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In this review, we examine senescent cells and the overlap between the direct biological
impact of senescence and the indirect impact senescence has via its effects on other cell
types, particularly the macrophage. The canonical roles of macrophages in cell clearance
and in other physiological functions are discussed with reference to their functions in
diseases of the kidney and other organs. We also explore the translational potential of
different approaches based around the macrophage in future interventions to target
senescent cells, with the goal of preventing or reversing pathologies driven or contributed
to in part by senescent cell load in vivo.
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INTRODUCTION

Ageing in humans is marked by a decrease in fitness over time with a simultaneous increase in
mortality (1). With increasing age, the functions of key biological systems begin to decline, as shown
by decreased nutrient sensing, stem cell exhaustion and cellular senescence (1). Due to advances in
healthcare, human life expectancy has increased worldwide, with estimates of the average global
population placing 1 in 9 people over 60, which is expected to rise to 1 in 5 by 2050 (2). As we age,
the incidence of physiological dysfunction increases as well, and thus the risk of age-associated
diseases such as chronic kidney disease (CKD), cardiovascular disease and type II diabetes (3) also
increases. These diseases predispose individuals to developing additional pathologies and increase
both morbidity and mortality. This calls for polypharmaceutical treatments and interventions to
maintain quality of life (2), which come with the caveats of side-effects and cross-reactions and are
therefore potentially detrimental to patient welfare. Because of these drawbacks, novel treatments
need to be developed to target the causes of these co-morbidities to reduce the need for large
amounts of medication.

This review aims to summarize the current understanding of the functions of senescent cells and
macrophages, and their combined effect on fibrosis within tissues. Focus will be given to the kidney,
supplemented by other relevant organ systems. Finally, we will summarize the challenges for future
research, and potential avenues for translating research studies into therapeutic advances.
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AGEING AND DISEASE

The trans-NIH Geroscience Interest Group (GSIG) held a
summit in 2016, focusing on the seven pillars of ageing,
expanding on previously assessed hallmarks (1). These seven
factors include metabolic changes, macromolecular damage,
epigenetic changes, inflammation, adaptation to stress, stem
cells and regeneration and changes to proteostasis (4), all of
which share interconnected relationships (Figure 1).

Ageing is associated with progressive decline in function of
multiple organ systems. Bone loss has long been associated with
advancing age, with a reduced capacity to heal fractures (5),
which is marked by a decrease in osteocytes with increasing age
(6). The consequences of this are seen in the increase of non-
traumatic bone fractures, with the frequency of these fractures
increasing for persons aged over 60 (5).

Cardiovascular function is negatively impacted by age, as the
arterial tree can thicken and stiffen (7). This trend, seen in both
genders, and as measured by carotid-femoral pulse wave velocity
(PWV), diverges at age 50 for men and women, with men having
a steeper increase of PWV (7). This has key implications for
certain diseases such as end-stage renal disease, as significantly
higher ‘pulse-wave velocity’ (PWV) has been used to predict
mortality in patients (8). This indicates certain aspects of ageing
differ based on gender, suggesting a hormonal role contributes to
the phenotype, however this is beyond the focus of this review
and will not be discussed.

Chronic kidney disease (CKD) is relevant in ageing studies as
it has been found that there are signs of premature ageing in
CKD patients such as osteoporosis, poor wound healing and
inflammation, leading to the proposal that CKD be included as a
disease that displays traits usually associated with advanced
ageing (9). The aged kidney is marked by up to 40% less renal
blood flow in old vs. young male patients (10). Increasing donor
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age is associated with reduced transplant function after donation,
even in the context of well-preserved pre-donation function (11).
Overcoming these problems requires investigating the links
between ageing and physiological dysfunction, which is the
greatest risk factor for the diseases listed previously.

Ageing is associated with decline in cellular functions,
including the phagocytic clearance of cells. This has been shown
using in vitro mouse models in which serum from aged mice (24
months old) was added to cultures of macrophages, which resulted
in decreased levels of phagocytosis (12). In addition to this, direct
studies of clearance of apoptotic skin cells (induced by UV B
irradiation) showed a higher level of apoptotic keratinocytes
compared to younger mice indicating reduced phagocytic
activity. Of note, in aged mice with reduced phagocytosis of
apoptotic cells, renal autoantibodies developed along with
complement deposition within the kidney, findings consistent
with the development of autoimmunity (12). Macrophage
numbers were not significantly reduced or increased in older
mice compared to younger mice in these studies and therefore, a
decrease of macrophage phagocytic activity is implicated. This
shows that the persistence of apoptotic cells has a detrimental
effect on normal tissue function, particularly the kidney (13).
However, when macrophage phagocytosis was assessed in vitro,
there was no difference between young and old derived, indicating
systemic factors may modulate the potency of macrophage
phagocytosis (13).

‘Gerontology’ focuses on ageing and older adults, whereas
‘geroscience’ emphasizes the overlap of normal ageing and
chronic disease. The geroscience hypothesis predicts that the
targeting of the suspected drivers of ageing will also mitigate the
main risk factors of multiple chronic diseases (4). This would
have the potential to increase the health span of individuals.
An example of this is caloric restriction (CR), and has long
been known to have pro-longevity properties as first seen in
FIGURE 1 | The seven pillars of ageing proposed by Kennedy et al. (4). Key aspects in this review focus on the adaptation to stressful environments in the form of
senescence and macrophages, and the inflammatory effect it can have on its surroundings. Annotations to each pillar highlight possible contributions to direct
senescence or producing a senescence-promoting environment.
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C.elegans (14). This has since been investigated in mouse models,
which showed an increase in longevity, decreased cancer incidence
and a rejuvenated immune system through intermittent fasting
(15). Data for controlled calorie consumption in humans showed a
limited impact from calorie restriction (16). However, a meta-
analysis of clinical studies indicated increases of fibrinolytic
activity, to degrade fibrin deposits, improving prognosis for
cardiovascular disease patients (17). This indicates at least
partial benefits when applied to humans. However, this may
come at a cost, as recent studies in grey mouse lemurs
(Microcebus murinus) indicated that moderate caloric restriction
(30%), accelerated grey matter atrophy (18). Despite this, lifespan
was increased (50% median increase), with a decrease in nephritis
as cause of death and cognitive function comparable to controls.
Further studies are warranted to make comparisons to humans
who have higher-level reasoning capacities that may not be
properly assessed with animal models.
SENESCENCE

Senescence involves irreversible arrest of the cell cycle (19) and
was first observed by Hayflick and Moorhead (20). Multiple
factors can stimulate senescence in a cell, including DNA
damage, chronological ageing in the form of telomere
shortening and cell stress from chronic conditions (19, 21, 22).
This is marked by increased expression of cyclin dependent
kinase inhibitors p21CIP1 and p16INK4a (23, 24) that drive cell-
cycle arrest. Despite the impact of external stress, senescent cells
remain metabolically active with an altered secretome of
cytokines, chemokines and proteases that have the capacity to
modulate the activity and functionality of surrounding cells. This
is called the senescence-associated secretory phenotype (SASP)
(25). These include, but are not limited to, interleukin-8 (IL-8)
(26), TNF-a (27), IL-6 (28) and IL-1a (29). Alone, none of these
markers are definitive for senescence. Combinations of other
markers such as senescence-associated b galactosidase (SA-b-
Gal), a marker of increased lysosomal activity, gH2AX which is a
marker of double DNA strand breaks and the DNA damage
response, along with markers for cell-cycle checkpoints (p21CIP1,
p16INK4a) (30) are used to infer senescence of cells.

Acute vs Chronic Senescence
Acute senescence is a tightly regulated process seen during
wound healing (31, 32), in embryogenesis (33, 34), and in
protection from cancer (35). Wound healing is a tightly
regulated process of inflammation, infi ltration, and
proliferation, with specific proteins driving senescence of
particular cells. The CCN1/CYR61 matricellular protein, is
involved in this process and can induce senescence in the
fibroblasts at site of wound repair (32). Mouse studies in which
the CCN1 locus was replaced a mutated sequence showed that
mice lacking the active form of this gene had faster wound
healing but greater levels of fibrosis (scarring) and lower levels of
senescence markers including SA-b-Gal and p16INK4a (32)
compared to WT. As the exogenous addition of CCN1 to
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cutaneous wounds of mutated mice resulted in the increase of
Mmp2 , Mmp3 , and Mmp9 , and reduced expression
of Col1a1 and Tgfb1 (32), this indicates a role of senescence in
limiting excessive fibrosis in wound healing, where fibrosis could
become detrimental. The beneficial role of senescence in acute
wound healing is supported by studies using genetically-
mediated depletion of senescent cells - where senescent cell
removal resulted in a delay in skin wound closure (31).

