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AbSTRACT

Streptococcus pneumoniae is one of the most common causes of sepsis. Sepsis is associ-
ated with the release of “damage associated molecular patterns” (DAMPs). The receptor 
for advanced glycation end-products (RAGE) is a multiligand receptor, abundantly ex-
pressed in the lungs, that recognizes several of these DAMPs. Triggering of RAGE leads to 
activation of the NF-κB pathway and perpetuation of inflammation. Earlier investigations 
have shown that the absence of RAGE reduces inflammation and bacterial dissemina-
tion and increases survival in sepsis caused by S. pneumoniae pneumonia. We hypoth-
esized that the detrimental role of RAGE depends on the level of RAGE expression in the 
primary organ of infection. By directly injecting S. pneumoniae intravenously, thereby 
circumventing the extensive RAGE-expressing lung, we here determined whether RAGE 
contributes to an adverse outcome of bacteremia or whether its role is restricted to pri-
mary lung infection. During late stage infection (48 hours), rage-/- mice had an attenuated 
systemic inflammatory response, as reflected by lower plasma levels of proinflammatory 
cytokines, reduced endothelial cell activation (as measured by E-selectin levels) and less 
neutrophil accumulation in lung tissue. However, RAGE deficiency did not influence 
bacterial loads or survival in this model. In accordance, plasma markers for cell injury 
were similar in both mouse strains. These results demonstrate that while RAGE plays a 
harmful part in S. pneumoniae sepsis originating from the respiratory tract, this receptor 
has a limited role in the outcome of primary bloodstream infection by this pathogen. 
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InTRODuCTIOn

Sepsis is a leading cause of death and represents a major challenge in the care of criti-
cally ill patients [1,2]. Streptococcus (S.) pneumoniae is a frequent cause of sepsis, that 
in the majority of cases originates from a respiratory focus [3,4].  At particular risk for 
developing pneumococcal sepsis is the expanding group of high-aged and immuno-
compromised patients. Together with the emergence of antibiotic resistance the burden 
of this disease is expected to grow in the future [4]. Hence, new treatment strategies 
must be explored to improve care of infections caused by S. pneumoniae. 

Immunomodulating agents designed to attenuate the systemic hyperinflamma-
tion syndrome are a widely studied topic in sepsis research. In this field the receptor 
for advanced glycation end-products (RAGE) has been implicated as a possible target 
considering its role in perpetuating inflammatory responses [5,6].  RAGE is a member 
of the immunoglobulin superfamily of cell surface molecules [7,8] and is expressed on 
a wide array of cell types. RAGE binds to Mac-1 on neutrophils [9], contributing to neu-
trophil recruitment, and to a number of endogenous molecules that are released upon 
cell stress or cell damage known as damage associated molecular patterns (DAMPs). 
DAMPs that are recognized by RAGE include high mobility group box 1 (HMGB1) and 
S100 proteins [5,6]. Engagement of RAGE activates the NF-κB pathway, which in turn 
upregulates expression of RAGE, thus inducing sustained cellular inflammation and 
promoting cellular dysfunction and tissue damage [10,11]. 

Several animal studies have shown that RAGE is critically involved in the deleterious 
effects of acute inflammatory disorders, including sepsis [12–16]. Deletion of the rage 
gene was initially found to protect against the lethal effects of septic shock in polymi-
crobial sepsis, which was associated with a strongly reduced activation of NF-κB in the 
peritoneum and lungs [12]. Our group previously investigated the role of RAGE in sepsis 
derived from S. pneumoniae pneumonia [14], showing increased RAGE expression in the 
lungs upon infection and a relatively protected phenotype of RAGE deficient (rage-/-) 
mice [14]. In accordance, independent investigations showed that anti-RAGE treatment 
improved outcome in invasive pneumococcal pneumonia [15]. However, RAGE inhibi-
tion may be ineffective or even harmful in other infectious diseases [13,16], suggesting 
that detrimental effects of RAGE might depend on the pathogen and/or level of RAGE 
expression in the primary infected organ.  

