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Timing is everything: impact of development, ageing and
circadian rhythm on macrophage functions in urinary
tract infections
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The bladder supports a diversity of macrophage populations with functional roles related to homeostasis and host defense,
including clearance of cell debris from tissue, immune surveillance, and inflammatory responses. This review examines these roles
with particular attention given to macrophage origins, differentiation, recruitment, and engagement in host defense against urinary
tract infections (UTIs), where these cells recognize uropathogens through a combination of receptor-mediated responses. Time is
an important variable that is often overlooked in many clinical and biological studies, including in relation to macrophages and
UTIs. Given that ageing is a significant factor in urinary tract infection pathogenesis and macrophages have been shown to harbor
their own circadian system, this review also explores the influence of age on macrophage functions and the role of diurnal
variations in macrophage functions in host defense and inflammation during UTIs. We provide a conceptual framework for future
studies that address these key knowledge gaps.
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INTRODUCTION
Macrophages have important roles during urinary tract infections
(UTIs), influencing host colonization, pathology, and disease
outcomes. As innate immune sentinels, these cells detect
pathogen- and host-derived danger signals associated with
immunological perturbations during UTIs, triggering host-
protective inflammation, coordinating the recruitment of neutro-
phils for antimicrobial defense, and directly destroying uropatho-
genic Escherichia coli (UPEC) and other pathogens that cause UTIs.
In contrast to these beneficial effects, macrophages can, in some
circumstances, provide an intracellular niche for bacterial survival
during UTIs and can also drive pathology through dysregulated
inflammatory responses. There is, therefore, much to be gained
from studying macrophage phenotypes and functions in the
context of UTIs.
Developmental processes, ageing, and circadian rhythm can all

profoundly influence macrophage functions. In this review, we
consider how time influences macrophage biology and the
implications of this for UTIs. We discuss how developmental
processes influence macrophage ontogeny in the context of the
bladder, as well as the impacts of circadian rhythm and ageing on
the functions of macrophages and the urinary tract. We aim to
provide a conceptual framework for future studies that address
key knowledge gaps in these emerging research areas in relation
to UTIs. The majority of studies referenced herein were performed
in mice, but those carried out with human cells or tissues are

specifically described as such. We begin with a broad overview of
macrophage phenotypes, functions, and heterogeneity, particu-
larly in relation to those in the bladder.

PHENOTYPES, FUNCTIONS, AND HETEROGENEITY OF
MACROPHAGES
Tissue-resident macrophages are phenotypically and functionally
diverse. In the past, immunologists and cell biologists often
simplified macrophage populations into two broad categories for
convenience, namely pro-inflammatory (M1) and anti-inflammatory
(M2) macrophages. The classical definition of M1 macrophages
posits these as being derived in the presence of interferon-γ and
lipopolysaccharide (LPS)1, whereas M2 macrophages are generated
in the presence of Th2-associated cytokines such as IL-4 and/or IL-13
that suppress inflammation and promote tissue repair2,3. The M1/
M2 paradigm is now widely regarded by many innate immunolo-
gists as being overly simplistic4, as exemplified by a transcriptome-
based study that identified a spectrum of human macrophage
activation states, depending on the precise nature of the stimulus5.
Instead, we now appreciate that tissue-resident macrophages are
protean cells that are able to modify their precise phenotypes and
functions according to numerous factors in the local microenviron-
ment6. These include cell–cell interactions, microbial products,
extracellular matrix components, cytokines, chemokines, and other
soluble factors6,7. Additional factors that influence heterogeneity of
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bladder macrophage populations include the developmental age
and the inflammatory status. As expanded on below, tissue
macrophages, including bladder macrophages, originate from three
distinct sources, namely the yolk-sac, the fetal liver, and the bone
marrow, throughout the lifespan of the mouse8,9. The longevity,
self-renewal and/or replacement of fetal-derived macrophages with
monocyte-derived macrophages varies between tissues, with each
organ having its own dynamic. In the case of the bladder, infection
also influences this dynamic and thus the heterogeneity of bladder
macrophages. For example, alterations in bladder macrophage
populations occur during infections, as demonstrated in UTIs10 and
schistosomiasis11, with the death of some resident macrophages
resulting in the recruitment of monocyte-derived macrophages to
replace these cells. A plethora of factors including genetics,
macrophage ontogeny, age, microbiome, and infectious agents
encountered will undoubtedly influence the phenotypes and
functions of bladder-resident macrophage populations during UTIs.
This heterogeneity could potentially enable the diversification of
macrophage functions in the bladder during homeostasis and UTIs,
a concept that is beginning to be explored as described below.
In adult mice, the heterogeneity of macrophage populations in

