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ABSTRACT:

In the elderly patient population, it has become increasingly evident that immune

dysregulation is a contributing factor to age-related pathologies and their associated morbidity and
mortality. In particular, elderly subjects are plagued by poor responses to infectious challenge and
immunization and are at heightened risk for the development of autoimmune, neuroinflammatory and
tumor-associated pathologies. Rodent models of aging and age-related disorders have been utilized to better
describe how innate immune cell dysfunction contributes to these clinical scenarios. As the elderly
population continues to increase in size, use of these aging rodent models to study immune dysregulation
may translate into increased healthy living years for these individuals.

Key words: Inflammation; Neutrophils; Macrophages; Dendritic Cells; Natural Killer Cells; Natural Killer T

Cells

In the elderly population, individuals become more
susceptible to opportunistic bacterial and viral infections
and have an increased incidence of autoimmune diseases
and malignancy [1-3]. A predominate contributing factor
to these clinical ailments is dysfunction of the immune
system. In particular, dysregulation of the innate immune
response contributes directly to aging pathologies, as
well as indirectly by altering activation of the adaptive
arm of the immune response. In aged individuals, there is
a paradoxical activation of baseline inflammation
referred to as “inflamm-aging” coupled with a refractory
response  to immune  challenge known as
“immunosenescence” (reviewed in [3-6]). With
advanced age, the inability to balance pro- and anti-
inflammatory responses generates a basal elevation in
pro-inflammatory mediators that may blunt appropriate
innate and adaptive cellular immune activation and
function. This disrupted balance between inflammation
and immune activation may contribute to a variety of co-
morbidities and increased mortality following both local
and systemic insults [7-11]. Use of rodent models

allows examination of how advanced age impacts basic
innate immune cell biology. Further, clinically relevant
rodent models of trauma and tissue injury, infection,
tumor immunology and autoimmunity highlight the role
of innate immune cell subsets in age-related pathologies.
Herein, we discuss dysregulation of neutrophil,
macrophage, dendritic cell (DC), natural killer (NK) cell
and natural killer T (NKT) cell function in rodent
models, and how age-associated alterations in these
innate immune cell subsets can negatively impact the
host immune response and contribute to poor clinical
outcomes.

Rodent Models of Aging: Animal Strains and Age
Ranges

In the rodent aging literature, a variety of animal strains
and respective ages are often utilized. In murine studies,
the majority of aging research is conducted in C57/BL6,
BALB/c or CBA mice, and typically young mice are 2-4
months old and aged mice are between 18-24 months
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[12-18]. However, other investigators have utilized aged
mice less than 18 or greater than 24 months of age [19-
22]. Though fewer aging and innate immune studies
have been conducted in rats, rat models of aging
characteristically use inbred F344 rats or outbred Wistar
rats. In these studies, young rats were typically between
1-3 months of age, with a wider range between 9-24
months being considered an aged animal [23-26]. Basal
differences in animal strains and designated age ranges
may contribute to the inconsistent outcomes observed in
studies regarding innate immune cell number or
function. In turn, these baseline variations can be
exacerbated in in vivo model systems of injury and
trauma, infection, tumorigenesis and autoimmunity,
potentially cofounding outcomes. When examining the
aging literature, it is important to take these
inconsistencies into account in data analysis and
interpretation. As we discuss aging and innate immune
studies in rodent models, we will highlight where
difference in rodent models may contribute to divergent
data.

Neutrophils

Neutrophils are a critical first line of defense for the
innate arm of the immune system in response to
infectious challenge. Following recruitment, activated
neutrophils phagocytose pathogens and cellular debris,
generate reactive oxygen species (ROS) and release a
variety of antimicrobial peptides, pro-inflammatory
cytokines and hydrolytic enzymes [27-30]. While a
multitude of human studies not discussed here
demonstrate cellular changes in neutrophil functions
such as phagocytosis and ROS production with advanced
age [6, 31-33], differences are not as robust in rodent
research models. However, many rodent studies do
elucidate how age-related differences in the neutrophil
population contribute to the host response to trauma,
infection and tissue injury [12, 14, 17, 34, 35].

Neutrophil Differentiation

With increased age, there is a shift in the hematopoietic
stem cell (HSC) pool towards generation of myeloid
lineage cells, including neutrophils (reviewed in [36]).
To extend these findings, Miyamoto et al. examined the
impact of forkhead box O3a transcription factor
(FoxO3a) in regulation of HSC differentiation in aged
mice [37]. The family of FoxO transcription factors
mediate many cellular processes [38], and have been
shown to be a player in HSC differentiation via
modulation of oxidative stress [38]. Considering the
contribution of oxidative stress to immune dysregulation
with age (reviewed in [39]), the impact of this particular
pathway in the maintenance of the circulating neutrophil

pool is of interest. Data from this group demonstrated
that during recovery from myelosuppressive treatments,
aged FoxO3a deficient mice exhibited profound
neutrophilia compared to young knockout mice [37].
This increase in neutrophils was associated with loss of
inhibition of FoxO3a on Sprouty-related Ena/VASP
homology 1 domain containing proteins 2 (Spred2), a
negative regulator of cell proliferation, as well as
activation of AKT and extracellular signal-related kinase
(ERK) in the aged knockouts. This study provides novel
insight into maintenance of the HSC pool in aging, and
extensions of these studies to examine the affect of age
on expression of the FoxO family of transcription factors
may further characterize the hematopoietic disruption
and altered neutrophil development and function
observed in aged animals.