In the setting of pneumonia caused by a highly virulent strain of S. pneumoniae, RAGE 
may contribute to enhanced pulmonary inflammation as a consequence of its abundant 
expression in the lungs [17], impairing the integrity of the blood-lung-barrier [18], lead-
ing to enhanced bacterial dissemination and a worsened survival [14]. To investigate 
the role of RAGE in host defense during primary bacteremia, we directly injected S. 
pneumoniae into the tail vein in order to “by-pass” the established role of RAGE in the 
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lungs during pneumonia derived sepsis. Even though direct pneumococcal infection 
of the bloodstream (e.g. through blood transfusion) is not common [19] this study may 
help identify whether RAGE’s harmful role in pneumococcal sepsis is restricted to the 
pulmonary compartment. To investigate this, we challenged mice with the same pneu-
mococcal strain – serotype 3, ATCC 6303 – as in the pneumonia study, allowing better 
comparisons. We demonstrate that RAGE amplifies the systemic inflammatory response, 
but does not impact on bacterial loads or survival during fulminant systemic infection 
with S. pneumoniae. These data demonstrate that RAGE is not critically involved in the 
outcome of lethal non-focal pneumococcal sepsis and suggests that the detrimental 
effect of RAGE is primarily exerted in the pulmonary compartment. 

METHODS

Ethics statement

Experiments were carried out in accordance with the Dutch Experiment on Animals Act 
and approved by the Animal Care and Use Committee of the University of Amsterdam 
(Permit number: DIX101223).

Mice

C57Bl/6 Wild type (Wt) mice were purchased from Charles River Laboratories Inc. (Maas-
tricht, the Netherlands). Rage-/- mice, backcrossed > 10 times to a C57Bl/6 background 
were generated as described [12] and bred in the animal facility of the Academic Medi-
cal Center (Amsterdam, the Netherlands).  The Animal Care and Use Committee of the 
University of Amsterdam approved all experiments. 

Design

Sepsis was induced as previously described [20]. Mice were intravenously injected in the 
tail vein with 5x105 S. pneumoniae serotype 3 (American Type Culture Collection 6303, 
Rockville, MD) in a 200 μl saline solution (n=7-8 per strain) and sacrificed 24 or 48 hours 
thereafter or monitored in a survival study. Collection and handling of samples were 
done as previously described [20,21]. In brief, blood was drawn into heparinized tubes 
and organs were removed aseptically and homogenised in 4 volumes of sterile isotonic 
saline using a tissue homogenizer (Biospec Products, Bartlesville, UK). To determine bac-
terial loads, ten-fold dilutions were plated on blood agar plates and incubated at 37°C 
for 16 h. Organ homogenates were processed for cytokine measurements as described 
[21].
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Assays

Tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL-6, RAGE and E-selectin concentra-
tions were measured in tissue homogenates using ELISAs (all R&D systems, Minneapolis, 
MN). The detection limit of the RAGE ELISA was 62.5 pg/ml. Plasma TNF-α, IL-6 and IL-1β 
were measured by cytometric bead array flex set assay (BD Biosciences, San Jose, CA). 
Lactate dehydrogenase (LDH) and aspartate aminotransferase (AST) were measured 
in plasma with kits from Sigma (St. Louis, MO), using a Hittachi analyzer (Boehringer 
Mannheim, Mannheim, Germany). 

