�0 ) 1�3 ) 2�3 1�8 1�4 ) 1�4 3�9
CD8 antigen b-chain CD8b NM_009858 1�1 ) 1�5 ) 2�2 1�6 1�8 1�6 4�1
CD8 antigen a-chain CD8a Y00157 1�2 1�1 ) 1�4 1�3 1�8 1�4 5�3
Lymphocyte protein tyrosine kinase Lck M12056 1�1 ) 1�2 ) 1�8 1�5 1�6 1�5 3�2
f-chain (TCR)-associated protein kinase ZAP70 BB204558 1�0 1�0 ) 1�6 1�3 1�2 1�5 3�2
CD5 CD5 NM_007650 1�5 ) 1�1 ) 1�6 1�2 1�3 1�2 3�0
CD28 CD28 NM_007642 1�2 ) 1�2 ) 1�6 1�3 1�4 1�6 3�2
l-selectin CD62L NM_011346 2�5 3�9 3�8 3�8 1�5 1�4 1�1
Neutrophil-specific genes

Integrin b2-like Pactolus-1 NM_008405 2�9 5�1 17�3 1�6 ) 1�7 1�1 ) 2�4
Lymphocyte antigen 6, locus G Ly6-G NM_008531 1�7 3�8 4�5 2�0 2�3 1�6 2�2
Colony-stimulating factor 3 receptor G-CSFR NM_007782 2�7 2�7 1�9 1�9 ) 1�2 ) 1�3 ) 1�3
Matrix metalloproteinase 9 MMP9 NM_013599 2�8 2�8 4�5 2�3 ) 1�5 1�1 ) 1�7
Colony-stimulating factor 3 G-CSF NM_009971 2�9 3�3 5�4 1�1 1�1 1�5 1�1
Tissue inhibitor of metalloproteinase 3 TIMP3 NM_011595 1�1 1�8 2�4 ) 1�0 ) 1�1 ) 1�1 ) 1�2
Secretory leucocyte protease inhibitor SLP1 NM_011414 4�4 5�3 4�2 ) 1�3 1�4 ) 1�1 1�0
Formyl peptide receptor 1 FPR1 NM_013521 2�7 1�8 3�1 1�2 ) 1�1 ) 1�0 1�0
Formyl peptide receptor, related

sequence 1

FPRL1 NM_008038 4�4 3�4 7�7 1�5 1�0 1�5 1�1

Formyl peptide receptor, related

sequence 2

FPRL2 NM_008039 5�3 5�1 5�7 2�9 1�9 1�3 2�1

B-cell-specific genes

IgL IgLC AV063330 1�1 ) 3�2 ) 8�4 1�0 1�1 ) 1�3 ) 2�0
Immunoglobulin B-cell antigen

receptor gene

IgKC L28060 1�2 ) 2�1 ) 5�2 ) 2�0 1�4 1�3 2�2

Immunoglobulin heavy chain 6

(heavy chain of IgM)

IgM V00820 ) 1�3 1�2 ) 4�6 ) 1�6 ) 1�1 ) 2�1 ) 1�0

Immunoglobulin l-chain C region IgM V00827 ) 1�0 ) 1�4 ) 3�9 ) 1�0 ) 1�0 ) 1�4 ) 1�0
Immunoglobulin J chain precursor Igj J00544 ) 1�1 ) 1�0 ) 3�3 ) 2�0 ) 1�6 1�4 1�6
Immunoglobulin-associated b CD79B NM_008339 1�2 ) 2�3 ) 4�8 1�1 ) 1�1 ) 1�6 ) 2�9
Immunoglobulin-associated a CD79A NM_007655 ) 1�3 ) 1�6 ) 2�4 ) 1�3 ) 1�4 1�2 ) 1�6
CD19 CD19 NM_009844 1�2 ) 1�9 ) 3�3 1�2 1�0 ) 1�2 ) 1�4
CD20 CD20 BE686578 1�1 ) 3�0 ) 12�0 1�0 ) 1�0 ) 1�2 ) 2�3
Complement receptor 2/CR2 CD21 M35684 1�0 ) 1�9 ) 3�6 ) 1�2 1�1 1�1 ) 1�6
CD22 CD22 NM_009845 ) 1�0 ) 1�7 ) 3�1 ) 1�1 ) 1�0 ) 1�1 ) 1�4
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The transcriptional signature common to both
infections

