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Abstract

The eftect of Lactobacillus rhamnosus CRL1505 (Lr) on macrophages (Ma) and dendritic cells (DC) in the orchestration of anti-
pneumococcal immunity was studied using malnutrition and pneumococcal infection mouse models. Monocytes (Mo), Ma, and
DC in two groups of malnourished mice fed with balanced diet (BCD) were studied through flow cytometry; one group was
nasally administered with Lr (BCD+Lr group), and the other group was not (BCD group). Well-nourished (WNC) and malnour-
ished (MNC) mice were used as controls.

Malnutrition affected the number of respiratory and splenic mononuclear phagocytes. The BCD+Lr treatment, unlike BCD,
was able to increase and normalize lung Mo and Ma. The BCD+Lr mice were also able to upregulate the expression of the
activation marker MHC II in lung DC and to improve this population showing a more significant effect on CD11b* DC
subpopulation. At post-infection, lung Mo values were higher in BCD+Lr mice than in BCD mice and similar to those obtained
in WNC group. Although both repletion treatments showed similar values of lung Ma post-infection, the Ma activation state in
BCD+Lr mice was higher than that in BCD mice. Furthermore, BCD+Lr treatment was able to normalize the number and
activation of splenic Ma and DC after the challenge.

Lr administration stimulates respiratory and systemic mononuclear phagocytes. Stimulation of Ma and DC populations would
increase the microbicide activity and improve the adaptive immunity through its antigen-presenting capacity. Thus, Lr contributes
to improved outcomes of pneumococcal infection in immunocompromised hosts.
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Introduction

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s12602-019-09551-8) contains supplementary
material, which is available to authorized users.

Macrophages (Ma) and dendritic cells (DC) are key compo-
nents of the mononuclear phagocyte system and are critically
important for mediating protective immune responses in tis-
sues. These cells have several functions such as the identifi-
cation of pathogens through pattern recognition receptors, the
phagocytosis of invading pathogens, and the modulation of
inflammatory processes by secreting cytokines. In addition,
they play an essential role in adaptive immunity as antigen-
presenting cells (APC) [1]. Many APC subsets deliver not
only signal 1 (the antigen) but also late signals to instruct the
differentiation process of B cells into plasma cells in both a T
cell-dependent and T cell-independent manner [2].

Tissue Ma and DC populations are distributed through-
out the body but are typically found in higher numbers at
strategic sites, such as the mucosal surfaces, which are
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entry points for pathogens, and secondary lymphoid or-
gans, where adaptive immune responses are initiated. In
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steady state, monocytes (Mo) and pre-DC produced in the
bone marrow are released into circulation and can finally
extravasate in distant lymphoid and non-lymphoid tissues
to generate tissue-resident Ma and DC populations [1, 3].
Ma are found in great amounts in the alveolar space, so
they are crucial for pathogen clearance and the suppres-
sion of local inflammatory processes. It has been de-
scribed that circulating Mo are precursors of alveolar
Ma. This process requires an obligatory intermediate step,
the differentiation of blood Mo into parenchymal lung Ma
which subsequently migrate to the alveolar space [4].
Apart from Ma, there are plasmacytoid DC (pDC) and at
least two myeloid DC populations (CD103~ CD11b""
and CD103* CD11b"%) in the lung. Both CD11b"e"
and CD103" DC have a relatively short lifespan in the
lung and migrate to bronchial lymph nodes [5]. It has
been shown that Mo can give rise to CD11bhieht DC,
and pre-DC may produce CD103" DC [1]. The spleen, a
lymphoid organ and part of the mononuclear phagocyte
system, contains various populations. The red pulp Ma
remove old erythrocytes and recycle iron; the marginal
zone Ma protect the host by capturing and destroying
blood-borne pathogens; and the white pulp CD11cMeP
DC initiate adaptive immunity by presenting blood-
borne antigens to T cells [6]. Splenic DC, unlike Ma, do
not originate from Mo, but instead from pre-DC [7, §].
The spleen under steady state also contains a large reser-
voir of Mo which do not differentiate locally. The splenic
Mo are important because they can re-enter blood circu-
lation and be deployed to distant sites in response to in-
flammation [1].