Trauma and Tissue Injury

In the setting of systemic insults, such as those seen
following traumatic injury or sepsis, an over exuberant
neutrophil response may contribute to the systemic
immune response syndrome (SIRS), and the associated
morbidity and mortality in aging patients [40-42]. Since
the age of the patient is a major clinical predictor of
outcome following trauma, several murine studies have
investigated how neutrophils as early immune mediators
may be contributing to poor clinical outcomes after
major trauma and tissue injury [11, 12, 14, 17]. Our
laboratory has previously shown that aged mice exhibit
increased mortality following a 15% total body surface
area (TBSA) full-thickness burn trauma as compared to
young mice subjected to the same injury [11]. These
aged mice have elevated levels of the neutrophil
chemokine CXCL1 in lung tissue which translated into
heightened neutrophil infiltration and pulmonary
inflammation 24 hours following burn injury [14].
Administration of anti-CXCR2 antibody in aged mice
reduced levels of neutrophil accumulation and
pulmonary inflammation to levels observed in young
mice [14], perhaps suggesting that modulating the
neutrophil response following systemic insult may
decrease pulmonary co-morbidities.

In the setting of local tissue injury, alterations in
neutrophil infiltration may also play a role in resolution.
Following cutaneous tissue injury, neutrophils are the
first phagocyte to enter the wound bed, helping to incite
an inflammatory response against invading organisms. In
aged BALB/c mice, Swift et al. observed a significant
delay in wound closure as reported in other studies [12,
17, 43, 44]. In this study age-related differences in
neutrophil recruitment to the site of cutaneous injury
were observed at early time points, they did not reach
significance [17]. Conversely, Nishio et al. demonstrated
that neutrophil peak infiltration was delayed in aged
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C57BL/6 mice following cutaneous injury [12].
Moreover, Gr-1 mediated neutrophil depletion further
delayed wound closure in aged mice. Systemic
administration of granulocyte-colony stimulation factor
(G-CSF) or topical application of peritoneal-derived
neutrophils from young mice restored rates of wound
closure to those observed in young mice [12]. In the
setting of cutaneous wound infection, our laboratory has
observed that aged BALB/c mice exhibit increased
bacterial colonization at the wound site and that this
correlated with decreased neutrophil accumulation (AL
Brubaker and EJ Kovacs, unpublished observations).
Moreover, aged mice exhibit increased CXCL1 and
CXCL2 levels in wound homogenates relative to the
percentage of neutrophil recruitment to the wound bed,
suggesting that aged mice may require a stronger
chemotatic stimulus to mediate a similar migratory
response (AL Brubaker and EJ Kovacs, unpublished
observations).

Though fetal or adult wound healing studies often
consider neutrophil recruitment detrimental to wound
closure and scar formation [45], these studies highlight
how findings in young model organisms are not always
directly applicable to the aged organism. Moreover, the
differing results in these studies reflect a major caveat in
rodent aging studies, as different animal strains can lead
to alternative outcomes. Future in vivo rodent models
and injury paradigms should be evaluated to determine
their relative correlation with findings in human studies
to better optimize rodent aging research. Though
additional studies need to be conducted to better
establish the role of neutrophils in wound healing and
trauma in aged animals, the impact of age on neutrophil
infiltration kinetics and function may contribute to
adverse clinical outcomes such as suboptimal healing
and infectious complications in the elderly.

Infection and Environmental Exposures

Several other studies have examined the role of
neutrophils in aged rodents following infectious
challenge or environmental exposures [15, 25, 34, 35,
46]. In one such study, exacerbated lipopolysaccharide
(LPS)-induced pulmonary inflammation in aged mice
was correlated with increased levels of CXCL1, CXCL2,
IL-1pB and prolonged pulmonary neutrophilia at 72 hours
[46]. In another model of pulmonary challenge,
intranasal infection with Francisella tularensis lead to an
altered lung inflammatory response, with a delay in
production of neutrophil chemokines CXCL2 and
CXCL6 and attenuated neutrophil infiltration into the
lung tissue in aged mice [34]. Moreover, environmental
insults, such as air pollutants or cigarette smoke,
contribute to airway inflammation and chronic
pulmonary co-morbidities [47, 48]. Aged mice subjected

to inhaled diesel exhaust demonstrate enhanced
pulmonary congestion and neutrophilia 24 hours after
exposure as compared to young mice [35]. Similarly,
single or chronic cigarette smoke exposure in aged mice
resulted in elevated levels of CXCL1 and CXCL2, and
prolonged neutrophil recruitment to the lung [49]. This
age-related increase in cytokine production was
associated with amplified nuclear factor (NF)-kb
expression and nuclear translocation [49]. Looking at
these findings, in response to pulmonary challenge, aged
mice have an elevated and/or prolonged neutrophil
response. Considering the delicate lung alveolar
architecture and the highly hydrolytic enzymatic
degranulation products of activated neutrophils, this may
contribute to excessive tissue damage and reduced lung
function over time.