Differentially expressed genes shared by the immune

responses against both pathogens reflected the activation

of lung-resident macrophages (Table 3; Table S2). Var-

ious Fc receptor elements, such as FccRIII, FceRI, FccRIa,

FccRIIb, and the macrophage scavenger receptor MSR1

were strongly up-regulated after both infections. Similarly,

a group of C-type lectin receptors, which are preferen-

tially expressed in myeloid cells, was strongly induced

upon pneumococcal infection and to a lesser degree in

response against influenza. These include MPCL, MDL-1

and Mincle.23–25 In contrast, the uteroglobin-related

protein-1, a putative opsonin exclusively expressed in the

lung, was strongly down-regulated.26 Further, we observed

elevated expression of genes implicated in anti-inflamma-

tory regulation, such as the Mac-2 binding protein, sup-

pressors of cytokine signalling-1 and -3, FccRIIb, as well

as gp49A and gp49B1, a set of receptors that negatively

regulate neutrophils, mast cells and macrophages in an

inflammatory environment.27,28

The pathogen-specific transcriptional signatures
of S. pneumoniae and influenza A virus

The sustained elevated expression of most activating

paired immunoglobulin-like receptor family members
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Figure 4. Disappearance of B lymphocytes in

pneumococcal pneumonia. Mice transnasally

infected with S. pneumoniae were killed 12 hr,

24 hr or 48 hr after infection. Control mice

were challenged with 20 ll PBS and killed after

48 hr. Lung, liver and spleen cells were coun-

ted using a haemocytometer and B cells were

further differentiated by FACS analysis of

CD45 and CD19 expression. Blood B cells were

quantified by FACS using BD Truecount in

combination with CD45 and CD19 labelling.

Data are presented as mean B-cell numbers ±

SEM, *P < 0�05, **P < 0�01 versus control,

n ¼ 5 each experiment.

Table 2. Cytokine-mediated orchestration of the immune response

Gene product Accession no.

S. pneumoniae Influenza A virus

12 hr 24 hr 48 hr 1 day 2 days 4 days 7 days

Interleukin-1a IL-1a NM_010554 12�0 7�3 7�7 2�4 2�1 1�6 ) 1�0
Interleukin-1b IL-1b NM_008361 11�5 6�6 6�7 3�7 1�1 1�6 ) 1�3
Interleukin-1F6 IL-1F6 NM_019450 7�2 6�3 14�2 ) 1�8 1�3 ) 1�2 2�1
IL-1 receptor antagonist IL-1RA BE457883 11�2 10�3 9�5 4�0 2�5 1�4 1�8
Interleukin-6 IL-6 J03783 33�8 24�8 31�0 17�3 19�9 7�2 7�9
Tumour necrosis factor-a TNFa NM_013693 5�7 5�9 3�8 1�1 1�2 1�2 1�1
Interleukin-10 IL-10 NM_010548 2�6 2�4 7�7 1�3 1�2 1�1 2�0
Interleukin-17 IL-17 NM_010552 3�8 2�9 2�2 1�1 ) 1�1 2�2 ) 1�2
Interleukin-22 IL-22 NM_016971 3�6 2�6 1�5 ) 1�4 1�2 1�3 1�0
Interleukin-27 IL-27 NM_015766 4�0 4�3 4�8 1�5 1�3 1�5 1�2
Interferon-c IFNc M28621 4�5 9�8 3�9 3�1 2�0 1�0 6�9
Interferon-b IFNb NM_010510 1�9 2�6 5�5 3�4 5�6 1�8 1�1
Interferon-activated gene 204 IFI204 NM_008329 10�6 25�6 22�4 15�1 12�4 6�7 9�2
Interferon-inducible GTPase IIGP AF194871 3�9 23�5 13�1 8�7 7�5 5�6 15�0
Seven transmembrane spanning

receptor, Puma-g

PUMA-G AV249683 11�7 12�3 8�1 3�7 4�6 1�8 1�9
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(PIRA1-7, -10, -11), including the inhibitory PIRB mem-