Host immune status associated with age, chronic dis-
eases, and immunosuppression are all significant risk
factors for the development of severe pneumococcal in-
fection [9]. While the infection can be serious in immu-
nocompetent individuals, it can be devastating for those
who are immunocompromised. In this context, pneumo-
nia and malnutrition are two main causes of morbidity
and mortality in childhood. Several interventions that
aim to reduce the global burden of deaths from pneu-
monia have been identified. These include improving
nutrition and rates of breast-feeding, reducing housing
overcrowding, and improving access to antibiotics [9].
Lactic acid bacteria (LAB) can be used as a strategy as
well. Different LAB strains capable of modulating im-
mune responses via the induction of key immune sys-
tem molecules and cells have been used to improve
respiratory immunity [10—13]. Our research group dem-
onstrated that nasal administration of Lactobacillus
rhamnosus CRL1505 during repletion of malnourished
mice resulted in diminished susceptibility to the chal-
lenge with the respiratory pathogen Streptococcus
pneumoniae [14, 15]. Moreover, we showed that the

treatment of malnourished mice with balanced conven-
tional diet (BCD) supplemented with L. rhamnosus was
able to normalize spleen and lung B cell numbers and
to increase the levels of bronchoalveolar and serum
anti-pneumococcal antibodies [14]. In addition, this
treatment was effective in reducing quantitative and
qualitative alterations of CD4 T cells in the bone mar-
row, thymus, spleen, and lung of malnourished mice
[16].

Taking into account the fundamental role of Ma and
DC in the generation of adequate and efficient immune
response, we studied the effect of nasally administered
L. rhamnosus CRL1505 on mononuclear phagocytes, at
both respiratory and systemic levels, during (i) the dietary
recovery of malnourished mice and (ii) in the setting of
pneumococcal infection. This investigation will allow us
to know more details of the mechanisms involved in the
beneficial effect of L. rhamnosus over the immunity
against S. pneumoniae.

Materials and Methods
Microorganisms

Lactobacillus rhamnosus CRL1505 was obtained from the
CERELA culture collection. Lactobacilli (stored at —70 °C)
activated and cultured for 12 h at 37 °C (final log phase) in
Man-Rogosa-Sharpe (MRS) broth. The bacteria were harvest-
ed by centrifugation and washed with sterile 0.01 mol/L PBS,
pH 7.2 [17]. Encapsulated S. pneumoniae serotype 14
(ANLIS, Argentina) were isolated from the respiratory tract
of a patient from the Children Hospital, Tucuman, Argentina.

Animals and Treatments

Male 3-week-old Swiss-albino mice were obtained from
CERELA. Weaned mice were fed with a protein-free diet
(PFD) for 21 days, and the mice that weighed 45-50%
less than well-nourished mice were selected for the exper-
iments. Malnourished mice were divided into two groups:
mice were fed with a balanced conventional diet (BCD)
for 7 days (BCD group) or BCD for 7 days, and during
the last 2 days, the mice received L. rhamnosus CRL1505
(10® cells/mouse/day) by the nasal route (BCD+Lr group)
[14]. A third group of malnourished mice was used as the
malnourished control group (MNC). MNC mice received
only a PFD during experiments. Normal mice were used
as the well-nourished control (WNC) group. WNC mice
consumed only the BCD ad libitum during experiments.
The compositions of the BCD and PFD diets were de-
scribed previously [18].
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Pneumococcal Infection

Challenge with S. pneumoniae was carried out on the day after
the end of each treatment (day 8) by dropping 25 uL of the
inoculum containing 10° log-phase cells of S. pneumoniae in
PBS into each nostril as described previously [14]. Animals
were sacrificed at day O (before challenge) and at different
days post-infection. Animal studies and protocols were ap-
proved by the CERELA Ethical Committee of Animal Care.

Obtaining of Cell Suspensions

Spleen and lung cells from mice were prepared using the
method described previously [14, 19]. In brief, spleens were
homogenized in RPMI 1640 with 2% FBS and filtered
through a mesh. Lungs were minced and incubated 1 h in
digestion medium (RPMI-1640 supplemented with 5% FBS
and 140 kU/L collagenase type I, Sigma). The samples were
homogenized in RPMI 1640 with 5% FBS and filtered
through a mesh. Finally, samples were subjected to RBC lysis
(Tris-ammonium chloride, BD PharMingen), washed in
FACS buffer, counted on a hemacytometer, and kept on ice
until immunofluorescent labeling. Viability of the cells was
assessed through trypan blue exclusion.