Chronic senescence is marked by senescent cells that
accumulate with age and chronic diseases, such as pre-cirrhotic
fibrosis of livers (36, 37) and chronic kidney disease in which
senescent cell accumulation correlates to increased disease
severity (38) Accumulation of senescent cells also contributes
to radiation toxicity from radiotherapy (39, 40) and
chemotherapy (39). It is believed that chronically senescent
cells become problematic when they are not destroyed and
cleared by immune cells, such natural killer (NK) cells and
macrophages (41), and continue to generate signaling
molecules that systemically and locally affect the normal
function of cell (19).

Senescent cells that accumulate with age, and their associated
SASP, can alter the functions of other cells of an organism (42–
44). This ties in closely with the geroscience hypothesis (4). If
ageing is viewed as a disease, certain drivers have been identified.
For example, the expression of p16INK4a has both short and long
term impacts, as it prevents cancer by triggering senescence, the
cost of which is that ageing is promoted (45). Selective p16INK4a

ablation ameliorates some ageing phenotypes, increasing
production of T-cells and increases antigen-specific immune
responses, but causes an increased risk of cancers such as high-
grade B-cell neoplasms (45). Defense against cancer initiation is
one of the key roles of senescence, with oncogenes such as RAF
or BRAF causing oncogene-induced senescence (35). The
advantage of senescence in this case would be the continued
survival of an organism with gradual decline from ageing versus
the more imminent death of the organism due to increase in
cancer incidence, an example of antagonistic pleiotropy. This
highlights the need for senescence as a protection mechanism,
but a need to remove senescent cells after they have fulfilled their
protective role, to prevent the detrimental impact of exposure of
the SASP to healthy tissues and organs.
SENESCENCE IN THE KIDNEY

Senescence With Age/Injury
When the kidney undergoes damage, the resident cells including
renal tubular epithelial cells, endothelial cells, podocytes, T-cells
(46) and macrophages (47) produce paracrine signaling factors
that affect resident tissues, termed the chronic kidney disease
(CKD)-associated secretory phenotype (CASP) (48). The
parallels between the CASP and the commonly accepted SASP
may be due to the presence of senescent cells within the
dysfunctional kidney, as many cytokines of the SASP are also
found in the CASP such as IL-8, TNF-a and IL-6 (48). This
would suggest that any comparisons of the secretory phenotypes
June 2021 | Volume 12 | Article 700790
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should be separated between senescent cells and the other cell
types of the renal system as this may reveal other cell targets for
therapeutics. This would help determine if SASP is driving the
cell behaviors in the tissue or if they are independent.

Age has been shown to be a key contributor to progression of
acute kidney injury (AKI) into chronic kidney disease (CKD) due
to an inability to fully recover from an acute insult (49–51). Age
can also be detrimental to transplantations, including kidneys, in
which mice deficient in p16INK4a displayed fewer senescent cells,
with an increase in proliferative rates of tubular cells, all leading
to significantly better survival of donor mice (52). Studies using
bilateral renal ischemia-reperfusion to induce AKI in young (8-
10 weeks) and ageing (46-49 weeks) mice showed an increase in
fibrosis by picrosirius red staining and immunolocalization of
cellular fibronectin, collagen III and collagen IV in the older mice
(49). This correlates to higher levels of p53 and p21CIP1

expression as well as SA-b-Gal staining in the older mice. Less
fibrosis and tubular atrophy was seen in p16INK4a knock-out
mice after ischemia-reperfusion injury (52) and in addition to
this, the deletion of senescent cells in old (18 – 24 months) and
prematurely aged mice, resulted in a better prognosis (53).
Whilst activation and proliferation of fibroblasts can be a key
wound-healing response to injury, excessive fibrosis can also be
detrimental to physiological functions across multiple organs
including the heart, kidney, and liver.

Senescence in Other Organs
Liver pathologies can also be made worse by the presence of
senescent cells as has been reviewed (54). Chronic injuries in the
liver can lead to fibrosis, and may develop into cirrhosis, but may
be resolved by several endogenous mechanisms, one of which is
the CCN1 protein which induces senescence of hepatic
myofibroblasts (55). However, this has also been shown to
activate DNA damage response (DDR) pathways and p53 by
engaging integrin a6b1 which generates the production of
reactive oxygen species (ROS) which stimulates the DDR,
activating the p53-p21CIP1 dependent pathway of cellular
senescence (32, 55, 56). These acutely senescent cells display
anti-fibrotic transcriptional programs, resolving potentially
dangerous fibrosis of the liver (55). This also demonstrates the
complex and contextually significant role of senescent cells in the
body, which can be beneficial in injury resolution and wound
healing, and must be taken into consideration with any systemic
therapies that target senescent cells.

Senescent cells are found in multiple tissues of the body,
including the bones and brain. For example, an increase in the
number of senescent astrocytes are found in cadaveric
Parkinson’s disease patients compared to normal control
tissues, along with an increase in SASP markers IL-6, IL-1a
and IL-8 (29). In mice, clearance of senescent [glial] cells of the
brain has been shown to reduce the accumulation of
hyperphosphorylated tau aggregates in the dentate gyrus
(responsible for memory formation and cognition), that has
been linked to cognitive decline (57) and Alzheimer’s (58).
Similarly, clearance of senescent cells that accumulate in
osteoarthritis produced a pro-regenerative environment as
marked by subchondral sclerosis and osteophyte formation
Frontiers in Immunology | www.frontiersin.org 4
similar to controls (59). Inhibition of SASP factors generated
by senescent cells, such as the profibrotic TGF-b, has also been
shown to improve regeneration in the liver (60).
CLEARANCE OF SENESCENT CELLS BY
THE IMMUNE SYSTEM

When senescence is induced, these cells need to be cleared from
tissues to prevent damage to the surrounding cells. The SASP
generated by senescent cells is able to promote immune clearance
of the senescent cells (61). The SASP potency can be modulated by
the epigenetic regulator BRD4 (Bromodomain-containing protein
4), as when this was knocked down, secreted SASP factors in in
vitro cultures were reduced (62). In vitro experiments also showed
that conditioned medium from senescent cell cultures induced
senescence in naïve cells, halting proliferation and upregulating
SA-b-Gal activity, whereas conditioned medium from BRD4-
inhibited cultures had significantly reduced capacity to transmit
senescence to naïve cells (62).

Senescent cell destruction within tissues can be carried out by
natural killer (NK cells). One of the first instances in which this
was reported was in a study in which p53 was activated in liver
carcinomas using RNAi, resulting in rapid tumor regression, and
inhibition of NK cells showing significantly delayed tumor
regression compared to controls (63, 64). By Day 8 of p53
senescence induction, infiltration of leukocytes including NK
cells was observed in mouse kidneys by immunohistochemistry,
with detection of NK-specific transcripts (Klrb1 and Klrd1)
upregulated in tumors suggesting NK infiltration because of
the presence of senescent tumor cells (63).

NK cells are not the only immune cell involved in the
clearance of senescent cells. Macrophages can be recruited by
numerous factors, including SASP factors and the secretome of
NK cells. NK cells can produce interferon gamma (IFN-g) upon
interaction with senescent cells (65) which acts to recruit
macrophages (66). In addition to this the induction of tumor
senescence can lead to an increase in oxidative stress, as shown in
breast cancer due to protein acetyltransferase dysregulation (67).
This led to an increase in chemoattractants CCL2, CXCL1,
CXCL16 and IL-8, which recruit NK cells and macrophages,
causing clearance of senescent tumors (67). This is matched in
other organs; for example the liver where senescent hepatic
myofibroblasts, produce CCL2, attracting CCR2+ macrophages
to the liver to clear pre-cancerous cells, demonstrating a
protective role for senescence in the liver (68). Together this
shows the orchestration of immune cells by signaling of
senescent cells to exert a protective anti-cancerous role, with
the roles of macrophages in senescence being explored later.
MACROPHAGES

Functions
Macrophages have a diverse range of functions, including tissue
homeostasis, immune surveillance, resolving cutaneous wound
June 2021 | Volume 12 | Article 700790
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healing (69), clearance of red blood cells (70, 71) and even
supporting embryogenesis (72). One of their primary functions
as ‘big eaters’ is to phagocytose cells, such as apoptotic cells
[efferocytosis (73)] and senescent cells (33). One component of
the macrophage lysosome is DNase II which degrades the DNA
of engulfed cells (74). Mouse experiments in which DNase II was
knocked out, showed undigested DNA within the lysosomal
compartment of macrophages, leading to activation of the
immune system as marked by increases in IFN-g and more
moderately, TNF-a (74). This indicates that incomplete
phagocytosis can be pro-inflammatory. During inflammation
of the body, macrophages can be recruited by chemotactic
factors secreted by neutrophils to aid in inflammation
resolution. This is useful in host defense against pathogens in
which macrophages phagocytose apoptotic neutrophils (75)
which promotes inflammation resolution (76).

The ability of macrophages to robustly clear senescent cells
from the tissues of the body diminishes with age (77). One
proposed explanation for this is for macrophages to be able to
acquire senescent-like properties, termed “senescent associated
macrophages (SAMs)”. A possible cause of this may be due to the
ability of the SASP of senescent cells to induce senescent features
in macrophages such as SA-b-Gal positivity (28, 78). However, as
there is inherent b-galactosidase activity in macrophages due to
their lysosomes (79), this cannot be an accurate marker to
definitively class macrophages as senescent.