the bladder has been demonstrated through the use of
transcriptomic and flow cytometric analyses9,12. On the basis of
differential cell surface CX3CR1 expression, two bladder macro-
phage populations residing in the muscle (MacM, CX3CR1low) and
the lamina propria (MacL, CX3CR1high) were identified9 (Table 1,
kidney macrophage populations shown for comparison). Tran-
scriptomic analysis demonstrated three populations, including the
two populations identified by flow cytometry, as well as a third
population expressing CXCL13 in older mice12. Each of these
macrophage populations respond to immunological stimuli
differently. In response to a UTI, Lacerda Mariano et al.9 showed
that MacM macrophages had the capacity to phagocytose

bacteria with a high efficiency and transitioned to an anti-
inflammatory phenotype, whereas MacL macrophages died.
Technological developments in single-cell sequencing
approaches, along with the increased capacity of multiparameter
flow cytometry, and simultaneous phenotypic and transcriptomic
measurements, will likely reveal additional sub-populations of
macrophages within the previously described populations and
potential differences in their functional capacities, as has been
observed in other tissues including the lung, liver and the
kidney13–15.

PRENATAL ORIGINS, RECRUITMENT, AND REPLENISHMENT OF
TISSUE-RESIDENT MACROPHAGES IN THE BLADDER
Tissue-resident macrophages are seeded during embryonic
development and have the capacity to self-maintain indepen-
dently of bone marrow-derived macrophages in adulthood7.
Prenatal macrophages are initially derived from the yolk-sac
independently of the transcription factor c-Myb16, and later during
embryogenesis from early erythro-myeloid progenitors dependent
on c-Myb that initially seed the fetal liver17, giving rise to adult
macrophage populations. Fate mapping studies have demon-
strated that microglia and Langerhans cells are embryonically-
derived, and subsequent fate mapping studies have demon-
strated yolk sac-derived macrophages are present in the kidney,
liver (Kupffer cells), pancreas, lung, and spleen16. This demon-
strated a clear prenatal contribution to these populations in young
adult mice under homeostatic conditions16,18. Each of the
macrophage populations have unique tissue-specific transcription
factors instructing or associated with their development (Table 2);
however, at this time there have been no unique transcription
factors identified for bladder macrophages.
Recent studies have revealed that bladder macrophages in adult

mice are derived from hematopoietic stem cells (HSC), rather than
the self-renewing macrophage populations derived from the yolk-
sac. Lacerda Mariano et al. utilized Cdh5-CreERT2 Rosa26tdTomato

transgenic mice to identify the contribution of each stage of the
hemopoietic progenitor cell development by labeling the yolk-sac
progenitors and the HSC9,19. Yolk sac-derived macrophages were
found in the embryos (E16.5) and newborn mice, however this
specific macrophage population was reduced in the bladder and
was almost absent in mice older than 12 weeks. The kinetics of this
replacement have not been clearly defined for many tissues and
this is even less clear for the bladder, both prenatally and
postnatally. During the final stages of embryonic development
and in newborn mice, HSC-derived macrophages are increased and
these cells contribute to the adult MacM and MacL bladder
macrophage populations9. These findings were confirmed using
the Flk2/Flt3 mouse model, where HSC-derived macrophages and
monocytes, but not yolk sac-derived macrophages, were labeled20.
The bladder macrophage population included fetal HSC-derived
macrophages and bone marrow monocyte-derived macrophages
(Fig. 1), but functional differences between macrophages from the
two different origins remain to be elucidated.

TISSUE MAINTENANCE AND CLEARANCE OF DEBRIS
One key role of tissue-resident macrophages is the clearance of
debris and apoptotic cells, either for the maintenance of tissue
homeostasis or following inflammation and the resolution of
infection21,22. The clearance of debris derived from the different
tissues or circulation is strictly controlled and facilitated by a
distinct repertoire of receptors, opsonins, and transcription factors
in macrophages that are unique to each tissue and that have been
well documented (www.immgen.org) in tissues such as the spleen,
bone marrow, intestine, liver, and lungs23. Analysis of macro-
phages in these different tissues revealed an increased expression
of CD206 and CD163 in the steady state, as well as an anti-

Table 2. