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Abstract
The impact of ageing in innate immunity is poorly understood. Studies in the mouse model have
described altered innate immune functions in aged macrophages, although these were not generally
linked to altered expression of receptors or regulatory molecules. Moreover, the influence of ageing
in the expression of these molecules has not been systematically examined. We investigated age-
dependent expression differences in selected Toll-like and other pattern-recognition receptors,
receptors involved in inflammatory amplification, and in transmembrane and intracellular regulators
of inflammatory signaling. Young and aged macrophages were examined under resting conditions
or upon activation with Porphyromonas gingivalis, a major pathogen in periodontal disease, the
prevalence and severity of which increase in old age. We detected a limited number of age-dependent
alterations, involving both reduction and increase of immune activity. Interestingly, surface
expression of receptors that amplify inflammation (C5a anaphylatoxin receptor and triggering
receptor expressed on myeloid cells [TREM]-1) was elevated in aged macrophages. No significant
age-dependent differences were observed regarding the phagocytosis and intracellular killing of P.
gingivalis, consistent with lack of significant changes in phagocytic receptor expression and
induction of antimicrobial molecules. Therefore, at least at the cellular level, certain aspects of innate
immune function may not necessarily decline with age.
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1. Introduction
Infection-driven chronic inflammatory diseases generally appear rather late in life, although it
is not clear whether, or what kind of, age-related alterations in innate immune recognition are
responsible. Despite compelling evidence that adaptive immunity declines with age (Miller,
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1996), our current state of knowledge on age-related alterations in innate immunity is less clear.
A plausible hypothesis linking innate immune alterations to immunosenescence is that innate
recognition of microbial pathogens declines with age, consequently resulting in defective
immunosurveillance. However, this notion is not completely supported by the literature, which
has not yet reached a consensus conclusion (Gomez et al., 2008; Plowden et al., 2004; Solana
et al., 2006).

In addition to predisposing to increased susceptibility to a number of infectious or autoimmune
diseases (Gomez et al., 2008; Miller, 1996), advanced age is also associated with poor
periodontal health and increased prevalence and severity of periodontitis (Minaya-Sanchez et
al., 2007; Shizukuishi et al., 1998; Streckfus et al., 1999). This oral inflammatory disease
afflicts about 30% of the adult population (Oliver et al., 1998). However, an estimated 10–15%
develops severe periodontitis (Papapanou, 1996), which has a systemic impact on the patients
who thereby run increased risk for atherosclerotic heart disease, diabetes, pulmonary disease,
adverse pregnancy outcomes, and other systemic conditions (Pihlstrom et al., 2005). In terms
of etiology, periodontitis is associated with a finite group of oral pathogens that includes
Porphyromonas gingivalis (Hajishengallis, 2009; Socransky et al., 1998) and periodontal tissue
damage, including bone and tooth loss, may result from inadequate or excessive host responses
to bacterial challenge (Baker, 2000; Gaffen and Hajishengallis, 2008; Waldrop et al., 1987).
The mouse model has been productively used for in vitro and in vivo investigation of host-
bacterial interactions and elucidation of the host response in periodontitis (Graves et al.,
2008). Macrophages play important roles in the innate host response in periodontitis, as well
as in other chronic infections (Linton and Fazio, 2003; Teng, 2006).

As a professional phagocyte that mediates first-line defense, the macrophage is equipped with
Toll-like and other pattern-recognition receptors which recognize and respond to conserved
microbial structures (Beutler et al., 2003). Since Toll-like receptors (TLRs) generally respond
to different types of microbial structures, this property endows the macrophage (and other
innate immune cells) with a degree of specificity. For instance, TLR2 responds to bacterial
lipoproteins, TLR3 to double-stranded viral RNA, TLR4 to lipopolysaccharide (LPS), and
TLR5 to flagellin (Beutler et al., 2003). Although most TLRs (except for TLR3) signal through
the key adaptor molecule MyD88, TLR3 and TLR4 can activate MyD88-independent signaling
which is mediated by the TRIF adaptor (TIR-domain-containing adapter inducing IFN-β).
Moreover, TLR2 and TLR4 also utilize a MyD88-like adaptor (Mal) (O'Neill, 2006). These
differences and the compartmentalization of TLRs (TLR-1, −2, −4, −5, −6 expressed on the
cell surface; TLR-3, −7, −8, −9 located in endocytic vesicles) may result in qualitatively
different innate responses depending on the nature of the microbial challenge.

Studies in humans suggest that a number of monocyte/macrophage functions become
compromised with advancing age; these include chemotaxis, phagocytic and scavenger
receptor activity, production of reactive oxygen species, the inflammatory wound healing
response, and induction of certain cytokine responses (reviewed by Gomez et al., 2008;
Lloberas and Celada, 2002). However, discrepant results have often been reported attributable
to differences in experimental conditions and the health status of the donor subjects (Gomez
et al., 2008; Lloberas and Celada, 2002). Due to several limitations associated with the use of
macrophages from “healthy elderly subjects”, most studies on macrophage ageing have been
performed using cells from aged mice and rats (Gomez et al., 2008; Lloberas and Celada,
2002). Despite progress in understanding which macrophage activities may be affected as a
function of age, the underlying mechanisms remain poorly characterized.