Flow Cytometry and Staining Procedure

Flow cytometry was performed using a BD FACSCalibur TM
flow cytometer (BD Biosciences), and data were analyzed
using Flow Jo software (Tree Star). Spleen and lung cells were
pre-incubated with anti-mouse CD32/CD16 monoclonal anti-
body (Fc block) and stained with different combinations of the
following antibodies from BD PharMingen: FITC-labeled an-
ti-mouse CD11b, FITC-labeled anti-mouse CD11¢c, PE-
labeled anti-mouse MHC 11, PE-labeled anti-mouse Gr-1, bi-
otinylated anti-mouse CD11b, biotinylated anti-mouse B220,
biotinylated anti-mouse F4/80, APC-labeled anti-mouse
CDl1c¢, APC-labeled anti-mouse CD45, and APC-labeled an-
ti-mouse F4/80 antibodies. Streptavidin-PerCP was used as a
second-step reagent. In addition, the FL1 channel was used for
the assessment of autofluorescence (AF) in pulmonary cells.
The number of cells in each population was determined by
multiplying the percentages of subsets within a series of mark-
er negative or positive gates by the total cell number deter-
mined for each tissue. The results were expressed as absolute
number of cells per tissue.

Statistical Analysis
Experiments were performed in duplicate, and results were
expressed as mean + SD. Statistical analysis was conducted

using MINITAB software (version 15 for Windows). Two-
factor ANOVA was used to test the effects of the experimental
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groups, time, and their interaction. Tukey’s post hoc test was
used to test for differences between the mean values.
Significance was set at P < 0.05.

Results

Effect of L. rhamnosus CRL1505 on APC and Their
Precursors in the Lungs

First, we identified pulmonary leukocytes through their CD45
expression (Online Resource 1a). We found that the malnutri-
tion significantly impaired the number of lung leukocytes and
that the treatment with BCD or BCD+Lr increased this param-
eter, reaching values similar to WNC group (Fig. 1a).

It has been proposed that Mo reaching the lung are precur-
sors of Ma and DC [4]. Secondly, we studied pulmonary Mo
and Ma as CD1lc CD11b*F4-80* and CD11¢*CD11b”’
oW AF*F4-80" cells, respectively (Online Resource 1b-d)
[20]. Results indicated that malnutrition significantly reduced
the number of both lung Mo and Ma. Repletion of malnour-
ished mice with BCD increased the number of lung Mo and
Ma, but it was not able to normalize these values. Treatment
with BCD+Lr also increased the number of those populations.
In fact, BCD+Lr mice showed values of both Mo and Ma that
were not different from the WNC group (Fig. 1b, c). In addi-
tion, we studied the population of Gr-1" Ma as recently re-
cruited lung Ma. Significantly lower levels of Gr-1* Ma were
detected in MNC mice when compared with WNC mice. Both
BCD and BCD+Lr repletion treatments increased the number
of Gr-1* Ma. However, BCD+Lr showed values of Gr-1* Ma
higher than those of the WNC group (Fig. 1d). We studied
lung Ma activation by measuring their MHC-II expression
(Online Resource 1). Results showed that malnutrition im-
paired the MHC-II expression on lung Ma, and the mice treat-
ed with BCD or BCD+Lr were able to increase MHC-II levels
reaching values similar to WNC group (Fig. 1e).

