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Delay in antibiotic therapy results in fatal
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Abstract

Background: Community-acquired pneumonia (CAP) remains a major cause of death worldwide. Mechanisms
underlying the detrimental outcome despite adequate antibiotic therapy and comorbidity management are still not
fully understood.

Methods: To model timely versus delayed antibiotic therapy in patients, mice with pneumococcal pneumonia
received ampicillin twice a day starting early (24 h) or late (48 h) after infection. Clinical readouts and local and
systemic inflammatory mediators after early and late antibiotic intervention were examined.

Results: Early antibiotic intervention rescued mice, limited clinical symptoms and restored fitness, whereas delayed
therapy resulted in high mortality rates. Recruitment of innate immune cells remained unaffected by antibiotic
therapy. However, both early and late antibiotic intervention dampened local levels of inflammatory mediators in
the alveolar spaces. Early treatment protected from barrier breakdown, and reduced levels of vascular endothelial
growth factor (VEGF) and perivascular and alveolar edema formation. In contrast, at 48 h post infection, increased
pulmonary leakage was apparent and not reversed by late antibiotic treatment. Concurrently, levels of VEGF remained
high and no beneficial effect on edema formation was evident despite therapy. Moreover, early but not late treatment
protected mice from a vast systemic inflammatory response.

Conclusions: Our data show that only early antibiotic therapy, administered prior to breakdown of the alveolar-capillary
barrier and systemic inflammation, led to restored fitness and rescued mice from fatal streptococcal pneumonia. The
findings highlight the importance of identifying CAP patients prior to lung barrier failure and systemic inflammation and

of handling CAP as a medical emergency.
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Background

Community-acquired pneumonia (CAP) is a significant
cause of morbidity and mortality worldwide, with Strepto-
coccus pneumoniae being the most prevalent causative
pathogen [1, 2]. Since the 1950s, the in-hospital mortality
rate of CAP has remained about 12-13% in most
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high-income countries [3]. Severe forms of CAP necessi-
tate admission to the intensive care unit (ICU) and result
in mortality rates ranging from 18 to 38% [4—6]. Anti-
biotic intervention within 4 h of hospital arrival is associ-
ated with reduced mortality compared to a delayed start
of treatment in CAP [7, 8]. To improve survival in severe
pneumonia, CAP is nowadays described as a medical
emergency and early and aggressive treatment is therefore
proposed on an empiric basis [9-14]. However, the patho-
physiological differences in the course of pneumonia
resulting from early as opposed to late treatment are
unknown.
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Differences in survival of CAP patients receiving anti-
biotic therapy result from a wide range of contributors,
which can be pathogen, drug or host related. The host’s
immune response may aggravate detrimental pulmon-
ary barrier failure and lung edema development [15-
19]. Particularly, activation of lung resident cells (e.g.,
alveolar ~macrophages and epithelial cells) by
pathogen-associated molecular patterns (PAMPs) re-
sults in local inflammation, which in turn promotes at-
traction of inflammatory cells like polymorphonuclear
leukocytes (PMNs) into the lungs [20-22]. As profes-
sional phagocytes, PMNs are crucial for antimicrobial
defense; however, PMNs also cause host tissue injury,
leading to increased permeability of the alveolar—capil-
lary barrier [23, 24]. As a further consequence of pul-
monary barrier failure, CAP can progress to life-
threatening sepsis and multiorgan dysfunction [25].
However, specific reasons for host-related differences in
survival that depend on timely versus delayed antibiotic
treatment remain unclear to date. Analysis of processes
contributing to host-related therapy failure and high
mortality rates due to delayed treatment are needed to
foster the development of new adjunctive therapies. We
hypothesized that antibiotic treatment decelerates exag-
gerated immune responses, but does not relevantly re-
duce established lung barrier dysfunction and lung
edema. In the current study, we performed in-depth
examination of mice with severe pneumococcal pneu-
monia receiving early versus late antibiotic treatment.

Methods
A detailed methodology and materials are presented in
Additional file 1: Materials and methods.

Study approval

Female C57BL/6 N mice (8—10 weeks old; Charles River,
Germany) were housed under specific-pathogen-free
conditions. All animal studies have been ethically
reviewed and approved by the State Office for Health
and Social Services, Berlin, Germany.

Murine bacterial pneumonia

Mice were transnasally inoculated as previously described
in detail [26] with 5 x 10° colony-forming units (CFUs) of
S. pneumoniae serotype 3 in 20 pl PBS. Control mice re-
ceived sham infection (PBS). Starting at 24 h or 48 h p.i,
ampicillin (0.4 mg/mouse) or 0.9% NaCl (solvent control)
was injected intraperitoneally every 12 h (Additional file 1:
Figure S1). Body weight, temperature and murine pneu-
monia symptoms (scaling from O (absent) to 1 (present)
and 2 (severe)) were assessed twice daily. Detailed infor-
mation about the scoring system for murine pneumonia
symptoms is presented in Additional file 1: Materials and
methods, and Table S3. The summary of scored symptoms
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provides individual clinical scores. Mice meeting the in-
clusion criteria at 24 h p.i. (body weight loss more than
10% and/or body temperature < 37.0 °C) were analyzed.
Numbers of analyzed mice per group per time point are
summarized in Additional file 1: Tables S1 and S2. At
defined endpoints, mice were anesthetized and exsangui-
nated prior to analysis. EDTA-blood was used for
hemogram (measured with Scil Vet abc; scil animal care
company GmbH) and bacterial load determination. The
remaining blood was collected in serum separator tubes
(BD) and sera were stored at — 80 °C.

Bronchoalveolar lavage

Mice were sacrificed prior to lavage. Airways were washed
twice with 800 pl PBS. Bronchoalveolar lavage (BAL) sus-
pensions were used to determine the bacterial burden.
Supernatant (BAL fluid (BALF)) was frozen at - 80 °C.
BAL cells were used for leukocyte differentiation.

Bacterial loads

Serial dilutions of EDTA-blood and BAL suspensions were
plated onto Columbia agar with 5% sheep blood (BD) and
incubated for 24 h at 37 °C under 5% CO, prior to CFU
counting.

Histological analysis

Mice were sacrificed prior to histological analysis. Lungs
were immersion-fixed in 4% buffered formalin, embedded
in paraffin, cut into 2-pm sections and stained with
hematoxylin and eosin (H&E) as described previously [27,
28]. Lung inflammation was scored based on consideration
of specific parameters graded on a scale of 0 (absent) to 4
(severe), including the degree of inflammation, infiltration
of neutrophils, pleuritis and steatitis. A lung edema score
was assessed as a sum of distribution and degree of inter-
stitial (perivascular) and alveolar edema graded on a scale
of 0 (absent) to 5 (massive).