In that regard, age-related alterations in macrophage functions have not generally been linked
to changes in expression of receptors responsible for mediating those activities. For example,
although phagocytosis appears to decline in aged mouse macrophages (reviewed by Plowden
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et al., 2004), the impact of ageing on phagocytic receptors is largely unknown. In fact, the
impact of ageing on innate immune receptor expression in macrophages has not been
systematically examined, although several studies have examined a limited number of
receptors. CD14, an important co-receptor for TLR2 and TLR4 (Beutler et al., 2003), was
shown to be expressed at lower levels in macrophages from aged mice compared to their young
counterparts (Vega et al., 2004). Another study found that aged mouse macrophages display
reduced expression of TLR1–9 at the mRNA level, although at the protein level the results
were confirmed only for TLR4 (Renshaw et al., 2002). Accordingly, LPS-induced cytokine
responses were found to decline with age (Renshaw et al., 2002). This observation was
confirmed by an independent study, although the age-dependent reduction in cytokine
responses was not attributed to decreased TLR4 expression (remained intact) but rather to
decreased expression of mitogen-activated protein kinases (Boehmer et al., 2004).

In this paper, we compared macrophages from young (8–10 week old) and old (≥ 18 months
of age) mice for expression of selected innate immune receptors at the mRNA and protein
levels, including examination of the inducibility of these receptors in response to P.
gingivalis challenge. Since age-dependent changes in macrophage responses may also involve
alterations in regulatory mechanisms, we additionally investigated expression and inducibility
of negative regulators of innate immune signaling. The data from these assays were then
considered for correlation with findings from functional assays, including antimicrobial and
cytokine responses to P. gingivalis and phagocytosis and intracellular killing of this pathogen.

2. Materials and Methods
2.1. Bacteria

P. gingivalis ATCC 32277 was grown anaerobically at 37°C in modified GAM medium
(contains 5 µg/ml hemin and 1 µg/ml menadione upon reconstitution) (Nissui Pharmaceutical).

2.2. Mice, cell isolation, and culture
BALB/cByJ mice (8–10 weeks of age [young] or ≥ 18 months of age [old]) were obtained from
the National Institute of Ageing. All animal procedures were approved by the Institutional
Animal Care and Use Committee, in compliance with established Federal and State policies.
Thioglycollate-elicited macrophages were isolated from the peritoneal cavity of mice as
previously described (Hajishengallis et al., 2005b). Specifically, mice were intraperitoneally
injected with 1 ml of sterile 3% thioglycollate, and cells were harvested 5 days later by flushing
the peritoneal cavity with 10 ml of ice-cold PBS three times. Isolated cells were then subjected
to density gradient centrifugation (Histopaque 1.083) to remove dead cells and red blood cell
contamination. The purity of macrophage preparations (> 90%) was confirmed by flow
cytometry using phycoerythrin-labeled anti-F4/80 (clone BM8; eBioscience). The
macrophages were rested overnight (at 37°C and 5% CO2 atmosphere) prior to use in
experiments. The culture medium used was RPMI 1640 (InVitrogen) supplemented with 10%
heat-inactivated fetal bovine serum, 2 mM L-glutamine, 10 mM HEPES, 100 U/ml penicillin
G, 100 µg/ml streptomycin, and 0.05 mM 2-mercaptoethanol. Cell viability was monitored
using the CellTiter-Blue™ assay kit (Promega). None of the experimental treatments affected
cell viability compared to medium-only control treatments.

2.3. Quantitative real-time PCR
Gene expression in resting or activated macrophages was quantified using quantitative real-
time PCR. Briefly, RNA was extracted from cell lysates using the PerfectPure RNA cell kit (5
Prime, Fisher) and quantified by spectrometry at 260 and 280 nm. The RNA was
reversetranscribed using the High-Capacity cDNA Archive kit (Applied Biosystems) and
quantitative real-time PCR with cDNA was performed using the ABI 7500 Fast System,
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according to the manufacturer's protocol (Applied Biosystems). TaqMan probes, sense primers,
and antisense primers for expression of genes shown in Figure 1, Figure 2, and Figure 4, or a
house-keeping gene (GAPDH) were purchased from Applied Biosystems.