We also evaluated the changes in the respiratory DC. Lung
myeloid DC were identified as CD11¢"CD11b*AF F4-80~
(subsets CD11b'" and CD11b*) and plasmacytoid DC as
CDI11c¢*CD11b "®VAF F4-80 B220". In addition, MHC-II
expression in DC was studied (Online Resource 1) [21].
MNC mice exhibited a significant decrease of total DC num-
bers as well as CD11b'%, CD11b*, and B220* DC subpopu-
lations when compared with any other group (Fig. 2). BCD+
Lr treatment was more effective than BCD alone in improving
the number of DC. The increase of pulmonary DC in BCD+Lr
group was mainly at the expense of an increase in CD11b" DC
population (Fig. 2¢). In addition, mice treated with BCD and
BCD-+Lr were able to normalize the number of CD11b'°% DC
and B220" DC (Fig. 2b, d). Protein deprivation decreased
MHC-II expression in lung DC. Both BCD and BCD+Lr
treatments increased DC MHC-II expression; however,
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Fig. 1 Number of lung leukocytes (a), monocytes (Mo) (b), macrophages
(Ma) (c), Gr-1* Ma (d), and expression of MHC II on Ma (¢). Well-
nourished mice (WNC), malnourished mice (MNC), and malnourished
mice fed BCD for 7 days that were or were not nasally administered
L. rhamnosus (BCD and BCD+Lr groups, respectively). Values are
means + SD, n=6. Means without a common letter differ (P <0.05), a
>b>c>d

BCD+Lr showed values of MHC II expression similar or
higher than those of the WNC group (Fig. 2e).

a b
4 - 3 -
a
2 2
= 3 A b =
~ b ~ 2 -
L 2 a
8 2 8
2 EEPN
1 (o]
b
0 - — 0 +
DC CD11b'*" myeloid DC
c d
2 a 06 1
g ) 204 -
3 b 3
~ ~ a
o 17 4
8 8 o2
S c 5
0 1 ! OO ’
CD11b* myeloid DC B220+* plasmacytoid DC
e
o 2 a
Qe
= b b
C
kel
[0}
[0}
o
Q.
X
o
(@)
I
E 1

Intermediate High

B wne [ ] unc M BcD [ BCD+Lr

Fig. 2 Number of lung total dendritic cells (DC) (a) and CD11b™¥ (b),
CD11b* (c) and B220* (d) DC subpopulations. Expression of MHC 1I on
lung total DC (e). Well-nourished mice (WNC), malnourished mice
(MNC), and malnourished mice fed BCD for 7 days that were or were
not nasally administered L. rhamnosus (BCD and BCD+Lr groups, re-
spectively). Values are means + SD, n=6. Means without a common
letter differ (P<0.05),a>b>c>d

Effect of L. rhamnosus CRL1505 on Mononuclear
Phagocytes in Lymphoid Tissue

We studied the effect of malnutrition and repletion treatments
in mononuclear phagocyte spleen populations. After
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identification of total myeloid cells through CD11b", spleen
Mo were subsequently identified as CD11¢ CD11b"&"F4-
go™mermediaie N a as CD11c CD11b*F4-80ME"MHCIT Y/ ™er
medize and DC as CD11c"$"CD11b"F4-80 MHCII™E" cells
(Online Resource 2) [8].

In the spleen, a decreased number of myeloid cells, Mo,
Ma, and DC were detected in MNC mice compared with
WNC group (Fig. 3a—c, e). In addition, we observed that mal-
nutrition significantly impaired Ma and DC MHC II expres-
sion (Fig. 3d, f). Both BCD and BCD+Lr treatments were able
to normalize the number of spleen myeloid cells, Mo, Ma, and
DC (Fig. 3a—c, e). Nevertheless, the repletion treatment with
BCD+Lr was more effective than the BCD treatment to up-
regulate the activation surface marker MHC-II on spleen
APC. In fact, L. rhamnosus treatment improved expression
of MHC-II in both spleen Ma and DC, reaching similar and
higher values than WNC group, respectively (Fig. 3d, f).

Effect of L. rhamnosus CRL1505 on Lung Mononuclear
Phagocytes After the Challenge with S. pneumoniae

We evaluated if the changes induced by nasal administration
of lactobacilli were able to influence the response of lung
presenting cells to the pneumococcal challenge.