Macrophages in the Kidney and Models
to Dissect Senescent Cell–Macrophage
Interactions
Resident macrophages of the kidney arise from three separate
sources, the C-Myb independent yolk-sac EMP-derived, fetal
liver C-Myb dependent EMP-derived and finally, hematopoietic
stem cells (HSC) as comprehensively summarized (80).
Macrophages in the adult kidney can be separated by markers
into distinct populations, which may result in them displaying
differing responses to stimuli.

Circulating monocytes can populate the kidney and mature to
macrophages to continue to provide immune and injury
response, but these are not precise analogues to the long-lived
kidney resident macrophages (KRM) (81). Models have been
developed to study the effect of senescent cells in the kidneys of
young mice (82). These models utilize Pax8 which is a
transcription factor involved in the formation of the kidney
tissues in mice, with human homologues (83). Conditional
excision of mdm2 is driven by Pax8; mdm2 codes for MDM2
which negatively regulates p53, promoting stabilization and
degradation by ubiquitination, promoting senescence induction
(84). The Csf1rDFIRE/DFIRE (FIRE) mouse has recently been
developed, and shows robust elimination of resident F4/80high

macrophages in multiple tissues of interest including the kidney
(85). This was achieved by the removing the super enhancer
(fms-intronic regulatory element) located in the second intron of
the Csf1r gene (85). This improves on the limitations of the
Csfr1-/-macrophage deficient mouse model which showed lack of
bone remodeling (osteopetrosis), resulting in deformities during
Frontiers in Immunology | www.frontiersin.org 5
development, and reproductive defects, resulting in lower
pregnancy rates (86). In addition to this, the niche population
is not repopulated by circulating monocytes (85), which suggest
the alteration of the niche-cell interaction by the removal of the
CSF-1 receptor from F4/80+ cells (85).

These models will provide information of the effects of
senescent cells in young animals and their effects on
macrophages in an in vivo setting. These two models may
provide insight into how different macrophage populations
interact with senescent cells of the kidney, for instance in the
absence of resident F4/80high renal macrophages, and in mice
exposed to chronically senescent cells from an early age.
MACROPHAGE PLASTICITY

Macrophages display phenotypes adapted to their various roles
and can be classified very simply as M1 (pro-inflammatory) or
M2 (pro-regenerative) states based upon cell surface markers,
synthesis of specific factors and biological activities. This was first
suggested by Mills and colleagues, based upon the Th1/Th2
paradigm (87) and represents extremes of a spectrum of
polarization states (88) (Figure 2). M1 macrophages generate
inflammatory cytokines (89) in response to microbial infection
or inflammation, such as IL-6 (90), nitric oxide (NO) (91, 92),
TNF-a, IL-1b, IL-12 and IL-23 (93, 94). Inflammatory
monocytes are recruited to sites of acute and chronic kidney
injury, with the SASP-associated CCL2 promoting the
accumulation of cytotoxic and pro-inflammatory M1
(classically activated) macrophages (95, 96).

After injury, pro-reparative or ‘alternatively activated’ M2
macrophages can be induced by exposure to Th2 type cytokines,
such as IL-4 and IL-13 (97, 98) or phagocytosis of apoptotic cells,
with transition from M1 to M2 polarization seen in successful
resolution of inflammation by the production of mitogenic and
pro-survival signals that promote renal repair (88, 99, 100).
Failure of macrophages to switch from a pro-inflammatory
state to the pro-reparative state has been implicated in chronic
diseases, including chronic kidney disease due to the excessive
fibrosis caused by the presence of a proinflammatory
environment (49). M2 macrophages have anti-inflammatory
roles, secreting cytokines such as IL-10, and express markers
such as CD206, Ym1, CD163, CCL1, CCL18, FIZZ1, arginase1
(Arg1) and chitotriosidase genes (101–103). In the lungs it has
been shown that M2 macrophages are able to suppress
inflammation secretion of factors that affect the behavior of
surrounding cells (103).

M2 macrophages are crucial to wound healing, with their
functions including clearance of debris, activation of regulatory
T-Cells, suppression of inflammation, reduction of neutrophil
infiltration and antagonism of M1 macrophage functions (104).
M2 macrophages can be further subdivided into M2a,b,c and d
types (Figure 2), with M2a being the most commonly described
and referred to as alternatively activated (IL-4 induced) (100).
M2a are activated by IL-4 and IL-13 while M2c are activated by
IL-10 and TGF-b, and glucocorticoids (105). M2a (wound-
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healing macrophages) are profibrotic, secreting TGF-b, insulin-
like growth factor (IGF) and fibronectin (106). M2c potently
induce regulatory T-cells, which aid in protection from renal
injury (104, 107). It has been shown, using mouse renal models,
that both M2a and M2c polarizations can be robustly induced in
aged mononuclear cells in vitro, whereas polarization was limited
in vivo in IRI models when compared to young mice (108). This
suggests that the intrarenal microenvironment of aged mice after
IRI has a greater negative impact on macrophage polarization
than the ageing of the bone-marrow derived monocytes (108).
M2c subtypes also have strong anti-inflammatory and pro-
fibrotic functions due to the production of IL-10 and TGF-b,
respectively, with high expression of Mer receptor tyrosine
kinase (MerTK) for efficient phagocytosis of apoptotic cells
(104, 106). M2b (regulatory macrophages) are activated by IL-
1, LPS (105) and secrete both pro-inflammatory factors (IL-1b,
IL-6, and TNF-a) as well as the potent anti-inflammatory IL-10,
due to their roles in the regulation of inflammation and immune
response (88, 106). M2d (tumor-associated macrophages –
TAMs) are activated by IL-6 and A2 adenosine receptor (AR)
agonists (105, 106), and represent a more detrimental class of M2
macrophage as they contribute to angiogenesis (by release of
vascular endothelial growth factor – VEGF) and cancer
metastasis (109, 110).

As with M1 macrophages, niche context can also influence
M2 functions, as increased fibrosis (collagen I, II and III
deposition) is seen in injured kidneys due to the signaling
effects of macrophages on resident kidney fibroblasts (111). To
some extent, macrophage origin can also affect polarization
capacity, as the M2a subtype derived from bone marrow was
Frontiers in Immunology | www.frontiersin.org 6
more likely to switch to an inflammatory phenotype, than M2a
cells derived from the spleen (104). Macrophages are not
terminally differentiated and retain the ability to switch to
other phenotypes. As well as M1 macrophages having the
ability to switch to a more pro-repair phenotype (99), M2
macrophages can be induced to adopt proinflammatory
features to enable microbial killing (112).

Macrophages and Fibrosis
In the kidney, with increased ageing, fibrosis can be driven by the
upregulation of the Wnt/b-catenin signaling and renin-
angiotensin system (RAS) pathways, shown by an increase of
fibronectin and picrosirius red staining (113). This was validated
by the experimental overexpression of Klotho which acts as an
antagonist of Wnt/b-catenin, resulting in diminished renal
fibrosis, preservation of mitochondrial mass and reduced
production of reactive oxygen species (ROS) (113). Levels of
Klotho decrease with age in mice (over 12 months), correlating
to increase in fibrosis and aging markers. This indicates that
potent and selective inhibitors of the Wnt/b-catenin pathway
could provide a useful therapeutic for age-related fibrosis as well
as fibrosis caused by the presence of senescent cells due to injury
in the kidney.

However, fibrosis may be caused by other mechanisms, such as
macrophages. Pro-reparative (“M2”) macrophages have the
potential to accelerate tissue repair, but if they remain persistently
activated, or are continually recruited, they may contribute to
chronic fibrosis (114). This is due to secreted cytokines from
macrophages, such as TGF-b which simultaneously has anti-
inflammatory and profibrotic activity (114).
A

B C

FIGURE 2 | The simplified polarizations of macrophages and potential interactions with senescent cells. (A) Macrophages can be in an unpolarized M0 state, and
polarize to the classical inflammatory M1 state, or the alternately activated, pro-reparative M2 state, with subcategories of M2 activation that dictates function, with
prominent drivers listed. (B) Plasticity of macrophages allows a shift in polarized states from M1 to M2 that can be inhibited by the secretosome of senescent cells
(SASP), associated with injuries to organs and increasing age. (C) Inhibition of polarization shift can be ameliorated with pharmaceutical compounds ultimately
minimizing the effect of the SASP. SC, Senescent cell; TAMs, Tumor Associated Macrophages.
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Tissue fibrosis may be impacted by the effect of ageing on
macrophages, which undergo changes in secretory production.
Importantly the anti-inflammatory IL-10 cytokine is decreased
(115). This has important implications for tissue function as IL-
10 is also anti-fibrotic by inhibition of pro-fibrotic molecules
such as TGF-b (116). Recent therapeutic research has focused on
the potential of utilizing IL-10 for its potent antifibrotic
properties (117). This highlights an important decline in a key
M2 macrophage signaling molecule, demonstrating a decrease in
potency with host age and leading to tissue environments more
permissive to fibrosis.

