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ABSTRACT

Epidemiological studies have shown that the elderly are at higher risk of severe Streptococcus
pyogenes infections. In this study, we used a mouse model that displays the age-related loss of
resistance to S. pyogenes infection seen in humans to investigate the impaired immune
mechanism underlying the age-associated susceptibility to this pathogen. Young (2-3 months-
old) and aged (>20 month-old) BALB/c mice were subcutaneously or intravenously
inoculated with S. pyogenes and their capacity to control infection was compared. Aged mice
showed faster progression of disease, earlier morbidity and increased mortality when
compared with young animals. Since macrophages are critical for host defence against S.
pyogenes, we investigated whether susceptibility of aged mice may be due to an age-
associated decline in the functionality of these cells. Our results showed that macrophages
from aged mice were as capable as those from young animals to uptake and kill S. pyogenes,
but the number of resident tissue macrophages was significantly reduced in the aged host.
Treatment of aged mice with macrophage colony stimulating factors (M-CSF) significantly
increased the number of resident macrophages and improved their response to infection. Our
results indicate that treatment with M-CSF can restore, at least in part, the mechanisms
affected by immunosenescence and enhance natural resistance of aged mice to infection with
S. pyogenes.
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INTRODUCTION

With the continuous global increase in life expectancy, it is expected that by the middle of the
21st century more than 20% of the population will be over the age of 65 [1]. One major health
issue arising with age is the increasing prevalence and severity of some infectious diseases,
which partly reflects the age-related decline in the functionality of the immune system [2, 3].
The changes occurring within the immune system of the ageing individual are extensive, with
major changes in T-cell responses, including increasing frequency of memory phenotype
cells, clonal exhaustion, thymic involution and disrupted costimulation [4-8]. Defects in
humoral immunity, especially in the ability to generate particular antibody isotypes have been
reported [9]. Several studies have also shown that age-related defects in the immune system
are not restricted to adaptive immunity but can also be extended to the innate immune
response [10, 11]. Thus, neutrophils, macrophages and NK cells, important first line of
defence against bacterial infections, are impaired with advancing age [12-14].

Age-associated decreases in immune function seem to contribute greatly to the increased
susceptibility of elderly individuals to specific bacterial infections. In this regard,
epidemiological investigations have shown that S. pyogenes (the group A streptococci) is an
important cause of severe and life-threatening infections among the elderly population [15-
18]. Although S. pyogenes is the most common cause of pharyngitis and soft tissue infections,
it can also produce severe invasive diseases including bacteremia, necrotizing fasciitis and
septic shock [19]. Even though invasive infections comprise only a small proportion of the
total burden of streptococcal diseases, they are associated with high morbidity and mortality
with the highest incidence and fatality rate occurring in the population over 65 years of age
[20]. Therefore, there is an increasing need to identify strategies that can protect the elderly
against this insidious pathogen. To develop theses preventative or therapeutic strategies, it is
imperative to identify the deficiencies that lead to the increased susceptibility of the elderly to
S. pyogenes.

Studies addressing the age-related changes in the immune system that affect the response
to infection are in general, difficult to perform in ageing individuals because of the high
incidence of co-morbidity and the frequent use of medication. In this regard, the mouse model
has proved to be a very useful tool to understand the basis for increased susceptibility to
infection that accompanies advance age. Here, we have used a well-defined murine model of
S. pyogenes infection to fulfil the following objectives: (i) to compare the efficiency of the
immune defence mechanisms of aged (<20 months-old) and young (2-3 months-old) mice to
control S. pyogenes infection; (ii) to define the mechanisms by which aged mice may be more
susceptible than young animals to infection with this pathogen; (iii) to assess new
preventative or therapeutic measures to improve the capacity of the elderly immune system to
fight and defeat S. pyogenes.



MATERIALS AND METHODS

Bacteria. S. pyogenes A20 strain is a human isolate obtained from the German Culture
Collection (DSM 2071). Stocks were maintained at -70°C and were routinely cultured at 37°C
in Todd-Hewitt broth (Oxoid), supplemented with 1% yeast extracts. Bacteria were collected
in mid-log-phase, washed twice with sterile PBS, diluted to the required inoculum and the
number of viable bacteria determined by counting CFU after diluting and plating on blood
agar plates (GIBCO) containing 5% sheep blood.