The role of neutrophils in other models of infection
has also garnered interesting data. Following oral
infection with Salmonella Typhimurium, aged mice have
elevated bacterial colonization in the ileum, colon,
Peyer’s patches, mesenteric lymph nodes (MLN) and
liver as compared to young mice [15]. Despite a baseline
elevation in neutrophil numbers in the spleen and MLN
of aged mice, aged mice did not increase neutrophil
numbers in response to infection whereas young mice
mounted a more significant neutrophil response [15].
Following challenge with the fungal pathogen Candida
albicans, decreases in neutrophil recruitment to the
peritoneal cavity were associated with reduced
fungicidal activity in aged mice [50], again highlighting
how neutrophil recruitment may be dysregulated with
advanced age.

Combined, these studies offer significant evidence
suggesting that neutrophil infiltration kinetics are
dysregulated with aging. This dysfunction may have
pleiotropic effects on the host depending on the inciting
injury or clinical paradigm by promoting pathogen
dissemination, compromising organ function and
delaying time to recovery. While delayed neutrophil
infiltration may impair the ability of the innate immune
response to contain microbes to site of origin, prolonged
neutrophilia can result in significant tissue damage and
inflammation via potent neutrophil hydrolytic enzymes,
demonstrating the importance in precise temporal
regulation of this particular immune cell subset.
Considering the relative abundance of this cell type in
humans as compared to rodents, differences in this cell
population in rodents may be further exaggerated in
human studies.

Macrophages

Macrophages play pivotal roles in modulating immune
function following infection, tissue injury and in tumor
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cytotoxity [51-53]. Following extravasation from the
peripheral blood pool, monocytes undergo maturation
into tissue macrophages. As professional antigen
presenting cells, macrophages help shape the innate and
adaptive immune responses through the release of a
variety of pro-inflammatory mediators at early time
points following injury or infection. These cells also
serve to dampen the inflammatory response through
phagocytosis of apoptotic cells and secretion of soluble
factors like IL-10 [54]. Age-related alterations in
macrophage number and function have been correlated
with enhanced susceptibility to infection, differential
responses to tissue injury and enhanced tumor
progression in rodent models [50, 55-57].

Macrophage Population Dynamics

With age, there is some discrepancy regarding changes
in cell numbers in rodent models [15, 57, 58]. Some
studies suggest that there is an increase in the
Mac1/CD11b population in aged murine bone marrow
[59], though others have found there were no differences
in the number or DNA content of developing
macrophages between young and aged mice [58]. In
other cellular compartments, aged mice have been
reported to have increased resident macrophages in the
spleen [15], though there is a reduction in the marginal
zone macrophage population and a breakdown of the
marginal zone architecture with advanced age [57]. This
collapse in marginal zone structure may impair clearance
of circulating pathogens and follicular responses in the
elderly, increasing susceptibility to infection and
prolonging recovery. Though rodent studies have yet to
generate a conclusive answer regarding macrophage
numbers in various compartments, alterations in
macrophage environmental distribution may generate
organ specific dysregulation. For example, increased
infiltration of macrophages into adipose tissue of aged
C57/BL6 mice fed high caloric diets was associated with
increased inflammasome activation and cytokine
production [60]. These data suggest that a tissue-specific
shift in macrophage populations can contribute to basal
differences in the inflammatory profile of aged
individuals.

Cytokine production and TLR Signaling

In rodent models, advance aged is associate with
increased levels of circulating cytokines, in particular IL-
6, and it has been speculated that these pro-inflammatory
mediators may alter immune function in aged animals
[11, 13, 23, 61]. Despite this basal elevation, challenge
of  bone-marrow  derived  macrophages  with
Porphyromonas  gingivalis (P. gingivalis) produce
significantly less TNF-o and IL-6 in aged mice [62].
Similarly, in response to LPS, splenic macrophages from

aged wild type mice demonstrated diminished
responsiveness to LPS stimulation, producing lower
levels of TNF-a, IL-1pB, IL-6 and IL-12 as compared to
young controls [63]. Interestingly, cytokine production
was restored following in vitro culture of LPS with
splenic macrophages from aged IL-6 deficient mice [63],
suggesting that elevated systemic IL-6 may directly
impair macrophage function in aged animals. Several
studies also support a similar reduction in cytokine
production, including TNF-a, IL-6, IFN-y, nitric oxide
(NO), monocyte chemoattractant protein-1 (CCL2) and
macrophage inflammatory protein-la (CCL3), following
a variety of stimuli [15, 50, 62, 64]. Generation of
cytokines is often examined following stimulation of a
variety of Toll-like receptors (TLRs). TLRs help initiate
the innate immune response to a variety pathogen-
associated molecular patterns (PAMPs), and signal
through either MyD88-dependent or -independent
pathways to promote NF-kB pro-inflammatory cytokine
production. Reduced expression of these receptors, or
alterations in their respective downstream pathways, can
increase susceptibility to infection [65-67], and a number
of studies demonstrate alterations in the macrophage
TLR profile in aged animals. In both splenic and
peritoneal macrophages of aged C57/BL6 mice,
decreased expression in all TLRs (TLR1-9) have been
found [50, 68], though other studies report no difference
in expression of some TLRs, including TLR2 and TLR4,
in aged BALB/c mice [19, 56, 69]. Again, these studies
highlight murine strain-dependent differences that must
be taken into consideration when working with rodent
models. Determining which rodent models are most
relevant to findings ascertained in human studies will
help guide and streamline future animal research efforts.
While divergent results regarding TLR expression
may be due to purity of the isolated macrophage
population or murine background strain, the pathways
downstream of TLRs may also be impaired with age. In
one such study, LPS or zymosan induced TNF-a and IL-
6 production was attenuated in splenic macrophages
from aged mice due to reduced activation of p38
mitogen-activated protein kinase (MAPK), MAPK-
activated protein kinase-2 and NF-kB [69]. Others have
shown that thioglycollate-elicited peritoneal
macrophages from aged mice exposed to P. gingivalis
have increased gene expression of the single
immunoglobulin interleukin-1-related receptor (SIGIRR)
which acts to inhibit TLR MyD88-dependent signaling
[19, 70]. In aged rodent models, downregulation of
other members of these pathways, like MyD88 and
tumor necrosis factor receptor-associated factor 6
(TRAF®6), lead to decreased activation of the NF-kB
family of transcription factors [25, 71]. Downregulation
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of mediators of these pathways would dampen the
immune response, and may account for the decrease in
cytokine production seen in aged rodent macrophages
following immunogenic challenge.

