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ABSTRACT

The effect of Lactobacillus rhamnosus CRL1505 on blood and bone marrow (BM) myeloid cells
and their correlation with resistance against Streptococcus pneumoniae infection was evalu-
ated in protein-malnourished mice. Repletion of malnourished mice with supplemental L.
rhamnosus improved recovery of BM responsiveness against the infectious challenge through
increase in myeloid progenitors and mobilisation of granulocytes. The CRL1505 strain nor-
malised the number of Gr1* cells and Gr1'°*/Gr1"9" cells balance in BM. These changes in
BM correlated with improved neutrophils recruitment, higher phagocytic activity and
increased resistance against pneumococcal infection in probiotic-treated mice. This
research provides strong evidence of the importance of dietary supplementation with probi-
oticbacteria to reverse alterations in myeloid progenitors in malnourished mice. The present
results strongly suggest that the CRL1505 strain could be used in the development of probiotic

Malnutrition
Respiratory immunity

foods, which would be especially useful for the recovery of immunocompromised hosts.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The global probiotic market generates billions of dollars every
year and more than 500 probiotic products have been intro-
duced in the past decade. These products have met with vary-
ing degrees of success, mostly in congruence with their
overall health benefits. Probiotics are equally accessible in
Europe, Australia and the USA. However, most clinically
tested probiotics are not available in the developing world
and certainly not affordable for most people (Annunziata &
Vecchio, 2011; Enos et al., 2012).

Government agencies and multinational probiotic compa-
nies should make probiotic products more widely available,

especially for relief work and populations at high risk of mor-
bidity and mortality such as malnourished individuals (Anu-
kam & Reid, 2007). In this sense, with the support of the
Tucuman Government (Argentina), we demonstrated that
consumption of a fermented dairy product containing Lacto-
bacillus rhamnosus CRL1505 is associated with a significant de-
crease in the duration and severity of mucosal infections in
young children (Villena et al., 2012). On the basis of our results
and given the high morbidity and mortality in children
especially associated with airway infectious diseases, this
new probiotic strain has been included in official national
nutritional programmes in Argentina. Since 2008, a govern-
ment-sponsored programme provides the probiotic yoghourt
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containing L. rhamnosus CRL1505 daily to over 200,000 school
children in Argentina.

Malnutrition is a major cause of acquired immunodefi-
ciency affecting especially young children (Chandra, 1991,
Keusch, 2003). Several studies clearly show that these popula-
tions with inadequate nutrition have an increased suscepti-
bility to infections because protein deficiency alters
hematopoiesis and immune responses (Berkowitz, 1992;
Briassoulis, Zavras, & Hatzis, 2011; Rodriguez, Cervantes, &
Ortiz, 2011; Victora, Barros, Kirkwood, & Vaughan, 1990).
Thus, the adequate and prompt correction of the nutritional
status is important to reduce morbidity and mortality in mal-
nourished hosts. Lactic acid bacteria (LAB) that are able to
beneficially modulate the immune system (immunobiotics)
represent an attractive safe way to regulate and enhance
the immune function in immunocompromised malnourished
hosts (Villena, Oliveira, Ferreira, Salva, & Alvarez, 2011). We
evaluated the effect of different immunobiotics on the pre-
vention of a Streptococcus pneumoniae infection in immuno-
compromised protein-malnourished mice and our results
showed that the addition of certain LAB strains to the reple-
tion diet has a beneficial effect as it significantly accelerates
the recovery of the systemic and mucosal immune systems
and improves resistance against pneumococcal respiratory
infection (Agliero, Villena, Racedo, Haro, & Alvarez, 2006;
Alvarez, Villena, Racedo, Salva, & Agliero, 2007; Alvarez, Ville-
na, & Salva, 2009a; Salva, Villena, Racedo, Alvarez, & Agliero,
2008). Although we demonstrated that L. rhamnosus CRL1505
is able to increase resistance against pneumococcal infection
in immunocompetent mice (Salva, Villena, & Alvarez, 2010)
and improve respiratory immunity in children (Villena et al.,
2012), the effect of this strain on the resistance against respi-
ratory infections in immunocompromised malnourished
hosts has not been evaluated yet.

It was demonstrated that malnutrition significantly im-
pairs phagocytic activity. In the respiratory tract, the phago-
cytic activity of alveolar macrophages and recruited
neutrophils play an important role in the resistance against
inhaled bacterial pathogens (Calbo & Garau, 2010; Kadioglu
& Andrew, 2004). After recognition of pathogens through pat-
tern recognition receptors, lung macrophages characteristi-
cally trigger chemokine receptor CXCR2-mediated
recruitment of neutrophils into the lung parenchyma and
bronchoalveolar compartment to support macrophage anti-
bacterial responses (Herbold et al., 2010; Reutershan et al.,
2006; Villena et al., 2005). Furthermore, a partially reduced
neutrophil recruitment severely disturbs lung host defence
against S. pneumoniae in mice, demonstrating that maximal
neutrophil recruitment is essential for the early control of
lung bacterial infections (Villena et al., 2005). Neutrophils
and monocyte-macrophages are derived and differentiated
from myeloid committed precursor cells in bone marrow.
Moreover, it has been demonstrated that myeloid cells are
mobilised from bone marrow during inflammatory or infec-
tion response, and are crucial for the defence against patho-
gens (Panopoulos & Watowich, 2008). Therefore, the study of
the effect of malnutrition on bone marrow myeloid cells
would be extremely important to understand the mecha-
nisms involved in immunosuppression resulting from protein
deficiency.

Considering this background, in the current study we
aimed at evaluating the effect of the oral administration of
L. rhamnosus CRL1505, a strain with immunomodulatory
capabilities already demonstrated in immunocompetent
mice and children (Salva et al.,, 2010; Villena et al., 2012),
on the resistance against pneumococcal infection in pro-
tein-malnourished mice. We also aimed at increasing our
knowledge of the mechanisms involved in the immunomod-
ulatory effect of the CRL1505 strain in malnourished hosts
by evaluating its impact on myeloid cell populations in blood
and bone marrow. This knowledge may account, at least
partly, for the mechanism through which probiotics increase
resistance to infections caused by Gram (+) bacteria such as
S pneumoniae in immunocompromised malnourished hosts
and it can provide the scientific basis for the use of L.
rhamnosus CRL1505 in treatments to restore immunity in
malnourished children.