2.4 Flow cytometry and antibodies
Macrophages were incubated with fluorescently labeled specific monoclonal antibodies
(mAbs) or Ig isotype controls (or with fluorescently labeled streptavidin in assays using
biotinylated mAbs), in a total volume of 100 µl staining buffer (ice-cold Dulbecco's PBS
containing 0.1% BSA and 0.01% azide). Subsequently, the cells were washed, fixed, and
analyzed by flow cytometry (FACSCalibur, Becton-Dickinson) and the CellQuest software.
The antibodies used were from the following sources. Mouse-specific mAbs to TLR1 (clone
TR23), TLR2 (6C2), TLR4 (UT41), CD14 (Sa2–8), CD11b (Ml/70), CD18 (M18/2), CD36
(72-1), CXCR4 (2B11), and their isotype controls were obtained from e-Bioscience. MAbs to
TLR5 (85B152.5) and Dectin-1 (2A11), and polyclonal antibody to SR-AI were from Abcam.
MAbs to TLR6 (418601), TREM-1 (174031) and TREM-2 (237920), as well as polyclonal
antibody to TREM-3 were from the R&D Systems. Anti-C5aR mAb (20/70) was from
Cedarlane Laboratories and anti-CD206 mAb (MR5D3) was from Biolegend.

2.5. Cell activation assays
Induction of cytokine release in culture supernatants of activated mouse macrophages (plated
at 2×105 cells/well) was measured using ELISA kits (eBioscience). Induction of nitric oxide
(NO) production was assessed by measuring the amount of NO2

− (stable metabolite of NO) in
stimulated culture supernatants using a Griess reaction-based assay kit (R&D Systems).

2.6. Phagocytosis
A flow cytometric method was performed to assess the uptake of FITC-labeled P. gingivalis,
as we previously described (Wang et al., 2007). Briefly, primary mouse macrophages were
incubated at 37°C with FITC-labeled P. gingivalis at a MOI of 10:1 for 30 min. Phagocytosis
was stopped by cooling the incubation tubes on ice. After cell washing to remove nonadherent
bacteria, in some groups extracellular fluorescence (representing attached but not internalized
bacteria) was quenched with 0.2% trypan blue. The cells were washed again, fixed with 1%
paraforlmadehyde, and analyzed by flow cytometry (% positive cells for FITC-P. gingivalis
and mean fluorescence intensity [MFI]) using the FACSCalibur and the CellQuest software
(Becton-Dickinson). Association (i.e., representing both adherence and phagocytosis) or
phagocytic indices were calculated using the formula (% positive cells x MFI)/100. Control
experiments using cytochalasin D to block phagocytosis indicated that cytochalasin D-
pretreated macrophages incubated with FITC-P. gingivalis and subsequently exposed to trypan
blue did not show significant fluorescence, thus confirming that trypan blue effectively
quenched extracellular fluorescence.

2.7. Antibiotic protection-based intracellular killing assay
The intracellular fate of phagocytosed P. gingivalis in macrophages was determined by an
antibiotic protection-based survival assay, as we previously described (Wang et al., 2007).
Briefly, following incubation of P. gingivalis with macrophages (at a multiplicity of infection
[MOI] of 10:1) for various time points, extracellular bacteria were eliminated by washing and
antibiotic treatment (gentamicin at 300 µg/ml and metronidazole at 200 µg/ml). Viable
internalized bacteria were released by macrophage lysis and serial dilutions of the lysates were
plated onto blood agar plates for anaerobic culture and CFU enumeration.
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2.8. Statistical analysis
Data were evaluated by analysis of variance and the Tukey-Kramer Multiple Comparisons Test
using the InStat program (GraphPad Software, San Diego, CA). Where appropriate
(comparison of two groups only), two-tailed t tests were performed. P < 0.05 was taken as the
level of significance. All experiments were performed at least twice for verification.

3. Results
3.1. Innate immune receptor gene expression in young and aged macrophages

Differences in innate receptor gene expression were examined in freshly explanted
macrophages in a resting state or upon stimulation with P. gingivalis. Macrophages obtained
from 8–10 week-old mice will be referred to as “young” and those from ≥ 18 month-old mice
will be referred to as “old” or ‘aged”. We examined a selected subset of TLRs (those expressed
on the cell surface; TLR-1, −2, −4, 5, and 6) and functionally associated receptors (CD14,
CD1lb, CD18, CD36, and CXCR4) that are relevant to the innate immune response to P.
gingivalis (Darveau et al., 2004; Hajishengallis et al., 2005a; Hajishengallis et al., 2006a;
Hajishengallis et al., 2008b; Triantafilou et al., 2007). Also included in the analysis were
important non-opsonindependent phagocytic receptors (the mannose receptor CD206, the β-
glucan receptor Dectin-1, and the scavenger receptor SR-AI) (Linehan et al., 2000; Underhill,
2007), the complement receptor for the C5a anaphylatoxin (C5aR; CD88) (Guo and Ward,
2005), and the family of triggering receptors expressed on myeloid cells (TREM) including
both activating (TREM-1 and −3) and inhibitory (TREM-2) receptors, which are thought to
fine-tune the TLR-induced inflammatory response (Klesney-Tait et al., 2006). No significant
differences were observed in basal gene expression between young and old macrophages, with
the exception of TLR5 which was expressed at lower levels in old macrophages (Fig. 1). P.
gingivalis induced significant upregulation (TLR2, TLR6, CD14, C5aR, TREM-1) or
downregulation (TLR5, CXCR4, TREM-2) of about half of the receptors examined (Fig. 1).
However, both young and old macrophages exhibited quantitatively comparable up- or down-
regulation of receptor gene expression in response to P. gingivalis (Fig. 1). The only exception
was TLR5, which was still expressed at significantly lower levels in P. gingivalis-stimulated
old macrophages relative to their young counterparts (Fig. 1). These data suggest that, in
general, age is not an important factor in determining the level of innate immune receptor gene
expression in macrophages. Moreover, age does not seem to play an important role in how
macrophages regulate their receptor expression in response to bacterial challenge.

