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ONLINE LABORATORY INVESTIGATION

Moderate Exercise Modulates Inflammatory 
Responses and Improves Survival in a Murine 
Model of Acute Pneumonia
OBJECTIVES: An association between physical inactivity and worse outcome 
during infectious disease has been reported. The effect of moderate exercise pre-
conditioning on the immune response during an acute pneumonia in a murine 
model was evaluated.

SETTING: Laboratory experiments.

SUBJECTS: C57BL6/j male mice.

INTERVENTIONS: Six-week-old C57BL/6J mice were divided in two groups: an 
exercise group and a control group. In the exercise group, a moderate, progres-
sive, and standardized physical exercise was applied for 8 weeks. It consisted in a 
daily treadmill training lasting 60 minutes and with an intensity of 65% of the max-
imal theoretical oxygen uptake. Usual housing recommendation were applied in 
the control group during the same period. After 8 weeks, pneumonia was induced 
in both groups by intratracheal instillation of a fixed concentration of a Klebsiella 
pneumoniae (5 × 103 colony-forming unit) solution.

MEASUREMENTS AND MAIN RESULTS: Mice preconditioned by physical 
exercise had a less sever onset of pneumonia as shown by a significant decrease 
of the Mouse Clinical Assessment Severity Score and had a significantly lower 
mortality compared with the control group (27% vs. 83%; p = 0.019). In the 
exercise group, we observed a significantly earlier but transient recruitment of 
inflammatory immune cells with a significant increase of neutrophils, CD4+ cells 
and interstitial macrophages counts compared with control group. Lung tumor 
necrosis factor-α, interleukin (IL)-1β, IL-6, and IL-10 were significantly decreased 
at 48 hours after pneumonia induction in the exercise group compared with the 
control group.

CONCLUSIONS: In our model, preconditioning by moderate physical exercise 
improves outcome by reducing the severity of acute pneumonia with an increased 
but transient activation of the innate immune response.

KEYWORDS: cytokines; innate immune response; macrophage; moderate 
physical exercise; pneumonia

Despite improvement of patients care, mortality due to severe infection 
remains high (1, 2). Tremendous efforts have been made in funda-
mental and clinical research to develop novel therapeutic to decrease 

this burden without significant success. Prevention has become an area of 
increased interest. However, defining the right prevention strategy requires a 
better understanding of host and pathogens interactions to foster an optimal 
response in case of infection.

It has been reported that during community-acquired pneumonia the early 
and abnormal elevations of pro- and anti-inflammatory cytokines are associated 
with an increased risk of developing sepsis and an increased mortality (3–5).
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Thus, strategy promoting an appropriate immune 
response could participate in the prevention of severe 
infection. Actually, a timely appropriate and localized 
immune response is a key host event to contain and 
eradicate the infection (6). Huet et al (7) reported in a 
murine model of pneumoniae that an early and tran-
sient increase of the inflammatory response is essential 
to activate the innate immunity and avoid the develop-
ment of a lethal systemic inflammatory response.

It has been demonstrated that physical exercise can 
decrease postoperative infections after cardiac surgery 
(8). Physical exercise influences the inflammatory re-
sponse and is part of the body’s adaptation to stress. 
Prophylactic physical exercise may protect against 
inflammation and oxidative stress in rats (9) and 
improves inflammation induced by lipopolysaccha-
ride (LPS) by regulating Warburg effect in mice (10). It 
has also been reported that physical exercise decreased 
the production of inflammatory parameters, lead-
ing to a reduction in tissue damage and an improve-
ment in survival in a murine model of endotoxemia 
(11). In a mice model, Zhang et al (12) showed that a 
physical preconditioning significantly attenuates liver 
injury and inflammation from ischemia and reperfu-
sion. Reports have also showed that physical exercise 
modulates the immune response after LPS stimulation 
(13, 14). These finding suggests that moderate exercise 
may be beneficial in case of infection or acute inflam-
mation. However, exact mechanisms of this effect need 
to be better understood.

In this study, we evaluated the effect of moderate 
physical preconditioning on the activation and mod-
ulation of the inflammatory response in a model of 
acute pneumonia. To answer this, the objective of 
this study was to identify the effect of physical ac-
tivity on the lung of immune response during acute 
pneumonia.