ROS/RNI Generation and Macrophage Phenotype
Another major mediator of macrophage effector function
is the generation of ROS and reactive nitrogen
intermediates (RNI) that aid in intracellular microbicidal
activity and tumor cytotoxicity. ROS and RNI, alongside
IL-1, IL-12, TNF-a, represent the pro-inflammatory M1
macrophage profile, and these cells function in driving
Th1 responses, resisting tumor development and killing
of intracellular foreign pathogens [54]. On the other
hand, M2, or anti-inflammatory, macrophages have
elevated levels of IL-10 and arginase expression. M2
macrophages predominately function in
immunoregulation, neovascularization, tissue remodeling
and tumor growth [54, 72]. Macrophages from aged
mice have been shown to produce elevated levels of IL-
10 and reduced FasL, IL-12 and TNF-a, mediators that
contribute to an M2 anti-inflammatory profile [73].
Several studies have also reported decreases in ROS or
RNI generation with age that may represent a skewing of
M1 and M2 polarization with age [24, 55, 74]. As
compared to young animals, alveolar macrophages from
senescent rats demonstrated a decreased baseline
generation of ROS and nitric oxide (NO), and LPS
treatment did not significantly change ROS and NO
production in aged animals [24]. In response to phorbol
12-myristate 13-acetate (PMA) or zymosan, peritoneal
macrophages from aged mice produce 50% less
hydrogen peroxide (H,O,) in contrast to cells from
young animals [74]. These studies are supported by
previous studies in which NO production by splenic or
peritoneal macrophages was reduced in several mouse
strains following LPS or peptidoglycan-polysaccharide
[75]. In addition to these findings, macrophages from
aged mice exhibit reduced granulocyte-monocyte colony
stimulating factor (GM-CSF) mediated cell proliferation
following exposure to H,O, due to diminished signal
transducer and activator of transcription (STAT) Sa
oxidation and phosphorylation, suggesting that aging
increases macrophage susceptibility to oxidative stress
[76].

NO production is modulated by enzymatic activity of
inducible nitric oxide synthase (iNOS) via activation of
the interferon-gamma (IFN-y) receptor. In aged BALB/c
mice, mRNA expression of iNOS was found to be
decreased after stimulation with LPS as compared to
young mice [75]. Similarly, our laboratory has observed
decreased iINOS expression in splenic adherent cells
from aged BALB/c mice following stimulation with
IFN-y and TNF-a [77]. As macrophage signaling

through the IFN-y receptor promotes ROS and RNI
generation, several studies examined if alterations in this
receptor and the downstream signaling pathway may
exist with advanced age [26, 74, 78]. Though there are
no differences in IFN-y receptor with age [74, 78],
culture with IFN-y reduced H,0, and NO, production in
aged animals due to decreased phosphorylation of
MAPK [74]. Others also found decreased STAT1a gene
and protein expression and reduced STATI
phosphorylation after IFN-y stimulation in aged BALB/c
mice [78]. While this reduction in iNOS and NO
production may suggest suppression of M1 macrophage
phenotype with age, our lab has also observed a
reduction in arginase-1 expression after IL-4 stimulation
in adherent splenocytes from aged mice [77], which may
imply a global immunosuppression of macrophage
function. Together, these studies suggest that the ROS
and RNI pathways are dysregulated with age, translating
into potential differences in macrophage phenotype and
intracellular killing capacity and ultimately negatively
impacting immune function in the elderly (Figure 1).
Contrary to these reports, Chen et al. found enhanced
NO production in both thioglycollate-derived and
resident peritoneal macrophages from inbred CBA/CA
aged mice following culture with LPS, zymosan or heat-
killed Staphylococcus aureus [16]. In these animals,
elevated NO production was correlated with a persistent
increase in iNOS expression. Yet another study found no
difference in iNOS induction, NO production or
intracellular killing in thioglycollate-elicited
macrophages from aged BALB/cBylJ mice in response to
in vitro stimulation with P. gingivalis [19]. These studies
highlight that a variety of factors, including the murine
strain, macrophage population and inciting stimuli, all
play are role in determining potential age-related
differences in macrophage function in rodent models.