2. Materials and methods

2.1. Lactic acid bacterium

L. rhamnosus CRL1505 was obtained from the CERELA culture
collection (Chacabuco 145, San Miguel de Tucuman, Argen-
tina). The culture was kept freeze-dried and then rehydrated
using the following medium: peptone 15.0 g; tryptone 10.0 g;
meat extract 5.0 g; distilled water 11, pH 7. It was cultured
for 8 h at 37 °C (final log phase) in Man-Rogosa-Sharpe broth
(MRS, Oxoid). The bacteria were harvested through centrifu-
gation at 3000g for 10 min and washed three times with ster-
ile 0.01 mol/l phosphate buffer saline (PBS), pH 7.2. L.
rhamnosus CRL1505 is able resist bile salts and survives in
simulated in vitro digestion assays that reproduce stomach
and intestinal digestion, indicating that the strain is able
to tolerate gastric enzymes and low pH conditions (Salva
et al., 2011).

2.2.  Animals and feeding procedures

Male 3-week-old Swiss albino mice were obtained from the
closed colony kept at CERELA. They were housed in plastic
cages at 25°C. The assays were performed in six mice per
group for each time point (in three independent experiments).
Weaned mice were fed with a protein-free diet (PFD) for
21days, and the animals that weighed 45-50% less than
well-nourished mice were selected for the experiments (Ville-
na et al., 2005).

Malnourished mice were divided into two groups for the
repletion treatment: (i) balanced diet (BD) for 7 consecutive
days (BD group); (ii) BD for 7 days with L. rhamnosus CRL1505
supplementation (108 cfu/mouse/day) during the last 5 days
of the treatment (BD + Lr group). The administration of 10® -
cells of L. rhamnosus CRL1505 for 5 consecutive days was pre-
viously selected as the optimal dose able to improve
protection against Streptococcus pneumoniae and Salmonella
typhimurium in immunocompetent mice (Salva et al., 2010).
The malnourished control (MNC) group received only PFD
while the well-nourished control (WNC) mice consumed BD
ad libitum. The experimental protocols were approved by the
Animal Care and Ethics Committee at CERELA.
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2.3.  Experimental infection

The experimental animal model of respiratory infection was
used as previously described (Villena, Racedo, Agliero, & Alva-
rez, 2006; Villena et al., 2005). S. pneumoniae serotype 14 (AN-
LIS, Argentina) was obtained from the respiratory tract of a
patient from the Children’s Hospital, Tucuman, Argentina
(Villena et al., 2005, 2006). Briefly, the different experimental
groups of mice were nasally challenged with S. pneumoniae
(10° cfu/ml in PBS) at the end of each treatment (day 8).
WNC and MNC (without repletion treatment) groups were in-
fected equally. Animals were euthanised on day O (before
challenge) and at different days after infection.

2.4.  Bacterial cell counts in lung homogenates and blood

Mice were euthanised on days 1, 2, 5, and 10 after challenge
and their lungs were excised, weighed and homogenised in
5 ml of sterile 0.1% peptone water. Homogenates were diluted
appropriately, plated in duplicate on blood agar and incubated
for 18 h at 37 °C. Results were expressed as log of cfu/g lung.
Progression of bacterial growth to the bloodstream was mon-
itored by sampling blood obtained through cardiac puncture
and plating on blood agar. Results were reported as cfu/ml.

2.5.  Lung histopathology

On day 10 after infection, lung samples from different groups
were excised and washed out with PBS 0.01 mol/l pH 7.2.
Then, tissues were immersed in 4% (v/v) formalin saline solu-
tion. Once fixed, samples were dehydrated and embedded in
Histowax (Leica Microsystems Nussloch GmbH, Nussloch,
Germany) at 56 °C. Finally, lungs were cut into 4 um serial sec-
tions and stained with hematoxilin-eosin for light micros-
copy examination. The pathologist doing the lung histology
was blinded to the group of animals and the assessment of
tissue sections was also blinded. The severity of lung lesions
was scored from O to 4 (0 =normal, 1=moderate inflamma-
tory response with focal interstitial infiltrates, 2 =intense
inflammatory response with diffuse interstitial infiltrates
and moderate haemorrhage, 3 =intense inflammatory re-
sponse and haemorrhage with moderate reduction of alveolar
spaces, and 4 = intense inflammatory response and haemor-
rhage with intense reduction of alveolar spaces and fibrosis).

2.6.  Cytokine concentrations in bronchoalveolar lavage
(BAL) and serum

Tumour necrosis factor (TNF)-a and interleukin IL-6 concen-
trations in serum and BAL samples were measured with com-
mercially available enzyme-linked immunosorbent assay kits
following the manufacturer’s recommendations (R&D Sys-
tems, MN, USA).

2.7.  Total and differential number of leukocytes in blood
and BAL

Blood and BAL samples were obtained as described above on
days 0 and 2 after infection. Total number of leukocytes and

differential cell counts were performed as described previ-
ously (Racedo et al., 2006; Villena et al., 2005).

2.8.  Phagocytic cell activation

Nitroblue tetrazolium (NBT) test: The phagocytic bactericidal
activity (oxidative burst) of macrophages and neutrophils
was measured using the NBT reduction test (catalogue No.
840-W, Sigma-Aldrich Co.) in the BAL pellet. NBT was added
to each sample with (positive control) or without addition of
the bacterial extract; then samples were incubated at 37 °C
for 20 min. In the presence of oxidative metabolites, NBT (yel-
low) is reduced to formazan, which forms a blue precipitate.
Smears were prepared; after staining, samples were exam-
ined under a light microscope for blue precipitates. A hundred
cells were counted and NBT positive (+) cells were
determined.

Washburn test: Measurement of the myeloperoxidase activ-
ity of blood neutrophils was performed as described previ-
ously (Villena et al., 2005). Blood cells were graded as
negative or weakly, moderately, or strongly positive and used
to calculate the score.