3.2. Gene expression analysis of negative regulators of TLR signaling
The magnitude of the innate immune and inflammatory response is not exclusively dependent
upon the level of pattern-recognition receptor expression but is additionally determined by
intracellular regulatory molecules (Liew et al., 2005; O'Neill, 2008). We thus examined
intracellular negative regulators of TLR signaling in young and old macrophages for possible
differential expression and inducibility. The molecules examined and a brief rationale for their
selection as important regulators are as follows. The E3 ubiquitin-protein ligase known as
Triad3a promotes the degradation of certain TLRs (Liew et al., 2005), whereas the suppressor
of cytokine signaling-1 (SOCS-1) promotes the degradation of the TLR2- and TLR4-associated
adaptor molecule Mal (O'Neill, 2008). The Toll-interacting protein (TOLLIP) and the
interleukin-1 receptor-associated kinase M (IRAK-M) interfere with TLR signaling at the
IRAK-1 level, whereas A20, a key ubiquitin-editing enzyme, interferes immediately
downstream by de-ubiquitinating tumour-necrosis factor-receptor-associated factor (TRAF6)
(Liew et al., 2005). The mitogen-activated protein kinase phosphatase-1 (MKP-1) suppresses
TLR signaling by inhibiting the mitogen-activated protein kinase pathway (O'Neill, 2008). The
adaptor known as sterile alpha and HEAT/Armadillo motif protein-1(SARM-1) is a specific
inhibitor of TRIF-dependent TLR signaling.
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With the exception of MKP-1, the basal expression of which was significantly lower in old
macrophages, there were no significant differences in gene expression between unstimulated
young and old macrophages (Fig. 2). P. gingivalis induced significant upregulation of SOCS-1,
IRAK-M, A20, and MKP-1, although the elevated expression of these genes was similar
between young and old macrophages (Fig. 2). In contrast, the expression of Triad3a, TOLLIP,
and SARM-1 was not significantly affected by P. gingivalis stimulation (Fig. 2).

We have moreover investigated the following transmembrane regulators of TLR signaling.
The sphingosine 1-phosphate receptors type 1 and 2 (S1P1 and S1P2), which attenuate TLR
signaling through molecular cross-talk (Duenas et al., 2008; Hughes et al., 2008). ST2L is a
type I transmembrane protein which sequesters MyD88 and Mal and thereby inhibits
downstream TLR signaling; its soluble form (ST2) also inhibits TLR proinflammatory
signaling via a different but poorly understood mechanism (Liew et al., 2005). The single
immunoglobulin interleukin-1-related receptor (SIGIRR) interferes at the IRAK level of signal
transduction (Li and Qin, 2005), whereas the tumour-necrosis factor-related (TRAILR)
suppresses downstream events proximate to NF-κB activation (Liew et al., 2005). The
peroxisome proliferative activated receptor-γ (PPAR-γ) is a nuclear receptor which inhibits
TLR proinflammatory signaling, at least in part, by binding the relA subunit of NF-kB and
mediating its nuclear export (Shibolet and Podolsky, 2007).

SIGIRR was the only gene that was expressed differentially by young and old macrophages
under resting conditions; specifically, it was expressed at significantly higher levels in old
macrophages (Fig. 2). Although SIGIRR was significantly downregulated by P. gingivalis, old
macrophages still exhibited increased SIGIRR expression relative to their young counterparts
(Fig. 2). Moreover, P. gingivalis induced significant downregulation of the expression of S1P1
and PPAR-γ in both young and old macrophages, whereas ST2 was significantly upregulated
only in young macrophages (Fig. 2). The expression of S1P2, ST2L, and TRAILR was not
significantly affected by the presence of P. gingivalis (Fig. 2).

In summary, P. gingivalis significantly affected the expression of about half of TLR negative
regulators examined, although it tended to upregulate intracellular regulators (SOCS-1, IRAK-
M, A20, and MKP-1) and downregulate transmembrane regulators (S1P1, SIGIRR, and PPAR-
γ). However, significant age-dependent differential expression was observed only for SIGIRR
(higher in old macrophages) and MKP-1 (lower in old macrophages, though only under resting
conditions).