An increase in the number of lung leukocytes, Mo, and Ma
was produced by the respiratory challenge. The infection in-
duced an increase of lung Ma activation state. In fact, we
observed an increase in the number of MHC II™e™ediate Vg
at the expense of a decrease in the MHC II' Ma after infec-
tion (Fig. 4). These changes were observed in all experimental
groups. In MNC mice, all these parameters were significantly
lower than in the WNC group (Fig. 4). In BCD mice, the
number of leukocytes after the challenge was not different
from the MNC group (Fig. 4a). However, the treatment of
malnourished mice with BCD+Lr was able to normalize this
parameter at day 5 post-infection. It also increased the number
of lung Mo. In fact, BCD+Lr mice showed values of Mo that
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Fig. 3 Number of total myeloid cells (CD11b") (a), monocytes (Mo) (b),
macrophages (Ma) (c), and dendritic cells (DC) (e) in the spleen.
Expression of MHC 1I on spleen Ma (d) and DC (f). Well-nourished
mice (WNC), malnourished mice (MNC), and malnourished mice fed
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were higher than BCD mice and similar to the WNC group
(Fig. 4b). Although there were no differences in the number of
lung Ma, the levels of MHC II on lung Ma in the BCD+Lr
group were higher than those in the BCD group (Fig. 4c, e).

Furthermore, the infection with S. pneumoniae induced a
transient increase in the number of lung DC (Fig. 5). No dif-
ferences were observed in the number of total DC or their
subpopulations between BCD and BCD+Lr groups. They pre-
sented similar or higher values than the MNC mice (Fig. 5).
The increase of DC after the challenge was accompanied by
an increase in the levels of MHC II expression in these cells.
Both BCD and BCD+Lr groups showed MHC II expression
levels similar to MNC mice (Fig. Se).

Effect of L. rhamnosus CRL1505 on Spleen
Mononuclear Phagocytes After the Challenge
with S. pneumoniae

The pneumococcal infection induced an increase in the num-
ber of spleen myeloid cells. However, in the BCD+Lr group,
this increase was observed on day 2 post-infection reaching
similar values to the WNC group. In MNC and BCD groups,
the increase of myeloid cells was observed on day 5 post-
infection (Fig. 6a). When spleen Mo and Ma were evaluated,
we found higher numbers of these cells after the challenge
compared with the basal levels (Fig. 6b, ¢). The MNC mice
showed the lowest numbers of spleen Mo and Ma. In the
group treated with L. rhamnosus, unlike the BCD group, the
number of spleen Mo and Ma was similar to the WNC mice
(Fig. 6b, c). In addition, the pneumococcal challenge induced
an increase of the expression of MHC II on spleen Ma in all
experimental groups. Despite the BCD and BCD+Lr groups
showing higher MHC II expression levels than MNC mice on
day 2 post-infection, only the BCD+Lr group reached similar
values of those to the WNC group (Fig. 6d).

The number of spleen DC also increased after the challenge
with the respiratory pathogen (Fig. 7a). In the WNC, BCD,
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BCD for 7 days that were or were not nasally administered
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means + SD, n=6. Means without a common letter differ (P <0.05), a
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<« Fig. 4 Number of lung leukocytes (a), monocytes (Mo) (b), macrophages

(Ma) (c), and Gr-1" Ma (d) after challenge with S. pneumoniae.
Expression of MHC 1II on lung Ma at day 2 post-infection (e). Well-
nourished mice (WNC), malnourished mice (MNC), and malnourished
mice fed BCD for 7 days that were or were not nasally administered
L. rhamnosus (BCD and BCD+Lr groups, respectively). Values are
means + SD, n=6. Means without a common letter differ (P <0.05), a
> b > ¢ > d. *Significantly higher than the basal values (before the
challenge) (P <0.05)

and BCD+Lr groups, the increase was at day 2 post-infection
while in the MNC group was at day 5 post-infection (Fig.7a).
In the BCD and BCD+Lr groups, the number of spleen DC
was similar to the WNC group. In addition, the levels of MHC
I expression on DC in the BCD+Lr group were higher than
the BCD group and similar to WNC (Fig.7b).