2.9. Cells in the bone marrow

Studies in bone marrow were performed at the end of reple-
tion period (day 0) and day 2 after challenges. Total and differ-
ential cell counts of bone marrow samples were obtained as
described previously (Salva et al.,, 2008). Results were ex-
pressed as 10° cells/femur. Measurement of myeloperoxidase
activity of bone marrow myeloid cells was performed as de-
scribed above and reported as the number of peroxidase posi-
tive cells (10° cells/femur). Expression of Gr-1 and CD34 on
blood and bone marrow cells was examined by flow cytome-
try. Fluorescein isothiocyanate (FITC) rat anti-mouse CD34
antibody (RAM34 monoclonal antibody; BD Pharmingen™)
and phycoerythrin (PE) rat anti-mouse Gr-1 antibody (RB6-
8C5 monoclonal antibody; BD Pharmingen™) were used. Data
were acquired on a BD FACScalibur cytometer and analysed
using Flow Jo (Tree Star) software.

2.10. Statistical analysis

Experiments were performed in triplicate and results were ex-
pressed as mean values and standard deviations. A two-way
analysis of variance (ANOVA) test was used to evaluate the
main effects and the interactions between treatments (Info-
Stat, 2006). Tukey’s test (for pairwise comparisons of the
mean of the different groups) was used to test for differences
between the groups. Differences were considered significant
at p <0.05.

3. Results
3.1. Resistance against respiratory infection
S. pneumoniae was detected in lung and blood samples from

the WNC and MNC groups throughout the 10 days post-infec-
tion, although the latter showed significantly higher counts
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Table 1 - Resistance to pneumococcal infection. Malnourished mice were replete for 7 days with a balanced conventional
diet (BD) or BD supplemented with Lactobacillus rhamnosus CRL1505 (BD + Lr) and then challenged with 10° cells of

Streptococcus pneumoniae. Malnourished (MNC) and well-nourished (WNC) mice were used as controls. Bacterial cell
counts in lung (log CFU/g of lung) and blood (CFU/mL) after challenge. Values are means for six mice per group. Different
letters indicate significant differences at the same time point (p < 0.05).

Day 1 Day 2 Day 5 Day 10
Lung Blood Lung Blood Lung Blood Lung Blood
WNC 4.25 +0.14% 4.01+0.21° 4.05 + 0.08% 4.23 +0.09° 3.46 + 0.09% 3.91+0.07° 3.20+0.122 3.75 + 0.09°
MNC 5.33+0.14° 5.11+0.12¢ 5.92 + 0.06° 5.31+0.12¢ 5.94 +0.11¢ 5.61+0.10° 5.91+0.11¢ 5.73 +0.23¢
BD 5.21 +0.01° 3.22 + 0.05% 4.82 +0.07° 3.51 +0.07° 4.51 +0.08° 3.25 + 0.04° 4.4 +0.09° 3.45 + 0.05°
BD +Lr 445 +0.162 <15 453 +0.14° <15 4.32+0.03° <15 3.80 = 0.20% <15

Different letters indicate significant differences at the same time point (p < 0.05) a<b<c<d.

(Table 1). Bacterial cell counts in the BD group showed values
between those in the WNC and MNC groups. In contrast, the
BD +Lr group showed significantly lower lung bacterial
counts than the WNC mice. Moreover, treatment with L.
rhamnosus CRL1505 limited the dissemination of the patho-
gen, since haemocultures were negative in the BD + Lr group
during the whole studied period (Table 1).

3.2.  Histopathological examination

Morphological examination of lungs of the WNC mice on day
10 post-infection showed progressive oedema, inflammatory
response and alveolar congestion (Fig. 1A). These histopathol-
ogical findings were more pronounced in the lungs of the MNC
mice, with progressive parenchymal involvement, increasing
fibrosis in bronchial walls and vessels, passage of blood ele-
ments from capillaries to tissues, haemorrhage, and wide-
spread cellular infiltration. Moreover, the lung parenchyma

had a distorted appearance with loss of alveolar architecture
(Fig. 1B). However, mice treated with BD plus supplemental
L. rhamnosus CRL1505 showed in general histopathological
characteristics similar to the WNC group, with focal cellular
infiltration and reduction of the alveolar airspaces but with
preserved alveolar architecture (Fig. 1D). Mice fed the BD
showed histological signs intermediate to those of the WNC
and MNC groups (Fig. 1C). Analyses of lung histological scores
confirmed that lung tissue damage was significantly higher in
the WNC mice than in the MNC group, and that the BD group
showed histological signs intermediate to those of the WNC
and MNC mice (Fig. 1E). In addition, scores of the BD + Lr group
were significantly lower than in the WNC mice (Fig. 1E).

3.3.  Cytokine concentrations in BAL and serum

In order to increase our understanding of the immune mech-
anism involved in the protective effect of L. rhamnosus

Lung histology score

41 000 00
3 ° 000 0000
-]
S 21 000
S 00
7]
11 0@ e00
)
o
WNC MNC BD BD+Lr

Fig. 1 - Lung histological examination. Lungs were examined on day 10 after challenge with Streptococcus pneumoniae. (A)
Well-nourished control mice, (B) malnourished control mice, (C) malnourished mice replete with a balanced conventional diet
(BD), (D) malnourished mice replete with BD supplemented with Lactobacillus rhamnosus CRL1505 for 5 days. Light
micrographs, original magnification x200. Inflammatory infiltrates (black arrow), reduction of alveolar airspaces (white
arrow) and haemorrhage (grey arrow). The severity of lung lesions was scored from 0 to 4 (0 = normal, 1 = moderate
inflammatory response with focal interstitial infiltrates, 2 = intense inflammatory response with diffuse interstitial infiltrates
and moderate haemorrhage, 3 = intense inflammatory response and haemorrhage with moderate reduction of alveolar
spaces, and 4 = intense inflammatory response and haemorrhage with intense reduction of alveolar spaces and fibrosis (E).
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CRL1505, pro-inflammatory cytokines and immune cells were
studied in the systemic and respiratory compartments. We
first evaluated TNF-o and IL-6 levels in serum and BAL sam-
ples before challenge with S. pneumonia, no significant differ-
ences between the groups being detected (Fig. 2). Challenge
with the respiratory pathogen increased TNF-o and IL-6 con-
centrations in BAL and serum in all experimental groups.
MNC mice showed significantly lower levels of serum and
BAL cytokines compared with WNC mice (Fig. 2). Mice treated
with BD showed higher BAL IL-6 and serum TNF-o and IL-6
levels than those in MNC mice, although these cytokines
did not reach the values in the WNC group (Fig. 2). Moreovetr,
BD mice showed BAL TNF-ua levels similar to the ones in the
MNC group while mice treated withL. rhamnosus CRL1505
showed BAL and serum TNF-o and IL-6 values similar to those
in the WNC group (Fig. 2).