Macrophages in Kidney Injury
When the kidney is injured, proliferative monocytes are
recruited and infiltrate the kidney to the site of tissue damage
(118). This occurs after IRI (119) along an IL-6 chemotaxis (120),
among other signaling factors. Monocyte infiltration begins early
after injury, as shown by increased F4/80 staining at day 1. These
monocytes migrate towards injured tubules of the outer medulla
and mature to macrophages (121). Macrophages enhance pro-
inflammatory damage caused by injury, as depletion of
macrophages can be beneficial at early timepoints, as marked
by a decrease in in blood urea nitrogen (BUN). However, they are
also needed for resolution of inflammation and tissue repair, as
their depletion (by liposomal clodronate) is detrimental at later
(72 hour) timepoints at which recovery begins (13). This affect
appeared to be due to the inflammatory environment of the
kidney and how it changes over the first 72 hours of injury, in
which pro-inflammatory cytokines such as CCL2 were
upregulated in the first 24 hours, and anti-inflammatory IL-10
rose in later stages (13). This indicates that macrophages
involved in kidney injury have functions that are dependent on
the local cytokine signals, which affect their polarization, and
show a beneficial effect when depleted at early inflammatory
timepoints and a beneficial effect when re-administered at later
timepoints. Depletion of macrophages by clodronate liposomes
has been shown in other studies, delivering functional protection
and reduced acute tubular necrosis (122). Genetic diphtheria
toxin (DT)-mediated depletion of CD11b-DTR mouse
macrophages did not give a protective effect compared to
controls, possibly due to clodronate having a minimal effect on
resident CD11b+ populations (122). This suggests that partial
depletion of mononuclear phagocytes at earlier timepoints has a
cytoprotective effect.

After renal IRI, M2 macrophages are present at later
timepoints of injury repair (~day 3), coinciding with peak cell
division of tubular cells (121). Gene expression assays by qPCR
showed that macrophages (fluorescence associated cell sorted for
F4/80+) in the injured kidneys displayed a concurrent decrease of
iNOS and increase of Arg1, markers of pro-inflammatory/
classical and alternatively activated macrophages respectively
(121). To verify a transition of macrophage states from M1 to
M2, and not polarization of infiltrating monocytes, bone marrow
monocytes were labelled with PKH26 and exposed to interferon
gamma (Ifn-g) to stimulate iNOS-positive, pro-inflammatory
M1 polarization, and injected 3 days post-IRI. PKH26 labelled
cells collected at day 5 displayed downregulated iNOS expression
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and increased CD206 (mannose receptor), a marker for M2
polarization, suggesting their polarization altered in response to
their environment (121).

Most of these studies have been carried out on young mice.
However, the presence of senescent cells can impact macrophage
phenotype. For instance, inhibition of the SASP cytokine TNF-a
in human macrophages derived from peripheral blood
mononuclear cells (PBMCs) induced a shift in polarization of
macrophages to an M2 phenotype from an M1 phenotype and
decreases the secretion of pro-inflammatory cytokines (TNF-a,
IL-6 and IL-12) (123). Further experiments showed an increase in
phagocytosis of M1 macrophages. Taken together, this indicates
that through SASP signaling, senescent cells can reduce phagocytic
activity of macrophages and inhibit the transition to pro-
reparative M2 macrophages, leading to a persistence of pro-
inflammatory M1 macrophages. How the presence of senescent
cells with ageing might affect the roles of macrophages in
inflammation and tissue repair after injury of the kidney and
other organs warrants further experimental investigation.
SENESCENCE INDUCTION
IN MACROPHAGES

The concept of “macrophageing” was first introduced in 2000 (78,
124, 125) and suggests that macrophages are induced into
becoming senescent in response to signaling from surrounding
cells. This has been a controversial subject in previous years, as
although macrophages may display upregulation of senescence
associated markers such as p16INK4a and SA-b-Gal (126) they
remain proliferative indicating that they have not acquired “true”
senescence (127). Evidence indicates that these markers that
emerge are contextual in macrophages and may in fact be
indicative of their polarization (128). Recent research has
provided more evidence for senescent macrophages, as shown
by significant upregulation of both p16INK4a and p21CIP1 cell-cycle
checkpoints in a mouse model of DNA damage repair deficiency
(129). In addition to this, macrophages as sorted by F4/80+ and
CD11b+ markers showed significant upregulation of SASP
components, including TNF-a, IL-6 and IL-1b as compared to
littermates, in which the coding sequence for DNA repair protein
ERCC1 is not excised (129). This is matched by significant
increases in p16INK4a and p21CIP1 in the bone marrow
compartment of the transgenic mice, compared to 2 year old
wild-type control mice and un-induced controls, with an increase
in the pro-inflammatory IL-6 accompanying this. This field is
constantly being re-interpreted as new evidence is produced, and it
is beyond the scope of this review to advocate for or against
senescent macrophages, and will focus on the role(s) of senescent
cells upon macrophages and their ability to function.
IMMUNOAGEING AND IMMUNEVASION

Ageing of the immune system is marked by a chronic level of
systemic inflammation, which contributes to the pathogenesis of
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age-related diseases called ‘inflammaging’ (124, 125). This can be
seen in monocyte/macrophage populations of the body. The
peripheral blood monocytes that in some cases invade tissues
and supplement resident macrophages are reduced with age
(130). The macrophages of the lungs (alveolar macrophages)
have shown lower levels of phagocytosis of apoptotic neutrophils
(75). This can lead to increased susceptibility to infections such
as influenza, resulting in a higher mortality in mouse studies
(75). In the brain, phagocytosis of amyloid-beta is reduced in
multiple populations of blood monocytes (131).

The dysregulation of macrophage functions with age may be
linked to low levels of innate immune activation as marked by
sCD163 and CXCL10 (132). It was also found that age resulted in
higher levels of inflammation as shown by an increase in TNF-a
of aged monocytes compared to young human peripheral blood
monocytes (132). Higher levels of inflammation are also seen in
kidney macrophages of aged mice, with aged CD73+ kidney
mesenchymal stromal cells upregulating Ccl2 with a higher
proportion of CCR2+ macrophages detected (95). This
indicates an increase in pro-inflammatory macrophages with
age. This is made more detrimental by the presence of senescent
cells (Figure 2) that can cause macrophages to show ‘senescent
traits’ (78), losing potency as shown by the decrease of IL-10
synthesis by “M2”macrophages (115) and a significant reduction
in their capacity to phagocytose (133).

Macrophages of the spleen upregulate p16INK4a expression up
to 20-fold in response to ionizing radiation, which is in stark
contrast to the 4-fold upregulation seen in T-cells (134). This
indicates a higher sensitivity of macrophages to ionizing
radiation, as shown by a sharp decrease in absolute cell
number, which is rescued by targeted depletion of p16INK4a

cells. This would also indicate that immunosenescence induced
by the SASP of splenic cells partially models the decline of
immune system potency with age explained by inflammaging
(78) and demonstrated by a decrease in phagocytosis with age
(133). Given the key roles of macrophages in tissue repair, this
higher sensitivity to the SASP components could be an
explanation as to why senescent cell burden is such a
detrimental component of the ageing soma and the role of
decreased immune function has been shown to accelerate
senescent burden (135). Despite rescue of cell number by
p16INK4a cell depletion, phagocytic activity measured by uptake
of a fluorescent substrate, was diminished. It remains possible
that there exists a spectrum of senescence due to the multiple
components that can contribute to the phenotype, as senescence
markers such as p16INK4a, p21CIP1, and SASP components (IL-6,
IL-1a) can be present but well-established markers such as SA-b-
Gal can be absent (134).

CD47 is a membrane protein recognized as an inhibitory
signal of phagocytosis or a “don’t eat me” signal, first discovered
in mice injected with red blood cells from CD47-null mice, in
which the CD47 deficient red blood cells were rapidly cleared by
splenic macrophages (136). As macrophages abundantly express
the SIRP1a receptor, which binds to CD47, and depletion of
splenic macrophages protected CD47-/- red blood cells when
injected into wild-type mice, this suggests the CD47-SIRP1a axis
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represents a method of evasion of immune clearance and CD47
as a “marker of self” (136). CD47 is overexpressed in cancers
(137), and senescent cells upregulate expression of CD47 (138),
including in human renal proximal tubular epithelial cells. This
may allow cancers and senescent cells to appear as “self” to the
immune system and escape clearance. As previously mentioned,
senescent cells have roles in development (72), and it is possible
that their ability to upregulate CD47 is an example of
antagonistic pleiotropy (139), in which senescent cells need to
avoid clearance during development and therefore upregulate
CD47, an ability that becomes detrimental in later life as
senescent cells persist and generate SASP.