Discussion

We have used the gram-positive bacterium Streptococcus
pneumoniae to examine the macrophages and dendritic cells’
role in pulmonary defenses of immunocompromised-
malnourished hosts. S. pneumoniae is the most common cause
of pneumonia and may spread beyond the lung. The immuno-
compromised hosts have an increased susceptibility to pneu-
monia caused by S. pneumoniae as it has been previously
demonstrated in our murine model of malnutrition [14, 15,
17, 18]. Moreover, it was shown that the nasal administration
of Lactobacillus rhamnosus CRL1505 during malnourished
mice repletion was able to increase resistance against the re-
spiratory pathogen [14, 15]. Although the mechanism of this
effect is not completely understood, we know that the probi-
otic, L. rhamnosus CRL1505, improves lung and systemic
immune response [14, 15]. In this work, we focus our atten-
tion on the effect of L. rhamnosus supplementation on respi-
ratory and systemic macrophages and dendritic cells during
the immune response against S. pneumoniae infection in im-
munocompromised hosts.

L. rhamnosus Effect on Macrophages
in the Orchestration of Anti-pneumococcal Immunity

In steady state, alveolar macrophages are the resident phago-
cytes in the lung, thus constituting 90-95% alveolar cellular
content [22]. There are at least two distinct populations of
alveolar macrophages. Tissue-resident alveolar macrophages
develop outside of the bone marrow, become differentiated
into alveolar macrophages shortly after birth, and are capable
of self-renewal. Monocyte-derived alveolar macrophages
arise from circulating monocytes being mainly recruited to
the lung during inflammatory conditions [22]. The lung mi-
croenvironment supplies continuous signals to maintain or
replace the lung macrophage pool [23]. It is not well known
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«Fig. 5 Number of total dendritic cells (DC) (a) and CD11b"" (b),
CDI11b* (c) and B220" (d) DC subpopulations in lung after challenge
with S. pneumoniae. Expression of MHC II on lung DC at day 2 post-
infection (e). Well-nourished mice (WNC), malnourished mice (MNC),
and malnourished mice fed BCD for 7 days that were or were not nasally
administered L. rhamnosus (BCD and BCD+Lr groups, respectively).
Values are means = SD, n=6. Means without a common letter differ
(P<0.05), a>b > c > d. *Significantly higher than the basal values
(before the challenge) (P < 0.05)

how these signals work; however, granulocyte macrophage
colony-stimulating factor (GM-CSF) is known to play an im-
portant role [24, 25]. Our findings showed that malnutrition
impaired lung macrophage populations and BCD+Lr treat-
ment, unlike BCD, was able to increase the number of lung
macrophages reaching similar values to WNC mice. These
results are related to previous reports that demonstrated that
dietary supplementation with L. rhamnosus CRL1505 im-
proves bone marrow myelopoiesis in malnourished mice
through the increase of GM-CSF expression [15]. Humans
and mice, genetically deficient in GM-CSF or its receptor, fail
to develop alveolar macrophages capable of clearing surfac-
tant protein from the lung resulting in pulmonary alveolar
proteinosis [20, 26]. Based on these data, we hypothesize that
the recovery of lung macrophages by probiotic lactic acid
bacteria could induce changes inside the lung microenviron-
ment favoring the optimal levels of growth factors, especially
GM-CSF, and thus promoting the renewal of the resident al-
veolar macrophages. On the other hand, the increased arrival
of monocytes to the lung of BCD+Lr-treated mice could be
due to an increased release of monocytes from the bone mar-
row into circulation. Lung monocytes have the capacity to
differentiate on various APC types and contribute to increased
Gr-1" macrophages (recently recruited macrophages) that we
observed in the lung of BCD+Lr group.