Blood clinical analytes
AST and urea levels were measured using Cobas-800
0-C701 (Roche) by LABOKLIN (Bad Kissingen, Germany).

Leukocyte differentiation

BAL cells were preincubated with blocking antibody and
stained with anti-CD11c, anti-CD11b, anti-F4/80, anti-
Ly6G, anti-Ly6C and anti-MHCII antibodies. Cells were
measured and analyzed with FACS Canto II (BD) and
FACSDiva software. Cell numbers were calculated using
CountBright Absolute Counting Beads (ThermoFisher
Scientific).

Pulmonary vascular leakage
Mouse serum albumin (MSA) levels in BALF and serum
were measured by ELISA (BETHYL). The alveolar—
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capillary barrier permeability index was calculated as the
ratio of BALF/serum MSA.

Multiplex assay and ELISA

Mouse cytokine/chemokine levels were measured in
BALF and serum with the ProcartaPlex Custom Mix &
Match according to the manufacturer’s instructions
(AffymetrixBioscience). BALF levels of CXCL2 and
CXCLS5 were measured by ELISA (RD).

Cytokine-immune cell network
Details for construction of the network are described in
Additional file 1: Materials and methods.

Data analyses

GraphPad Prism 6 software was used for statistical ana-
lyses. Survival curves were analyzed using the Kaplan—
Meier method and log-rank (Mantel-Cox) test. The Krus-
kal-Wallis test/Dunn’s multiple comparisons test and
one-way ANOVA/Dunnett’s multiple comparisons test
were used for comparison to S. pneumoniae-infected mice
at the start of therapy. Grouped analyses were performed
using two-way ANOVA/Sidak’s multiple comparison test.
p <0.05 was considered significant.

Results

Late yet efficient antibiotic treatment did not rescue S.
pneumoniae-infected mice

To improve understanding of clinical deterioration of indi-
viduals with bacterial pneumonia despite adequate anti-
biotic therapy, S. pneumoniae-infected mice were treated
with ampicillin starting at different times p.i. Mice receiving
ampicillin therapy starting 24 h p.i. showed a significantly
higher survival rate (97.1%) than animals with late (48 h
p.i.) therapy (20.4%) (Fig. la). Clinical signs of murine
pneumonia like disheveled fur or an accelerated breathing
rate and behavioral or somatic changes (Fig. 1b), weight
loss (Fig. 1c), decrease in body temperature (Additional file 2:
Figure S2), as well as lung infiltrates, assessed by histology
(Additional file 2: Figure S2B), were already apparent at
24 h p.i. In line with superior survival rates, early antibiotic
therapy led to normalization of body temperature and mur-
ine clinical scores within 12 h and increased body weight
within 24 h. Mice receiving ampicillin from 48 h p.i. on-
ward failed to restore their body weight and to reverse their
murine clinical score within the following 48 h (Fig. 1b, c).
Hence, for accurate interpretation of results at 72 h p.i. and
beyond, the poor survival rates of untreated and late-
treated groups (below 25%, Additional file 1: Tables S1 and
S2) need consideration.

Notably, antibiotic therapy failure was not respon-
sible for different outcomes in survival. At 24 h and
48 h p.i., before initiation of an antibiotic regimen, all
mice analyzed at these time points had developed
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bacteremia. Within 12 h both regimens reduced the
mean bacterial load in the blood by over 99% and in
the alveolar spaces by over 85% (Fig. 1d, Additional
file 2: Figure S3A).

Antibiotic treatment had no major impact on innate
leukocyte kinetics in BAL and blood

Resident and recruited innate immune cells participate in
defense against pulmonary pathogens [29] and may be
influenced by antibiotic treatment. Consequently, we ana-
lyzed kinetics of PMNS, alveolar macrophages and Ly6C™
inflammatory macrophages during infection and therapy
(gating strategy; Additional file 2: Figure S4). After an initial
recruitment wave, the number and frequency of BAL
PMNs steadily declined from 24 h p.i. onward in treated
and control groups (Fig. 2a, b, Additional file 2: Figure
S3B). In the blood, however, frequencies but not total num-
bers of neutrophils (Fig. 2c, Additional file 2: Figure S3B)
were significantly lower after early antibiotic intervention
compared to the solvent-treated control group, whereas no
difference was detected after late treatment. Likewise, anti-
biotic treatment did not affect the population size of alveo-
lar macrophages, which remained unaffected throughout
the infection course. Recruitment of Ly6C™ inflammatory
macrophages into alveolar spaces significantly increased
following infection and remained unaltered by antibiotic
therapy (Additional file 2: Figure S5A, B). Kinetics of blood
monocyte number and frequency remained unaffected by
antibiotic treatment. Similar results were obtained for
eosinophils and platelets (Additional file 2: Figure S5C).

Antibiotic treatment suppressed lung inflammation
Alveolar concentrations of chemokines and growth
factors were measured in BALF (Fig. 3a, Additional
file 2: Figures S3C and S6A). Levels of monocyte-
recruiting chemokines CCL3 and CCL2 decreased
within 24 h after antibiotic therapy compared to the
concentration at treatment start. Notably, only after
an early therapy start were significant differences be-
tween ampicillin-treated and solvent-treated mice with
pneumonia observed for CCL2. Kinetics of neutrophil
growth factor G-CSF levels resembled the kinetics of
CCL2. After an initial increase in GM-CSF levels fol-
lowing an early therapy start, concentrations in BALF
decreased with antibiotic therapy. CXCL1/KC,
CXCL2/MIP-2 and CXCL5/LIX, homologs of human
IL-8, are responsible for alveolar neutrophil recruit-
ment [30]. Infected, solvent-treated mice showed an
infection-time-dependent increase in CXCL1, CXCL2
and CXCL5. Notably, antibiotic intervention solely
inhibited the increase of CXCL1 and CXCL2, but not
CXCLS5.