MATERIALS AND METHODS

Animals

C57BL/6J male mice from 6 to 7 weeks old, weight-
ing 18–24 g were used. Animals were maintained 
under day-night cycles (12:12 hr light-dark cycle; 
23°C ± 1°C room temperature; 40–60% environment 
humidity) and received a standard pellet rodent diet 
and water ad libitum. Experimental procedures were 
approved by the local Animal Ethics Committee 
n°074, protocol number 13891-2018012211053283. 
Mice were killed by intraperitoneal injection of pen-
tobarbital at indicated time points before and after 
infection for analysis, such as bacterial colony- 
forming unit (CFU) assay, flow cytometry, and cyto-
kine analysis.

Exercise Training

Mice were randomly assigned to two groups: control 
and exercise. In the exercise group intervention con-
sisted in a regular and moderate physical exercise, at 
65% of theoretical maximal oxygen uptake on a tread-
mill (Domyos; Decathlon Brest, Guipavas, France). 
After 1 week of progressive familiarization with the 
treadmill, the mice followed an 8 weeks running pro-
tocol according to the following model: 60 minutes of 
daily running, 5 days a week, at a speed of 0.5 km/hr 
for the first 4 weeks, and 0.8 km/hr for the following 4 
weeks.

Bacterial Growth

Klebsiella pneumoniae (serotype K2 [American Type 
Culture Collection (ATCC) 43816]) was cultured 
overnight in Luria-Bertani broth at 37°C. After cen-
trifugation, the Luria-Bertani media was removed, and 
the bacterial pellet was washed twice (1000 g, 10 min, 
4°C), diluted in sterile isotonic saline, and calibrated 
by spectrophotometry in 0.9% saline solution.

 
KEY POINTS

Question: Does preconditioning by moderate 
physical exercise influences the immune response 
at the early stage of infection?

Finding: Mice preconditioned by moderate phys-
ical exercise had a significantly lower risk of mor-
tality after sever pneumonia induction. An earlier 
but transient recruitment of inflammatory immune 
cells including anti-inflammatory phenotyped mac-
rophages may explain this protective effect.

Meaning: In a context of pandemic and increase 
in infectious diseases susceptibility, moderate 
physical exercise can be useful to prevent sever 
form of infection.
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Induction of Pneumonia

Induction of pneumonia has been previously described 
(14). Briefly, anesthesia was performed by an intra-
peritoneal injection of ketamine (80 mg/kg), xyla-
zine (10 mg/kg), and atropine (0.3 mg/kg). Cervical 
area dissection was made to access to the trachea 
and K. pneumoniae (5 × 103 CFUs) was then injected 
intratracheally.

Mortality Assessment

To assess the evolution of the infection and the mortality 
risk, we used a previously described scoring system: the 
Mouse Clinical Assessment Severity Score (14).

The scoring sheet was designed using eight humane 
endpoints described in the literature (15–19). A defini-
tion of each parameter is given (Table S1, http://links.
lww.com/CCM/H474). For each parameter, four stages 
representing the evolution from a healthy to a severely 
ill mouse were defined. When mice reached a score of 4 
in the eight parameters they were euthanized. If a mouse 
reached a score of 4 on one items at night, it was eutha-
nized to prevent overnight death.

Two different blinded examiners performed the 
analysis of the severity score.

Bacterial Concentration in Lung Homogenates

Mice (n = 9 per group) were euthanized, and lungs 
were harvested. Collected lungs were homogenized 
(VWR homogenizer, Radnor, PA) in 3 mL of 0.9% 
saline solution. Bacterial loads were determined by 
plating serial dilutions of total lung homogenate on 
Luria-Bertani agar plates. Dilutions were plated in du-
plicate. The dishes were incubated at 37°C for 24 hours 
then the CFUs were counted. Results are presented as 
log CFU/g of lung ± sem.

Cytokines Measurements

After induction of pneumonia, mice (n = 6 per group) 
were euthanized. Blood collected by cardiac puncture 
was centrifuged (1000 revolutions/min for 10 min at 
4°C), and the plasma was collected and frozen at –20°C 
until analysis. Pulmonary cytokines were measured in 
lung homogenate supernatant.