3.4.  Number and activity of BAL leukocytes

We analysed the number and activity of BAL phagocytes be-
fore the challenge with the respiratory pathogen. No differ-
ences were observed in the number of BAL leukocytes,
neutrophils or macrophages when all the groups were com-

BAL TNF-a
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~ 1500
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0
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b
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g
~ 500 a
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Q‘ 400
300
200
100 a a a a
0
Day 0 Day 2

pared (Fig. 3). However, as previously reported (Villena et al,,
2005), MNC mice showed significantly lower levels of BAL
NBT+ cells compared with WNC mice (Fig. 3). Treatment with
BD + Lr was able to improve BAL NBT+ cells. Challenge with S.
pneumoniae induced recruitment of neutrophils and macro-
phage migration into the alveoli, resulting in an increase in
leukocyte counts in BAL on day 2 post-infection (Fig. 3) as pre-
viously described (Villena et al., 2005). MNC mice showed an
impaired recruitment of neutrophils and macrophages and
significantly lower leukocyte, neutrophil and macrophage
counts in BAL compared with WNC mice (Fig. 3). In addition
to the quantitative alterations in BAL phagocytes, we also ob-
served that malnutrition significantly impaired the phago-
cytic activity of BAL cells (Fig. 3). Treatment of malnourished
mice with BD increased the number of BAL leukocytes,
although the treatment was not able to normalise it. More-
over, BD mice showed percentages of BAL NBT+ cells similar
to those in the MNC group (Fig. 3). Treatment with L. rhamno-
sus CRL1505 significantly increased the similar number of BAL
neutrophils and macrophages in response to the infection as
well as the percentages of BAL NBT+ cells. In fact, BD + Lr
mice showed values similar to the ones in the WNC group

(Fig. 3).

BAL IL-6
900 c
b
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Fig. 2 - Cytokines concentration in BAL and serum. Malnourished mice were replete for 7 days with a balanced conventional
diet (BD) or BD supplemented with Lactobacillus rhamnosus CRL1505 (BD + L1) and then challenged with 10 cells of
Streptococcus pneumoniae. Malnourished (MNC) and well-nourished (WNC) mice were used as controls. TNF-o and IL-6
concentrations in BAL and serum were determined before (day 0) and after pneumococcal infection (day 2). Values are means
for six mice per group with standard deviations represented by verticals bars. Different letters indicate significant differences

at the same time point (p < 0.05).
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Fig. 3 - Number and activity of bronchoalveolar lavage (BAL) leukocytes. Malnourished mice were replete for 7 days with a
balanced conventional diet (BD) or BD supplemented with Lactobacillus rhamnosus CRL1505 (BD + Lr) and then challenged with
10° cells of Streptococcus pneumoniae. Malnourished (MNC) and well-nourished (WNC) mice were used as controls. Total
number of BAL leukocytes (A), neutrophils (B), macrophages (C) and microbicidal activity of phagocytes (D) were determined
before (day 0) and after challenge (day 2) with S. pneumoniae. Values are means for six mice per group with standard
deviations represented by verticals bars. Different letters indicate significant differences at the same time point (p < 0.05).

3.5.  Number and activity of blood leukocytes

Malnutrition decreased the number of leukocytes and neutro-
phils as well as peroxidase scores in blood, since significantly
lower cell counts and scores were detected in the MNC mice
than in the WNC group (Fig. 4). Treatment with BD increased
blood neutrophils numbers and peroxidase scores, although
values did not reach the levels of the WNC mice (Fig. 4). In
contrast, repletion with BD + Lr significantly increased blood
leukocytes, which reached values similar to those in the
WNC mice (Fig. 4). Moreover, blood peroxidase activity in
the BD + Lr mice was significantly higher than in the WNC
mice (Fig. 4).

Challenge with S. pneumoniae increased blood leukocyte
counts and peroxidase scores in all experimental groups
although they were significantly lower in the MNC than in
the WNC mice (Fig. 4). Treatment with both BD and BD + Lr in-
creased blood leukocytes and neutrophils, although only the
BD + Lr group reached numbers similar to those in the WNC
mice (Fig. 4). Blood peroxidase activity in the BD + Lr mice
was significantly higher than in the WNC mice as observed
before the challenge with the respiratory pathogen (Fig. 4).

In addition, we studied blood granulocyte population using
flow cytometry. Before the challenge, malnutrition decreased
the number of blood Gr-1+ and CD34+ cells (Fig. 4). Treatment
with BD was unable to induce modifications in either blood
cell populations since values in this group were similar to
those in the MNC mice (Fig. 4). In contrast, malnourished
mice that received L. rhamnosus CRL1505 showed levels of
blood Gr-1+ and CD34+ cells that were similar to the WNC
mice (Fig. 4).

After the pneumococcal infection, blood Gr-1+ and CD34+
cells significantly increased in all the experimental groups in
relation to basal levels (Fig. 4). The MNC mice showed signif-
icantly lower levels of blood Gr-1+ cells and higher numbers
of CD34+ cells compared with the WMC mice (Fig. 4). No dif-
ferences were observed between MNC and BD mice when
analysing numbers of Gr-1+ cells in blood. Treatment with
BD + Lr normalised both cell populations in blood (Fig. 4).

3.6.  Bone marrow myeloid cells

The oral administration of L. rhamnosus CRL1505 had a stimu-
latory effect on the function and recruitment of phagocyte
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Fig. 4 - Number and activity of blood leukocytes. Malnourished mice were replete for 7 days with a balanced conventional diet
(BD) or BD supplemented with Lactobacillus rhamnosus CRL1505 (BD + Lr) and then challenged with 10° cells of Streptococcus
pneumoniae. Malnourished (MNC) and well-nourished (WNC) mice were used as controls. The number of leukocytes (A),
neutrophils (B), peroxidase activity (C) Gr-1+ cells (D) and CD34+ cells (E) were studied in peripheral blood before (day 0) and
after challenge with the respiratory pathogen (day 2). Values are means for six mice per group with standard deviations
represented by verticals bars. Different letters indicate significant differences at the same time point (p < 0.05).

cells, causing a clear increase in the respiratory and systemic
innate immune responses. In this sense, the bone marrow,
which is the main hematopoietic organ of an adult organism,
maintains a close relationship with the immune system. The
bone marrow is able to respond to acute infections by using
an emergency hematopoiesis in order to release immune cells
(Monteiro & Bonomo, 2005). Therefore, we next studied the
cellular changes in bone marrow during the pneumococcal
infection and the influence of the CRL1505 strain, with special
attention to myelopoiesis.