Both early and late antibiotic therapy led to a reduc-
tion in the local inflammatory cytokines IL-6, IL-1(,
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Fig. 1 Late antibiotic therapy failed to rescue S. pneumoniae-infected mice. Mice were infected with S. pneumoniae and assigned equally to
groups and analysis time points (N = 9 per time point). Starting 24 h or 48 h p.i, intervention groups were treated with ampicillin. As
controls, mice were sham infected (PBS; Ny = 7 per time point) or treated with solvent (0.9% NaCl). Survival, murine clinical score and weight
assessed for all mice until designated analysis time point. Mice surviving until designated analysis time point were sacrificed for BAL and
blood sampling (number analyzed per time point presented in Additional file 1: Table S1). a Kaplan-Meier curves showing survival of
experimental groups, log-rank test. b Murine clinical disease score. Median and 25-75% interquartile range (IQR). ¢ Relative weight curves.
Mean + SEM. d Bacterial burden in BAL and blood of respective mice analyzed at indicated time points. Median and 25-75% IQR. a—d Results
pooled from three independent experiments per time point. b—d Two-way ANOVA/Sidak's multiple comparisons test for comparison of
ampicillin versus solvent treatment. Kruskal-Wallis test/Dunn’s multiple comparisons test for comparison to S. pneumoniae-infected mice at
therapy start. *Significant difference between groups at time point, #significant difference from therapy start: *#p < 0.05, ***p < 0.01, ***/##p,
<0.001 and ****##5 <0.0001. Abx antibiotics, BAL bronchoalveolar lavage, CFU colony forming unit, Ctr control, PBS phosphate buffered
saline, p.i. post infection, S. pn. Streptococcus pneumoniae

TNF-a and IFN-y in the BALF. Likewise, the anti-in-  was significantly decreased after early antibiotic therapy
flammatory cytokine IL-10 decreased after early and but remained unchanged after late antibiotic therapy
late antibiotic therapy. On the contrary, IL-12p40 levels  (Fig. 3¢, Additional file 2: Figures S3D and S7). Particu-
increased within 12 h after early therapy start and de- larly, early but not late antibiotic intervention
creased after late antibiotic intervention (Fig. 3b, Add- prevented development of pleuritis and steatitis of the
itional file 2: Figures S3C and S6B). In line with these adjacent mediastinal adipose tissue but did not show
observations, the lung inflammation score, composed any impact on the innate cell recruitment into the
of specified histopathological inflammation parameters, lungs.
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Fig. 2 Antibiotic therapy has no impact on alveolar neutrophil recruitment. Mice were infected with S. pneumoniae and assigned equally to groups and
analysis time points (N =9 per time point). Starting 24 h or 48 h pi, intervention groups were treated with ampicillin. As controls, mice were sham
infected (PBS; nyoral = 7 per time point) or treated with solvent (0.9% NaCl). Mice surviving until designated analysis time point were sacrificed for BAL and
blood sampling (number analyzed per time point presented in Additional file 1: Table S1). a Representative dot blots illustrating gating of innate BAL PMN
populations at 24 h and 48 h p.i. b Numbers and frequencies of PMNs in BAL of mice analyzed at indicated time points p., quantified by flow cytometry.

¢ Numbers and frequencies of PMNs measured in EDTA-blood by Scil Vet abc hematology analysis of respective mice. b, ¢ Results pooled from three
independent experiments per time point. Mean + SEM. Two-way ANOVA/Sidak's multiple comparisons test for comparison of ampicillin versus solvent
treatment. One-way ANOVA/Dunnett's multiple comparisons test for comparison to S. pneumoniae-infected mice at therapy start. *Significant difference
between groups at time point, #significant difference from therapy start: **p < 005, **p < 001, "p < 0,001 and ***p < 0.0001. Abx antibiotics, BAL
bronchoalveolar lavage, Ctr control, PBS phosphate buffered saline, p.. post infection, PMN polymorphonuclear leukocyte, S. pn. Streptococcus pneumoniae

Network analysis of alveolar immune cells and local
effector molecules illustrated pronounced
downregulation of cytokines by antibiotic treatment

The aim of the network analysis was to visualize and
summarize consequences of early versus late antibiotic
therapy on local cellular and cytokine/chemokine re-
sponses (Additional file 2: Figure S8). Hereby, we illustrate
that recruitment of innate cells (Additional file 2: Figure
S8, left) was independent of antibiotic treatment and treat-
ment commencement. Cellular effector mechanisms such
as cytokine secretion of IFN-y, IL-1f, IL-6 and TNF-a
were also strongly reduced by antibiotic treatment, while
secretions of neutrophil-attracting chemokines (e.g.,
CXCL1, CXCL2, CXCL5 and G-CSF) were only modestly
affected (Additional file 2: Figure S8, right).

Early antibiotic treatment prevented systemic
inflammatory responses

Following local pulmonary inflammation and bacteremia,
the development of a systemic inflammatory response in

untreated yet infected mice was observed. At 24 h p.i., prior
to early antibiotic treatment, systemic cytokines were close
to basal levels, although bacteremia was established. Not-
ably, treatment with antibiotics starting 24 h p.i. prevented
upsurge of inflammatory mediators such as IL-6, TNF-a
and IFN-y in serum compared to untreated yet infected
mice. Late antibiotic therapy only led to a significant reduc-
tion in serum levels of IFN-y, but basal levels were not
reached. Systemic IL-10 concentrations were rarely detect-
able (Fig. 4a, Additional file 2: Figures S3E and S9A).

Generally, kinetics of systemic proinflammatory chemo-
kines and growth factors highly resembled kinetics of sys-
temic proinflammatory cytokines (Fig. 4a, b, Additional
file 2: Figures S3E and S9A, B). Similar to systemic cyto-
kine concentrations, systemic levels of chemokines and
G-CSF increased later than in alveolar spaces.

At 24 h pi, systemic chemokine levels were five times
(CXCL1) to 90 times (CCL3) lower than prior late anti-
biotic therapy at 48 h p.i. Early antibiotic intervention pre-
vented dramatic increases of G-CSF, CCL2 and CXCL1 in
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Fig. 3 Antibiotic therapy reduced levels of alveolar inflammatory mediators. Mice were infected with S. pneumoniae and assigned equally to
groups and analysis time points (a, b Noa =9, € Nyora) =4 per time point). Starting 24 h or 48 h p.i, intervention groups were treated with
ampicillin. As controls, mice were sham infected (PBS; a, b Nioa1 = 7, € Nyora) =4 per time point) or treated with solvent (0.9% NaCl). Mice surviving
until designated analysis time point were sacrificed for BAL sampling (number analyzed per time point presented in Additional file 1: Table S1) or
histopathological analysis (number analyzed per time point presented in Additional file 1: Table S2). a Chemokine and b cytokine protein levels in
BAL fluid measured by multiplex analysis or ELISA. a, b Results pooled from three independent experiments per time point. Mean + SEM. ¢ Lung
inflammation score calculated from specified histopathological parameters displaying distribution, severity and main character of lung lesions.
Results pooled from two independent experiments per time point. Median and 25-75% interquartile range. a—c Two-way ANOVA/Sidak’s multiple
comparisons test for comparison of ampicillin versus solvent treatment. a, b One-way ANOVA/Dunnett’s multiple comparisons test and ¢ Kruskal—
Wallis test/Dunn’s multiple comparisons test for comparison to S. pneumoniae-infected mice at therapy start. *Significant difference between
groups at time point, #significant difference from therapy start; ** p < 0,05, ** p < 0.01, ***# p < 0001 and ****# 1 < 00001. Abx antibiotics,
Ctr control, IL interleukin, PBS phosphate buffered saline, p.i. post infection, S. pn. Streptococcus pneumoniae