Other immune cells are affected by age. The number of
activated, CD56bright NK cells that produce cytokines decreases
with age in humans (>60 years) (140). In vitro studies have
shown that senescent cells are able to escape by NK cell
cytotoxicity by upregulation of HLA-E (MHC I) which can
bind inhibitory receptors on NK cells (41). In addition,
activating ligands for the NKG2D receptor such as MICA can
be cleaved from the surfaces of senescent cells by matrix
metalloproteases (MMPs) (141). These free MICA ligands are
able to bind to the NKG2A of NK cells and inhibit binding to
target cells, with a reversal of this evasion shown by a broad-
spectrum MMP inhibitor (141).
THERAPEUTIC INTERVENTIONS TO
TACKLE DETRIMENTAL EFFECTS OF
CHRONIC SENESCENT CELLS

Macrophage Therapeutics
As macrophages have been shown to be involved in kidney
injury, with their removal at early timepoints appearing
beneficial (13, 122), controlled depletion of macrophages may
be of therapeutic interest. However, the methods used in these
mice studies may not effectively translate to humans, and there
may be off-target effects, depleting other macrophage
populations. This could be deleterious in some settings, for
instance if a patient was to suffer a myocardial event (142),
and could disrupt normal homeostasis of red blood cell turnover
by depletion of splenic macrophages (136).

Tailored genetic therapies are another possible option.
Macrophages that have had their SIRPa receptor knocked out
by CRISPr-Cas9, caused an increase of phagocytosis of human
osteosarcoma cells by a factor of 4 (143). This study did not
investigate phagocytic capacity of senescent cells, but logically as
the macrophages are the cells being edited, senescent cells would
also be more likely to be phagocytosed due to the lack of the
SIRPa on the macrophages. Again, this is limited by its proof-of-
principle in experimental settings, using human cell lines.

An alternative to time-consuming tailored healthcare, is the
administration of humanized anti-CD47 antibodies (144). This
study showed that the AO-176 antibody bound to human CD47,
resulting in increased tumor cell death. An advantage of this is
that the AO-176 antibody had minimal affinity for red blood
cells, a common drawback of previous CD47 antibodies (144).
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Further investigation of whether this anti-CD47 antibody has
any anti-senescent properties is warranted.

Interventions to Improve Macrophage/
Senescent Cell Clearance
Klotho
The kidney accumulates senescent cells with age, with mouse
studies in which targeted depletion of senescent cells led to a
decrease in age-associated pathologies in the kidney (43).
Senescence is regulated internally by different mechanisms, one
of which is the Klotho gene. ICGN (‘Institute of Cancer
Research’- derived glomerulonephritis) mice transgenic for the
Klotho gene had an average survival of 70% compared to ICGN
controls (30%) (145). This overexpression of Klotho also led to a
decrease in senescence associated SA-b-Gal, an established
marker of senescence. Together, these indicate that Klotho
positively affects survival, possibly by reducing senescent
burden. Klotho knock-out mice have an increased number
senescent cells (146), and as human levels of Klotho decline
with CKD (147) it may be beneficial to increase soluble
KLOTHO levels in patients. This repression of accelerated
senescence, which is found with glomerulonephritis, preserves
renal function and improves survival (145).

Senolytics and Senomorphics
Senescent cells have been shown to accumulate in age and in
disease in both human and animal tissue and crucially, their
clearance in animal models is safe and has been shown to
improve health span (43) and organ function (39, 53). It has
become of therapeutic interest to remove senescent cells,
operating under the hypothesis that removal of chronically
senescent cells will have a positive impact on local and
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systemic tissues (Figure 3). Drugs that accomplish this are
called senolytics and treatments that target senescent cells are
called senotherapies.

Recent studies have focused on small molecular compounds
to inhibit the pro-survival mechanisms of senescent cells, such as
ABT-263 (Navitoclax) and ABT-737 (148) which inhibit Bcl2/w/
xL (39). ATB-263-induced elimination of senescent cells
improves prognosis after IRI injury in mice as seen by decrease
in fibrosis and ongoing injury, with increased levels of
regeneration and better kidney function (53). Human trials of
ABT-263 have revealed that the onset of thrombocytopenia
(abnormally low platelet counts) may limit the dose/timing of
ABT-263 administration to patients (149). Further research is
required to determine if ABT-263 can be used as a senolytic in
different settings, such as organ rejuvenation in transplants.

It has been shown that the senolytics, dasatinib and quercetin
(D+Q) can be safely used in humans (150, 151). D+Q have a
different target to ABT-263, and cause depletion of macrophages,
with early studies showing a decrease of macrophage number per
adipocyte by 28% (150). The control of senescent cell clearance
by pharmaceuticals proves crucial, as inhibition of acute
senescence present in wound healing (31, 32), could be
disruptive to natural wound-healing processes that animal
models/patients may be undergoing. This same study
demonstrated that common markers for senescent cells,
namely p16INK4a/p21CIP1 expression and b-galactosidase
activity at pH 6.0, were decreased post senolytic treatment, but
this can’t be attributed to Langerhans cell clearance or
macrophage recruitment (150).

It has been proposed that noncoding RNAs (ncRNAs) may
have a role in the regulation of SASP factors generated by
senescent cells (152). Exogenous administration of ncRNAs
FIGURE 3 | Hypothesis of effects of senescent cell removal therapies on tissue function, with examples of each of different hallmarks and drivers listed for both
conditions. Graphs are not directly proportional as mitigating factors can alter the tissue functionality such as diet, exercise, disease.
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capable of downregulating SASP factors (senomorphics) may
provide a complimentary approach to senescence therapeutics
such as senolytics and lifestyle adaptations.

Exposure to chemotherapeutic drugs such as Actinomycin D
(ActD) can induce senescence in human mesenchymal stem cells
(hMSCs) (153). Whilst the resident cells may be prevented from
becoming cancerous, the effect of the SASP-generating senescent
cells on the hMSC niche may be detrimental over time. Therefore,
it is important that be able to target the induced senescent cell
populations for removal, to give more tailored treatments.

Studies in which senescent cells were transplanted into
healthy young mice, showed an increase in mortality as a
result of senescent cell burden, which was subsequently
reversed by intermittent administration of dasatinib and
quercetin (154). This reduction of senescent cell burden has
also been replicated in humans with diabetic kidney disease,
however effects on mortality remain to be assessed (150).
Elimination of senescent cells relieved persistent physiological
dysfunctions including the secretion of frailty-related pro-
inflammatory cytokines, as demonstrated by human adipose
Frontiers in Immunology | www.frontiersin.org 10
tissue explants (154). This and other methods are outlined in
Table 1, adapted with permission (160).

Lifestyle
Hall and colleagues showed that many p16INK4a and SA-b-gal
positive cells in the adipose tissue of mice may have been SAMs
(senescent associated macrophages), attracted by senescent cells,
and displaying pro-inflammatory (“M1”) phenotype (126) which
has been shown to create a sterile inflammatory environment
associated with obesity, as reviewed comprehensively (161). If
adiposity affects senescent cell numbers, this could indicate that
life-style choices (i.e. weight loss by calorie restriction and
exercise) may successfully reduce numbers of macrophages
secreting pro-inflammatory cytokines, by minimizing excess
adipose tissue in response to exercise, showing positive
feedback by reducing leptin (satiety hormone) (162) and
minimizing adipose tissue – which is reported to contain large
numbers of senescent cells (3) – and cause inflammation (126,
154). As briefly reviewed, by Xu and colleagues (163) pro-
inflammatory mediators can also be reduced by CR. This may
TABLE 1 | Experimental models of senescent cell deficiency/induction/depletion in the kidney and their effects on renal outcomes.

Reference Model Modulation of Senescence Outcome Effect of Any Intervention

(43) Natural aging
In INK-ATTAC mice

INK-ATTAC +AP20187 or
vehicle administration
to deplete p16ink4a+ cells

↑Glomerulosclerosis
↑ ß-gal positivity

↓Glomerulosclerosis
↓ß-gal positivity

(155) Natural aging p16-
3MR mice and fast
aging
Xpd TTD/TTD mice

FOXO4-DRI agent causes
p53 nuclear exclusion.
Ganciclovir Rx to p16-3MR
mice causes p16ink4a+
restricted cell death

↑Serum Urea
↓Lmnb1 expression
↑SASP expression
(both XpdTTD/TTD and aged p16-3MR)

FOXO4-DRI or GCV to p16-3MR admin:
↓Serum Urea
↑Lmnb1 expression
↓SASP expression
(both XpdTTD/TTD and aged p16-3MR)

(34) Nephrogenesis WT vs
P21cip1 KO mice with
deficient growth arrest in
nephrogenesis

↓ ß-gal positivity in P21cip1 KO mice utero.
↑Ki67 expression but ↑Apoptosis maintains
development

Use of PI3K inhibitor augments developmental
senescence in WT mice

(156) UUO WT vs p16ink4a KO mice with
impaired cell cycle arrest

UUO induces ß-gal positivity, apoptosis, and
collagen deposition in WT mice

↓ ß-gal positivity ↓Apoptosis
↑Collagen, ↑proliferation after UUO in p16ink4a KO

(157) Renal IRI WT vs P21cip1 KO mice with
impaired cell cycle arrest

WT mice show tubular injury and raised blood
urea levels after IRI

↑proliferation
↓Renal function
↑Mortality in P21cip1 KO

(156) Renal IRI WT vs p16ink4a/p19ARF

Double KO mice with
impaired cell cycle arrest

WT mice show marked p16ink4a and p19ARF

induction 28d after IRI, with apoptosis and
reduced tubular density

p16ink4a and p19ARF deficient mice show improved
epithelial and microvascular repair, with increased
myeloid cell recruitment

(158)
(159)

Diabetic
Nephropathy

WT vs p21cip1 KO
WT vs p27kip1 KO

WT mice develop albuminuria and glomerular
hypertrophy

Both p27kip1 KO and p21Cip1 KO mice were
protected from proteinuria and glomerular
expansion

(52) Renal Transplant p16ink4a KO mice with
impaired cell cycle arrest

WT mice develop interstitial fibrosis and
tubular atrophy

p16ink4a KO mice develop less atrophy and fibrosis
after Tx

(154) Senescent cell
transplant (young
and older mice)

Dasatinib and Quercetin (D
+Q) - senolytic administration

↑ Frailty
↑ Mortality
↑ Senescent burden

↓In frailty-related + pro-inflammatory cytokines (IL-6,
IL-8, CCL2, PAI-1, GM-CSF)
↑ Survival

(150) Diabetic Kidney
Disease (Human)

Dasatinib and Quercetin (D
+Q) - senolytic administration

↑ ↑ Probability of end-stage kidney failure
↑ Senescent burden

↓ p16INK4A and p21CIP1 positive cells
↓ SASP (IL-1a, IL-2, IL-6, IL-9, MMP-2, MMP-9,
MMP-12)
↓ CD68+ macrophages
Transgenic and genetic knockout mice have been used to study the impact of 1) deficiencies in the induction of senescence or 2) depletion of established senescent cells. Several of these
models are summarized in this table, with description of the experimental model of renal disease used, the alteration in senescence induction employed and any alterations in renal disease
outcomes. TTD/TTD, trichothiodystrophy/trichothiodystrophy; GCV, ganciclovir; WT, wild-type; KO, knock-out; UUO, unilateral ureteric obstruction; IRI, ischemia-reperfusion injury; Tx,
Transplant; PAI-1, plasminogen activator inhibitor-1; GM-CSF, granulocyte macrophage colony-stimulating factor; IL-, Interleukin-; MMP-, Matrix Metalloprotease. Adapted with
permission (160).
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be a relevant therapeutic intervention due to the oxidative
damage in response to transplantation procedures, caused by
ischemia-reperfusion injury, which may lead to an increase in
senescent burden and therefore premature ageing of the
transplant and surrounding tissues (164). However, as
previously mentioned this could lead to accelerated grey matter
atrophy (18), meaning cost-benefit analysis needs to be
considered for administration to patients.
THERAPEUTICS – CONCLUSIONS

The presence of senescent cells may be the most relevant case of
the antagonistic pleiotropy theory of ageing (139), in that the key
genes involved in senescence are beneficial in early life,
promoting healthy embryogenesis (33) and rapid wound repair
whilst protecting from cancer formation/progression (35).
However, as senescent burden increases with age, SASP
generating cells comprise a larger proportion of non-
regenerating cell populations in tissues, negatively affecting
homeostasis (42, 126, 165). This would suggest that certain
therapeutic interventions, such as pharmaceutical treatment
(senolytics/senomorphics) or lifestyle changes [regular aerobic
exercise (3, 162)] may only show a significant impact when
administered to patients of a certain age, who have accumulated
enough senescent cell burden, and pharmaceutical interventions
may be preventative. Senescence has wide-reaching effects and
the elective administration of appropriate senolytics has the
potential to improve the quality of life for patients with
chronic conditions and age-associated morbidity, and further
clinical trials are warranted.
CHALLENGES FOR FUTURE RESEARCH
INTO AGEING-ASSOCIATED FIBROSIS

Ageing is difficult to model in a translationally significant
manner using genetically close models, due to the marked
expense and timescale limitations of non-human primate
(NHP) models such as rhesus monkeys that live three to four
decades. Although uncommon, these studies have been
performed, pooling non-human primates (gorilla, rhesus
monkey, baboon and others) to identify conservation of certain
ageing phenotypes across species, such as arterial thickening
correlated to increased age (166). The trans-NIH GSIG summit
identified the induction of pathologies in young mice precludes
analysis of interactions with other aspects of ageing seen in
chronic diseases, requiring longer term studies to recapitulate the
ageing phenotype before pathology induction (4). To overcome
the limitations of relatively long-lived animals used for ageing,
other vertebrate models have been assessed for use, for example
the African turquoise killifish (Nothobranchius furzeri) has been
assessed as a model for aging against the “Hallmarks of Ageing”
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(1) and has begun to be genetically altered and separate lines
bred to provide a genetic toolkit to investigate ageing (167, 168).
FINAL CONCLUSIONS

Senescent cells are attractive candidates as drivers of age-related
organ dysfunction. They are consistently seen in diseased and
older tissues when compared with healthy age-matched controls,
actively secreting pro-inflammatory and pro-fibrotic molecules
(90–92) capable of driving further (paracrine) senescence and
propagating on-going tissue damage (78, 125). This is potentially
because they secrete pro-inflammatory cytokines in the SASP
which modify the surrounding environment (169).

Macrophages contribute to clearance of senescent cells by
phagocytosis (73). This activity declines with age in multiple
organ systems (115), including the kidney, as macrophages
polarize from M1 to M2 in response to exogenous growth
factors (170), and can potentially become ‘senescent-associated’
(78, 125, 133) and possibly senescent themselves (129). This is
followed by a concurrent increase in fibrosis with age, which
negatively affects organ function.

New therapy strategies have been developed, both
pharmaceutical (39, 150) and lifestyle changes (126, 162) that
aim at reducing the burden of senescent cells and the SASP they
generate, and reducing inflammation, aimed at removing
blockades for macrophage polarity transitions essential for
response to injuries. This research is slowed by the feasibility
of ageing models currently utilized, however efforts by
researchers have brought new animals more relevant to ageing
research into mainstream use, as is the case with the African
Killifish (167, 168).

Ageing is a complex interaction of different physiological
responses that can be influenced by multiple factors from
genetics to the environment, but current research has and is
investigating these interactions and different factors for
therapeutic benefit in humans.
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123. Degboé Y, Rauwel B, Baron M, Boyer JF, Ruyssen-Witrand A, Constantin A,
et al. Polarization of Rheumatoid Macrophages by TNF Targeting Through
an IL-10/STAT3 Mechanism. Front Immunol (2019) 10(JAN):1–14. doi:
10.3389/fimmu.2019.00003

124. Franceschi C, Garagnani P, Parini P, Giuliani C, Santoro A. Inflammaging: A
New Immune–Metabolic Viewpoint for Age-Related Diseases. Nat Rev
Endocrinol (2018) 14(10):576–90. doi: 10.1038/s41574-018-0059-4

125. Franceschi C, Bonafè M, Valensin S, Olivieri F, De Luca M, Ottaviani E,
et al. Inflamm-Aging. An Evolutionary Perspective on Immunosenescence.
Ann N Y Acad Sci (2000) 908:244–54. doi: 10.1111/j.1749-6632.2000.
tb06651.x

126. Hall BM, Balan V, Gleiberman AS, Strom E, Krasnov P, Virtuoso LP, et al.
Aging of Mice is Associated With p16(Ink4a)- and b-Galactosidasepositive
Macrophage Accumulation That can be Induced in Young Mice by
Senescent Cells. Aging (Albany NY) (2016) 8(7):1294–315. doi: 10.18632/
aging.100991

127. Liu JY, Souroullas GP, Diekman BO, Krishnamurthy J, Hall BM, Sorrentino
JA, et al. Cells Exhibiting Strong P16 INK4a Promoter Activation In Vivo
Display Features of Senescence. Proc Natl Acad Sci U S A (2019) 116
(7):2603–11. doi: 10.1073/pnas.1818313116

128. Hall BM, Balan V, Gleiberman AS, Strom E, Krasnov P, Virtuoso P, et al. p16
and SAbetaGal can be Induced in Macrophages as Part of a Reversible
Response to Physiological Stimuli. Aging (Albany NY) (2017) 9(8):1867–84.
doi: 10.18632/aging.101268

129. Yousefzadeh MJ, Flores RR, Zhu Y, Schmiechen ZC, Brooks RW, Trussoni
CE, et al. An Aged Immune System Drives Senescence and Ageing of Solid
Organs. Nature (2021) 594:100–5. doi: 10.1038/s41586-021-03547-7