Malnutrition caused a decrease in total cell counts in bone
marrow together with a reduction in myeloid cells as previ-
ously described (Salva et al., 2011). Moreover, we detected a
significant reduction in all myeloid cell populations: mitotic
pool cells (myeloblasts, promyielocytes, myelocytes) and
post-mitotic pool cells (metamyelocytes, band cells, neutro-
phils) in the MNC mice (Fig. 5). Both repletion treatments im-
proved myeloid cell counts in the bone marrow (Fig. 5). The
increase in myeloid cells in the BD group was caused by in-
creases in post-mitotic pool cells while in the BD + Lr group
mitotic pool cells were significantly increased. In fact, the
BD + Lr group showed values of myeloblast, promyielocytes
and myelocytes that were higher than those observed in the
WNC group (Fig. 5).

When mice were infected with S. pneumoniae, the normal
response to the pneumococcal challenge was an increase in
myeloid cells with increases in mitotic pool cells and with
no changes in the number of post-mitotic cells (Fig. 5). In
the MNC mice, however, this response was significantly al-
tered since mitotic pool cells increased after infection but

post-mitotic pool counts were lower compared to basal lev-
els (Fig. 5). In both the BD and the BD + Lr groups a reduc-
tion in myeloid cells and mitotic pool counts was observed
after the pneumococcal challenge. In the BD group, post-
mitotic pool cells significantly decreased while in the
BD+Lr group these cells were significantly increased
(Fig. 5).

These results correlated with the peroxidase activity in
bone marrow, which is a cytochemical marker of myeloid
cells. Before the respiratory infection, the number of peroxi-
dase positive cells in the bone marrow was also reduced in
the MNC mice compared to the WNC group (Fig. 5). Only the
BD + Lr group reached normal values after the repletion treat-
ment (Fig. 5). After infection, the number of peroxidase posi-
tive cells increased in all experimental groups, although
values in MNC mice were lower than in WNC animals. Both
BD and BD + Lr increased bone marrow peroxidase activity
but only mice receiving L. rhamnosus CRL1505 showed normal
values (Fig. 5).

In addition, we examined bone marrow Gr-1 and CD34
expression in order to determine changes in mature granulo-
cytes and myeloid progenitors/precursors. Protein malnutri-
tion significantly reduced Gr-1+ cells in bone marrow and
only the repletion with supplementall. rhamnosus was able
to normalise this population (Fig. 6). No significant modifica-
tions were observed in the numbers of Gr-1+ cells in bone
marrow after the challenge with S. pneumoniae; however, in
the MNC and BD groups bone marrow Gr1™e" cells (mature
neutrophils) were significantly reduced compared with WNC
and BD +Lr mice, while there was an increase in bone
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Fig. 5 - Bone marrow myeloid cells. Malnourished mice were replete for 7 days with a balanced conventional diet (BD) or BD
supplemented with Lactobacillus rhamnosus CRL1505 (BD + Lr) and then challenged with 10° cells of Streptococcus pneumoniae.
Malnourished (MNC) and well-nourished (WNC) mice were used as controls. Myeloid cells (A), mitotic pool cells (myeloblasts,
promyelocytes and myelocytes) (B), post mitotic pool cells (metamyelocytes, band cells and neutrophils) (C) and peroxidase
activity (D) were determined in bone marrow before (day 0) and after (day 2) the challenge with S. pneumoniae. Values are
means for six mice per group with standard deviations represented by verticals bars. Different letters indicate significant

differences at the same time point (p < 0.05).

marrow Gr1'°¥ cells (myeloid precursors) in the BD + Lr group
(Fig. 6).

Finally, we studied the expression of CD34 as a progen-
itor cell marker (Krause et al., 1994; Okuno et al., 2002).
The MNC group showed the lowest values of CD34+ cells.
Both BD and BD +Lr treatments increased the number of
CD34+ cells in bone marrow, but they were unable to in-
duce the normalisation of this population (Fig. 6). After
the challenge with S. pneumoniae the MNC mice showed
significantly lower numbers of CD34+ cells in bone marrow
compared with the WNC mice. BD + Lr treatment increased
CD34+ cells in bone marrow, which reached the values of
the WNC while the BD mice did not differ from the MNC
mice (Fig. 6).

4, Discussion

Innate immunity is essential to prevent colonisation of the
respiratory tract by S. pneumoniae (Mufioz et al., 2010; Villena
et al., 2005). The immune response to pneumococcal airway
infection is characterised by a pronounced recruitment of
neutrophils into the lungs (Kadioglu et al, 2000). This

phagocytic killing of pneumococci by polymorphonuclear
neutrophils is considered a major defence mechanism (Mu-
fioz et al., 2010). Therefore, suppression of neutrophil recruit-
ment or alteration of their functional activity would
predictably result in increased susceptibility to pulmonary
infections. In previous works we demonstrated that malnutri-
tion induced a significant impairment in the number of leuko-
cytes and neutrophils and in peroxidase activity in the
respiratory tract and blood (Salva et al., 2008; Villena et al.,
2006). Thus, malnutrition is able to impair the innate immune
response at the systemic and mucosal levels.

Significant attention has been centred on the role of probi-
otics in the gastrointestinal tract for the attenuation of intes-
tinal inflammatory diseases (Chiu et al., 2013). However, there
is steadily increasing evidence that the oral administration of
probiotics is able to influence immune responses outside the
gastrointestinal tract, including the respiratory mucosa (Alva-
rez, Villena, Tohno, Salva, & Kitazawa, 2009b; Villena et al.,
2011). The present work is focused on the role of the bone
marrow in the recovery of the respiratory innate immunity in-
duced by L. rhamnosus CRL1505 when used as supplement in a
malnourished mice repletion treatment. We analysed
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Fig. 6 — Bone marrow myeloid cells. Malnourished mice were replete for 7 days with a balanced conventional diet (BD) or BD
supplemented with Lactobacillus rhamnosus CRL1505 (BD + Lr) and then challenged with 10° cells of Streptococcus pneumoniae.
Malnourished (MNC) and well-nourished (WNC) mice were used as controls. Gr-1 (A) and CD34 (C) positive cells were
determined in bone marrow before (day 0) and after (day 2) challenge with the respiratory pathogen. On day 2 post-infection,
Gr-1 population was divided into two groups according to high or low expression of markers for the study (B). Values are
means for six mice per group with standard deviations represented by verticals bars. Different letters indicate significant

differences at the same time point (p < 0.05).