serum, with significant differences from the respective
solvent-treated control groups. Early therapy did not lead
to a significant change in CCL3 levels. After late antibiotic
therapy, systemic CXCL1, G-CSF and CCL2 concentrations
decreased, but no significant differences from the respective
control groups were observed (Fig. 4b, Additional file 2:
Figures S3E and 9B). Systemic levels of GM-CSF were
below the detection limit (data not shown). To determine
the functional integrity of the liver and kidneys, aspartate
aminotransferase (AST) and urea were measured in serum.
Increased concentrations of AST were found at 48 h but
not at 24 h p.. Early antibiotic therapy prevented increase
of AST levels in infected mice. Late antibiotic treatment
had no beneficial effect on AST concentrations (Fig. 4c,
Additional file 2: Figure S3F). The urea concentration

increased following early antibiotic therapy whereas no dif-
ferences were detected following late intervention (Add-
itional file 2: Figure S9C).

Early antibiotic intervention protected alveolar-epithelial
barrier integrity and reduced VEGF levels

Measurements of the alveolar—capillary barrier permeability
index allow estimation of the degree of vascular leakage
into alveolar spaces. Prior to treatment of infected mice,
vascular leakage was evident at 48 h but not at 24 h p.i.
Early antibiotic treatment successfully prevented develop-
ment of vascular leakage observed in S. pneumoniae-in-
fected solvent-treated control mice (Fig. 5a, Additional
file 2: Figure S3G). In contrast, late antibiotic therapy failed
to significantly reverse established lung permeability. In line
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infected (PBS; N = 7 per time point) or treated with solvent (0.9% NaCl). Mice surviving until designated analysis time point were sacrificed for blood
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multiplex analysis. ¢ Serum AST levels measured by Cobas 8000 C701. a-c Results pooled from three independent experiments per time point. Mean
+ SEM. Two-way ANOVA/Sidak’s multiple comparisons test for comparison of ampicillin versus solvent treatment. One-way ANOVA/Dunnett’s multiple
comparisons test for comparison to S. pneumoniae-infected mice at therapy start. *Significant difference between groups at time point, #significant
difference from therapy start: **p < 0.05, **p < 0.01 and ***p < 0.0001. Abx antibiotics, AST aspartate aminotransferase, Ctr control, IFN interferon, IL
interleukin, PBS phosphate buffered saline, p.i. post infection, S. pn. Streptococcus pneumoniae

with this finding, histopathological analysis of lung tissue
integrity revealed significantly reduced interstitial and al-
veolar edema formation in early antibiotic-treated animals
compared to solvent-treated controls. However, late anti-
biotic therapy did not reduce edema formation (Fig. 5b, c,
Additional file 2: Figures S3H and S10A, B). Vascular endo-
thelial growth factor (VEGF) and binding leukocytes trigger
destabilization of endothelial cell-cell contacts [31]. VEGF
levels in BALF of S. pneumoniae-infected mice were mod-
estly elevated compared to PBS-infected control groups at
the time points 24 h and 48 h p.i. Only after early ampicillin
therapy did alveolar VEGF concentrations significantly
decrease compared to the late treatment start and
solvent-treated control groups (Fig. 5d, Additional file 2:
Figure S3@G).

Discussion

Upon CAP diagnosis, commencement of immediate treat-
ment is considered critical since a delay increases the like-
lihood of lethality [7, 9]. However, some patients present

themselves in a phase of advanced disease or diagnosis is
belated. In these cases, antibiotic treatment can become
insufficient to avoid development of acute lung injury;
thus, adjuvant therapeutic options are needed. Under-
standing the pathophysiology of acute lung injury in pneu-
monia with delayed treatment is a prerequisite to
successful therapy development. Therefore, we established
a mouse model of CAP comprising early and late anti-
biotic treatment of bacterial pneumonia mirroring differ-
ent treatment commencements in CAP patients. Validity
of the model was achieved as: severe pneumonia was
established before early and late treatment start; treatment
success rates in terms of survival outcome depended on
timely treatment; and antibiotic treatment efficacy in
terms of bacterial elimination was independent of timely
treatment. Our model settings are thus in line with obser-
vations made in immunocompetent ICU patients with
CAP who received an adequate antibiotic regimen and
management of comorbidities, but nonetheless showed
high mortality rates [32, 33].
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Fig. 5 Early antibiotic treatment reduced lung barrier failure and VEGF levels. Mice were infected with S. pneumoniae and assigned equally to
groups and analysis time points @, d Ny =9, b, € Ny =4 per time point). Starting 24 h or 48 h p., intervention groups were treated with
ampicillin. As controls, mice were sham infected (PBS; @, d Nioa =7, b, € Nyoa =4 per time point) or treated with solvent (0.9% NaCl). Mice
surviving until designated analysis time point were sacrificed for BAL and blood sampling (number analyzed per time point presented in
Additional file 1: Table S1) or histopathological analysis (number analyzed per time point presented in Additional file 1: Table S2). a Ratios of
mouse serum albumin (MSA) BALF/serum reflecting lung barrier integrity, calculated from ELISA readouts. b Lung edema score, calculated from
specified histopathological parameters displaying perivascular and alveolar edema formation. Results pooled from two independent experiments
per time point. Median and 25-75% interquartile range. ¢ Representative H&E staining. *Perivascular edema, #alveolar edema. Scale bars: 100 um.
d VEGF levels measured in BAL fluid by multiplex analysis. a, d Results pooled from three independent experiments per time point. Mean + SEM.
Two-way ANOVA/Sidak's multiple comparisons test for comparison of ampicillin versus solvent treatment. a, b Kruskal-Wallis test/Dunn’s multiple
comparisons test and d one-way ANOVA/Dunnett's multiple comparisons test for comparison to S. pneumoniae-infected mice at therapy start.
*Significant difference between groups at time point, #significant difference from therapy start: a, b, d **p < 0,05, **/*p < 0.01. Abx antibiotics,
BALF bronchoalveolar lavage fluid, Ctr control, PBS phosphate buffered saline, p.i. post infection, S. pn. Streptococcus pneumoniae

Aiming to identify host-related factors responsible for  antibiotic treatment failed to reduce neutrophilic infiltra-
detrimental disease outcome, we suspected an inadequate  tion into the pleura and adjacent mediastinal adipose
immune response, as described and reviewed by Mizgerd tissue. In contrast, recruitment of inflammatory cells into
[34], as the underlying mechanism following late therapy. lung tissue and air spaces appeared unaffected by early and
Indeed, histopathological analyses revealed that only late late antibiotic interventions but, nevertheless, alveolar
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levels of inflammatory mediators were found to be
repressed.

In order to assist interpreting these confounding observa-
tions, we implemented our data in a cytokine—cell network
model. The network analysis illustrated that antibiotic treat-
ment suppressed proinflammatory cytokines more
efficiently than inflammatory chemokines (such as CXCL1,
CXCL5 and GM-CSF). This indicates that recruiting
mechanisms like chemokine gradients were less affected by
antibiotic treatment. However, pronounced antibiotic-
dependent reduction in inflammatory mediators suggests
that, contrary to cellular numbers, the activation state and
effector functions of alveolar immune cells were dampened
by antibiotic-governed bacterial eradication.

An intact blood—air barrier is crucial for gas exchange,
and fatal barrier breakdown during streptococcal pneumo-
nia, leading to acute respiratory distress syndrome
(ARDS), is well described (reviewed in [35-37]). Accord-
ingly, we observed that an intact lung barrier was associ-
ated with favorable therapy outcome in antibiotic-treated
mice exhibiting severe pneumococcal pneumonia. Fur-
thermore, differences in survival correlated with extended
exposure time to pneumococci, resulting in a prolonged
local and systemic contact with infection-induced inflam-
matory mediators. In line, early as opposed to late treat-
ment prevented systemic inflammation.

The evident local and systemic inflammation might as
well have occurred due to release of proinflammatory cyto-
solic components upon cell death processes. Necroptosis, a
form of programmed necrosis, can be initiated by S. pneu-
monige in pulmonary immune cells like macrophages and
epithelial cells [38, 39]. In our pneumonia model, alveolar
macrophage numbers remained stable upon infection,
whereas numbers of inflammatory macrophages signifi-
cantly increased with infection time, without showing sig-
nificant differences between treatment and control groups.
Due to their slow replenishment rates [40], stable numbers
of alveolar macrophages rather speak against necroptosis.
Monocyte-derived macrophages that were actively
recruited to infected lung tissue could potentially have
undergone necroptosis and been replaced by newly
recruited cells. To date, it remains likely but unproven that
higher rates of monocyte-derived macrophage and epithe-
lial cell necroptosis, following a late antibiotic regimen, are
one of the underlying mechanisms for elevated inflamma-
tion and vascular leakage. Correspondingly, the presence of
PAMPs as well as necroptosis-independent DAMPS could
have likely regulated the activation status of local and sys-
temic immune cells, thereby altering levels of inflammatory
mediators following antibiotic intervention.

In severe pneumonia, only early antibiotic therapy, ad-
ministered prior to barrier breakdown, prevented systemic
inflammation, development of pleuritis, steatitis and ele-
vated AST levels, which was followed up by restoration of
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fitness and rescue of mice from fatal outcome. Gracia et
al. [41] have shown in S. pneumoniae-infected rats that
early and late antibiotic regimens similarly eliminated bac-
terial burdens whereas only early therapy helped to pre-
vent lung damage. However, the authors started early
therapy just 1 h p.i.,, an important difference to our proto-
col whereby infected mice already developed pneumonia
prior to antibiotic treatment. We therefore conclude that
our model represents the patients’ situation in a more
compatible fashion.

Nonetheless, our mouse model remains a species-differ-
ent approach to a highly complex human disease. It does
not include therapeutic measures conducted in the ICU
such as additional intake of fluids, (high flow) oxygen or
macrolide therapy. Furthermore, laboratory mice which did
not experience pathogen contact before generally show a
modified immune response as humans do, for example,
since they are missing mucosal memory cells [42]. Never-
theless, mice exhibited many parallels to the patients’
course of infection; from a contained local infection, pneu-
monia developed into life-threatening systemic inflamma-
tion as often seen in CAP patients. Further studies from
our laboratory likewise described processes in murine
pneumonia which resembled the human course of pneu-
monia [43-45].

As a consequence, we stress the importance of defin-
ing CAP as an emergency and to identify and treat CAP
patients at risk prior to lung barrier failure and systemic
inflammation [13, 14, 46]. Besides many promising stud-
ies [47-52], specific adjunctive therapies for CAP are
still missing. Such therapies should be coadministered
with antibiotics in order to reduce lung barrier failure,
thereby alleviating the disease course and finally redu-
cing mortality and the length of hospital stay.

Our mouse model of antibiotic-treated CAP will aid in
investigating how barrier-stabilizing interventions can
prevent fatal disease progression in mice. Conclusively,
proof-of-concept analyses indicating to which extent this
mouse model adequately mirrors a significant range of
patients must follow.

Conclusions

By combining a mouse model of severe pneumococcal
pneumonia with antibiotic treatment, we identified host
factors of high relevance for successful therapy outcome.
We were able to show that antibiotic treatment effectively
reduces local pulmonary inflammation independent of
treatment start and without beneficial effect on survival
rates. However, despite being unable to reverse lung bar-
rier dysfunction, lung edema and systemic inflammation
once established, timely antibiotic intervention effectively
prevented their development, significantly increasing sur-
vival. Handling CAP as an emergency along with new lung
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barrier stabilizing therapies might thus aid in finally lower-
ing mortality rates.