Histology

Lungs, spleens and livers were harvested for histologic examination after 24 and 48 
hours, fixed in 10 % formaldehyde and embedded in paraffin. 4-µm thick sections were 
used for stainings. For granulocyte staining, slides were deparaffinized and rehydrated 
using standard procedures. Endogenous peroxidase activity was quenched by a solu-
tion of 0.3% H2O2 in Methanol. Slides were then digested by a solution of pepsin 0.025% 
(Sigma-Aldrich, St. Louis, MO) in 0.1 M HCl. After being rinsed, the sections were incu-
bated in Ultra V Block (Thermo Scientific, Fremont, CA) and then exposed to FITC-labeled 
anti-mouse Gr-1 monoclonal antibody (BD PharMingen, San Diego, CA). After washes, 
slides were incubated with a rabbit anti-FITC antibody (Nuclilab, Ede, the Netherlands) 
followed by further incubation with Brightvision poly-horseradish peroxidase anti 
Rabbit IgG (Immunologic, Duiven, the Netherlands), rinsed again and developed using 
Bright DAB (Immunologic, Duiven, the Netherlands). The sections were counterstained 
with methyl green (Sigma Aldrich, St. Louis, MO), hydrated and mounted in Pertex (His-
tolab, Gothenburg, Sweden).  Gr-1 stained slides were photographed with a microscope 
equipped with a digital camera (Leica CTR500, Leica Microsystems, Wetzlar, Germany). 
Ten random pictures were taken per slide. In these images Gr-1  positivity and total 
surface area were measured using Image J software (U.S. National Institutes of Health, 
Bethesda, MD, http://rsb.info.nih.gov/ij); the amount of Gr-1 positivity was expressed 
as a percentage of the total surface area. Immunostaining for RAGE was performed as 
previously described [14]. In short, paraffin slides were deparaffinized and rehydrated 
using standard procedures. Endogenous peroxidase activity was quenched using 1.5% 
H2O2 in PBS. Primary antibodies used were goat anti-mouse RAGE polyclonal antibodies 
(Neuromics, Edina, MN) and secondary antibodies were biotinlylated rabbit anti-goat 
antibodies (DakoCytomation, Glostrup, Denmark). ABC solution (DakoCytomation, 
Glostrup, Denmark) was used as the detection enyzme. DAB peroxidase (Sigma, St. 
Louis, MO) was used as substrate for visualization. Counterstaining was performed with 
methylgreen (Sigma Aldrich, St. Louis, MO).
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HMGb1 Western blot

For Western blotting of HMGB1, plasma samples were diluted 8x in sodium dodecyl 
sulphate (SDS) buffer, 2% 2-mercaptoethanol. After heating, samples were run on a 15% 
polyacrylamide SDS gel and subsequently transferred to blotting membrane polyvinyli-
dene difluoride membranes (Pharmacia, Piscataway, NJ). Following blocking with 5% 
nonfat dry milk proteins (Protifar from Nutricia, Zoetermeer, the Netherlands) in 0.1% 
Tween phosphate buffered saline (PBS-T), membranes were washed and incubated 
overnight in 1 µg/mL primary rabbit anti-HMGB1 polyclonal antibody (ab18256, Abcam, 
Cambridge, United Kingdom) in 1% nonfat dry milk proteins in PBS-T at 4°C. After wash-
ing with PBS-T, membranes were probed with peroxidase-labeled secondary antibodies 
(Cell Signaling Technology, Danvers, MA) for 1 h at room temperature in 1% bovine 
serum albumin in PBS-T. After washing with PBS-T, membranes were incubated with 
Lumi-Light Plus Western Blotting Substrate (Roche, Mijdrecht, The Netherlands) and 
positive bands were detected using a LAS3000 Luminescent image Analyzer dark box 
(Fujifilm, Tokyo, Japan). Image quantification was performed using AIDA Image analyzer 
software (Raytest, Straubenhardt, Germany).

Statistical analysis

Data are expressed as box-and-whisker diagrams depicting the smallest observation, 
lower quartile, median, upper quartile and largest observation. Differences between 
rage-/- and Wt mice were analyzed by Mann-Whitney U test. Survival was compared by 
Kaplan-Meier analysis followed by a log rank test. Analyses were done using GraphPad 
Prism version 5.0 (Graphpad Software, San Diego, CA). Values of p < 0.05 were consid-
ered statistically significant different. 

RESulTS 

Expression of RAGE and HMGb1 in S. pneumoniae sepsis 

Previous investigations have established that RAGE is constitutively expressed in pul-
monary tissue and that RAGE expression is enhanced during pneumonia [14,17].  To de-
termine whether primary bloodstream infection alters RAGE expression, we performed 
immunohistochemical stainings of RAGE in mouse lungs and spleens after intravenous 
infection with S. pneumoniae. In accordance with earlier investigations [13,17], unin-
fected lungs extensively expressed RAGE, which was primarily present in the interalveo-
lar septae showing an endothelial pattern (fig. 1A). RAGE was not present in bronchial 
epithelium. 48 hours after infection, lungs showed similar expression of RAGE compared 
to lungs from naive mice (fig. 1B). Immunohistochemical analysis of RAGE in lung tissue 
from rage-/- mice (used as a negative control), confirmed the specificity of RAGE staining 
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(fig. 1C).  There was minimal RAGE staining in normal healthy spleens, which did not 
change after infection (data not shown). 

Next to immunohistochemical stainings, we measured RAGE concentrations in lung, 
spleen and livers by ELISA. Interestingly, pulmonary RAGE concentrations tended to be 
lower 48 hours after infection (median; 22 μg/ gram tissue) compared to naïve lungs 
(median; 40 μg/ gram tissue; fig. 1D). Uninfected spleens and livers displayed relatively 
low concentrations of RAGE (median of 1.2 ng and 1.6 ng/ gram tissue respectively). 
Sepsis enhanced RAGE protein concentrations tenfold in livers, but hardly in spleens 
(fig. 1F). Plasma levels of soluble (s)RAGE remained below detection limits (data not 
shown). 

To obtain insight into the systemic release of HMGB1, a ligand for RAGE [22], we 
performed a Western blot on plasma samples harvested 24 and 48 hours after infec-

Figure 1. Expression of receptor for advanced glycation end products (RAGE) in mouse organs and 
of its ligand high-mobility group box 1 (HMGb1) in plasma after systemic pneumococcal infection. 
Representative picture of a lung sample from a normal, uninfected Wt mouse, displaying extensive RAGE 
staining (A). Lung sample from a Wt mouse 48 h after intravenous injection of 5×105 colony-forming units 
(CFU) of S. pneumoniae (B). Absence of RAGE positivity in the lung of a rage-/- mouse (C). Scalebar indicates 
200 μm. RAGE concentrations in lungs (D), spleens (E) and livers (F) from naïve Wt mice and 24 and 48 
hours after intravenous injection of 5×105 CFU S. pneumoniae. (5-8 mice per group at each time point). Bars 
represent mean ± standard error of the mean. * p<0.05 versus naïve mice (0h).* (G) Densitometric analysis 
of HMGB1 blot expressed as a percentage of the mean density measured in naïve control plasma samples. 
HMGB1 detection was enhanced at 24 and 48 hours compared to naïve control samples (0h) (n=3 per time-
point). Bars represent mean ± standard error of the mean
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tion. At both time points, circulatory HMGB1 was detected and elevated compared to 
uninfected mice (fig. 1G).

RAGE does not affect bacterial outgrowth in a lethal model of pneumococcal 
sepsis

Earlier studies have shown that RAGE impairs the outcome of pneumococcal pneu-
monia: mice lacking RAGE had an improved survival together with lower pulmonary 
inflammation and bacterial loads [14].  Since RAGE is primarily expressed in the lungs, 
we wondered whether this detrimental role of RAGE is restricted to pneumococcal 
pneumonia. To examine this, we injected 500,000 cfu of the same pneumococcal strain 
into the tail vein of Wt and rage-/- mice and harvested lungs, blood, spleens and livers 
to determine bacterial loads. At 24 and 48 hours post infection, bacterial burdens were 
similar in all organs of both mouse strains (fig. 2). 48 hours after infection however, 3 
out of 8 Wt mice had already died, suggesting that RAGE contributed to lethality in this 
model. Monitoring survival in a separate experiment, however, did not reveal a statisti-
cally significant difference between Wt and rage-/- mice, although the latter mouse strain 
displayed a modest survival advantage (fig. 3).  

Figure 2. Wt and rage-/- mice display similar bacterial outgrowth after systemic infection with S. pneu-
moniae. 
Bacterial loads in the blood (A), lung (B), spleen (C) and liver (D) after intravenous injection of 5×105 CFU S. 
pneumoniae in Wt (grey) and rage-/- mice (white). Data are expressed as box-and-whisker diagrams depict-
ing the median, the smallest observation, lower quartile, median, upper quartile and largest observation 
(n=5-8 mice per group at each time point). 
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Figure 3. Wt and rage-/- mice display a similar survival after systemic infection with S. pneumoniae.
Survival of Wt and rage-/- mice after intravenous injection of 5×105 CFU S. pneumoniae (8 mice per group).

Figure 4. Rage-/- mice show lower plasma TnF-α and Il-6 levels after systemic infection with S. pneu-
moniae
Cytokine (TNF-α, IL-6 and IL-1β) levels in plasma (A-C), lungs (D-F) and spleen (G-I) 24 and 48 hours after 
intravenous injection of 5×105 CFU S. pneumoniae in Wt (grey) and rage-/- mice (white) (5-8 mice per group 
at each time point). Bars represent mean ± standard error of the mean. * p<0.05, ** p<0.01 versus Wt mice 
at the same time point.
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RAGE enhances systemic cytokine production in S. pneumoniae bacteraemia

Upon binding of ligands, RAGE leads to sustained activation of NF-κB and upregulation 
of the RAGE receptor, thereby perpetuating inflammatory responses [11].  To determine 
the role of RAGE in inflammation during pneumococcal sepsis, we measured circulatory 
as well as organ cytokine (TNF-α, IL-1β, IL-6) levels 1 and 2 days post infection. 24 hours 
after infection, no differences were observed between mouse strains, while 48 hours af-
ter infection, rage-/- mice had significantly lower levels of plasma TNF-α and IL-6 (fig. 4A-
C).  Although RAGE is especially expressed in the lungs [17], no significant differences 
in pulmonary cytokine levels were observed between Wt and  rage-/- mice (fig. 4D-F). In 
addition, RAGE did not influence cytokine concentrations in the spleen (fig. 4G-I). 

RAGE does not impact on cell injury after systemic infection of S. pneumoniae

Sustained cellular activation by RAGE may lead to cellular dysfunction and tissue dam-
age [11]. To evaluate the role of RAGE in cellular injury in S. pneumoniae bacteremia, we 
measured plasma levels of LDH, a general cell injury marker and AST, a marker specific 
for liver injury. Relative to rage-/- mice, Wt mice did not differ in cell injury markers, sug-
gesting that RAGE does not contribute to tissue damage in this model of pneumococcal 
infection (fig. 5).

RAGE enhances neutrophil recruitment to the lungs.

Recruitment of leukocytes to infectious sites is an essential step in host defense. RAGE 
has been implicated to play a role in neutrophil recruitment possibly mediated by Mac-1 
on neutrophils [9]. To investigate the role of RAGE in leukocyte recruitment to specific 
organs in non-focal sepsis we analysed Gr-1 stainings in lung and spleen sections 48 

Figure 5. no difference in damage markers between Wt and rage-/- mice.
Aspartate aminotransferase (AST) (A) and lactate dehydrogenase (LDH) (D) were measured in plasma of 
Wt (grey) and rage-/- mice (white) (5-8 mice per group at each time point). Bars represent mean ± standard 
error of the mean. 
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hours after infection.  Lungs from rage-/- mice had a lower percentage of Gr-1 staining 
compared to Wt mice indicating lower pulmonary neutrophil numbers (fig. 6A, C, D). 
Gr-1 staining in the spleens was similar in Wt and rage-/- mice (fig. 6B). Together these 
data suggest that pulmonary RAGE is involved in directing neutrophils to the lungs in 
pneumococcal sepsis.

Figure 6. RAGE deficiency diminishes neutrophil accumulation in the lung. 
Quantification of pulmonary Gr-1 positivity 48 hours after infection in lungs (A) and spleens of (B) of Wt 
(grey) and rage-/- mice (white) (5-8 mice per group). Bars represent mean ± standard error of the mean. 
*p<0.05 versus Wt mice at the same time point. Representative neutrophil stainings (brown) of Wt (C) and 
rage-/- (D) lungs 48 hours after induction of pneumococcal sepsis. Scalebar indicates 200 μm. E-selectin was 
measured in lungs (E) and soluble E-selectin in plasma (F) 48 hours after intravenous injection of 5×105 CFU 
S. pneumoniae in Wt (grey) and rage-/- mice (white) (5-8 mice per group). Bars represent mean ± standard 
error of the mean. * p<0.05 versus Wt mice at the same time point.
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RAGE contributes to endothelial cell activation

To obtain insight in the contribution of RAGE to endothelial cell activation during sepsis, 
we measured E-selectin levels in plasma, lungs and spleen. 48 hours after infection,  
rage-/- mice displayed lower E-selectin levels in plasma and lungs when compared with 
Wt mice (fig. 6E, F). E-selectin levels did not differ between mouse strains in spleens at 
any time point (data not shown). 

DISCuSSIOn

S. pneumoniae is the most commonly isolated pathogen in pneumonia and an important 
causative organism in severe sepsis [3]. Invasive infection and accompanying inflamma-
tory mechanisms can cause tissue damage that is associated with release of DAMPs, 
which are recognized by pattern recognition receptors (PRRs) and perpetuate inflamma-
tory responses [23]. RAGE is a PRR that is primarily expressed in the lung and has been 
implicated to interact with several DAMPs including HMGB1. In the setting of sepsis 
originating from pneumococcal pneumonia, RAGE enhanced pulmonary inflammation, 
resulting in enhanced bacterial growth and dissemination, and a worsened survival 
[14].  In the current study we directly infected Wt and rage-/- mice with pneumococci 
into the bloodstream. Although most cases of pneumococcal sepsis have a pulmonary 
focus[3,4], this experimental model was used to investigate the role of RAGE in S. pneu-
moniae sepsis independent from respiratory dissemination. We show that the presence 
of RAGE is associated with enhanced systemic inflammation, increased endothelial cell 
activation and higher neutrophil numbers in the lungs. However, RAGE did not influence 
bacterial loads or survival in this model of fulminant systemic S. pneumoniae infection. 
These results imply that while RAGE plays a harmful part in pneumococcal pneumonia 
[14,15], this receptor does not play a critical role in the outcome of sepsis during primary 
bloodstream infection with this clinically relevant pathogen. 

RAGE is abundantly expressed in normal healthy lungs and upregulated during S. 
pneumoniae pneumonia [14,17,24,25]. In contrast to these earlier findings, we here ob-
served a decreased expression of pulmonary RAGE in a model of intravenously induced 
pneumococcal sepsis. The pattern of RAGE staining however remained unchanged. 
Similarly to our finding, the level of pulmonary RAGE expression was found to decrease 
in other lung injury and pulmonary fibrosis models [26,27]. In addition, RAGE was hardly 
detected in naïve or infected spleens and livers. 

The soluble form of RAGE (sRAGE), lacking the transmembrane and cytoplasmic do-
mains [28], has been detected in human plasma. sRAGE levels are elevated and suggested 
to be a marker of outcome in patients with sepsis [29], pneumonia [30] and acute lung 
injury [31]. In this study we were unable to detect sRAGE in plasma, which is in accor-
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dance with an earlier study measuring circulating sRAGE levels in diabetic mice [32]. To 
the best of our knowledge plasma sRAGE levels have never been documented in mice. 
The commercially available ELISA kit we used in our study is designed to measure any 
murine form of extracellular domain of sRAGE species with a detection limit of 62.5 pg/
ml. Our measurements in plasma samples did not exceed this detection limit, which could 
be a limitation of the method we used to measure this protein. We could however detect 
plasma HMGB1. The expression of HMGB1 was increased in S. pneumoniae infected mice 
compared to uninfected mice. Together with several other endogenous ligands, HMGB1 
interacts with RAGE [11]. When bound to other DAMPs, such as extracellular cell free DNA, 
HMGB1 is able to produce an inflammatory stimulus through RAGE and other PRRs [22] 

The binding of RAGE triggers multiple intracellular signaling pathways which result 
in the translocation of NF-κB and the transcription of proinflammatory proteins. Activa-
tion of the NF-κB pathway upregulates expression of RAGE, leading to sustained cellular 
inflammation and the promotion of cellular dysfunction and tissue damage [11]. In ac-
cordance, harmful effects of RAGE have been shown in models of endotoxic shock and 
sepsis [12,33]. In line with these results, RAGE enhanced lung inflammation and worsened 
survival in sepsis originated from pneumococcal pneumonia [14]. In the present study 
we found a reduced inflammatory response in rage-/- mice, as reflected by lower TNF-α 
and IL-6 levels in plasma, 48 hours after infection The effect of RAGE was likely underesti-
mated since at this time point 3 out of 8 Wt mice had already died. Although this finding 
suggests that the presence of RAGE increases lethality in this model, in a formal survival 
study a statistically significant difference could not be demonstrated. It should be noted 
that the severity of this intravenous challenge model varies from experiment to experi-
ment. Indeed, in preliminary pilot studies we observed an approximate 50% lethality 
in Wt mice after intravenous injection of the S. pneumoniae dose used in the current 
manuscript. This variance can be partly explained by the fact that for each experiment a 
fresh bacterial inoculum is prepared. This is why all experiments were strictly controlled, 
i.e. Wt and rage-/- mice were infected with the exact same inoculum at the same time. 
In accordance with the survival data presented here, the plasma concentrations of cell 
damage markers such as LDH and AST were similar in Wt and rage-/- mice after systemic 
pneumococcal infection. The discrepancy between lung and bloodstream infection sug-
gests that the pulmonary compartment has a somewhat harmful role in pneumococcal 
sepsis pathophysiology. A similar finding was observed earlier in the outcome of a rabbit 
model of pneumosepsis [34]. Here it was demonstrated that pulmonary infection with a 
cytotoxic strain of Pseudomonas aeruginosa damaged the alveolar epithelium, allowing 
for proinflammatory mediators to leak into the systemic compartment, responsible for 
the signs of septic shock. Intriguingly, shock did not occur after systemic infection, even 
though bacteria were evidently present, establishing the crucial importance of tissue 
infection in the pathogenesis in this type of septic shock.
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Targeting RAGE in sepsis models may impair antibacterial defense, as demonstrated 
in E. coli peritonitis [13,16]  where rage-/- mice had higher bacterial loads compared to 
Wt mice. In pneumococcal pneumonia, conflicting results were observed, as rage-/- mice 
demonstrated lower bacterial loads [14], while the opposite was true when Wt mice were 
treated with an anti-RAGE antibody [15]. While using the same strain of the S. pneumoni-
ae as in these former pneumonia studies, RAGE did not affect bacterial outgrowth after 
intravenous injection of bacteria. The majority of bacteria entering the bloodstream are 
taken up by the liver [35] and several studies have shown that the spleen is particularly 
important in the systemic clearance of encapsulated S. pneumoniae [36,37]. The fact that 
RAGE did not influence bacterial outgrowth in the systemic model of infection could be 
due to the fact that RAGE, in contrast to the lungs, is hardly detected in these organs. Of 
note, the pneumococcal strain used is highly virulent in mice, which corresponds with 
the fact that serotype 3 pneumococci are associated with severe infections in humans 
as well [38]. 

Several studies have implicated RAGE in leukocyte recruitment. RAGE has been identi-
fied as a binding partner for Mac-1 on neutrophils in static and flow in vitro conditions 
[9,12,39–41]. In vivo, rage-/- mice displayed a diminished number of inflammatory cells 
in the peritoneum after CLP [12]  and thioglycollate-induced peritonitis [9] and in the 
bronchoalveolar compartment after S. pneumoniae pneumonia [14]. Although there 
was no infectious focus in the current study, rage-/- mice remarkably demonstrated a 
reduced number of Gr-1 positive cells in lung tissue, indicating lower neutrophil counts 
in this organ. Spleens however, demonstrated similar Gr-1 expression between Wt and 
rage-/- mice. Clearly, these different roles of RAGE in neutrophil accumulation in lungs 
and spleen may be related to the extent of RAGE expression, which is much higher in 
the former organ. RAGE in addition enhanced the extent of endothelial cell activation, as 
reflected by higher E-selectin levels in whole lung and plasma. The reduced expression 
of E-selectin in the lungs may have contributed to the diminished neutrophil recruit-
ment in rage-/- mice [42]. 

In conclusion, our results show that rage-/- mice had a reduced systemic cytokine re-
sponse, reduced endothelial cell activation and lower neutrophil numbers in the lungs 
in response to systemic S. pneumoniae infection. RAGE did not influence bacterial loads. 
The finding that RAGE deficiency did not impact on survival in spite of attenuated in-
flammation suggests that in this model systemic inflammation is not the cause of death 
or that inflammation was not reduced enough in rage-/- mice to alter survival. Taken 
together with previous studies on the role of RAGE in host defense against infection 
[5,6], these data suggest that the impact of RAGE on the outcome of infectious disease 
depends on both the pathogen and the primary site of infection. In addition, the cur-
rent data suggest that the harmful role of RAGE in S. pneumoniae infection is primarily 
exerted in the pulmonary compartment and not systemically. 
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