Mice. Female BALB/c mice were purchased from Harlan-Winkelmann (Borchen, Germany)
and used for experiments when they were <20 months-old (aged) or 2-3 months-old (young).
Mice were housed in micro-isolator cages and kept under pathogen-free conditions. All
animal experiments were approved by the local ethical board (Niedersédchsisches Landesamt
fiir Verbraucherschutz und Lebensmittelsicherheit, Oldenburg, Germany).

Experimental infection models. For the subcutaneous infection model, young and aged mice
were anaesthetized with Isoba® (Essex, Munich, Germany) and infected subcutaneously with
the indicated amount of S. pyogenes in 100 pul of PBS at the right front flank. For the
intravenous infection model, S. pyogenes was inoculated into the animals via the lateral tail
vein. Mice were observed daily and mortality was recorded. In addition, some mice were
sacrificed by CO; inhalation at specific time intervals to measure bacterial burdens in
systemic organs and serum parameters. Organs were homogenized in PBS, serially diluted,
and plated onto blood agar. Colonies were enumerated 24 h thereafter and results expressed as
log;o CFU per organ.

In some experiments, mice were treated intraperitoneally with 0.5 mg of carrageenan
(type IVA; Sigma) 2 days prior to bacterial challenge to achieve partial depletion of resident
macrophages.

Determination of LDsy. Groups (n = 10) of young and aged mice were subcutancously
inoculated with either 107, 10° or 10° CFU of S. pyogenes and mortality was scored over a
period of 12 days. The 50% lethal dose (LDs) of S. pyogenes for young and aged mice was
calculated by the method of Reed and Muench [21].

Cytokines ELISA. The determination of TNF-a, IFN-y, IL-12 and IL-6 was performed by
specific ELISA as previously described [22].

FACS analysis. Cell suspensions were incubated for 5 min with anti-CD32/CD16 antibodies
to block the Fc receptors and then stained with phycoerythrin (PE)-conjugated anti-F4/80
(macrophages), anti-CD11c¢ (dendritic cells), anti-Gr-1 (neutrophils), anti-B220 (B cells), anti-
CD4 (CD4+ T cells) or anti-CD8 (CD8+ T cells) antibodies (PharMingen) and incubated for
30 min at 4°C. Labelled cells were analysed by flow cytometry in a FACScan (Becton
Dickinson).

Isolation and infection of bone marrow-derived macrophages. Isolation and differentiation
of murine bone marrow macrophages was performed as previously described [23].
Macrophages were infected with 10 bacteria per macrophage (10:1 MOI) and incubated for 2
h at 37°C, 5%CO,. Macrophages were then washed with sterile PBS, resuspended in complete
medium containing 100 pg/ml of gentamicin to kill non-ingested bacteria, and further
incubated at 37°C, 5% CO,. At the indicated time points, macrophages were disrupted with
distilled H,O to release intracellular bacteria, the resulting suspension was serially diluted and
bacterial numbers were determined after plating onto blood agar.
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Therapeutic treatment with M-CSF. M-CSF was obtained from Sigma and administered to
aged mice by intraperitoneal injection, using a daily dose of 5 pg per mouse starting 24 h
prior to bacterial inoculation.

Statistical analysis. Survival curves were analysed by the log-rank test. Data were analysed in
Excel 2000 (Microsoft Office) or GraphPad Prism 4.0 (GraphPad software). All data are
presented as mean £ SD. Comparison between groups was performed using the non-
parametric t-test. P values < 0.05 were considered as significant.