Additional files

Additional file 1: Supplementary Materials and methods. Table S1.
Total numbers of mice analyzed per group per analysis time point. Table
S2. Total numbers of mice analyzed per group per histopathological
analysis time point. Table S3. Murine pneumonia scoring system. Figure
S1. Infection, antibiotic regimen and analysis time points (PDF 272 kb)

Additional file 2: Figure S2. Body temperature and histopathological
analysis. Figure S3. Early versus late antibiotic regimen at 60 h and 72 h
p.i. Figure S4. Innate immune cell gating strategy. Figure S5. Innate
immune cell analysis in BAL and blood. Figure S6. Chemokine and
cytokine levels in BAL fluid. Figure S7. Histopathological analysis of lung
inflammation. Figure S8. Cytokine—cell network. Figure S9. Cytokine,
chemokine and urea levels in serum. Figure $10. Histopathological
analysis of edema development (PDF 1638 kb)

Abbreviations

ARDS: Acute respiratory distress syndrome; AST: Aspartate aminotransferase;
BAL: Bronchoalveolar lavage; BALF: Bronchoalveolar lavage fluid;

CAP: Community-acquired pneumonia; CFU: Colony forming unit;

ELISA: Enzyme-linked immunosorbent assay; G-CSF: Granulocyte colony-
stimulating factor; GM-CSF: Granulocyte-macrophage colony-stimulating fac-
tor; H&E: Hematoxylin and eosin; ICU: Intensive care unit; IFN: Interferon;

IL: Interleukin; MSA: Mouse serum albumin; p.i.: Post infection;

PAMP: Pathogen-associated molecular pattern; PBS: Phosphate buffered
saline; PMN: Polymorphonuclear leukocyte; TNF: Tumor necrosis factor;
VEGF: Vascular endothelial growth factor

Acknowledgements

S. pneumoniae PN36 was kindly provided by S. Hammerschmidt, University of
Greifswald, Germany. Furthermore, the authors thank Angela Linke for
excellent technical assistance with histological lung processing and Dres.
Birgitt Gutbier and Katrin Reppe for managing the in-laboratory animal
facilities.

Funding

This work was supported by the German Federal Ministry of Education and
Research (BMBF) within the framework of the e:Med research and funding
concept (grant numbers 01ZX1304B to NS and MW, and 012X1304F to JV).
The authors further acknowledge support from the German Research
Foundation (DFG) (SFB-TR84 project B1 to NS, C3/C6/C9 to MW and Z1b to
ADG). The funders had no role in the study design, data collection and
analysis, decision to publish or preparation of the manuscript.

Availability of data and materials
The datasets generated and analyzed during the current study are available
from the corresponding author on reasonable request.

Authors’ contributions

SB and GN planned and performed experiments, supervised the study,
analyzed the data and drafted the manuscript. MW and JL planned and
supervised the study and drafted the manuscript. CG, S-MW and UB per-
formed experiments and critically revised the manuscript for important intel-
lectual content. SKG and JV performed network analysis and contributed to
writing the manuscript. KD and ADG performed histological examination and
contributed to writing the manuscript. NS was involved in the study design
and participated in drafting the manuscript. All authors read and approved
the final version of the manuscript.

Ethics approval and consent to participate

All animal procedures were approved by local institutional

(Charité — Universitatsmedizin Berlin) and governmental (Landesamt fiir
Gesundheit und Soziales (LaGeSo) Berlin) authorities.

Consent for publication
Not applicable.

Page 10 of 11

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

"Division of Pulmonary Inflammation, Charité — Universitatsmedizin Berlin,
corporate member of Freie Universitat Berlin, Humboldt-Universitat zu Berlin,
and Berlin Institute of Health, Charitéplatz 1, 10117 Berlin, Germany.
“Department of Dermatology, Laboratory of Systems Tumor Immunology,
Friedrich-Alexander-Universitét Erlangen-Nirnberg, Erlangen, Germany.
*Department of Veterinary Pathology, Freie Universitat Berlin, Berlin,
Germany. “Department of Infectious Diseases and Respiratory Medicine,
Charité — Universitatsmedizin Berlin, corporate member of Freie Universitét
Berlin, Humboldt-Universitat zu Berlin, and Berlin Institute of Health, Berlin,
Germany.

Received: 8 June 2018 Accepted: 9 October 2018
Published online: 01 November 2018

References

1. Welte T, Torres A, Nathwani D. Clinical and economic burden of community-
acquired pneumonia among adults in Europe. Thorax. 2012,67:71-9.

2. Woodhead M, Blasi F, Ewig S, Garau J, Huchon G, leven M, Ortqvist A,
Schaberg T, Torres A, van der Heijden G, Read R, Verheij TJ. Guidelines for
the management of adult lower respiratory tract infections—full version.
Clin Microbiol Infect. 2011;17(Suppl 6):E1-E59.

3. Ludwig E, Bonanni P, Rohde G, Sayiner A, Torres A. The remaining challenges
of pneumococcal disease in adults. Eur Respir Rev. 2012;21:57-65.

4. Angus DC, Marrie TJ, Obrosky DS, Clermont G, Dremsizov TT, Coley C, Fine
MJ, Singer DE, Kapoor WN. Severe community-acquired pneumonia: use of
intensive care services and evaluation of American and British Thoracic
Society Diagnostic criteria. Am J Respir Crit Care Med. 2002;166:717-23.

5. Kellum JA, Kong L, Fink MP, Weissfeld LA, Yealy DM, Pinsky MR, Fine J,
Krichevsky A, Delude RL, Angus DC. Understanding the inflammatory cytokine
response in pneumonia and sepsis: results of the Genetic and Inflammatory
Markers of Sepsis (GenIMS) Study. Arch Intern Med. 2007;167:1655-63.

6. Woodhead M, Welch CA, Harrison DA, Bellingan G, Ayres JG. Community-
acquired pneumonia on the intensive care unit: secondary analysis of
17,869 cases in the ICNARC Case Mix Programme Database. Crit Care. 2006;
10(Suppl 2):S1.

7. Houck PM, Bratzler DW, Nsa W, Ma A, Bartlett JG. Timing of antibiotic
administration and outcomes for Medicare patients hospitalized with
community-acquired pneumonia. Arch Intern Med. 2004;164:637-44.

8. Daniel P, Rodrigo C, McKeever TM, Woodhead M, Welham S, Lim WS, British
Thoracic Society. Time to first antibiotic and mortality in adults hospitalised
with community-acquired pneumonia: a matched-propensity analysis.
Thorax. 2016;71:568-70.

9. Phua J, Dean NC, Guo Q, Kuan WS, Lim HF, Lim TK. Severe community-
acquired pneumonia: timely management measures in the first 24 hours.
Crit Care. 2016;20:237.

10.  Renaud B, Santin A, Coma E, Camus N, Van Pelt D, Hayon J, Gurgui M,
Roupie E, Herve J, Fine MJ, Brun-Buisson C, Labarere J. Association between
timing of intensive care unit admission and outcomes for emergency
department patients with community-acquired pneumonia. Crit Care Med.
2009;37:2867-74.