Alveolar macrophages are key cells in the host defense
against pulmonary pathogens, e.g., S. pneumoniae. The bac-
teria are ingested and killed by alveolar macrophages, but
when the bacterial load exceeds the alveolar macrophage’
capacity, leukocyte recruitment begins. These additional
phagocytes become critical effectors of bacterial clearance
[27]. We observed an increased number of leukocytes, as well
as monocytes, macrophages, and dendritic cells in the lungs of
mice infected with S. pneumoniae. However, all these popu-
lations were impaired by malnutrition, which would explain
the difficulties of malnourished mice to eradicate the pathogen
from the lungs [14, 15]. Circulating monocytes supply periph-
eral tissues with macrophages and dendritic cell precursors.
Whenever an infection occurs, monocytes also contribute di-
rectly to innate immune defense. They are highly sensitive and
reactive to pathogen-derived molecules and can enhance mi-
crobicide defenses by producing TNF-« and iNOS [28].
Furthermore, monocytes can carry antigens from the infected
lungs to lymph nodes and transfer them to dendritic cells
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infection (d). Well-nourished mice (WNC), malnourished mice (MNC),
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which activate the CD4 T cells [29]. On the other hand, the
host microbiota play an important role in the modulation of
the local immune response during the steady state and lung
disease. Investigators have reported that changes in the micro-
biota can alter the gene expression profile of alveolar macro-
phages and impair antiviral response against the influenza
virus [30]. Here, we showed that the treatment of malnour-
ished mice with BCD plus L. rhamnosus was able to increase
and normalize the number of lung monocytes after the chal-
lenge with S. pneumoniae. Consequently, the recruited mono-
cytes would either help to eradicate the pneumococcus or give
rise to lung macrophages or dendritic cells, or carry antigen to
lymph nodes. In fact, we observed that both BCD and BCD+
Lr treatments normalized the number of lung macrophages
after infection. However, the macrophage activation state of
MHC II expression was higher in the BCD+Lr mice than in
the BCD group. The ability of L. rhamnosus CRL1505 to
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administered L. rhamnosus (BCD and BCD+Lr groups, respectively).
Values are means = SD, n=6. Means without a common letter differ
(P<0.05), a>b > c > d. *Significantly higher than the basal values
(before the challenge) (P < 0.05)

stimulate lung macrophages was consistent with the increased
microbicidal activity of alveolar macrophages previously ob-
served in the infected BCD+Lr mice [14, 15]. Therefore, the
treatment with CRL1505 can improve monocyte recruitment
into the lungs and beneficially modulate the microbicide ac-
tivity and the antigen presentation of pulmonary
macrophages.

As previously mentioned, pneumococcal infection can
spread beyond the lung, affecting sterile organs. We chose to
study anti-pneumococcal immune responses in spleen because
it combines an efficient removal of blood-borne microorgan-
isms with a highly organized lymphoid compartment and
makes the spleen the most important organ for antibacterial
and antifungal immune reactivity [6]. Asplenic individuals
have a 50-fold higher risk of developing sepsis and meningitis
due to infections with encapsulated bacteria such as
S. pneumoniae [31]. Splenic macrophages sense and remove
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Fig. 7 Number of spleen dendritic cells (DC) (a) after the challenge with
S. pneumoniae and their expression of MHC II at day 2 post-infection (b).
Well-nourished mice (WNC), malnourished mice (MNC), and
malnourished mice fed BCD for 7 days that were or were not nasally

administered L. rhamnosus (BCD and BCD+Lr groups, respectively).
Values are means + SD, n=6. Means without a common letter differ
(P<0.05), a>b > c > d. *Significantly higher than the basal values
(before the challenge) (P <0.05)
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bacteria overcoming the mechanisms of local defense thus
reaching the spleen through the bloodstream. At the marginal
zone, macrophages cooperate with B cells to develop the early
anti-polysaccharide IgM response [32]. Our results showed
that, after the pneumococcal infection, only the mice treated
with L. rhamnosus were able to increase and normalize the
number of splenic macrophages, as well as their activation
state. Consequently, normalization and activation of splenic
macrophages would reduce the host susceptibility to develop
a systemic infection.