The concentrations of cytokines were meas-
ured using Millipore Milliplex map kit, mouse high 

sensitivity premixed panel (MHSTCMAG-70KPMX) 
as manufacturer’s instructions. The plate was read 
using BioRad BioPlex System (Luminex, Austin, TX) 
and the BioPlex Manager program, Version 4 (Bio-
Rad, Hercules, CA).

Histology

Lungs were harvested, formalin fixed, and paraffin 
embedded as previously described (20, 21). They were 
next stained with hematoxylin and eosin (H&E) and 
analyzed for inflammatory polynuclear and lympho-
cytes infiltrate (score from 0 to 4). Alveolus, bron-
chus, and parenchyma structures were identified. 
Lymphocytes and polynuclear cells were distinguished 
by morphology, and infiltration in peribronchiolar 
and alveolar zone were studied at a magnification of 
40. Three sections from the right lung and two sections 
from the left lung were analyzed using a histologic se-
verity score (Table S2, http://links.lww.com/CCM/
H474) according to Yatmaz et al (21). Six to seven mice 
lungs were analyzed per group. A pathologist, blinded 
to the allocation groups, performed the analysis of the 
slides.

Flow Cytometry

After euthanasia lungs were harvested (n = 6–12 
per groups). Lung preparation, analytical, and pre-
parative flow cytometry were performed as already 
described (22). Briefly, mice were euthanized, and 
lungs were harvested. Lungs were carefully sheared 
then digested for 45 minutes at 37°C with Roswell 
Park Memorial Institute-1640 (Thermo Fisher 
Scientific, Waltham, MA) containing collagenase 
(Worthington Biochemical, Lakewood, NJ) and de-
oxyribonuclease (Sigma-Aldrich, St. Louis, MO). 
The suspension was then filtered through 70 μm fil-
ters (Corning, Corning, NY). RBCs were lysed with 
RBC lysis solution (BioLegend, San Diego, CA) and 
then removed after centrifugation. Cell suspensions 
were washed twice in fluorescence-activated cell 
sorting preparation and were processed according 
to the manufacturer’s instructions for flow cytom-
etry. The following conjugated monoclonal antibod-
ies (BioLegend) were used (provided as name, clone, 
lot number, dilution): CD103-Alexa Fluor (AF) 700, 
2E7, 121442, 1:200; CD11c-APC, N418, 117309, 1:200; 
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CD4-allophycocyanin (APC)/Fire 750, rat mono-
clonal (RM) 4-4, 116019, 1:200; Ly-6G-APC/Fire750, 
1A8, 127651, 1:200; CD24-brilliant violet (BV) 421, 
M1/69, 101826, 1:200; CD25-BV421, polychromatic 
61, 102043, 1:200; CD19-BV510, 6D5, 115546, 1:200; 
CD3-BV510, 17A2, 100234, 1:200; CD8a-BV510, 
53-6.7, 100752, 1:200; Natural Killer (NK) 1.1-BV510, 
protein kinase (PK) 136, 108738, 1:200; T-cell receptor 
β-BV605, H57-597, 109241, 1:200; CD3-BV605, 17A2, 
100229, 1:200; CD45.2-fluorescein isothiocyanate, 
104, 109805, 1:200, major histocompatibility complex 
class II, I-Ab (a specific allele) conjugated with phyco-
erythrin (PE), AF6-120.1, 116407, 1:200; NK1.1,-PE, 
PK136, 108707, 1:200, Ly-6C, HK1.4, 128017, 1:200; 
CD19-PE/Dazzle594, 6D5, 115553, 1:200; CD11b-PE/
Dazzle594, M1/70, 101255, 1:200; and anti-mouse 
CD16/32, 93, 101319, 1:100.

Samples were acquired on a Cytoflex S flow 
cytometer (Beckman Coulter, Brea, CA). They 
were analyzed using Kaluza software (Version 2.1; 
Beckman Coulter).

Phagocytosis Assay for Alveolar Macrophages

Escherichia coli green fluorescent protein (ATCC 
25922GFP) (GFP-E. coli) were grown overnight in 
Tryptic Soy broth media with 100 µg/mL ampicillin.