Tissue Injury

As temporal changes in macrophage phenotype have
recently been implicated in wound resolution, alteration
in macrophage phenotype and function in aged animals
may provide insight into altered tissue repair with
advanced age [17, 44, 79]. In particular, in murine
models of tissue injury, aged animals have a prolonged
course of wound repair, associated with delays in re-
epithelialization, neovascularization and restoration of
the extracellular matrix [43]. Following excisional
wound injury, macrophage accumulation was elevated
56% in aged mice as compared to young, and this
correlated with increased CCL2 production [17].
Macrophages isolated from polyvinyl alcohol sponges
implanted subcutaneously in aged mice demonstrated an
approximate 40% decrease in phagocytosis as compared
to young mice [17]. These delays in wound closure and
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Figure 1: Effect of age on the macrophage iNOS pathway. Macrophage iNOS signaling is imperative in
generation of reactive nitrogen species to kill bacterial and viral pathogens, as well as a marker of macrophage
polarization. Following stimulation of TLR4, activation of MAPK and NFxB modulate iNOS expression. With
advanced aged, reports are still inconclusive regarding iNOS activation and NO production after stimulation with
TLR4 ligands, like LPS. Activation of the IFN-y pathway results in phosphorylation and translocation of
STAT1a, initiating IRF-1 transcription and subsequent iINOS expression. In aging rodents, studies suggest that
reduction in NO production and iNOS transcription may be due to decreases in STATla levels and

phosphorylation.

phagocytic ability of wound macrophages may
contribute to the increased susceptibility to wound
infection seen in elderly patients [80-82]. Additionally,
reduced macrophage phagocytosis may impair the ability
to clear apoptotic keratinocytes or neutrophils from the
wound bed, further delaying wound repair. Aprahamian
et al. recently demonstrated that following ultraviolet B
irradiation, aged mice demonstrated an elevated
percentage of apoptotic keratinocytes that was later
correlated with reduced phagocytic capacity and
apoptotic cell clearance [83]. These findings may
provide the foundation for improving our understanding
of poor clinical outcomes following tissue injury with
aging, and may lead to design of therapeutic

interventions to enhance macrophage function and
accelerate wound closure.

Tumor Immunity

Deficits in macrophage function also directly contribute
to the increased incidence of neoplastic growth and
metastasis in elderly patients. In tumor immunology,
recruitment of tumor associated macrophages (TAMs)
results in the release of growth factors, proteases and
inflammatory mediators, promoting vascularization of
tumor tissue and metastasis [84]. Infiltration of tumors
by TAMs is associated with a poor prognosis [84], and
age-related differences in TAM effector functions within
tumors have been identified [85]. In a B16 intraocular
tumor model, aged mice exhibit increased infiltration of
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M2-polarized macrophages in contrast to young mice.
These macrophages had elevated expression of pro-
angiogenic vascular epidermal growth factor (VEGF)
and tyrosine kinase with immunoglobulin-like and EGF-
like domains 1 (TIE-2) [85]. Depletion of macrophages
by subconjuctival injections of clodronate-containing
liposomes reduced tumor growth in 86% of aged mice
compared to only a 10% reduction in young animals.
Interestingly, the M2 macrophages in tumors from aged
mice shared some phenotypic characteristics of myeloid-
derived suppressor cells from the monocytic lineage,
namely Ly6-C [85], that were also subject to depletion
by the methods used above. In addition to TAM
recruitment, macrophages from aged rodents have
elevated cycloxygenase activity and prostaglandin E,
(PGE;) synthesis, mediators that have been recently
implicated in tumorigenesis [86, 87]. Further work to
better characterize TAMs with aging and cancer
subtypes may aid in development of targeted cancer
treatments for patients with poor prognoses due to TAM
infiltration and subsequent neovascularization and
metastasis.

Age-related differences in macrophage function
described above highlight how alterations in macrophage
phenotype and function can facilitate development of
infection, delays in tissue repair and impairment of
tumor regression. Utilizing targeted rodent models to
increase our understanding of how macrophages can
contribute to specific pathological conditions may
position us to better understand disease states at the
bedside.

Dendritic Cells

Dendritic cells (DCs) are unique mediators of the innate
immune response, and their role in modulating T cell
effector function in the context of aging is an expanding
field of interest. Immature DCs are responsible for
peripheral surveillance and phagocytosis of pathogens,
and following antigenic uptake, these cell migrate to
regional lymph nodes, stimulating T cell proliferation [4,
88]. DCs also play a pivotal role in establishment and
maintenance of self tolerance through regulatory T cell
(Treg) and Th17 induction [88-90]. Together, the
dysregulation of one or more of the functions of DCs
with advanced age can contribute to poor responses to
infections and immunization, anti-tumor immunity and
autoimmune pathology in the elderly (Figure 2).

DC Differentiation and Surface Marker Expression

A multitude of murine aging studies on dendritic cell
function utilize isolation of bone marrow from young
and aged mice, followed by in vitro differentiation of
these precursors into CD11c+ DCs [18, 91-93]. In one

such study, Paula et al. demonstrated that following
culture of bone marrow precursors from aged mice, the
percentage and absolute number of DCs that
differentiated into the mature phenotype (MCHII™,
CD86h') was reduced with a concomitant increase in
immature DCs (MHCII®, CD86") in contrast to their
young counterparts [93]. Importantly, this possible
decrease in bone marrow DC maturation may contribute
to age-related decreases in the DC populations in the
epidermis [21], thymic tissue [94] and spleen [22],
though other studies report no difference is DC
subpopulations in murine bone marrow, blood or spleen
[18].