130. Nyugen J, Agrawal S, Gollapudi S, Gupta S. Impaired Functions of Peripheral
BloodMonocyte Subpopulations in Aged Humans. J Clin Immunol (2010) 30
(6):806–13. doi: 10.1007/s10875-010-9448-8

131. Chen SH, Tian DY, Shen YY, Cheng Y, Fan DY, Sun HL, et al. Amyloid-Beta
Uptake by Blood Monocytes is Reduced With Ageing and Alzheimer’s
Disease. Transl Psychiatry (2020) 10(1):423. doi: 10.1038/s41398-020-
01113-9

132. Hearps AC, Martin GE, Angelovich TA, Cheng WJ, Maisa A, Landay AL,
et al. Aging is Associated With Chronic Innate Immune Activation and
Dysregulation of Monocyte Phenotype and Function. Aging Cell (2012) 11
(5):867–75. doi: 10.1111/j.1474-9726.2012.00851.x

133. Holt DJ, Grainger DW. Senescence and Quiescence Induced Compromised
Function in Cultured Macrophages. Biomaterials (2012) 33(30):7497–507.
doi: 10.1016/j.biomaterials.2012.06.099

134. Palacio L, Goyer ML, Maggiorani D, Espinosa A, Villeneuve N, Bourbonnais
S, et al. Restored Immune Cell Functions Upon Clearance of Senescence in
the Irradiated Splenic Environment. Aging Cell (2019) 18(4):1–11. doi:
10.1111/acel.12971

135. Ovadya Y, Landsberger T, Leins H, Vadai E, Gal H, Biran A, et al. Impaired
Immune Surveillance Accelerates Accumulation of Senescent Cells and
Aging. Nat Commun (2018) 9(1):5435. doi: 10.1038/s41467-018-07825-3
Frontiers in Immunology | www.frontiersin.org 15
136. Oldenborg PA, Zheleznyak A, Fang YF, Lagenaur CF, Gresham HD,
Lindberg FP. Role of CD47 as a Marker of Self on Red Blood Cells.
Science (80- ) (2000) 288(5473):2051–4. doi: 10.1126/science.288.5473.2051

137. Majeti R, Chao MP, Alizadeh AA, Pang WW, Jaiswal S, Gibbs KDJr., et al.
CD47 Is an Adverse Prognostic Factor and Therapeutic Antibody Target on
Human Acute Myeloid Leukemia Stem Cells. Cell (2009) 138(2):286–99. doi:
10.1016/j.cell.2009.05.045

138. Lo J, Lau EYT, Ching RHH, Cheng BYL, Ma MKF, Ng IOL, et al. Nuclear
Factor Kappa B-Mediated CD47 Up-Regulation Promotes Sorafenib
Resistance and its Blockade Synergizes the Effect of Sorafenib in
Hepatocellular Carcinoma in Mice. Hepatology (2015) 62(2):534–45. doi:
10.1002/hep.27859

139. Schmitt R, Melk A. New Insights onMolecular Mechanisms of Renal Aging. Am
J Transplant (2012) 12(11):2892–900. doi: 10.1111/j.1600-6143.2012.04214.x

140. Chidrawar SM, Khan N, Chan YLT, Nayak L, Moss PAH. Ageing is
Associated With a Decline in Peripheral Blood CD56bright NK Cells.
Immun Ageing (2006) 3:1–8. doi: 10.1186/1742-4933-3-10

141. Muñoz DP, Yannone SM, Daemen A, Sun Y, Vakar-Lopez F, Kawahara M,
et al. Targetable Mechanisms Driving Immunoevasion of Persistent
Senescent Cells Link Chemotherapy-Resistant Cancer to Aging. JCI Insight
(2019) 4(14):1–22. doi: 10.1172/jci.insight.124716

142. Van Amerongen MJ, Harmsen MC, Van Rooijen N, Petersen AH, Van Luyn
MJA. Macrophage Depletion Impairs Wound Healing and Increases Left
Ventricular Remodeling After Myocardial Injury inMice. Am J Pathol (2007)
170(3):818–29. doi: 10.2353/ajpath.2007.060547

143. Ray M, Lee YW, Hardie J, Mout R, Yes ̧ilbag Tonga G, Farkas ME, et al.
Crispred Macrophages for Cell-Based Cancer Immunotherapy. Bioconjug
Chem (2018) 29(2):445–50. doi: 10.1021/acs.bioconjchem.7b00768

144. Puro RJ, Bouchlaka MN, Hiebsch RR, Capoccia BJ, Donio MJ, Manning PT,
et al. Development of AO-176, a Next-Generation Humanized Anti-CD47
Antibody With Novel Anticancer Properties and Negligible Red Blood Cell
Binding. Mol Cancer Ther (2020) 19(3):835–46. doi: 10.1158/1535-
7163.MCT-19-1079

145. Haruna Y, Kashihara N, Satoh M, Tomita N, Namikoshi T, Sasaki T, et al.
Amelioration of Progressive Renal Injury by Genetic Manipulation of Klotho
Gene. Proc Natl Acad Sci U S A (2007) 104(7):2331–6. doi: 10.1073/
pnas.0611079104

146. Liu H, Fergusson MM, Castilho RM, Liu J, Cao L, Chen J, et al. Augmented
Wnt Signaling in a Mammalian Model of Accelerated Aging. Science (80-)
(2007) 317(5839):803–6. doi: 10.1126/science.1143578

147. Hu MC, Kuro- OM, Moe OW. Klotho and Chronic Kidney Disease. Contrib
Nephrol (2013) 180:47–63. doi: 10.1159/000346778

148. Yosef R, Pilpel N, Tokarsky-Amiel R, Biran A, Ovadya Y, Cohen S, et al.
Directed Elimination of Senescent Cells by Inhibition of BCL-W and BCL-
XL. Nat Commun (2016) 7:11190. doi: 10.1038/ncomms11190

149. Kaefer A, Yang J, Noertersheuser P, Mensing S, Humerickhouse R, Awni W,
et al. Mechanism-Based Pharmacokinetic/Pharmacodynamic Meta-Analysis
of Navitoclax (ABT-263) Induced Thrombocytopenia. Cancer Chemother
Pharmacol (2014) 74(3):593–602. doi: 10.1007/s00280-014-2530-9

150. Hickson LTJ, Langhi Prata LGP, Bobart SA, Evans TK, Giorgadze N, Hashmi
SK, et al. Senolytics Decrease Senescent Cells in Humans: Preliminary Report
From a Clinical Trial of Dasatinib Plus Quercetin in Individuals With
Diabetic Kidney Disease. EBioMedicine (2019) 47:446–56. doi: 10.1016/
j.ebiom.2019.08.069

151. Justice JN, Nambiar AM, Tchkonia T, LeBrasseur NK, Pascual R, Hashmi
SK, et al. Senolytics in Idiopathic Pulmonary Fibrosis: Results From a First-
in-Human, Open-Label, Pilot Study. EBioMedicine (2019) 40:554–63.
doi: 10.1016/j.ebiom.2018.12.052

152. Panda AC, Abdelmohsen K, Gorospe M. SASP Regulation by Noncoding RNA.
Mech Ageing Dev (2017) 168(April):37–43. doi: 10.1016/j.mad.2017.05.004

153. Minieri V, Saviozzi S, Gambarotta G, Lo Iacono M, Accomasso L, Cibrario
Rocchietti E, et al. Persistent DNA Damage-Induced Premature Senescence
Alters the Functional Features of Human Bone Marrow Mesenchymal Stem
Cells. J Cell Mol Med (2015) 19(4):734–43. doi: 10.1111/jcmm.12387

154. Xu M, Pirtskhalava T, Farr JN, Weigand BM, Palmer AK, Weivoda MM,
et al. Senolytics Improve Physical Function and Increase Lifespan in Old Age.
Nat Med (2018) 24(8):1246–56. doi: 10.1038/s41591-018-0092-9
June 2021 | Volume 12 | Article 700790