For the in vitro phagocytosis assay, mice were 
euthanized and bronchoalveolar lavage was collected. 
Alveolar macrophages (AMs) of control or exercised 
mice (n = 6 per group) were infected with GFP-E. coli 
(multiplicity of infection of 1) for 2 hours at 37°C. 
Phagocytic AMs percentage (F4/80+CD11d+) was de-
termined by flow cytometry 2 hours after the in vitro 
infection.

For in vivo phagocytosis assay, GFP-E. coli were 
intratracheally injected (optical density at 600 nano-
meters = 1. 35 µL). Lungs were next harvested and per-
centage of GFP macrophages were measured by flow 
cytometry as previously described (23). The bacterial 
load was verified by plating ten-fold serial dilutions on 
Tryptic Soy broth agar plates.

Statistical Analysis

Differences in survival were assessed by log-rank 
analysis and represented by Kaplan-Meier curves. 
All analyses were performed by using GraphPad 
Prism (Version 9; GraphPad Software, La Jolla, 

CA). Statistical parameters including the defini-
tion of center, dispersion and precision measures, 
and statistical significance are reported in figures. 

Figure 1. Metabolism and inflammation at basal state. A, Food 
consumption during 8 wk of exercise (n = 56 mice per group). B, 
Weight variation during 8 wk of exercise (n = 56 mice per group). 
C, Heatmap of plasma circulating cytokines after exercise period 
or sedentary period. (n = 5–6 per group). *p < 0.05. GM-CSF =  
granulocyte-macrophage colony-stimulating factor, IFNγ = 
interferon gamma, IL = interleukin, KC/CXCL1 = keratinocyte-
derived chemokine (KC) (also known as CXCL1 [chemokine 
C-X-C motif ligand 1]), LIX = lipopolysaccharide-induced CXC 
chemokine, MCP-1 = monocyte chemoattractant protein-1,  
MP-2 = macrophage inflammatory protein-2, TNF-α = tumor 
necrosis factor alpha.
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Unpaired t test and unpaired Mann-Whitney U 
test with two-tailed p values and 95% CIs were per-
formed to compare groups. One-way analysis of 
variance with Tukey test was performed to compare 

more than two groups. A p value of less than 0.05 
was considered significant (*p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001). Error bars represent 
sem.

RESULTS

Exercise preconditioning 
using a motorized treadmill 
did not affect baseline char-
acteristics of the mice com-
pared with control group. 
Moderate physical exercise 
is well tolerated and does 
not modify body weight 
(Fig. 1A) or food consump-
tion (Fig. 1B). Plasma cyto-
kines profiling did not show 
difference between control 
and exercised mice except 
for the murine neutrophil- 
chemoattractant chemokines 
lipopolysaccharide-induced 
CXC chemokine (p < 0.05; 
Fig. 1C).

Mortality due to acute 
pneumonia was signifi-
cantly lower in moderate 
exercised mice compared 
with control mice (27% vs. 
83%; p = 0.019; Fig. 2A). 
Mortality decrease was as-
sociated with a lower clinical 
severity score in moderate 
exercised mice compare 
to control mice (mixed 
model; p = 0.002; Fig. 2B). 
Lung bacterial clearance 
was significantly increased 
at 48 hours in the exercised 
group compared with con-
trol (6.8 ± 0.4 vs. 8.89 ± 0.75 
CFU/g of lung; p = 0.035; 
Fig. 2C). Inflammatory in-
filtrate assessed by H&E 
staining was significantly 
lower in the exercised mice 
compared with control 

Figure 2. The exercise modifies the prognosis associated with sepsis. A, Survival after 
pneumonia induction (n = 12 sedentary and n = 11 exercise mice). **p < 0.01. B, Mouse Clinical 
Assessment Severity Score (M-CASS) between sedentary and exercise group (n = 12 or 11 per 
group). C, Number of colony-forming unit (CFU) per g of lung during pneumonia in sedentary 
or exercise mice (n = 9 per group at 24 and 48 hr). *p < 0.05. D, Histological analysis using 
hematoxylin and eosin (HE) of Klebsiella pneumoniae–infected sedentary and exercise mice lungs 
(n = 6 per group). *p < 0.05.