RESULTS

Aged mice exhibit greater susceptibility than young mice to systemic infection with S.
pyogenes. We have previously shown that young BALB/c mice are very resistant to S.
pyogenes infection initiated either subcutaneously or intravenously [22, 24]. In this study, we
investigated the potential influence of age in the response to S. pyogenes infection in BALB/c
mice. For this purpose, the mortality rates of aged (<20 months-old) versus young (2-3
months-old) mice after subcutaneous inoculation with 10° CFU of S. pyogenes were
compared. The results in Fig. 1A show that while all aged mice died by day 12 of infection,
none of the young mice died within this period of 12 days. The cumulative survival among
young and aged mice was then determined following subcutaneous inoculation with four
different doses of S. pyogenes (107, 10°, 10° or 10* CFU) (Table 1). The LDs, of subcutaneous
S. pyogenes was calculated as 2 x 10° CFU for young and 10" CFU for aged animals.

To determine whether the high mortality observed in the aged mice was associated with a
lower capacity to contain infection, bacterial growth was assessed in the systemic organs of
young and aged mice at increasing times after bacterial inoculation. In contrast to the effective
control of infection exhibited by young mice, aged animals were unable to contain bacterial
growth and developed severe septicaemia shortly after bacterial inoculation. Progressive
bacterial growth was evident in the liver (Fig. 2B) and spleen (Fig. 2C) of aged mice but not
in the organs of young animals. These results suggest that the greater susceptibility exhibited
by aged mice to S. pyogenes infection is associated with an impaired capacity to control
bacterial growth.

The age-associated differences in susceptibility to S. pyogenes was independent of the
route of inoculation since similar differences between aged and young mice were observed
when S. pyogenes was given intravenously (Supporting information, Supplementary Figure

).

Aged mice exhibited greater levels of systemic inflammation during S. pyogenes infection
than young animals.

As elevated levels of inflammatory cytokines have been associated with morbidity in patients
with severe invasive S. pyogenes infections [25-27], we compared the serum levels of
inflammatory cytokines in S. pyogenes-infected young and aged mice at 48 h after bacterial
inoculation, the time of infection at which dissemination of S. pyogenes to the systemic
organs was observed. As seen in Fig. 2, significantly greater levels of TNF-a (Fig. 2A), IL-6
(Fig. 2B), IFN-y (Fig. 2C) and IL-12 (Fig. 2D) were detected in the serum of infected aged
mice than in the serum of young animals. The increased levels of inflammatory cytokines in
the serum of aged mice most probably reflect the sustained systemic infection occurring in
these animals.

Macrophages from aged mice are not impaired in their capacity to phagocyte and Kill S.
pyogenes.

Having demonstrated the impaired capacity of aged mice to control the growth of streptococci
during infection, we sought to investigate the immune function responsible for this deficit.
Because resident macrophages play a critical role in the early control of S. pyogenes [28, 29]
and recent studies have shown age-related defects in the functional activity of these cells [13],
we hypothesised that an age-associated decline in macrophage function may account for the
age-related susceptibility to S. pyogenes. To evaluate this, we first determined the capacity of
macrophages to phagocyte and kill streptococci, in both young and aged mice. For this
purpose, macrophages derived from bone marrow of young and aged mice were infected in
vitro with S. pyogenes at a MOI of 1:10 for 2 h to allow bacterial phagocytosis. Gentamicin
was then added to kill extracellular non-ingested bacteria and the amount of internalised S.
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pyogenes was determined after releasing bacteria from infected macrophages and plated on
blood agar. As illustrated in Fig. 3A, no differences were observed between macrophages
from young and aged mice in their ability to uptake S. pyogenes. The kinetic data presented in
Fig. 3B shows that macrophages from aged mice were as capable as those from young
animals to eradicate the internalised microorganisms. Nevertheless, bacterial killing seems to
be faster in macrophages from young mice as shown by the significantly lower amount of
bacteria at 3 h postinfection (Fig. 3B).

Aged mice have significantly lower amounts of resident tissue macrophages than young
animals.