L. rhamnosus Effect on Dendritic Cells
in the Orchestration of Anti-pneumococcal Immunity

Mucosal dendritic cells are the primary APC responsible for
stimulating the production of IgA at the mucosal surface. It was
demonstrated that lung dendritic cells induced the T cell—
dependent production of IgA more strongly than other pulmo-
nary APC, such as macrophages [33]. Activation and matura-
tion of dendritic cells is vital to initiation and priming of T cell
responses. Thus, activated dendritic cells can act on T cells and
steer them toward T helper (Th)1, Th2, Th17, and/or T regula-
tory responses with the subsequent effect of protection against
infections [34]. Our results showed that the L. rhamnosus treat-
ment significantly upregulated the expression of activation sur-
face marker MHC II in lung dendritic cells. The BCD+Lr treat-
ment was also able to improve the number of respiratory den-
dritic cells with a more remarkable effect on CD11b* dendritic
cells subpopulation. As mentioned above, lung monocytes can
give rise to CD11b"e" dendritic cells [1]; therefore, the in-
crease of monocytes in the lung of BCD+Lr mice could explain
the augmentation of lung CD11b" dendritic cells observed in
this group. This subpopulation would be the lung
CD11bMEMCD103™ dendritic cells described by Furuhashi
et al. [5]. The authors showed that mouse lung
CD11b°¥CD103" dendritic cells predominantly elicited Thi
and Th17 responses, whereas lung CD11b"€"CD103™ dendrit-
ic cells primarily provoked a Th2 response. In addition, Suzuki
et al. [35] showed that lung CD11b"¢" dendritic cells had a
more potent capability to induce IgA production than lung
CD103"* dendritic cells suggesting that CD11b™E" dendritic
cells are the principal APC that introduce IgA to the lung.
Our results suggest that the nasal administration of
L. rhamnosus can stimulate the activation/maturation of lung
dendritic cells and would be able to promote the differentiation
of the lung CD11b* dendritic cells population. This idea is in
agreement with our previous results that demonstrated that
BCD plus L. rhamnosus treatment enhances bronchoalveolar
Th2-cytokines and improves humoral immune response
against S. pneumoniae in recovering malnourished mice [16].
Thus, our data could indicate that nasal administration of
L. rhamnosus might induce dendritic cell maturation and evoke
local humoral immunity upon nasal administration.

@ Springer

It is known that both innate and adaptive immune re-
sponses are essential to avoid the invasive pneumococcal dis-
ease [36]. Humoral immune activation in the lung also induces
the systemic production of antibodies which are responsible
for preventing the passage of S. pneumoniae into the blood
[37]. In the spleen, after antigen-specific differentiation in the
follicles of the white pulp, plasmablasts migrate into the red
pulp. It has been found that plasmablasts require myeloid
CD11cMe" dendritic cells to survive in the red pulp and to
make the transition into plasma cells, which generate protec-
tive antibodies [6]. In addition, Xu and Banchereau [2] de-
scribed APC-derived soluble factors and ligand-receptor sig-
nals to direct B cell activation, proliferation, survival, and
differentiation toward plasma cells. In our experimental mod-
el, we found a marked decrease in the number and activation
state of the spleen macrophages and dendritic cells in the
infected malnourished mice. Those alterations in the spleen
of malnourished mice would affect their capacity to mount a
systemic humoral response. This is correlated with our prior
reports that have shown a significant impairment of the hu-
moral response against S. penumoniae in malnourished mice,
which was evidenced by the lower levels of serum anti-
pneumococcal antibodies [14]. The mice treated with
L. rhamnosus were able to reach values of both spleen mac-
rophages and dendritic cells similar to the WNC mice. This
treatment was also more effective than BCD for inducing ac-
tivation of spleen macrophages and dendritic cells (levels of
MCH II expression). Thus, the differences between both re-
plete groups could explain the higher capacity of lactobacilli-
treated mice to produce systemic antibodies in response to
pneumococcal infection [14].

Conclusion

Novel strategies to reduce S. pneumoniae infection in high-
risk populations may have important health benefits. Our re-
sults showed that L. rhamnosus CRL1505 nasal administra-
tion during a dietary recovery of malnourished mice was able
to improve the number and activity of lung and spleen mono-
nuclear phagocytes. Stimulation of respiratory and systemic
macrophages and dendritic cell populations would mean an
increase in microbicide defenses and a contribution to adap-
tive immunity through their antigen-presenting capacity and
their ability to direct B cell differentiation. Consequently, it
would result in a better control of the challenge with
S. pneumoniae, thus raising the potential of immunobiotics’
use as a way of preventing respiratory infections in immuno-
compromised hosts.

In conclusion, L. rhamnosus CRL1505 might improve the
number of macrophages and dendritic cells as well as regulate
their activation, providing further evidence that this strain has
the ability to influence and lead immune response. Although
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the mechanisms by which L. rhamnosus increases the resis-
tance to S. pneumoniae and improves the immune response
against the pathogen have not yet been fully elucidated, this
study provides new cellular bases for these effects.
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