D
ow

nloaded from
 http://journals.lw

w
.com

/ccm
journal by B

hD
M

f5eP
H

K
av1zE

oum
1tQ

fN
4a+

kJLhE
Z

gbsIH
o4X

M
i0hC

y
w

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

4/O
A

V
pD

D
a8K

2+
Y

a6H
515kE

=
 on 02/05/2024



Vermeersch et al

6     www.ccmjournal.org XXX 2024 • Volume 52 • Number 00

group (14 ± 1 vs. 20 ± 1.9; p = 0.02; Fig. 2D). Bacterial 
load in the spleen 24 hours after infection was sim-
ilar in the two groups (Fig. S1, http://links.lww.com/
CCM/H474). Cytokine and chemokine dosages in 
lung homogenate were significantly lower at 48 hours 
after pneumonia induction, in the exercised group 
compared with control (interleukin [IL]-1β: 31.2 ± 65.4 
vs. 13.1 ± 56.1 µg/g of lung, p = 0.04; tumor necrosis 
factor-α: 37 ± 15.14 vs. 94.35 ± 27.5 µg/g of lung,  
p = 0.046; IL-6: 6.2 ± 2.2 vs. 25.7 ± 13.7 µg/g of lung, 
p = 0.047; and IL-10: 2.254 ± 0.445 vs. 5 ± 1 µg/g of  
lung, p = 0.02; Fig. 3).

Live lung immune cell population was identified 
by expression marker CD45 and separated from other 
lung cells populations. AMs, interstitial macrophages 
(IMs), neutrophils, B cells, CD4+ T cells, CD8+ T cells, 

and natural killer cells were 
identified in the CD45+ 
lung immune cell popula-
tion from both exercised 
and control mice after serial 
gating strategy (Figs. S2 and 
S3, http://links.lww.com/
CCM/H474). Phenotype 
of AMs and IMs are repre-
sented in the Figures S4 and 
S5 (http://links.lww.com/
CCM/H474). Innate and 
adaptive cell populations 
were equally represented in 
control and exercised mice 
at baseline (Fig. S6A, http://
links.lww.com/CCM/H474). 
Moderate exercise led to a 
significant increase of IMs 
12 hours after infection com-
pared with control in the 
lung (31 × 104 ± 3.6 × 104 vs. 
13.1 × 104 ± 3.5 × 104 cells; p =  
0.005; Fig. S6B, http://links.
lww.com/CCM/H474). At 
day one after infection, a sig-
nificant increase in lung neu-
trophils (18.3 × 104 ± 20 × 104 
vs. 12.5 × 104 ± 13.8 × 104 
cells; p = 0.03) and CD 4+ 
T cells (9.1 × 104 ± 1.1 × 104 
vs. 4.9 × 104 ± 9.6 × 103; p = 

0.012) were observed in the exercise mice compared with 
control (Fig. S6C, http://links.lww.com/CCM/H474). 
On the other hand, neutrophils (10.6 × 105 ± 1.4 × 105 
vs. 18.6 × 105 ± 3.7105; p = 0.04) and CD4+ T cells 
(4.4 × 104 ± 5.7 × 103 vs. 7.4 × 104 ± 1.4 × 104; p = 0.04) 
counts were significantly lower in the exercise group 
compared with control at day 2 after infection (Fig. S6D, 
http://links.lww.com/CCM/H474).

Total number of αβ T-cell receptor (TCRαβ) and γδ 
T-cell receptor (TCRγδ) cells in lung tissue have been 
studied. Control mice and exercised mice had the same 
total number TCRαβ and TCRγδ cells in lung tissue at 
baseline. Twenty-four hours after infection induction, we 
observed an increase of TCRαβ cells in lung tissue in the 
exercise group compared with control (16 × 104 ± 2.3 × 104 
vs. 9.1 × 104 ± 1.6 × 104; p = 0.03; Fig. 4A). TCRγδ was 

Figure 3. Lung cytokines 48 hr after infection. Cytokines concentration per g of lung 48 hr after 
pneumonia induction in sedentary and exercise group. *p < 0.05 (n = 9 per group). IL = interleukin, 
TNF-α = tumor necrosis factor alpha.
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significantly increased at 24 hours in the exercise group 
(7.1 × 103 ± 1.1 × 103 vs. 4.4 × 103 ± 6.2 × 103; p = 0.04) 
and significantly decreased at 48 hours (5.2 × 103 ± 952 
vs. 10.9 × 103 ± 2.7 × 103; p = 0.02) compared with control 
(Fig. 4B).