Migration and Homing

The reported reduction in density of resident epidermal
DCs, known as Langerhan’s cells (LC), in aged mice
was also associated with functional losses [21]. Namely,
the LC migratory capacity to home to regional lymph
nodes in middle aged mice (6 months) was impaired in
response to either oxalozone or fluorescein
isothiocyanate [21]. TNF-a and IL-1B are inciting
stimuli for LC mobilization from the epidermis to
draining lymph nodes [95, 96] and intradermal
administration of TNF-a, but not IL-1pB, in middle aged
mice resulted in an impaired migratory response [21].
While the authors attributed these differences to
available IL-1P in the epidermal environment of middle
aged mice, additional studies that evaluate the effect of
these cytokines on receptor expression or cytoskeletal
changes may prove beneficial. Moreover, extending
these studies to examine the classical age ranges used in
aging studies may provided a more definitive answer
regarding the impact of age on LC migration. Another
report on the homing potential of DCs found that
following injection of equal numbers of fluorescently
labeled mixed DCs from young and aged mice into
young recipients, fewer DCs from aged mice migrated to
regional lymph nodes [97]. Of particular importance in
DC homing is CCR7, which mediates a chemotatic
response to the migratory chemokines CCL19 and
CCL21 that are concentrated in lymphoid tissues.
Focusing on the CCR7 receptor, in vitro CCL21-driven
chemotaxis of DCs from aged mice was diminished as
compared to young mice despite adequate CCR7
expression, implying signaling downstream of CCR7
may be altered with age [97].

Activation of Cell Mediated Immunity and Infection
These defects in migration are further confounded by the
ability of DCs to effectively engage T cells and promote
proliferation in lymphoid organs [97, 98]. Following
phagocytosis of a pathogen, DCs must present the
antigenic epitope in the context of major
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Aged

Figure 2: Impact of age on DC-priming of the adaptive immune response. DCs are critical in the crosstalk
between the innate and adaptive immune response, helping to generate and regulate CD4" T cell, CD8" T cell, Treg
and Th17 immune reactions. In response to infection or tumorigenesis, DCs from young animals are able to induce
proliferation of CD4" and CD8" T cells, respectively. However, the ability to prime CD4" and CD8" T cells is
dampened in aged mice, resulting in decreased proliferation. In the context of autoimmunity, DCs help maintain a
balance between immunosuppressive Tregs and inflammatory Th17 cells. Disturbance of this equilibrium in aged
mice may contribute to increase incidence of autoimmune pathologies with advanced age.

histocompatibility complex (MHC) class II molecules
along with co-stimulatory factors to induce cell-mediated
immunity. Though no age-dependent differences in
phagocytosis were observed in several studies [21, 93,
97], presentation of antigen in MHC class II was
decreased in bone marrow DCs from aged mice [93],
although no alterations were seen in MHC class I
presentation [97]. Additionally, some studies report
diminished surface receptor expression of MHC class II
or co-stimulatory molecules CD40, CD80, CD86 and
DC-SIGN correlates with reduced CD4+ T cell
proliferation [20, 98-101], though others did not find
differences in expression of either MHC class II or other
co-stimulatory molecules [21, 102].

To examine the interplay between DCs and T cell
proliferation with age, Moretto et al utilized
Encephalitozoon cuniculi (E. cuniculi), a parasite
requiring T cell priming and cytotoxicity for eradication.

As compared to young animals, aged mice exhibit
increased mortality following E. cuniculi oral infection
that was associated with reduced splenic and MLN T cell
proliferation [20]. DCs isolated from MLNs of aged
mice exposed to E. cuniculi in vitro failed to induce a
significant proliferative response in T lymphocytes from
young animals. However, E. cuniculi exposed DCs from
young mice resulted in similar proliferation of T cells
from young and aged mice, suggesting the defect in T
cell proliferation was due to an age-related reduction in
priming potential by the DC population [20]. These
findings were supported by other studies in which DCs
from young mice induced a four-fold increase in T cell
proliferation as compared to aged mice [98] and the age-
related lack of T cell proliferation was associated with
decreases in MHC class 11, CD40, CD80, CD86 and DC-
SIGN expression [20, 97-99]. As DC-mediated T cell
priming acts as a vital link between the innate and
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adaptive immune responses, defects in these interactions
would decrease the ability of an individual to
successfully combat infection and respond to
vaccination, two problems common in elderly patients.
In an effort to restore T cell priming by DCs, Moretto et
al. added IL-15 to the co-culture systems, as IL-15 has
been shown to play a role in DC-induced T cell
proliferation and IL-15 mRNA was decreased in DCs
from aged mice in their model. Restitution of IL-15
restored T cell proliferation and heightened DC
expression of CD80 and CD86, suggesting a plausible
vaccine adjuvant to generate a more robust immunization
response in the elderly [20].