myeloid cells in BM, blood and BAL samples during the gener-
ation of the innate immune response against a bacterial chal-
lenge. We demonstrated that the oral administration of L.
rhamnosus CRL1505 was able to normalise the systemic and
respiratory innate immune responses in replete malnour-
ished mice, which was evidenced by the increase in the num-
ber of blood and BAL neutrophils and by the improvement in
their microbicidal function. The protective effect of L. rhamno-
sus CRL1505 was related to its capacity to impact on innate
immune cells as we previously described for other probiotic
strains (Alvarez et al., 2009b; Villena et al., 2011).
Neutrophils are a key component of the innate immune
system and are frequently the initial defence against extracel-
lular pathogens (Clarke et al., 2010). We found that malnutri-
tion significantly affects innate defences against S.
pneumoniage and that repletion of malnourished mice with
BD with supplemental L. rhamnosus CRL1505 increases resis-
tance against pneumococcal infection by enhancing mucosal
and systemic bacterial clearance. Moreover, treatment with L.
rhamnosus CRL1505 was effective in preventing lung histopa-
thological injuries observed in the MNC group. These results
are similar to the ones induced by the repletion treatment
in which Lactobacillus casei CRL431 was used as a supplement

for the repletion diet (Alvarez et al., 2007; Salva et al., 2008;
Villena et al., 2005).

Neutrophil homeostasis in the blood is highly regulated. It
is known that blood neutrophil number is determined by the
balance between neutrophil production in the bone marrow,
their release into the blood and their clearance from circula-
tion (Day & Link, 2012). In mice, only 1-2% of the total number
of mature neutrophils is found in the blood, most of them
remaining in the bone marrow (Day & Link, 2012). Mature
neutrophils are short-lived and rapidly migrate to inflamma-
tion sites where they exert their microbicidal activity (Burg &
Pillinger, 2001; Quie, 1980). This localisation produces a brief
neutropenia that is corrected by an accelerated emigration
of bone marrow neutrophils. Subsequently a reactive neutro-
philia characterised by the presence of abundant and less ma-
ture cells in blood can be observed after infections (Glasser &
Fiederlein, 1987). This reactive neutrophilia is a crucial com-
ponent of innate immunity because persistent neutropenia
leads to death by infection (Engle & Rosenfeld, 1984; Glasser,
Fiederlein, Wood, Dalton, & List, 1994). The bone marrow reg-
ulates the homeostatic release of mature neutrophils and the
accelerated production of granulocytes in response to inflam-
matory signals (Terashima, English, Hogg, & van Eeden, 1998;
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Terashima, Wiggs, English, Hogg, & van Eeden, 1996). How-
ever, the mechanisms of this regulation are not fully known
yet.

In this work we analysed the changes induced by a reple-
tion treatment that included the immunomodulatory strain L.
rhamnosus CRL1505 in bone marrow myeloid cells. We exam-
ined bone marrow Gr-1 expression to determine changes in
mature granulocytes and myeloid progenitors/precursors
considering that the Gr-1 antigen is selectively expressed on
myeloid lineage cells in mouse bone marrow (Fleming, Flem-
ing, & Malek, 1993). For analysis these cells were sorted into
Gr1megative  Gr1'°¥ and GriPeh populations. Mature neutro-
phils are GriMeh whereas myeloid precursors including
immature blasts and myelocytes have low to intermediate
levels of Gr-1 expression (Hestdal et al., 1991). We showed that
L. rhamnosus CRL1505 was able to normalise Grl+ cells in mal-
nourished mice, this being the only group with a normal bal-
ance between Gr1'°% and Gr1Meh cells in bone marrow. On the
other hand, Krause et al. (1994) demonstrated that CD34+
murine bone marrow cells comprise small lymphocyte-like
cells, large blasts and myelomonocytic precursors. Evidence
now suggests that most murine CD34+ cells represent com-
mitted early and intermediate progenitors (Krause et al,
1994; Okuno et al., 2002). Therefore, we used CD34 as a pro-
genitor cell marker. Repletion with L. rhamnosus CRL1505 sig-
nificantly increased CD34+ bone marrow cells after infection
when compared with the BD group. However, L. rhamnosus-
treated mice did not achieve normal values. On the other
hand, when we analysed blood CD34+ cells, we found that
L. rhamnosus CRL1505 was able to normalise this cell popula-
tion. Then, the changes induced in bone marrow myeloid
cells were enough to normalise the response to the infection.

The granulocyte colony-stimulating factor (G-CSF) is the
principal cytokine controlling neutrophil development and
function. G-CSF is induced by several inflammatory stimuli
that become rapidly elevated during infection such as IL-18,
TNF-a and lipopolysaccaride (LPS). Therefore, the host cyto-
kine response to infection serves to induce circulating levels
of G-CSF, which stimulates neutrophil production in the bone
marrow and neutrophil mobilisation to the peripheral circula-
tion (Panopoulos & Watowich, 2008). We showed that reple-
tion with L. rhamnosus CRL1505 increased BAL and serum
TNF-a and IL-6 levels after the challenge with S. pneumoniae
and that these levels were similar to the ones found in the
WNC group. In this sense, we found clear differences between
these mice and the ones replete with BD only, which showed
cytokine levels similar to those in the MNC group. It is proba-
ble that the improved levels of BAL TNF-a in mice treated with
the CRL1505 strain allowed an efficient recruitment of neutro-
phils from the pulmonary vasculature into the alveolar
spaces and a higher activation of phagocytes, as shown by
the number of BAL neutrophils and the percentage of BAL
NBT+ cells. Then, the normalisation of IL-6 and TNF-q levels
induced by L. rhamnosus CRL1505 treatment was related to
the improved innate immune response.