3.3. Flow cytometric analysis of innate receptor expression in young and aged macrophages
Possible differences in innate receptor expression at the protein level were investigated in
freshly explanted macrophages from young and old mice. The macrophages were examined
in a resting state or upon stimulation with P. gingivalis. As might be expected from the
corresponding gene expression data (Fig. 1), we did not observe significant age-dependent
differences in surface expression for most of the receptors investigated (Fig. 3). Statistically
significant differences (p < 0.05) were observed for C5aR, TREM-1 (Fig. 3A) and TLR2 (Fig.
3B), but TLR2 involved minor differences which may not be biologically important. Resting
old macrophages exhibited about two-fold higher surface expression of C5aR and TREM-1
compared to their young counterparts, although these differences were blunted upon activation
with P. gingivalis (Fig. 3A). Upon stimulation, both young and old macrophages displayed
significant (p < 0.05) upregulation of TLR2 (≥ 8-fold), CD14 (≥ 5-fold), CD18 (1.6- to 2-fold),
and TLR1 (40 to 50 %) (Fig. 3). The findings for the highly upregulated receptors (TLR2 and
CD14) were anticipated by the corresponding mRNA expression data (Fig. 1), although this
was not the case for the modestly upregulated CD18 and TLR1 (in fact, CD18 and TLR1 mRNA
expression was upregulated from a statistical point of view, but the two-fold cut-off difference
criterion was not met; Fig. 1). Macrophage stimulation with P. gingivalis also resulted in
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reduced surface receptor expression; these observations were interestingly restricted to young
macrophages and involved TLR6 and SR-AI (Fig. 3). In summary, although macrophages
regulate innate immune receptor expression at the protein level in response to P. gingivalis,
only C5aR and TREM-1 display age-dependent differential surface expression among 17
receptors investigated.

3.4. Induction of innate immune responses in macrophages from young and aged mice
We next determined possible age-dependent differences in the inducibility of a number of
immune response genes. Stimulation of young and old macrophages with P. gingivalis resulted
in comparable upregulation of gene expression of the inducible nitric oxide synthase (iNOS)
and of proinflammatory cytokines (TNF-α, IL-lβ, IL-6, IL-12p35, and IL-12p40), although
mRNA expression of the immunosuppressive cytokine TGF-β was not significantly affected
(Fig. 4). At the protein level, P. gingivalis induced low levels of IL-lβ (Fig. 5A) but high levels
of IL-6 (Fig. 5B) and especially TNF-α (Fig. 5C). However, significant age-dependent
differences were observed only for IL-6 (p < 0.05). Therefore, in general, there was no strong
correlation between cytokine induction data at the mRNA and the protein levels. We
additionally examined cytokine production following a secondary challenge with P.
gingivalis to determine possible age-dependent differences in the induction of tolerance, i.e.,
a transient state of reduced ability to elicit proinflammatory responses to repeated stimulation.
We found that young and old macrophages elicited similarly attenuated secondary cytokine
responses, suggesting that they were tolerized to a comparable extent (Fig. 5).

3.5. Comparison of young and aged macrophages in terms of bacterial uptake and killing
We next determined the comparative abilities of young and old macrophages for uptake and
intracellular killing of P. gingivalis. We observed no differences with regard to the association
(measuring both adherent and phagocytosed bacteria) of P. gingivalis with either age group,
or in terms of the phagocytic capacity of young and aged macrophages (Fig. 6A). Since the
intracellular bacterial load was similar between the two age groups, we could validly determine
their respective intracellular killing efficiency by monitoring the intracellular survival of P.
gingivalis. Enumeration of viable CFU at 1.5h and 15h post-challenge indicated comparable
killing of the pathogen by either age group. Consistent with these results, we found that the
production of nitric oxide, a key effector for P. gingivalis killing (Hajishengallis et al.,
2008b), was not significantly different between young and old macrophages (Fig. 6C). The
latter finding is also consistent with comparable induction of iNOS in young and aged
macrophages (Fig. 4).