Macrophages originate in the bone marrow and migrate to body tissue through blood where
they differentiate into the specific tissue macrophage types and multiply under the influence
of cytokines and growth factors present in the tissue environment. It has been suggested that
ageing impacts tissue environment and consequently the functional homeostasis of
macrophages [30]. In addition, several studies have reported a reduction in the number of
alveolar macrophages with increasing age [30-32]. As macrophages from aged mice were not
affected in their anti-microbial activity against S. pyogenes, we speculated that an age-
associated loss of resident tissue macrophages may be responsible for the increased
susceptibility of aged mice. To test this hypothesis, we first sought to determine whether
young and aged mice differed in the number of resident macrophages present in the systemic
compartment. Interestingly, a significantly lower amount of macrophages were recovered
from the peritoneal cavity (Fig. 4A) and spleen (Fig. 4B) of the aged mice as compared to the
young animals. These results indicate that an altered number of macrophages may be
responsible for the impaired bacterial clearance observed in aged mice. We also examined the
frequency of other cell populations including dendritic cells, neutrophils, B and T cells in the
peritoneal cavity of young and aged mice. However, the only cell population that significantly
differed between young and aged mice was the B cells subset, in this case significantly
increased in the peritoneal cavity of aged mice than in that of the young mice (Supporting
information, Supplementary Figure 2).

To assess the consequences of a reduced amount of resident macrophages in the capacity
of mice to control S. pyogenes infection, young mice were partially depleted of resident
macrophages and then infected intravenously with S. pyogenes. As shown in Fig. 5A,
treatment of young mice with 0.5 mg of carrageenan induced partial depletion of resident
macrophages. The partially-depleted mice demonstrated significantly shorter survival times
(Fig. 5B) and ~1.5 log increase in bacteria in the liver (Fig. 5C) than non-depleted animals at
48 h after bacterial inoculation. These results provide definitive evidence that a reduction in
the resident macrophage compartment can have a significant impact in the capacity of mice to
control S. pyogenes infection.

Restoration of resident macrophages in aged mice after treatment with M-CSF.

The age-associated loss of resident macrophages may be a consequence of an age-related
dysfunctional haematopoiesis and shrinkage in the production of haematopoietic growth
factors, as previously reported [33]. Based on the central role of colony-stimulating factor 1
(M-CSF or CSF-1) for regulating the production, maintenance and function of macrophages
[33, 34], in addition to the observation that intravenous administration of recombinant human
M-CSF into mice causes a dose-dependent increase in the numbers of circulating monocytes
and tissue macrophages [35], we next determined whether in vivo treatment of aged mice with
M-CSF can increase the number of effector resident macrophages in aged mice. For this
purpose, aged mice were treated with M-CSF and the percentage of macrophages in the
peritoneal cavity was determined 24 h thereafter. The results depicted in Fig. 6A show a



significant increase in the frequency of resident peritoneal macrophages in aged mice after
treatment with M-CSF when compared with PBS-treated animals.

To determine whether the increased amount of resident macrophages induced by M-CSF
treatment translated into increased resistance to S. pyogenes infection, aged mice were treated
with M-CSF and challenged with S. pyogenes. M-CSF treatment afforded ~1 log reduction in
S. pyogenes loads in the liver compared with PBS-treated control animals (Fig. 6B). The
levels of TNF-a were also significantly lower in M-CSF-treated aged mice than in aged mice
receiving PBS (Fig. 6C). Therefore, treatment with M-CSF significantly increased the
frequency of resident tissue macrophages and improved the capacity of aged mice to control
S. pyogenes infection.



DISCUSSION

Age is clearly a risk factor for severe S. pyogenes infection in humans [15-18]. The goal of
the present study was to use a murine model of S. pyogenes infection that exhibits the age-
related loss of resistance seen in humans to define specific deficiencies in the immune
function that lead to the age-related increase in susceptibility to infection. This murine model
of streptococcal infection was also used to evaluate new approaches to enhance the resistance
of the aged host during encounters with this pathogen.