In addition to aiding the immune response to bacterial
or parasitic antigens, DCs are major contributors to viral
immunity. Endosomal recognition of common viral
antigens such as single stranded RNA by TLR7 or
unmethylated CpG islands by TLR9 triggers type 1 IFN
production via the interferon regulatory factor 7 (IRF7)
in DCs [103]. Stimulation of bone marrow isolated
plasmacytoid DCs (pDCs, PDCA-17, CD11¢"™, B220™)
from aged mice with either CpG sequences (TLRY),
herpes simplex virus 2 (HSV2; TLR9), RNA40 (TLR7)
or murine cytomegalovirus (MCMV; TLR7/9) resulted
in decreased IFN-a production as compared to young
mice [18]. These findings correlated with a failure to
mount a pDC IFN-a response to in vivo CpG, HSV2 and
MCMV inoculation and higher HSV2 or MCMV titers in
aged mice. Reduced IFN-a levels were attributed to a
failure to induce phosphatidylinostiol 3-kinase (PI3-
kinase) mediated nuclear translocation of IRF7 in aged
mice following TLR9 or IFN-aff receptor activation
[18]. This is in contrast to a study by Wong et al. in
which total splenic DCs and splenic pDCs from aged
mice demonstrated similar IFN-a production and
stimulation of T cell proliferation following exposure to
CpG sequences [22]. While these divergent results may
be explained by the different murine background strains
utilized and the tissue origin of isolated pDCs in the two
studies, it may also suggest that DC function is
maintained in certain immune compartments with age,
such as the spleen, as seen in other studies [20]. Taken
together, these studies demonstrate the inability of DCs
from aged mice to adequately stimulate cell-mediated
immunity in response to bacterial, parasitic or viral
antigens. Future work focusing on modulation of DC
and T cell interaction in the context of advanced age may
lead to innovative therapeutic approaches to combat this
heightened susceptibility to infection and diminished
responsiveness to immunization observed in the elderly
population.

Tumor Immunity

The inability to effectively generate cell-mediated
immunity also extends into studies that examine the
effect of aged DCs on CD8+ T cell proliferation and
cytotoxicity in the setting of tumor growth and
regression. In a B16-OVA melanoma tumor model,
vaccination with ovalbumin (OVA) pulsed DCs from
young mice resulted in enhanced percentage of OVA-
specific splenic CD8+ T lymphocytes, increased
cytotoxicity and elevated IFN-y, TNF-a, IL-6 and IL-10
production compared to DCs from aged mice [104].
Other studies confirm these findings as transfer of OVA
pulsed DCs from young mice into tumor-bearing
recipients resulted in greater tumor reduction in vivo than
in mice that received OVA pulsed DCs from aged mice
[97]. The inability to reduce tumor burden was coupled
with an age-dependent decrease in DC-induced
proliferation of CD8+ T cells [97], implying that DC
dysfunction with age may contribute to the elevated rates
of tumorigenesis in the elderly.

Autoimmunity

Dysregulation of DC function may also contribute to
autoimmune pathology mediated by affecting Treg or
Thl7 populations in aged patients. In the context of
central tolerance, thymic DCs play a critical role in
negative selection of highly reactive developing T
lymphocytes as well as Treg induction [105]. With
advanced age, three distinct thymic DC subsets
demonstrate differential reductions that can be restored
by sex steroid ablation [94]. Following depletion of sex
hormones, the DC:thymocyte proportions were restored
to levels seen in young mice and this coincided with
generalized thymic growth [94]. Loss of thymic DCs
would potentially increase the proportion of autoreactive
cells in the periphery and contribute to the decrease in
thymic Treg levels seen with age [100], leading to a
potential  increase in  autoimmune  pathology.
Alternatively, elevations in Thl7 cells have been
documented with aging, and increases in this cell
population are associated with autoimmune conditions
such as inflammatory bowel disease and excessive
inflammatory responses following infection [106-108].
Naive T cells are driven toward a Th17 phenotype under
the influence of DC produced IL-23 alongside
transforming growth factor B and IL-6. In aged mice,
TLR4 and/or TLR7/8 stimulation resulted in a
pronounced 40-fold increase in IL-23 production from
bone marrow derived DC in a PGE, dependent manner
[102]. This group also demonstrated that age-related
elevations in IL-23 were due to heightened message of
the pl9 subunit of this cytokine [109]. Methylation
differences between young and aged mice at H3K4 in
DCs promoted c-Rel binding, elevating transcription of
the p19 subunit of IL-23 and IL-23 production in aged
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mice [109], highlighting the role of epigenetic
modifications in alterations of the aging innate immune
system. Elevated production of IL-23 in DCs from aged
mice is a potential mechanism by which T cell
maturation is skewed towards a Th17 phenotype with
age, increasing autoimmune conditions in the elderly.
Interestingly, blocking of PGE, production or use of the
PGE, receptor antagonist EP2/EP4 reduced the age
associated increase in IL-23 and provides a possible
target for therapeutic investigation [102].

NK cells

Natural Killer (NK) cells provide vital innate defenses
against infections and malignancies using MHC-
independent cytotoxicity. Once activated, NK cells
exhibit direct cytolytic activity on infected cells, and also
release pro-inflammatory cytokines and chemokines that
contribute to the adaptive Thl immune response [110].
While they share a common precursor with T cells that
expresses FcyRIIL, NK cells do not require the thymus
for further development. T cell progenitors differentiate
and mature in the thymus, while NK cells can continue
developing in the bone marrow [111]. Differentiation in
the bone marrow is not completely understood, but is
driven in part by bone marrow stromal cell production of
IL-2, IL-5, and IL-21 [112].