4. Discussion
In this comprehensive but targeted study on age-related changes of innate immune receptor
expression and function, we detected only limited differences in macrophages from young and
old mice. Aged macrophages exhibited about two-fold higher surface expression of C5aR and
TREM-1. C5aR has been implicated in various local or systemic autoimmune and
inflammatory conditions and, therefore, has been targeted for antagonistic therapeutic
intervention (Ricklin and Lambris, 2007). TREM-1 is less well characterized but also functions
to amplify inflammation (Klesney-Tait et al., 2006). It is possible that increased surface
expression of C5aR and TREM-1 by macrophages (or other inflammatory cells) in advanced
age may be a mechanism that contributes, at least in part, to the heightened inflammatory status
associated with advanced age (Franceschi et al., 2000b). Moreover, the observed age-related
differential mRNA expression of SIGIRR and MKP-1, which can regulate TLR signal
transduction (O'Neill, 2008; Li and Qin, 2005), may impact on the way macrophages respond
to microbial TLR ligands, although additional studies are warranted to confirm the significance
of these results.
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In addition to alterations in the expression of receptors or signaling molecules, signal
transduction may be altered in old age as a consequence of changes in the composition of
membrane lipid rafts (Fulop et al., 2004), which serve as cellular signaling platforms (Simons
and Ikonen, 1997). For example, altered TLR4 signaling in aged human neutrophils was
attributed to changes in the recruitability of this receptor to lipid rafts, which display age-related
physicochemical changes (Fulop et al., 2004). Similarly, altered TREM-1 signaling in the same
cell type was explained by defective recruitment of TREM-1 to lipid rafts (Fortin et al.,
2007). Whether lipid raft-dependent changes also affect signaling in other innate immune cell
types and occur across species has not been specifically addressed. However, given the similar
structural organization and the global importance of lipid rafts in cell signaling (Hajishengallis
et al., 2006a; Simons and Ikonen, 1997; Triantafilou et al., 2002), this possibility seems
plausible. It is conceivable that age-associated alterations in lipid raft composition and function
could affect intracellular signaling even when surface receptor expression does not change with
age.

The age-dependent differences in C5aR and TREM-1 surface expression were not anticipated
by the gene expression data. For example, although C5aR mRNA was expressed at higher
levels in resting old macrophages than in young controls (in terms of simple statistical
difference), the two-fold cut-off difference criterion was not met. On the other hand, although
the gene expression data suggested that TLR5 may be downregulated in old age, this notion
was not supported by flow cytometric analysis at the protein level. Even though there were
instances where great differences in gene expression (e.g., upregulation of TLR2 and CD14
mRNA upon activation of both young and old macrophages) were fully confirmed at the protein
level, gene expression data would generally be considered as suggestive. Indeed, possible
posttranscriptional and/or post-translational regulation may have a great impact on protein
expression levels.

Consistent with limited age-dependent expression differences in innate immune receptors or
in regulatory molecules of TLR signaling pathways, we did not observe significant differences
in the abilities of young and old macrophages to respond to P. gingivalis upon a primary or
secondary challenge. A notable exception, however, was the production of IL-6 which was
dramatically reduced in old macrophages. Reduced induction of IL-6 production has also been
seen in aged human monocytes (Delpedro et al., 1998). Interestingly, production of IL-6
reverses the suppressive function of T regulatory cells and this is thought to be an effective
mechanism whereby adjuvants stimulate immunity and host defense (Pasare and Medzhitov,
2003). Aged individuals display impaired immune responses after vaccination (van Duin et
al., 2007) but whether this could be attributed to decreased IL-6 production has not been
addressed as yet.

Reduced IL-6 production in aged mouse macrophages was also seen in response to purified
TLR ligands, such as LPS, although different explanations were proposed (Boehmer et al.,
2004; Boehmer et al., 2005; Renshaw et al., 2002). Renshaw et al attributed the observed
reduced cytokine production to age-dependent decrease of TLR4 surface expression (Renshaw
et al., 2002). On the other hand, Boehmer et al did not observe reduced TLR4 surface expression
in old macrophages, and attributed their reduced responsiveness to reduced expression of
mitogen-activated protein kinases (Boehmer et al., 2004; Boehmer et al., 2005). In a subsequent
study by the same group, decreased TLR2-induced cytokine production was similarly linked
to age-dependent reduced expression of mitogen-activated protein kinases, rather than changes
in receptor surface expression (Boehmer et al., 2005). Interestingly, our study and those by
Boehmer et al used BALB/c mice, whereas Renshaw et al used C57BL/6 mice. Whether the
use of different mouse strains may result in distinct outcomes regarding the impact of ageing
on TLR expression is uncertain, but it is a possibility that needs to be considered.
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No age-dependent differences in the phagocytosis of P. gingivalis were found in our study, as
also seen with Candida albicans, which was phagocytosed comparably by young and old
mouse macrophages (Chen and Johnson, 1993). Although in general phagocytosis is believed
to decline as a function of age (reviewed by Plowden et al., 2004), our findings are consistent
with the fact that no age-dependent differences were seen in the surface expression of TLR2,
TLR1, CD14, CD11b, CD18. Indeed, these receptors play a major role in the macrophage
uptake of P. gingivalis (Hajishengallis et al., 2006b). Specifically, we previously showed that
P. gingivalis activates the ligand-binding capacity of CR3 (CD11b/CD18) via CD14-TLR2/
TLR1 inside-out signaling, leading to its internalization through a relatively safe pathway
where the pathogen can persist in a viable state (Hajishengallis et al., 2007; Wang et al.,
2007). Interestingly, these receptors (especially TLR2 and CD14) were upregulated in both
age groups by P. gingivalis. It is conceivable that the macrophage phagocytic activity is not
determined solely by host-related factors such as age, but it could also be regulated by the
pathogens, especially those that proactively stimulate their phagocytosis for immune evasion.