ber,29 marks pneumococcal pneumonia, which is in stark

contrast to the weak and temporary increase induced

by influenza infection (Table 4; Table S2). These mole-

cules are preferentially expressed in myeloid cells. Another

important receptor family modulating the inflammatory

response of myeloid cells comprises the triggering recep-

tors expressed on myeloid cells (TREM).30 TREM-1 was

strongly induced in both infections, which is consistent

with its capacity to trigger the secretion of pro-inflamma-

tory chemokines and cytokines in phagocytes. Elevated

expression of TREM-2, which activates monocyte-derived

dendritic cells, marked the late phase of influenza infec-

tion, whereas macrophage expression of TREM-3 was

associated with pneumococcal infection. Numerous genes

relevant for proper functioning of myeloid cells, including

alveolar macrophages, dendritic cells, or recruited mono-

cytes, were specifically elevated after infection with

S. pneumoniae. These include elements of the toll-like

receptors (TLR)/IL-1R-MyD88-NFjB-pathway, e.g. CD14,

MyD88, IRAK-3, IKBKe and IjBf; or the transcription

factor Spi-C, implicated in the end-differentiation of mye-

loid cells; the complement receptor 3 (Mac-1); and var-

ious formyl peptide receptors, consistent with the strong

neutrophil influx. In contrast, increased expression of

TLR1, TLR2, TLR6 and TLR7 proceeded in a pathogen-

independent manner. The induction of the TNF-a
responsive A20 gene and its interacting protein, the Nef-

associated protein NAF1 was specific for pneumococcal

infection. Both products seem to be important for limiting

TLR-induced TNF-a.31 Further elements that modulate the

severity of inflammation include the lipopolysaccharide

detoxifying activity of the neutrophilic acyloxyacyl hydrol-

ase;32 the anti-apoptotic and inflammation modulatory

sphingosine kinase-1; and the nonsignalling Duffy antigen/

receptor for chemokines.33 Protection against reactive oxy-

gen could be attributed to peroxisomal membrane protein

20 (PRDX5) showing increased expression during pneumo-

coccal infection.34 As expected, the immune response

against pneumococci was accompanied by strong prosta-

glandin synthesis, reflected by COX-2 up-regulation and

controlled by MAP3K8, which is important for TNF-a
production. The febrile response induced by prostaglandin

E2, is mediated by prostaglandin E receptor 3,35 which was

significantly down-modulated in pneumococcal pneu-

monia. Along with iNOS induction, we observed elevated

levels of type I and type II arginase (Table 4). While both

genes were specifically induced upon pneumococcal infec-

tion, levels of arginase type-I increased in a pathogen-inde-

pendent manner. In pneumococcal pneumonia we further

detected increased expression of anti-coagulative elements,

such as tissue factor pathway inhibitor-2, endothelial pro-

tein receptor C and the urokinase plasminogen activator

receptor, as well as anti-fibrinolytic enzymes represented

by type II monocyte/macrophage-derived plasminogen

activator inhibitor and type I plasminogen activator inhib-

itor (Table S2). Unique responses against influenza virus

infection include elevated expression of genes implicated in

the regulation of the cell cycle (Table 4; Table S2), as well

as increased expression of numerous cytokeratin genes.

Despite the important role of the classical complement

pathway for protection against S. pneumoniae,36 elements

of the complement complex 1 (C1qa/b/c) were exclusively

up-regulated during influenza virus infection. We also

observed elevated levels of amphiregulin and epiregulin

exclusively after influenza infection. Both are members of

Table 3. The response common to S. pneumoniae and influenza A virus

Gene product Accession no.