We have shown here that mice became more susceptible to S. pyogenes infection with
increasing age. The increased susceptibility of aged mice was manifested by a complete
failure to control bacterial growth after systemic challenge. Our objective was then to identify
which immune mechanisms involved in bacterial clearance are impaired in the aged host.
Given the importance of resident macrophages in combating S. pyogenes infection, we
examined the potential impact of age in the anti-microbial activity of macrophages against
this pathogen. In the assessment of macrophage function, we observed no differences in the
phagocytosis and eradication of S. pyogenes when comparing macrophages from young and
aged animals. This suggests that the increase vulnerability of the aged mice to severe
streptococcal infection may reflect age-related physiological changes that are not related to
macrophage dysfunction per se and that other age-associated factors may indirectly have an
impact in macrophage function. In this regard, it has been shown that stromal environment of
different organs such as bone marrow or spleen change with age, resulting in reduced
haematopoiesis and peripheral homeostasis [30]. Therefore, we then considered the possibility
that the deficient control of bacterial growth observed in aged mice may be caused by a
disruption in the functional homeostasis of macrophages rather than by an age-associated
intrinsic defect in the lineage. We proved this assumption by demonstrating that aged mice
had a significantly lower number of resident tissue macrophages than young animals. The
impact of a reduced number of resident macrophages in the capacity of mice to control S.
pyogenes infection was further demonstrated by the exacerbation of infection observed in
young mice after partial depletion of resident macrophages. Reduction of resident
macrophages in aged mice has been observed in previous studies with different infection
models. Antonini et al. [32] reported a decrease in total number of alveolar macrophages
retrieved by bronchoalveolar lavage in aged rats as compared to young rats. In the same study,
the authors found no differences between aged and young animals in the functionality of
alveolar macrophages but they observed an increase in mortality and pulmonary inflammation
in the aged rats after intratracheal challenge with bacterial pathogens [32]. Decline of resident
immune cells with age is not limited to tissue macrophages since studies of aged mice have
shown that the density of Langerhans cells in the epidermis and dendritic cells in Peyer’s
patches and spleens also declines in aged mice [37-40]. A reduction in plasmacytoid dendritic
cells in peripheral blood of elderly individuals has been also reported [41].

If age-related changes in macrophage function are caused by the impact of ageing in
tissue environments, these functional changes may be reversible rather than intrinsic.
Therefore, boosting the regulatory factors in the aged environment may restore, at least in
part, the effector functions of macrophages. The proliferation, differentiation, survival and
mature function of mononuclear phagocytes are regulated by M-CSF [34]. Intravenous
administration of recombinant human M-CSF into mice has been shown to cause a dose-
dependent increase in the numbers of circulating monocytes and tissue macrophages [35]. For
these reasons, we evaluated whether treatment with M-CSF could induce repopulation of
resident tissue macrophages in aged mice and increase immunity in this animals during
infection. Our results show that indeed, treating aged mice with M-CSF induced a significant
increase in the number of resident tissue macrophages that translated in enhanced natural
resistance to S. pyogenes. The augmentation of tissue macrophages in aged mice after
treatment with M-CSF can be explained by the stimulation of in situ proliferation of existing
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resident macrophages and/or by enhancing monocytes migration from blood into tissue. This
beneficial effect of M-CSF on enhancing resistance of aged mice to S. pyogenes infection
coupled with the favourable safety profile of studies employing human M-CSF in clinical
trials [42] could be of interest for the development of new approaches to temporarily increase
immunity of aged individuals against S. pyogenes and probably against other pathogens.

In summary, the results presented here demonstrate that an age-related decline in the amount of
resident tissue macrophages may contribute to the vulnerability of aged mice to streptococcal
infection. In any event, it should be clear that due to the high degree of complexity of the immune
system, coupled with its interactions with the nervous and the endocrine systems, a holistic approach
is needed for a more comprehensive understanding of the basis for increased susceptibility to infection
in the elderly population.
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FIGURE LEGENDS

FIGURE 1. Enhanced susceptibility of aged mice to S. pyogenes infection. (A) Survival
curves of young (white symbols) and aged (black symbols) mice after subcutaneous infection
with 10° CFU of S. pyogenes. Comparison of survival curves was performed by use of the
Logrank test. S. pyogenes-infected aged mice exhibited significantly shorter survival times
than infected young animals (p < 0.001). Kinetics of bacterial growth in the spleen (B) and
livers (C) of young (white symbols) and aged (black symbols) mice after subcutaneous
infection with 10° CFU of S. pyogenes. Each point represents the mean + SD of five mice per
group. One experiment out of three is shown. *** p <0.001.