This work provides strong evidence of the importance of
dietary supplementation with a probiotic LAB to reverse alter-
ations in the homeostasis of the myeloid progenitors in mal-
nourished mice. Moreover, we demonstrated for the first time
that the immunobiotic strain L. rhamnosus CRL1505 was

crucial in the recovery of bone marrow responsiveness
against the infectious challenge through the increase in mye-
loid progenitors and the mobilisation of granulocytes, which
improved the local immune response. The mechanism by
which L. rhamnosus CRL1505 is able to achieve such effect is
not clear yet. Recent evidence shows that pattern recognition
receptors-mediated sensing of resident commensal microbi-
ota in the steady state regulates the development and func-
tion of the innate and adaptive immune systems in extra-
intestinal sites and prepares the host for defence against
the intrusion of pathogenic microorganisms (Clarke et al.,
2010). Recognition of peptidoglycans from the microbiota by
Nod-1 primes systemic innate immunity by enhancing the
cytotoxicity of bone marrow-derived neutrophils in response
to systemic infection with the bacterial pathogens S. pneumo-
niae and Staphylococcus aureus (Clarke et al., 2010). This study
indicates that the gut microbiota support systemic immunity
by releasing low levels of pattern recognition receptor ligands
into the circulation. On the other hand, the emergency gran-
ulopoiesis response to infection requires the coordinated
expression of many different cytokines and chemokines in
the site of infection as well as local hematopoietic growth fac-
tors in the bone marrow. Therefore, it could be speculated
that the immunoregulatory effect of the CRL1505 strain is re-
lated to its capacity to change cytokine profiles in the gut,
blood and respiratory tract. The determination of whether L.
rhamnosus CRL1505 is able to modulate myeloid cell produc-
tion by these or different mechanisms is an interest topic
for future investigations.

In a previous work we found that L. rhamnosus CRL1505 has
optimal technological properties and can be used to produce
high quality functional fermented milks that can be included
into Official Nutritional Programmes (Salva et al., 2011; Ville-
na et al., 2012). These facts and the present results strongly
suggest that this strain could be used in the development of
probiotic foods, which would be especially useful for the
recovery of immunocompromised hosts.

Acknowledgements

This work was supported by grants from PIP 632-2009, CIUNT
26D/403 and PICT 2010 No. 1381.

REFERENCES

Agtiero, G,, Villena, J., Racedo, S., Haro, C., & Alvarez, S. (2006).
Beneficial immunomodulatory activity of Lactobacillus casei in
malnourished mice pneumonia: Effect on inflammation and
coagulation. Nutrition, 22, 810-819.

Alvarez, S., Villena, J., Racedo, S., Salva, S., & Agliero, G.
Malnutrition, probiotics and respiratory infections. In Global
research network research advances in nutrition (2007) 9-23;
kerala, India.

Alvarez, S., Villena, J., & Salva, S. Humoral immunity against
respiratory pathogens: Can lactic acid bacteria improve it? In
Global research network, research advances in infection and
immunity (2009a) 1-19; Kerala, India.

Alvarez, S., Villena, J., Tohno, M., Salva S., & Kitazawa, H.
Modulation of innate immunity by lactic acid bacteria: Impact



JOURNAL OF FUNCTIONAL FOODS 5 (2013) 1693-1704

1703

on host response to infections. Current research in
immunology (2009b) 87-126; Kerala, India.

Annunziata, A., & Vecchio, R. (2011). Functional foods
development in the European market: A consumer
perspective. Journal of Functional Foods, 3, 223-228.

Anukam, A. K., & Reid, G. (2007). Probiotics: 100 years (1907-2007)
after Elie Metchnikoff’s observation. In A. Méndez-Vilas (Ed.),
Communicating current research and educational topics and trends
in applied microbiology (pp. 466—474). Espafa: Formatex.

Berkowitz, F. E. (1992). Infections in children with severe protein-
energy malnutrition. The Pediatric Infectious Disease Journal, 11,
750-759.

Briassoulis, G., Zavras, N., & Hatzis, T. (2011). Malnutrition,
nutrition indices, and early enteral feeding in critically ill
children. Nutrition, 17, 548-557.

Burg, N. D., & Pillinger, M. H. (2001). The neutrophil: Function and
regulation in innate and humoral immunity. Clinical
Immunology, 99, 7-17.

Calbo, E., & Garau, J. (2010). Of mice and men: Innate immunity in
pneumococcal pneumonia. International Journal of Antimicrobial
Agents, 35, 107-113.

Chandra, R. K. (1991). Nutrition and immunity: Lessons from the 1
past and new insights into the future. The American Journal of
Clinical Nutrition, 53, 1087-1101.

Chiu, Y. Y, Lin, S, Ou, C,, Lu, Y., Huang, H., & Lin, M. (2013). Anti-
inflammatory effect of lactobacilli bacteria on HepG2 cells is
through cross-regulation of TLR4 and NOD?2 signalling. Journal
of Functional Foods, 5, 820-828.

Clarke, T. B., Davis, K. M., Lysenko, E. S., Zhou, A. Y, Yu, Y., &
Weiser, J. N. (2010). Recognition of peptidoglycan from the
microbiota by Nod1 enhances systemic innate immunity.
Nature Medicine, 16, 228-231.

Day, R. B,, & Link, D. C. (2012). Regulation of neutrophil trafficking
from the bone marrow. Cellular and Molecular Life Sciences, 69,
1415-1423.

Engle, W. D., & Rosenfeld, C. R. (1984). Neutropenia in high-risk
neonates. The Journal of Pediatrics, 105, 982-986.

Enos, M. K., Burton, J. P.,, Dols, J., Buhulata, S., Changalucha, J., &
Reid, G. (2012). Probiotics and nutrients for the first 1000 days
of life in the developing world. Beneficial Microbes, 20, 1-14.

Fleming, T. ., Fleming, M. L., & Malek, T. R. (1993). Selective
expression of Ly-6G on myeloid lineage cells in mouse bone
marrow. RB6-8C5 mAD to granulocyte-differentiation antigen
(Gr-1) detects members of the Ly-6 family. Journal of
Immunology, 151, 2399-2408.

Glasser, L., & Fiederlein, R. L. (1987). Functional differentiation of
normal human neutrophils. Blood, 69, 937-944.

Glasser, L., Fiederlein, R. L., Wood, M., Dalton, W. S., & List, A.
(1994). Hematopoietic progenitor cell content of bone marrow
harvests: Relative contributions of blood and bone marrow.
Progress in Clinical and Biological Research, 389, 621-630.