11, Lim HF, Phua J, Mukhopadhyay A, Ngerng WJ, Chew MY, Sim TB, Kuan WS,
Mahadevan M, Lim TK. IDSA/ATS minor criteria aid pre-intensive care unit
resuscitation in severe community-acquired pneumonia. Eur Respir J. 2014;
43:852-62.

12. Gattarello S, Borgatta B, Solé-Violdn J, Vallés J, Vidaur L, Zaragoza R, Torres A,
Rello J. Decrease in mortality in severe community-acquired pneumococcal
pneumonia: impact of improving antibiotic strategies (2000-2013). Chest.
2014;146:22-31.

13. Ewig S, Torres A. Community-acquired pneumonia as an emergency: time for
an aggressive intervention to lower mortality. Eur Respir J. 2011,38:253-60.

14.  Kolditz M, Ewig S, Klapdor B, Schutte H, Winning J, Rupp J, Suttorp N, Welte
T, Rohde G. Community-acquired pneumonia as medical emergency:
predictors of early deterioration. Thorax. 2015;70:551-8.


https://doi.org/10.1186/s13054-018-2224-5
https://doi.org/10.1186/s13054-018-2224-5

Berger et al. Critical Care

20.

21,

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.
34.
35.

36.

(2018) 22:287

Witzenrath M, Gutbier B, Hocke AC, Schmeck B, Hippenstiel S, Berger K,
Mitchell TJ, de los Toyos JR, Rosseau S, Suttorp N, Schutte H. Role of
pneumolysin for the development of acute lung injury in pneumococcal
pneumonia. Crit Care Med. 2006;34:1947-54.

Rigor RR, Shen Q, Pivetti CD, Wu MH, Yuan SY. Myosin light chain kinase
signaling in endothelial barrier dysfunction. Med Res Rev. 2013;33:911-33.
Tauseef M, Knezevic N, Chava KR, Smith M, Sukriti S, Gianaris N, Obukhov AG,
Vogel SM, Schraufnagel DE, Dietrich A, Birnbaumer L, Malik AB, Mehta D. TLR4
activation of TRPC6-dependent calcium signaling mediates endotoxin-induced
lung vascular permeability and inflammation. J Exp Med. 2012,209:1953-68.
Gavard J, Gutkind JS. VEGF controls endothelial-cell permeability by
promoting the beta-arrestin-dependent endocytosis of VE-cadherin. Nat Cell
Biol. 2006;8:1223-34.

Bachofen M, Weibel ER. Alterations of the gas exchange apparatus in adult
respiratory insufficiency associated with septicemia. Am Rev Respir Dis.
1977,116:589-615.

Nouailles G, Dorhoi A, Koch M, Zerrahn J, Weiner J 3rd, Fae KC, Arrey F,
Kuhlmann S, Bandermann S, Loewe D, et al. CXCL5-secreting pulmonary
epithelial cells drive destructive neutrophilic inflammation in tuberculosis. J
Clin Invest. 2014;124:1268-82.

Bhowmick R, Tin Maung NH, Hurley BP, Ghanem EB, Gronert K, McCormick
BA, Leong JM. Systemic disease during Streptococcus pneumoniae acute
lung infection requires 12-lipoxygenase-dependent inflammation. J
Immunol. 2013;191:5115-23.

Moreland JG, Bailey G, Nauseef WM, Weiss JP. Organism-specific neutrophil-
endothelial cell interactions in response to Escherichia coli, Streptococcus
pneumoniae, and Staphylococcus aureus. J Immunol. 2004;172:426-32.
Kevil CG, Oshima T, Alexander B, Coe LL, Alexander JS. H(2)O(2)-mediated
permeability: role of MAPK and occludin. Am J Physiol Cell Physiol. 2000;
279:.C21-30.

van Wetering S, van Buul JD, Quik S, Mul FP, Anthony EC, ten Klooster JP,
Collard JG, Hordijk PL. Reactive oxygen species mediate Rac-induced loss of
cell-cell adhesion in primary human endothelial cells. J Cell Sci. 2002;115:
1837-46.

Laterre PF, Garber G, Levy H, Wunderink R, Kinasewitz GT, Sollet JP, Maki DG,
Bates B, Yan SC, Dhainaut JF. Severe community-acquired pneumonia as a
cause of severe sepsis: data from the PROWESS study. Crit Care Med. 2005;
33.952-61.

Saleh M, Abdullah MR, Schulz C, Kohler T, Pribyl T, Jensch |, Hammerschmidt
S. Following in real time the impact of pneumococcal virulence factors in
an acute mouse pneumonia model using bioluminescent bacteria. J Vis Exp.
2014;84:e51174.

Dames C, Akyuz L, Reppe K, Tabeling C, Dietert K, Kershaw O, Gruber AD,
Meisel C, Meisel A, Witzenrath M, Engel O. Miniaturized bronchoscopy
enables unilateral investigation, application, and sampling in mice. Am J
Respir Cell Mol Biol. 2014;51:730-7.

Reppe K, Radunzel P, Dietert K, Tschernig T, Wolff T, Hammerschmidt S,
Gruber AD, Suttorp N, Witzenrath M. Pulmonary immunostimulation with
MALP-2 in influenza virus-infected mice increases survival after
pneumococcal superinfection. Infect Immun. 2015;83:4617-29.

Quinton LJ, Mizgerd JP. Dynamics of lung defense in pneumonia: resistance,
resilience, and remodeling. Annu Rev Physiol. 2015;77:407-30.

Mei J, Lio Y, Dai N, Favara M, Greene T, Jeyaseelan S, Poncz M, Lee JS,
Worthen GS. CXCL5 regulates chemokine scavenging and pulmonary host
defense to bacterial infection. Immunity. 2010;33:106-17.

Broermann A, Winderlich M, Block H, Frye M, Rossaint J, Zarbock A, Cagna
G, Linnepe R, Schulte D, Nottebaum AF, Vestweber D. Dissociation of VE-
PTP from VE-cadherin is required for leukocyte extravasation and for VEGF-
induced vascular permeability in vivo. J Exp Med. 2011,208:2393-401.
Rodriguez A, Lisboa T, Blot S, Martin-Loeches |, Sole-Violan J, De Mendoza D, Rello
J. Mortality in ICU patients with bacterial community-acquired pneumonia: when
antibiotics are not enough. Intensive Care Med. 2009,35:430-8.