FIGURE 2. Aged mice exhibit greater levels of inflammatory cytokines during S.
pyogenes infection than young animals. Young and aged mice were infected subcutaneously
with 10° CFU of S. pyogenes and the serum levels of TNF-o. (A), IL-6 (B), IFN-y (C), and IL-
12 (D) were determined at 48 h of infection by ELISA. Each bar represents the mean + SD of
three independent experiments. **, p < 0.01; *** p <0.001.

FIGURE 3. Comparable capacity of macrophages from young and aged mice to
phagocyte and kill S. pyogenes. (A) Quantification of S. pyogenes internalised by
macrophages derived from either young (white bar) or aged (black bar) mice after 2 h of
infection. Each bar represents the mean + SD of three independent experiments. (B) Kinetic
of bacterial eradication by macrophages derived from either young (white symbols) or aged
(black symbols) mice after in vitro infection with S. pyogenes. Each symbol represents the
mean £ SD of three independent experiments. *, p < 0.05.

FIGURE 4. Aged mice have significantly lower number of resident tissue macrophages
than young animals. (A) Flow cytometry analysis of peritoneal exudates obtained from
young (i, iii) and aged (ii, iv) mice. The upper panels are representative dot plot diagrams
showing the peritoneal macrophage population (red) in young (i) and aged (ii) mice as
determined by the size (FCS-H) and granularity (SSC-H) co-ordinates. The lower panels show
the quantification of the amount of macrophages in the peritoneal cavity of young (iii) and
aged (iv) mice performed after staining the peritoneal exudates with anti-F4/80 antibodies.
One experiment out of three is shown. (B) Quantification of the amount of resident
macrophages in the spleen of young (white bar) and aged (black bar) mice. Bars represent the
mean + SD of three independent experiments. *** p < 0.001.

Figure 5. Partial depletion of resident macrophages impaired the capacity of young mice
to control S. pyogenes infection. Young mice were partially depleted of macrophages by
treatment with 0.5 mg of carrageenan 2 days prior to infection and then challenged
intravenously with 10° CFU of S. pyogenes. Control mice were injected with PBS. (A)
Percentage of resident macrophages in the peritoneal cavity of PBS-treated (white bar) or
carrageenan-treated (black bar) young mice as determined by flow cytometry. (B) Survival
curves of young (white symbols) and aged (black symbols) mice after intravenous infection
with 10° CFU of S. pyogenes. Comparison of survival curves was performed by use of the
Logrank test. S. pyogenes-infected carrageenan-treated young mice exhibited significantly
shorter survival times than infected PBS-treated control animals (p = 0.0251). (C) Bacterial
loads in the livers of PBS- treated (white bar) or carrageenan-treated (black bar) young mice
at 48 h after bacterial inoculation. Each bar represents the mean + SD of three independent
experiments. *** p <0.001.
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FIGURE 6. Treatment with M-CSF leads to increased resident macrophages numbers
and enhanced resistance to S. pyogenes infection in aged mice. (A) Percentage of
macrophages (F4/80+ cells) in the peritoneal cavity of aged mice after treatment with either
M-CSF (black bar) or PBS (white bar). (B) Bacterial loads in the liver of aged mice treated
with either M-CSF (black bar) or PBS (white bar) at 48 h of infection with S. pyogenes. (C)
Levels of TNF-a in the serum of aged mice treated with either M-CSF (black bar) or PBS
(white bar) at 48 h of infection with S. pyogenes. Each bar represents the mean + SD of three
independent experiments. *, p < 0.05; *** p <0.001.
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Table 1. Survival data analysis of young and aged mice after subcutaneous inoculation
with different doses of S. pyogenes

Inoculum dose' % survival® Median survival times p-value®
Young Aged Young Aged

10* 100% 50% n.d. 10 0.0118

10° 100% 0% n.d. 6 <0.0001

10° 60% 0% n.d. 6 0.016

10 30% 0% 6 5 0.0543

"CFU of S. pyogenes

? Percentage of mice surviving after 12 days of infection

3 Comparison of survival curves of young versus aged mice by the Logrank test
n.d., undefined
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