Herbold, W., Maus, R., Hahn, I., Ding, N., Srivastava, M.,
Christman, J. W., Reutershan, J., Briles, D. E., Paton, J. C.,
Winter, C., Welte, T., & Maus, U. A. (2010). Importance of CXC
chemokine receptor 2 in alveolar neutrophil and exudate
macrophage recruitment in response to pneumococcal lung
infection. Infection and Immunity, 78, 2620-2630.

Hestdal, K., Ruscetti, F. W,, Thle, ]J. N,, Jacobsen, S. E., Dubois, C. M.,
Kopp, W. C., Longo, D. L., & Keller, J. R. (1991). Characterization
and regulation of RB6-8C5 antigen expression on murine bone
marrow cells. Journal of Immunology, 147, 22-28.

Kadioglu, A., & Andrew, P. W. (2004). The innate immune response
to pneumococcal lung infection: The untold story. Trends in
Immunology, 25, 143-149.

Kadioglu, A., Gingles, N. A,, Grattan, K., Kerr, A., Mitchell, T. ], &
Andrew, P. W. (2000). Host cellular immune response to
pneumococcal lung infection in mice. Infection and Immunity,
68, 492-501.

Keusch, G. T. (2003). History of nutrition: Malnutrition, infection
and immunity. The Journal of Nutrition, 133, 336S-340S.

Krause, D. S, Ito, T., Fackler, M. J., Smith, O. M., Collector, M. L.,
Sharkis, S. J., & May, W. S. (1994). Characterization of murine
CD34, a marker for hematopoietic progenitor and stem cells.
Blood, 84, 691-701.

Monteiro, J. P.,, & Bonomo, A. (2005). Linking immunity and
hematopoiesis by bone marrow T cell activity. Brazilian Journal
of Medical and Biological Research, 38, 1475-1486.

Muiioz, N., Van Maele, L., Marqués, J. M., Rial, A., Sirard, J. C., &
Chabalgoity, J. A. (2010). Mucosal administration of flagellin
protects mice from Streptococcus pneumoniae lung infection.
Infection and Immunity, 78, 4226-4233.

Okuno, Y., Iwasaki, H., Huettner, C. S., Radomska, H. S., Gonzalez,
D. A, Tenen, D. G, & Akashi, K. (2002). Differential regulation
of the human and murine CD34 genes in hematopoietic stem
cells. Proceedings of the National Academy of Sciences of the United
States of America, 99, 6246-6251.

Panopoulos, A. D., & Watowich, S. S. (2008). Granulocyte colony-
stimulating factor: Molecular mechanisms of action during
steady state and “emergency” hematopoiesis. Cytokine, 42,
277-288.

Quie, P. G. (1980). The phagocytic system in host defense.
Scandinavian Journal of infectious diseases, 24, 30-32.

Racedo, S., Villena, J., Medina, M., Agliero, G., Rodriguez, V., &
Alvarez, S. (2006). Lactobacillus casei administration reduces
lung injuries in a Streptococcus pneumoniae infection in mice.
Microbes and Infection, 8, 2359-2366.

Reutershan, J., Morris, M. A, Burcin, T. L., Smith, D. F,, Chang, D.,
Saprito, M. S., & Ley, K. (2006). Critical role of endothelial
CXCR2 in LPS-induced neutrophil migration into the lung. The
Journal of Clinical Investigation, 116, 695-702.

Rodriguez, L., Cervantes, E., & Ortiz, R. (2011). Malnutrition and
gastrointestinal and respiratory infections in children: A
public health problem. International Journal of Environmental
Research and Public Health, 8, 1174-1205.

Salva, S., Nufiez, M., Villena, J., Ramoén, A., Font, G., & Alvarez, S.
(2011). Development of a fermented goats’ milk containing
Lactobacillus rhamnosus: In vivo study of health benefits. Journal
of the Science of Food and Agriculture, 91, 2355-2362.

Salva, S., Villena, J., & Alvarez, S. (2010). Immunomodulatory
activity of Lactobacillus rhamnosus strains isolated from goat
milk: Impact on intestinal and respiratory infections.
International Journal of Food Microbiology, 141, 82-89.

Salva, S., Villena, J., Racedo, S., Alvarez, S., & Agtiero, G. (2008).
Lactobacillus casei addition to a repletion diet induced early
normalization of cytokine profiles during a pneumococcal
infection in malnourished mice. Food and Agricultural
Immunology, 19, 195-211.

Terashima, T., English, D., Hogg, J., & van Eeden, S. F. (1998).
Release of polymorphonuclear leukocytes from the bone
marrow by interleukin-8. Blood, 92, 1062-1069.

Terashima, T., Wiggs, B., English, D., Hogg, J. C., & van Eeden, S. F.
(1996). Polymorphonuclear leukocyte transit times in bone
marrow during streptococcal pneumonia. The American Journal
of Physiology, 271, L587-L592.

Victora, C. G., Barros, F. C., Kirkwood, B. R., & Vaughan, J. P. (1990).
Pneumonia, diarrhea, and growth in the first 4 yr of life: A
longitudinal study of 5914 urban Brazilian children. The
American Journal of Clinical Nutrition, 52, 391-396.

Villena, J., Oliveira, M. L., Ferreira, P. C., Salva, S., & Alvarez, S.
(2011). Lactic acid bacteria in the prevention of pneumococcal
respiratory infection: Future opportunities and challenges.
International Immunopharmacology, 11, 1633-1645.

Villena, J., Racedo, S., Agliero, G., & Alvarez, S. (2006). Yoghurt
accelerates the recovery of defense mechanisms against
Streptococcus pneumoniae in protein-malnourished mice. The
British Journal of Nutrition, 95, 591-602.



1704

JOURNAL OF FUNCTIONAL FOODS 5 (2013) 1693-1704

Villena, J., Racedo, S., Agliero, G., Bru, E., Medina, M., & Alvarez, S.
(2005). Lactobacillus casei improves resistance to pneumococcal
respiratory infection in malnourished mice. The Journal of
Nutrition, 135, 1462-1469.

Villena, J., Salva, S., Nufez, M., Corzo, J., Tolaba, R., Faedda, J.,
Font, G., & Alvarez, S. (2012). Probiotics for everyone! The novel

immunobiotic Lactobacillus rhamnosus CRL1505 and the
beginning of social probiotic programs in Argentina.
International Journal of Biotechnology for Wellness Industries, 1,

189-201.