S. pneumoniae Influenza A virus

12 hr 24 hr 48 hr 1 day 2 days 4 days 7 days

Fc receptor, IgG, low affinity III CD16 NM_010188 2�1 2�5 3�0 1�9 1�7 2�0 2�9
Fc receptor, IgE, high affinity I, c FCER1G NM_010185 3�3 4�7 5�4 2�4 2�2 2�2 3�7
Fc receptor, IgG, high affinity I FCGR1A NM_010186 3�7 9�0 7�4 10�6 11�5 6�9 8�3
Fc receptor, IgG, low affinity Iib, CD32 FCGR2B NM_010187 2�4 4�4 9�0 2�3 3�2 2�7 5�0
Scavenger receptor, SCVR MSR1 AF203781 3�2 5�9 8�5 3�1 6�1 2�1 7�4
Macrophage C-type lectin, Clecsf8 MPCL NM_010819 15�5 14�1 14�3 4�6 1�9 1�6 1�0
C-type lectin, Clecsf5 MDL-1 NM_021364 3�0 4�4 4�9 2�7 3�8 2�3 4�1
C-type lectin, Clecsf9 MINCLE NM_019948 38�0 31�0 33�2 7�8 4�7 1�1 2�7
Mac-2-binding protein (M2BP) PPICAP NM_011150 1�7 3�6 4�1 3�2 5�6 3�2 4�0
Caspase 1 CASP1 NM_009807 2�3 4�5 3�3 2�6 2�1 2�0 2�8
Caspase 11 CASP11 NM_007609 4�3 6�3 5�4 4�0 3�2 2�4 2�4
Serum amyloid A 3 SAA3 NM_011315 8�8 8�4 4�8 16�0 23�6 14�6 15�3
Uteroglobin-related protein UGRP1 AV365605 ) 1�9 ) 2�9 ) 3�6 ) 1�5 ) 4�5 ) 6�6 ) 7�6
Lecithin retinol acyltransferase LRAT BE197763 ) 2�1 ) 3�1 ) 8�7 ) 1�3 ) 2�3 ) 1�5 ) 9�7
Uridine phosphorylase UP NM_009477 3�5 4�6 4�5 2�5 1�9 1�5 2�8
Purine nucleoside phosphorylase NP NM_13632 1�4 3�9 4�3 4�3 2�0 2�5 3�3
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the EGF gene family, and their involvement in tissue

regeneration and wound healing has been suggested.37

Likewise, the late-stage up-regulated trefoil factor-1,

originally described as a stomach-specific gene, is consid-

ered relevant to general repair of mucosal epithelia.38 The

extensive degree of tissue destruction after influenza

virus infection can be deduced from the relatively strong

decrease in the expression of gene products contributing

to lung homeostasis, such as surfactant protein-A and

Plunc.

Discussion

Our comparative analysis of the pulmonary transcrip-

tional signatures induced by S. pneumoniae and influenza

A virus infection provides information on the molecular

framework underlying pathogenesis and protective immu-

nity in pneumonia. We identified both pathogen-specific

and shared transcriptional profiles. The individual signa-

tures seem to reflect the differential nature of the proces-

ses caused by these pathogens and the differential quality

Table 4. The pathogen-specific response

Gene product Accession no.

S. pneumoniae Influenza A virus

12 hr 24 hr 48 hr 1 day 2 days 4 days 7 days

Paired Ig-like receptor A4 PIRA4 U96685 3�4 3�7 5�0 2�0 1�6 1�4 1�4
Paired Ig-like receptor A7 PIRA7 U96688 3�1 3�5 5�2 2�1 1�6 1�3 1�4
Paired Ig-like receptor B PIRB U96693 2�7 5�0 6�3 2�9 2�0 1�4 2�2
Triggering receptor expressed on

monocytes 1

TREM1 NM_021406 8�8 8�6 10�5 6�8 3�5 1�0 2�1

Triggering receptor expressed on

myeloid cells 2

TREM2 NM_021410 ) 1�0 ) 1�0 1�4 1�1 1�4 3�4 3�9

Triggering receptor expressed on

monocytes 3

TREM3 NM_021407 4�3 4�3 4�9 2�1 ) 1�0 ) 1�1 ) 1�5

EST, similar to pelle-like protein

kinase, IRAK-M

IRAK3 AV367083 3�6 3�2 4�9 1�5 1�5 1�3 1�3

Inducible IjB kinase IKBKe NM_019777 3�1 5�3 5�8 1�3 1�6 ) 1�0 1�8
EST IjB-f AI451537 7�1 4�9 4�8 1�5 1�0 1�1 1�3
Spi-C transcription factor SPI-C NM_011461 2�2 5�8 11�1 1�3 2�9 1�7 1�6
TBX protein LITAF NM_019980 3�3 3�5 4�3 2�0 2�3 1�8 1�9
Nef-associated factor 1, TNFAIP3

interacting protein

NAF1 NM_021327 3�0 3�4 3�9 1�6 1�8 1�8 1�7

Tumor necrosis factor-a-induced

protein 3, A20

TNFAIP3 NM_009397 3�3 2�6 2�4 1�1 1�1 ) 1�2 1�5

EST, acyloxyacyl hydrolase AOAH AV370401 1�1 2�1 2�8 1�1 1�7 1�0 ) 1�3
Sphingosine kinase SPHK1 AF068748 1�9 2�6 7�2 1�7 2�0 1�3 1�9
Chemokine receptor/Duffy blood

group

DARC NM_010045 3�7 2��9 3�6 1�7 1�7 1�4 1�8

Peroxisomal membrane protein 20 PRDX5 NM_012021 1�6 3�1 4�0 1�6 1�4 1�2 1�7
Myeloid differentiation primary

response gene 118

GADD45B NM_008655 5�3 7�3 5�1 1�0 1�5 2�2 1�3

Prostaglandin E receptor 3

(subtype EP3)

PTGER3 NM_011196 ) 1�2 ) 1�3 ) 7�0 ) 1�5 ) 1�2 ) 1�1 ) 1�2

Nitric oxide synthase 2, inducible,

macrophage

iNOS NM_010927 1�7 2�5 5�9 2�3 1�1 ) 1�2 ) 1�0

Arginase type II ARG2 NM_009705 4�7 7�1 7�7 1�8 1�5 1�1 1�4
Arginase 1, liver ARG1 NM_007482 1�3 6�3 10�0 1�6 7�5 2�7 16�1
Complement component 1, qa C1qa NM_007572 ) 1�1 1�7 1�8 1�3 2�9 3�2 5�3
Complement component 1, qb C1qb NM_009777 ) 1�2 2�0 2�2 1�3 2�8 3�1 5�2
Complement component 1, qc C1qc NM_007574 ) 1�3 1�6 1�4 1�1 2�9 3�1 5�5
Amphiregulin AREG NM_009704 1�5 ) 2�0 1�8 4�6 4�6 10�5 12�3
Trefoil factor 1 TFF1 NM_009362 1�2 1�2 ) 1�1 ) 1�1 ) 1�0 1�0 4�4
Putative cell cycle control protein SDP35 BE29562 1�2 ) 1�1 ) 2�3 1�3 1�3 1�6 4�1
Cell division cycle 2 CDC2 NM_007659 ) 1�0 ) 1�2 ) 1�2 1�2 1�3 1�8 3�3
CDC28 protein kinase 1 Cks1 NM_016904 1�0 ) 1�0 ) 1�2 1�2 1�4 2�0 2�5
Antigen Ki 67 MK167 X82786 1�3 1�3 1�3 1�2 1�3 1�3 3�6
Cyclin B1, r�s�1 CCNB1-rs1 NM_007629 1�2 ) 1�2 ) 1�6 ) 1�3 1�3 1�0 7�8
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and strength of the ensuing immune response. Of dis-

criminative value in the case of pneumococcal pneumonia

are:

(1) the absolute decrease of pulmonary B cells during the

course of infection;

(2) the prominent and comprehensive involvement of

IL-1 family members in the orchestration of the

response; and

(3) the differential expression of cytokines, chemokines,

and additional regulatory elements involved in fine-

tuning of the innate immune response against this

pathogen.

The early immune response induced by infection with

influenza A virus was less intense compared to that pro-

voked by pneumococci. However, at later stages, signs of

extensive cellular proliferation and tissue regeneration,

as well as T-cell-associated processes, became apparent.

At first sight, both pathogens seem to trigger a similar

sequence of defence events; these are typically charac-

terized by prominent production of type I and type II

interferons, TNF-a and IL-6, and the recruitment of

neutrophils and monocytes, as well as activation of tis-

sue-resident macrophages. Furthermore, complement and

natural antibodies are crucial for protective responses

against both pathogens.39,40 Innate immune mechanisms

are primarily decisive for the outcome of infection with

S. pneumoniae and this is underscored by the pro-

nounced response of myeloid cell-associated genes. In

contrast, cure of influenza A virus infection strongly

depends on the adaptive immune response, in particular

the generation of influenza-specific T cells.2,3,7 This is

reflected by the conspicuous T-cell-associated gene

response 7 days after influenza infection, coinciding with

the appearance of ex vivo measurable cytotoxic activity

and cytokine production.10,41 The differential expression

levels sensitively traced this pulmonary cellular influx

and efflux supporting the reliability of our microarray

data.

Unanticipated, but a matter of particular interest, is

the finding of a dramatic drop of pulmonary B-cell sig-

nals in pneumococcal pneumonia. Since cellular analyses

revealed the disappearance of B cells not only in the lung

but also in peripheral blood, liver and spleen, a decline

of B-cell numbers appears more likely than redistribution

of pulmonary B cells into extrapulmonary compartments.

This seemed to be specifically related to infection with

S. pneumoniae, because we did not make analogous

observations in pulmonary inflammation elicited by

influenza virus, Chlamydia pneumoniae or Mycobacterium

tuberculosis (unpublished data). It is known that B cells,

especially marginal zone-B and B1 cells producing natural

immunoglobulin M, are crucial for defence against

encapsulated bacteria including S. pneumoniae.39,42 There-

fore, targeting B cells would be an adequate evasion

strategy of pneumococi. Interestingly, further experiments

indicated up-regulation of B-cell apoptosis in pneumo-

coccal pneumonia (data not shown). Yet, the extent to

which the decline of B-cell numbers reflects a pneumo-

coccal strategy aimed at impairing protective immunity

remains to be determined.

Intriguingly, expression levels of some of the recently

identified new members of the IL-1 family, IL-1F6,

IL-1F9 and IL-1F10 were strongly elevated.15 IL-1Rp2, a

receptor for IL-1F6 and IL-1F9, was also highly up-regu-

lated in the lung. It has been suggested that these IL-1

family members constitute an IL-1b-independent, nuclear

factor jB signalling system in epithelial cells.43 Future

studies have to clarify whether these newly identified IL-1

family members participate in pneumococcal defence or

solely augment the inflammatory response leading to sep-

sis. In either case, the complex cascade elicited by IL-1

family members stimulated strong expression of a variety

of genes implicated in inflammation, including COX-2,

type 2 phospholipase A and inducible nitric oxide syn-

thase (iNOS), accounting for large amounts of prosta-

glandin E2, platelet-activating factor and nitric oxide,

respectively. As represented by sepsis or acute respiratory

distress syndrome, uncontrolled inflammatory processes

generate cytotoxic activities, resulting in severe tissue

damage. Thus, a multitude of regulatory elements are

necessary to sustain an appropriate balance of beneficial

and detrimental inflammatory sequels during the immune

response. Our data emphasize the overall complexity of

the processes involved, because many differentially

expressed gene products participate in anti-inflammatory

regulatory circuits. Obviously, this reflects the enduring

need for a local balance between effective immune protec-

tion and collateral damage.

We observed selective up-regulation of the PIRs after

pneumococcal infection, but not after influenza virus

infection. PIRs are part of a signalling system that exerts

a modulatory role in inflammation.29 The activating PIR-

A family members, mainly expressed on myeloid cells,

could be involved in fine-tuning of the activation state

and functionality of the pulmonary monocyte/macro-

phage response. The TREM receptors comprise another

protein family implicated in the modulation of haemato-

poietic cells awaiting detailed characterization.30 Known

as amplifiers of inflammation in neutrophils and macro-

phages, the prognostic value of TREM-1 expression in

sepsis and pneumonia is currently being discussed.44,45

Putative detrimental consequences are also associated with

increased expression of the immunomodulatory platelet-

activating factor receptor, which contributes not only

to the regulation of inflammation, but also facilitates

pneumococcal invasion and dissemination.46 Likewise, the

IFN-c-mediated induction of the polymeric immunoglob-

ulin receptor, expressed on lung epithelial cells, poten-

tially facilitates invasion of pneumococci.47 Increasing
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evidence suggests that influenza infection promotes

adherence and invasion of pneumococci by the up-regula-

tion of these molecules, reflecting one of the multiple

mechanisms triggering severe and often fatal pneumo-

coccal pneumonia in pandemic influenza.4

Coagulopathy is a hallmark of sepsis, and therapies for

septic patients specifically target this pathway.48 Distur-

bances in coagulation and fibrinolysis have also been

demonstrated in patients with pneumonia,49 implying

novel therapeutic or preventive intervention strategies.

Here, we present evidence for considerable modification

of the pulmonary coagulation cascade in the course

of pneumococcal pneumonia. Notably, S. pneumoniae

induced increased expression of anti-coagulative elements

in the lung. Up-reguation of fibrinolytic enzymes is some-

what surprising, but actual impairment of fibrinolysis and

hence predominance of pro-coagulant pathways might be

reflected by increased expression of several plasminogen

activator inhibitors.

Altogether, our approach contributes to the elucidation

of molecular inflammatory processes in the lung elici-

ted by two of the most important pathogens responsible

for community-acquired pneumonia. The identification

of common signatures as well as unique differences in

gene expression profiles can provide useful information

about suitable targets for novel intervention strategies,

particularly with regard to the mechanisms responsible

for the menacing synergism between influenza virus and

S. pneumoniae.
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