Young and aged macrophages also exhibited comparable induction of iNOS and production
of nitric oxide. This antimicrobial molecule is critical for the intracellular killing of P.
gingivalis (Hajishengallis et al., 2008b), which is exquisitely resistant to killing by the oxidative
burst (Hajishengallis et al., 2008a; Mydel et al., 2006). Not surprisingly, therefore, the
intracellular killing of P. gingivalis did not differ between young and old macrophages. Our
data are not in accordance with a study by Kissin et al who found that the ability of activated
mouse macrophages to express iNOS and produce nitric oxide declines with age (Kissin et al.,
1997). These investigators used purified Escherichia coli LPS as stimulus, whereas we used
whole cells of P. gingivalis, which produces atypical LPS molecules that are biochemically
and biologically distinct from enterobacterial LPS (Dixon and Darveau, 2005). It is possible
that the nature of the stimuli used in these assays may influence the outcome, although this
possibility has not been systematically addressed.

In contrast to our in vitro intracellular killing assays, in on-going in vivo studies we have found
that old mice show impaired killing of P. gingivalis in comparison with their young
counterparts (unpublished data). Superficially, this appears paradoxical and needs to be
discussed further. It has been recently argued that the various tissues may have greater control
over the initiation of immunity than previously thought (Matzinger, 2007). In this regard, the
function of macrophages may be dictated, in large part, by the type and condition of the tissue
they are located. In the context of ageing, therefore, it is likely that the aged local
microenvironment may influence the function of macrophages in ways that cannot be replicated
under in vitro culture conditions. For example, at least some of the innate immune dysfunction
in old age may be due to inefficient communication between macrophages (or other innate
immune cells) and the tissues, which appear to express lower levels of adhesion molecules and
display reduced responsiveness to growth factors (Stout and Suttles, 2005).

These notions may account for discrepancies between in vitro and in vivo studies on the impact
of ageing on innate immunity and the control of bacterial infection. In this regard, a recent
study could not correlate the in vitro fungicidal activities of human neutrophils from young
and old donors to the increased susceptibility to C. albicans infections in elderly individuals
(Murciano et al., 2007). Moreover, the concept that the tissues are very important in regulating
cellular function may also reconcile the observed limited in vitro phenotypic and functional
differences between young and aged macrophages with the elevated chronic inflammatory
status in old age (Franceschi et al., 2000b; Gomez et al., 2008). Alternatively, or in addition,
the progressively increased proinflammatory status seen in advanced age may be secondary to
inability to control infections. Specifically, uncontrolled overgrowth of microbes and persistent
challenge may lead to elevated inflammatory responses, even if the inflammatory cells in aged
individuals are not intrinsically more proinflammatory than their younger counterparts. The
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above discussed considerations raise concerns on the transferability of in vitro data to in vivo
situations, although in vitro studies may have suggestive value for understanding the impact
of ageing on macrophage function and innate immunity in general.

The heightened chronic inflammatory status associated with advanced age in humans has been
aptly coined as “inflamm-aging” (Franceschi et al., 2000b). Although it is generally uncertain
whether experimental mice undergo inflamm-aging like humans do, it is possible that mouse
inflamm-aging may be manifested at least in certain tissues. In this regard, we have recently
found that mice develop inflammatory periodontitis as a function of age, induced by their
indigenous oral microbiota and characterized by dramatic bone loss and elevated expression
of proinflammatory cytokines in the periodontal tissue (unpublished observations). It is thus
possible that chronic inflammatory periodontal bone loss may be an example of inflamm-aging
that is shared by both humans and mice.

To our knowledge, this is the first study that has comprehensively examined the impact of
ageing on macrophage expression of innate immune receptors and signaling regulators, and
on the macrophage ability to respond to and control a microbial challenge. Although in vitro
studies may reveal intrinsic age-related alterations in macrophage function, as seen in our study
with the elevated C5aR and TREM-1 surface expression in old macrophages, ageing may exert
additional influence when the cells function in their native microenvironments. In summary,
our data support the notion that, at least at the cellular level, certain aspects of innate immune
function may not necessarily decline with age. In fact, any age-associated changes that could
dysregulate innate immunity are likely to be dynamic, involving both loss and gain of immune
activity (DeVeale et al., 2004; Franceschi et al., 2000a; Gomez et al., 2008; Plackett et al.,
2004; Solana et al., 2006).
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Fig. 1. Relative expression of innate immune receptors in young and aged macrophages
Freshly explanted peritoneal macrophages from young or old mice were stimulated with P.
gingivalis (Pg; MOI=10:1) or medium (med) control for 4h. Quantitative real-time PCR
(qPCR) was used to determine mRNA expression levels for the indicated receptors (normalized
against GAPDH mRNA levels). Results are shown as fold induction relative to unstimulated
“young” macrophages. Each data point represents the mean (with standard deviation; SD) of
10 to 15 separate expression values, corresponding to qPCR analysis of total macrophage RNA
from individual mice. A minimum of two-fold difference was a requirement for further testing
of statistical significance. Asterisks indicate statistically significant (p < 0.05) differences
between “old” and “young” macrophages, within the same activation status. Black circles show
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statistically significant (p < 0.05) differences compared to unstimulated macrophages, within
the same age group.

Liang et al. Page 15

Mech Ageing Dev. Author manuscript; available in PMC 2010 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2. Relative expression of negative regulators of TLR signaling in young and aged macrophages
Freshly explanted peritoneal macrophages from young or old mice were stimulated with P.
gingivalis (Pg; MOI = 10:1) or medium (med) control for 4h. Quantitative real-time PCR
(qPCR) was used to determine mRNA expression levels for the indicated molecules
(normalized against GAPDH mRNA levels). Results are shown as fold induction relative to
unstimulated “young” macrophages. Each data point represents the mean (with SD) of 5 to 10
separate expression values corresponding to qPCR analysis of total macrophage RNA from
individual mice. A minimum of two-fold difference was a requirement for further testing of
statistical significance. Asterisks indicate statistically significant (p < 0.05) differences
between “old” and “young” macrophages, within the same activation status. Black circles show
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statistically significant (p < 0.05) differences compared to unstimulated macrophages, within
the same age group.
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Fig. 3. Flow cytometric expression analysis of selected innate immune receptors in young and aged
macrophages
Freshly explanted peritoneal macrophages from young or old mice were stimulated with P.
gingivalis (Pg; MOI = 10:1) or medium (med) control for 18h. The expression levels of the
indicated receptors was determined by flow cytometry after cell staining with appropriate
fluorescently labeled antibodies, and results are shown as mean fluorescent intensity (MFI).
The data were assigned to three panels (A–C) according to receptor expression level (A, low;
B, medium; and C, high) to facilitate visualization of differences. Each data point represents
the mean (with SD) of 5 to 10 separate MFI values corresponding to flow cytometric analysis
of macrophages from individual mice. Asterisks indicate statistically significant (p < 0.05)
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differences between “old” and “young” macrophages, within the same activation status. Black
circles show statistically significant (p < 0.05) differences compared to unstimulated
macrophages, within the same age group.
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Fig. 4. Induction of innate immune response gene expression in P. gingivalis-stimulated
macrophages from young or old mice
Freshly explanted peritoneal macrophages from young or old mice were stimulated with P.
gingivalis (Pg; MOI = 10:1) or medium (med) control for 4h. Quantitative real-time PCR
(qPCR) was used to determine mRNA expression levels for the indicated molecules
(normalized against GAPDH mRNA levels). Results are shown as fold induction relative to
unstimulated “young” macrophages. Each data point represents the mean (with SD) of 5 to 10
separate expression values corresponding to qPCR analysis of total macrophage RNA from
individual mice. Asterisks indicate statistically significant (p < 0.05) differences between “old”
and “young” macrophages, within the same activation status. Black circles show statistically
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significant (p < 0.05) differences compared to unstimulated macrophages, within the same age
group.
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Fig. 5. Induction of primary and secondary cytokine responses in P. gingivalis-stimulated young
and aged macrophages
Freshly explanted peritoneal macrophages from young or old mice were incubated overnight
with medium only (med) or with P. gingivalis (Pg; MOI = 10:1). The following day, the cells
were washed and restimulated or not, as indicated. After an additional overnight incubation,
culture supernatants were collected and assayed for IL-lβ (A), IL-6 (B), or TNF-α (C). Data
points are means with SD (n = 3); each point represents a triplicate group of macrophages
harvested from individual mice (10 young or old mice were used for each condition;
unstimulated [med/med], primary response [med/Pg], secondary response [Pg/Pg]). Asterisks
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indicate statistically significant (p < 0.05) differences between “old” and “young”
macrophages, within the same activation status.
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Fig. 6. Compative uptake and killing of P. gingivalis in young vs. aged macrophages
(A) Mouse macrophages were incubated for 30 min with FITC-labeled P. gingivalis strains
(MOI = 10:1). Association (i.e., representing both adherence and phagocytosis) or phagocytic
indices were determined by flow cytometry, as outlined in Materials and Methods, using the
following formula: % positive cells for FITC-P. gingivalis x MFI/100. (B–C) Mouse
macrophages were infected with P. gingivalis (MOI = 10:1) and viable CFU of internalized
bacteria were determined using an intracellular survival assay at 1.5h and 15h postinfection
(B). After 15 h, macrophages were also assayed for production of NO2 (stable metabolite of
NO) using a Griess reaction-based kit (C). Data are means (with SD) of triplicate
determinations. Asterisks indicate statistically significant (p < 0.05) differences between “old”
and “young” macrophages.
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