File TM Jr. Optimal treatment strategies for community-acquired pneumonia:
non-responders to conventional regimens. Chemotherapy. 2001;47(Suppl 4):11-8.
Mizgerd JP. Acute lower respiratory tract infection. N Engl J Med. 2008;358:
716-27.

Matthay MA, Zemans RL. The acute respiratory distress syndrome:
pathogenesis and treatment. Annu Rev Pathol. 2011,6:147-63.
Muller-Redetzky HC, Suttorp N, Witzenrath M. Dynamics of pulmonary
endothelial barrier function in acute inflammation: mechanisms and
therapeutic perspectives. Cell Tissue Res. 2014;355:657-73.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Page 11 of 11

Ware LB, Matthay MA. The acute respiratory distress syndrome. N Engl J
Med. 2000;342:1334-49.

Coleman FT, Blahna MT, Kamata H, Yamamoto K, Zabinski MC, Kramnik |,
Wilson AA, Kotton DN, Quinton LJ, Jones MR, et al. Capacity of
pneumococci to activate macrophage nuclear factor kB: influence on
necroptosis and pneumonia severity. J Infect Dis. 2017,216:425-35.
Gonzdlez-Juarbe N, Bradley KM, Shenoy AT, Gilley RP, Reyes LF, Hinojosa CA,
Restrepo MI, Dube PH, Bergman MA, Orihuela CJ. Pore-forming toxin-
mediated ion dysregulation leads to death receptor-independent
necroptosis of lung epithelial cells during bacterial pneumonia. Cell Death
Differ. 2017,24:917-28.

Maus UA, Janzen S, Wall G, Srivastava M, Blackwell TS, Christman JW, Seeger
W, Welte T, Lohmeyer J. Resident alveolar macrophages are replaced by
recruited monocytes in response to endotoxin-induced lung inflammation.
Am J Respir Cell Mol Biol. 2006;35:227-35.

Gracia M, Martinez-Marin C, Huelves L, Gimenez MJ, Aguilar L, Carcas A,
Ponte C, Soriano F. Pulmonary damage and bacterial load in assessment of
the efficacy of simulated human treatment-like amoxicillin (2,000 milligrams)
therapy of experimental pneumococcal pneumonia caused by strains for
which amoxicillin MICs differ. Antimicrob Agents Chemother. 2005;49(3):
996-1001.

Beura LK, Hamilton SE, Bi K, Schenkel JM, Odumade OA, Casey KA,
Thompson EA, Fraser KA, Rosato PC, Filali-Mouhim A, et al. Normalizing the
environment recapitulates adult human immune traits in laboratory mice.
Nature. 2016;532(7600):512-6.

Muller-Redetzky HC, Will D, Hellwig K, Kummer W, Tschernig T, Pfeil U,
Paddenberg R, Menger MD, Kershaw O, Gruber AD, et al. Mechanical
ventilation drives pneumococcal pneumonia into lung injury and sepsis in
mice: protection by adrenomedullin. Crit Care. 2014;18:R73.

Gutbier B, Neuhauss AK, Reppe K, Ehrler C, Santel A, Kaufmann J, Scholz M,
Weissmann N, Morawietz L, Mitchell TJ, et al. Prognostic and pathogenic
role of angiopoietin-1 and -2 in pneumonia. Am J Respir Crit Care Med.
2018. https://doi.org/10.1164/rccm.201708-17330C.

Witzenrath M, Schmeck B, Doehn JM, Tschernig T, Zahlten J, Loeffler JM,
Zemlin M, Muller H, Gutbier B, Schutte H, et al. Systemic use of the
endolysin Cpl-1 rescues mice with fatal pneumococcal pneumonia. Crit
Care Med. 2009;37:642-9.

Kolditz M, Tesch F, Mocke L, Hoffken G, Ewig S, Schmitt J. Burden and risk
factors of ambulatory or hospitalized CAP: a population based cohort study.
Respir Med. 2016;121:32-8.

Fan H, Goodwin AJ, Chang E, Zingarelli B, Borg K, Guan S, Halushka PV,
Cook JA. Endothelial progenitor cells and a stromal cell-derived factor-
Talpha analogue synergistically improve survival in sepsis. Am J Respir Crit
Care Med. 2014;189:1509-19.

Gutbier B, Jiang X, Dietert K, Ehrler C, Lienau J, Van Slyke P, Kim H, Hoang
VIC, Maynes JT, Dumont DJ, et al. Vasculotide reduces pulmonary
hyperpermeability in experimental pneumococcal pneumonia. Crit Care.
2017,21:274.

Nie W, Zhang Y, Cheng J, Xiu Q. Corticosteroids in the treatment of
community-acquired pneumonia in adults: a meta-analysis. PLoS One. 2012;
7:47926.

Anderson R, Steel HC, Cockeran R, Smith AM, von Gottberg A, de Gouveia L,
Brink A, Klugman KP, Mitchell TJ, Feldman C. Clarithromycin alone and in
combination with ceftriaxone inhibits the production of pneumolysin by
both macrolide-susceptible and macrolide-resistant strains of Streptococcus
pneumoniae. J Antimicrob Chemother. 2007;59:224-9.

Torres A, Sibila O, Ferrer M, Polverino E, Menendez R, Mensa J, Gabarrus A,
Sellares J, Restrepo MI, Anzueto A, et al. Effect of corticosteroids on
treatment failure among hospitalized patients with severe community-
acquired pneumonia and high inflammatory response: a randomized
clinical trial. JAMA. 2015;313:677-86.

Bergeron Y, Ouellet N, Simard M, Olivier M, Bergeron MG.
Immunomodulation of pneumococcal pulmonary infection with N(G)-
monomethyl-L-arginine. Antimicrob Agents Chemother. 1999;43:2283-90.


https://doi.org/10.1164/rccm.201708-1733OC

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Study approval
	Murine bacterial pneumonia
	Bronchoalveolar lavage
	Bacterial loads
	Histological analysis
	Blood clinical analytes
	Leukocyte differentiation
	Pulmonary vascular leakage
	Multiplex assay and ELISA
	Cytokine-immune cell network
	Data analyses

	Results
	Late yet efficient antibiotic treatment did not rescue S. pneumoniae-infected mice
	Antibiotic treatment had no major impact on innate leukocyte kinetics in BAL and blood
	Antibiotic treatment suppressed lung inflammation
	Network analysis of alveolar immune cells and local effector molecules illustrated pronounced downregulation of cytokines by antibiotic treatment
	Early antibiotic treatment prevented systemic inflammatory responses
	Early antibiotic intervention protected alveolar–epithelial barrier integrity and reduced VEGF levels

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