To determine the impact of physical exercise on mac-
rophage functional phenotype we studied surface mark-
ers expression. We observed a shift in the expression 
levels of surface markers CD64 (22.6 × 103 ± 1.3 × 103 
vs. 26.4 × 103 ± 0.9 × 103; p = 0.04; Fig. 5A) and major 
histocompatibility complex (MHC) class II on AMs 
(7.1 × 103 ± 7.5 × 103 vs. 9.7 × 103 ± 0.2 × 103; p = 0.02; 
Fig. 5B) in the exercise group in comparison to the con-
trol group. When we studied phagocytic AM function 

in ex vivo (Fig. 5C) and in in 
vivo conditions (Fig. 5D), 
we observed a decreased 
phagocytic activity in AMs 
of the exercise group com-
pared with control.

DISCUSSION

In our study, we report that 
moderate exercise train-
ing improves outcome in a 
model of sever pneumonia. 
Exercise improves survival 
on day 5 after infection, 
increases lung bacterial 
clearance and reduces in-
flammatory response at 
48 hours after infection. 
Moderate exercise mice 
showed an earlier recruit-
ment of lung immune cells-
like IMs, neutrophils, and 
CD4+ T cells.

Our study is in line with 
previous reports suggest-
ing the benefits of physical 
activity in preventing and 
modulating the inflam-
matory response (24–26). 
However, these results are 
often found in models that 
may not be clinically rel-
evant. Our experimental 

model closely mimics the clinical severity of pneu-
monia, including the 5-day mortality rate, as well as 
a similar balance between pro-inflammatory and anti- 
inflammatory responses observed in patients (3–5). 
This close resemblance to the clinical presentation of 
pneumonia strengthens the relevance of our study.

A first mechanism that can explain the protective 
effect observed in our model is an early lung recruit-
ment of immune cells. This recruitment may allow an 
earlier and more efficient defense against pathogens 
(27, 28). This effect may be like the one observed with 
angiotensin-II through the angiotensin-II type 1 re-
ceptor pathway (29). As exercise has an influence on the 
expression of angiotensin-II and angiotensin-II type 1 

Figure 4. T-cell receptor evolution after infection. A, Absolute number of αβ T-cell receptor 
(TCRαβ) cells per lung at indicated time point after pneumonia induction (unpaired t test n = 6–12 
per group). *p < 0.05. B, Absolute number of γδ T-cell receptor (TCRγδ) cells per lung at indicated 
time point after pneumonia induction (unpaired t test n = 6–12 per group). *p < 0.05.

D
ow

nloaded from
 http://journals.lw

w
.com

/ccm
journal by B

hD
M

f5eP
H

K
av1zE

oum
1tQ

fN
4a+

kJLhE
Z

gbsIH
o4X

M
i0hC

y
w

C
X

1A
W

nY
Q

p/IlQ
rH

D
3i3D

0O
dR

yi7T
vS

F
l4C

f3V
C

4/O
A

V
pD

D
a8K

2+
Y

a6H
515kE

=
 on 02/05/2024



Vermeersch et al

8     www.ccmjournal.org XXX 2024 • Volume 52 • Number 00

receptor (30) this may explain the effect observed in 
our study.

Another mechanism possible is the immunoregu-
latory effect of regulatory T cells (Treg) (γδT and αβT 
cells). Treg cells are involved during infection and have 
regulatory function by interacting with other immune 
cells. They play a protective role in coordinating the 
host response during and after lung infection (31–33). 
Treg cells also have a central role to control neutrophils 
recruitment and persistent inflammation (34). This 
suggests a different regulation of pro-inflammatory in-
filtration in exercised mice at the early phase of infection.