https://doi.org/10.1089/wound.2019.1032
https://doi.org/10.1046/j.1523-1755.1998.00978.x
https://doi.org/10.1111/j.1523-1755.2004.761_4.x
https://doi.org/10.1016/j.bbamcr.2011.01.034
https://doi.org/10.1681/ASN.2009060615
https://doi.org/10.1038/ki.2012.207
https://doi.org/10.3389/fimmu.2019.00003
https://doi.org/10.1038/s41574-018-0059-4
https://doi.org/10.1111/j.1749-6632.2000.tb06651.x
https://doi.org/10.1111/j.1749-6632.2000.tb06651.x
https://doi.org/10.18632/aging.100991
https://doi.org/10.18632/aging.100991
https://doi.org/10.1073/pnas.1818313116
https://doi.org/10.18632/aging.101268
https://doi.org/10.1038/s41586-021-03547-7
https://doi.org/10.1007/s10875-010-9448-8
https://doi.org/10.1038/s41398-020-01113-9
https://doi.org/10.1038/s41398-020-01113-9
https://doi.org/10.1111/j.1474-9726.2012.00851.x
https://doi.org/10.1016/j.biomaterials.2012.06.099
https://doi.org/10.1111/acel.12971
https://doi.org/10.1038/s41467-018-07825-3
https://doi.org/10.1126/science.288.5473.2051
https://doi.org/10.1016/j.cell.2009.05.045
https://doi.org/10.1002/hep.27859
https://doi.org/10.1111/j.1600-6143.2012.04214.x
https://doi.org/10.1186/1742-4933-3-10
https://doi.org/10.1172/jci.insight.124716
https://doi.org/10.2353/ajpath.2007.060547
https://doi.org/10.1021/acs.bioconjchem.7b00768
https://doi.org/10.1158/1535-7163.MCT-19-1079
https://doi.org/10.1158/1535-7163.MCT-19-1079
https://doi.org/10.1073/pnas.0611079104
https://doi.org/10.1073/pnas.0611079104
https://doi.org/10.1126/science.1143578
https://doi.org/10.1159/000346778
https://doi.org/10.1038/ncomms11190
https://doi.org/10.1007/s00280-014-2530-9
https://doi.org/10.1016/j.ebiom.2019.08.069
https://doi.org/10.1016/j.ebiom.2019.08.069
https://doi.org/10.1016/j.ebiom.2018.12.052
https://doi.org/10.1016/j.mad.2017.05.004
https://doi.org/10.1111/jcmm.12387
https://doi.org/10.1038/s41591-018-0092-9
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Campbell et al. Ageing, Senescence and Macrophages
155. Baar MP, Brandt RMC, Putavet DA, Klein JDD, Derks KWJ, Bourgeois
BRM, et al. Targeted Apoptosis of Senescent Cells Restores Tissue
Homeostasis in Response to Chemotoxicity and Aging. Cell (2017) 169
(1):132–147.e16. doi: 10.1016/j.cell.2017.02.031

156. Wolstein JM, Lee DH, Michaud J, Buot V, Stefanchik B, Plotkin MD. INK4a
Knockout Mice Exhibit Increased Fibrosis Under Normal Conditions and in
Response to Unilateral Ureteral Obstruction. Am J Physiol Renal Physiol
(2010) 299(6):1486–95. doi: 10.1152/ajprenal.00378.2010

157. Megyesi J, Andrade L, Vieira JM, Safirstein RL, Price PM. Positive Effect of
the Induction of p21WAF1/CIP1 on the Course of Ischemic Acute Renal
Failure. Kidney Int (2001) 60(6):2164–72. doi: 10.1046/j.1523-
1755.2001.00044.x

158. Al-Douahji M, Brugarolas J, Brown PAJ, Stehman-Breen CO, Alpers CE,
Shankland SJ. The Cyclin Kinase Inhibitor p21(WAF1/CIP1) is
Required for Glomerular Hypertrophy in Experimental Diabetic
Nephropathy. Kidney Int (1999) 56(5):1691–9. doi: 10.1046/j.1523-
1755.1999.00728.x

159. Wolf G, Schanze A, Stahl RAK, Shankland SJ, Amann K. p27Kip1 Knockout
Mice are Protected From Diabetic Nephropathy: Evidence for p27Kip1
Haplotype Insufficiency. Kidney Int (2005) 68(4):1583–9. doi: 10.1111/
j.1523-1755.2005.00570.x

160. Docherty MH, O’Sullivan ED, Bonventre JV, Ferenbach DA. Cellular
Senescence in the Kidney. J Am Soc Nephrol (2019) 30(5):726–36. doi:
10.1681/ASN.2018121251

161. Suganami T, Ogawa Y. Adipose Tissue Macrophages: Their Role in Adipose
Tissue Remodeling. J Leukoc Biol (2010) 88(1):33–9. doi: 10.1189/
jlb.0210072

162. Frodermann V, Rohde D, Courties G, Severe N, Schloss MJ, Amatullah H,
et al. Exercise Reduces Inflammatory Cell Production and Cardiovascular
Inflammation Via Instruction of Hematopoietic Progenitor Cells. Nat Med
(2019) 25(11):1761–71. doi: 10.1038/s41591-019-0633-x

163. Xu XM, Ning YC, Wang WJ, Liu JQ, Bai XY, Sun XF, et al. Anti-Inflamm-
Aging Effects of Long-Term Caloric Restriction Via Overexpression of
SIGIRR to Inhibit NF-kB Signaling Pathway. Cell Physiol Biochem (2015)
37(4):1257–70. doi: 10.1159/000430248
Frontiers in Immunology | www.frontiersin.org 16
164. van Willigenburg H, de Keizer PLJ, de Bruin RWF. Cellular Senescence as a
Therapeutic Target to Improve Renal Transplantation Outcome. Pharmacol
Res (2018) 130:322–30. doi: 10.1016/j.phrs.2018.02.015

165. Irvine KM, Skoien R, Bokil NJ, Melino M, Thomas GP, Loo D, et al.
Senescent Human Hepatocytes Express a Unique Secretory Phenotype and
Promote Macrophage Migration. World J Gastroenterol (2014) 20
(47):17851–62. doi: 10.3748/wjg.v20.i47.17851

166. Stout LC, Whorton EB, Vaghela M. Pathogenesis of Diffuse Intimal
Thickening (DIT) in Non-Human Primate Thoracic Aortas.
Atherosclerosis (1983) 47(1):1–6. doi: 10.1016/0021-9150(83)90065-5

167. Harel I, Benayoun BA, Machado B, Singh PP, Hu CK, Pech MF, et al. A
Platform for Rapid Exploration of Aging and Diseases in a Naturally Short-
Lived Vertebrate. Cell (2015) 160(5):1013–26. doi: 10.1016/j.cell.2015.01.038

168. Kim Y, Nam HG, Valenzano DR. The Short-Lived African Turquoise
Killifish: An Emerging Experimental Model for Ageing. Dis Model Mech
(2016) 9(2):115–29. doi: 10.1242/dmm.023226

169. Baker DJ, Wijshake T, Tchkonia T, Lebrasseur NK, Childs BG, Van De Sluis
B, et al. Clearance of P16 Ink4a-Positive Senescent Cells Delays Ageing-
Associated Disorders. Nature (2011) 479(7372):232–6. doi: 10.1038/
nature10600

170. Xu W, Zhao X, Daha MR, van Kooten C. Reversible Differentiation of Pro-
and Anti-Inflammatory Macrophages. Mol Immunol (2013) 53(3):179–86.
doi: 10.1016/j.molimm.2012.07.005

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Campbell, Docherty, Ferenbach and Mylonas. This is an open-
access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply with
these terms.
June 2021 | Volume 12 | Article 700790

https://doi.org/10.1016/j.cell.2017.02.031
https://doi.org/10.1152/ajprenal.00378.2010
https://doi.org/10.1046/j.1523-1755.2001.00044.x
https://doi.org/10.1046/j.1523-1755.2001.00044.x
https://doi.org/10.1046/j.1523-1755.1999.00728.x
https://doi.org/10.1046/j.1523-1755.1999.00728.x
https://doi.org/10.1111/j.1523-1755.2005.00570.x
https://doi.org/10.1111/j.1523-1755.2005.00570.x
https://doi.org/10.1681/ASN.2018121251
https://doi.org/10.1189/jlb.0210072
https://doi.org/10.1189/jlb.0210072
https://doi.org/10.1038/s41591-019-0633-x
https://doi.org/10.1159/000430248
https://doi.org/10.1016/j.phrs.2018.02.015
https://doi.org/10.3748/wjg.v20.i47.17851
https://doi.org/10.1016/0021-9150(83)90065-5
https://doi.org/10.1016/j.cell.2015.01.038
https://doi.org/10.1242/dmm.023226
https://doi.org/10.1038/nature10600
https://doi.org/10.1038/nature10600
https://doi.org/10.1016/j.molimm.2012.07.005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	The Role of Ageing and Parenchymal Senescence on Macrophage Function and Fibrosis
	Introduction
	Ageing and Disease
	Senescence
	Acute vs Chronic Senescence

	Senescence in the Kidney
	Senescence With Age/Injury
	Senescence in Other Organs

	Clearance of Senescent Cells by the Immune System
	Macrophages
	Functions
	Macrophages in the Kidney and Models to Dissect Senescent Cell–Macrophage Interactions

	Macrophage Plasticity
	Macrophages and Fibrosis
	Macrophages in Kidney Injury

	Senescence Induction in Macrophages
	Immunoageing and Immunevasion
	Therapeutic Interventions to Tackle Detrimental Effects of Chronic Senescent Cells
	Macrophage Therapeutics
	Interventions to Improve Macrophage/Senescent Cell Clearance
	Klotho
	Senolytics and Senomorphics
	Lifestyle


	Therapeutics – Conclusions
	Challenges for Future Research Into Ageing-Associated Fibrosis
	Final Conclusions
	Author Contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