Age-related changes in both NK cell number and
function in rodents have been described in the literature.
Increased percentages of NK cells occur with advanced
age, yet these cells exhibit decreased cytotoxicity on a
per-cell basis [113]. Early studies reported that mice
reached peak levels of basal NK cell activity around 5-8
weeks of age, while 25-month old animals had almost no
activity [114]. The limited literature on the topic
suggests that cytokines and chemokines produced by NK
cells in rodents decreases with advanced age. For
example, Provinciali et al. found that after IL-2
stimulation, NK cell cytotoxicity by cells from aged
mice was restored to the level of cells from young, but
responsiveness to IFN-y was decreased [115]. A recent
report has suggested a more direct link between NK cells
and reduced adaptive immunity in aged mice. Increased
numbers of NK cells were found in the developmental
bone marrow Hardy Fraction A (CD19-B220+)
population, which appeared to directly inhibit surrogate
light chain expression in B cell precursors in aged
BALB/c mice [116].

Diminished NK cell activity has also been correlated
with a decrease in healthy living years in human studies
[117]. Fang et al. found that an age-dependent increase
in susceptibility to mousepox, the mouse equivalent of
smallpox in humans, could be attributed to a decreased
proportion of NK cells in circulation and an intrinsic

defect in the ability of those cells to migrate to the
draining lymph nodes [118]. Inability of NK cells to
home to the lymph nodes resulted in poor early virus
containment in older mice, increasing viral replication
and systemic spread even in a mouse strain genetically
resistant to the disease [118].

Though many studies investigating NK cell function
in healthy aging subjects exist [119-121], less in known
about the role of NK cells in pathologic conditions
associated with advanced age. As the roles of NK cells in
clinical settings continues to emerge, examination of this
unique cell subset in a variety of animals disease models
will undoubtedly aid in understanding their role in
immunologic dysfunction with age.

NKT cells

Natural Killer T (NKT) cells are regulatory lymphocytes
that co-express receptors found on T cells (CD3, a/f T
cell receptor) and NK cells (NK1.1, CD56). NKT cells
play an immunomodulatory role and this distinctive
subset serves as a bridge between the innate and adaptive
arms of the immune system, providing immunity against
tumors and infections as well as suppression of cell-
mediated autoimmunity [122, 123]. “Classical” or
“invariant” NKT (iNKT) cells express a CD1d-restricted
T cell receptor (Val4/VB8.2 in mice, Va24/VBI11 in
humans) which recognizes glycolipids in the context of
CD1d, a MHC I-like molecule found on professional
antigen presenting cells. Though they represent only 1%
or less of the total lymphocyte pool, NKT cells can
produce significant amounts of cytokines such as IFN-y
and IL-4 once they are activated, altering the cytokine
milieu and skewing T cell polarization towards a Thl or
Th2 immune response [123-125].

In mice, NKT cells are found in greater numbers with
increased age within the lymphoid compartment and the
liver, with reports of altered function as compared to
young animals [124, 126-128]. Systemic administration
of anti-CD1d antibody to inhibit iNKT cell activation
prevented the age-related decrease of both an antigen-
specific delayed type hypersensitivity response in vivo
and the proliferative capacity of T cells in vitro [126]. In
these studies, NKT cells were found to contribute to
increased amounts of the immunosuppressive cytokine
IL-10 observed with increased age. iNKT cells have
also been reported to release diminished levels of IFN-y
as compared to young mice, even after IL-12 stimulation
[129].

NKT cells can contribute to an exaggerated state of
inflammation in aged animals by changing the
environmental cytokine milieu. For example, Stout-
Delgado et al. found that hepatic NKT cells from HSV2
infected aged animals responded by producing markedly
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elevated levels of IL-17A as compared to cells from their
young infected counterparts [106]. As a result, aged
mice had exaggerated chemokine production and
increased neutrophil influx into the liver, resulting in
liver damage and mortality. Adoptive transfer of aged
NKT cells into young recipients challenged with HSV2
caused hepatic damage and necrosis  from
overproduction of IL-17A, further demonstrating an
intrinsic age-dependent defect in NKT cells [106]. The
elevated and persistent inflammation observed in aged
mice could help explain why elderly individuals
succumb more easily to viral infections and sepsis.

As another critical link between the innate and
adaptive immune response, the role of NKT cells in
mediating a variety of age related diseases, in particular
cancer and autoimmune conditions, need to be examined
in clinically-relevant models. Like NK cells, NKT cells
exhibit a profound effect on immune regulation despite
their small number, implying that they would be an ideal
target for therapeutic modulation.

Conclusions

As investigations of how advanced age interferes with
the innate immune system continue, we will begin to
better appreciate the etiology of specific age-related
diseases and plausible mechanisms to improve
treatments and patient outcomes. Rodent models are
valuable for examining specific cellular functions and
mechanisms in a controlled fashion. Use of rodent and
animals models in studies focused on innate immune
dysfunction as it pertains to age-related pathologies may
allow for future targeted clinical research. However, as
strain- and stimulus- dependent differences are observed
in innate immune cell subsets in the aging rodent studies
discussed, it would be beneficial for aging researchers to
reach a consensus on the validity of particular rodent
models with respect to the human population. Namely,
use of animal models that are consistent with data
generated from human studies will provide a stronger
foundation for evaluation and translation of rodent aging
research to clinical studies. Moreover, directing research
efforts toward clinically relevant models of infection,
injury and pathologic conditions will help to elucidate
the intrinsic and extrinsic factors that contribute to innate
immunologic dysfunction associated with human
pathology. Future studies into how age impairs the innate
immune response will allow for a comprehensive
understanding of aging immune function and lead to
improvements in clinical outcomes.
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