Recently, a prolonged alteration of macrophages 
function has been reported after an inflammatory 

insult (23) and defined as 
“trained immunity.” It has 
been reported that exercise 
induces “anti-inflammatory 
trained immunity” (12) by 
upregulating itaconate me-
tabolism in resident hepatic 
macrophages and Kupffer 
cells. After respiratory viral 
infection, the training of 
AMs induces an increase of 
the membrane expression  
of MHC-II (35). Our data 
are not in line with these 
results as we report that the 
AMs MHC-II expression 
was decreased in exercised 
mice, and this was associ-
ated with a decreased phag-
ocytosis function. However, 
it is important to note that 
tolerance mechanism may 
vary depending on the ex-
perimental model and 
pathology as it has been 
reported that MHC class 
II-deficient mice had a better 
survival after infection (36). 
This result needs further ex-
ploration to be confirmed.

Our study has limita-
tions. First, although the 
pneumonia model is well-
described, it only studies 

infection induced by a single pathogen and in a spe-
cific location. Additionally, while the mice belong 
to the same strain and exhibit genetic homogeneity, 
heterogeneity in the immune response is observed. 
Therefore, translating these results to clinical setting 
needs to be considered cautiously as infection is often 
polymicrobial and not only located in the lung. Human 
susceptibility to infection is also extremely variable.

Furthermore, the study did not investigate the 
effect of antibiotics combined with exercise on bac-
terial clearance, which would be administered in 
clinical practice. As we demonstrate associations 
without highlighting explicit mechanisms more stud-
ies are required to better understand the underlying 

Figure 5. Alveolar macrophages (AMs) phenotype. A, CD64 expression on AMs, in the lungs of 
sedentary and exercise mice (n = 6 mice per group). *p < 0.05. B, Major histocompatibility complex 
(MHC) II expression on AMs, in the lungs of sedentary and exercise mice (n = 6 mice per group). 
*p < 0.05. C, Percentages of phagocytic AMs 2 hr after in vitro phagocytic assay of cells positive 
for green fluorescent protein (GFP) (GFPpos)-Escherichia coli with bronchoalveolar lavage of 
sedentary and exercised mice (n = 5–6 mice per groups). *p < 0.05. D, Percentages of phagocytic 
AMs after in vivo phagocytic assay of GFPpos-E. coli of sedentary and exercised mice (n = 5–6 
mice per groups). *p < 0.05. gMFI = geometric mean fluorescence intensity.
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mechanisms exercise protective effect during in-
fection. We did not measure cardiac function and 
plasma lactate levels, which would have allowed us to 
objectively assess the effect of exercise on the poten-
tial development of septic shock.

Physical exercise has been shown to enhance 
immune function and improve tissue oxygenation, 
which are all crucial factors in infectious disease. 
Implementing exercise protocols tailored to the indi-
vidual patient’s capabilities could help avoid progres-
sion of infection and improve patient outcomes. It may 
give more time for diagnosis and therapeutic interven-
tion before patient’s clinical state deteriorate. By bridg-
ing the gap between preclinical evidence and clinical 
practice, the integration of physical exercise interven-
tions in patient management may provide a promising 
approach to improve patient outcomes in critical care.

Our study does not allow us to demonstrate if one of 
these mechanisms is dominating the others or if their 
association provides the protective effect observed. 
The mechanisms underlying the improved survival 
after pneumonia, in preconditioning exercised mice, 
are probably complex. However, we can make the hy-
pothesis that the protective effect observe may occur 
during two distinct phases: first, a rapid recruit-
ment of immune effectors leading to a transient pro- 
inflammatory response which controls the pathogens 
growth. Second, the existence of a macrophage pheno-
type modulation and Treg create an anti-inflammatory 
environment favoring early healing.

CONCLUSIONS

In our study, we report that moderate exercise train-
ing improves survival during acute pneumonia. This 
protective effect was associated to a better recruitment 
of inflammatory cells and an anti-inflammatory envi-
ronment via AMs phenotype shift. Understanding the 
pathophysiological mechanisms related to the mod-
ulation of the immune response after moderate exer-
cise may be useful as it could be used as a preventive 
strategy in patients at risk of infection, such as chronic 
obstructive pulmonary disease, diabetes, or postoper-
ative patients. In a context of world-wide increase of 
infectious burden, we believe that our results are of in-
terest, however, more experimental data are required 
to confirm and better understand the protective effect 
observed in our model.
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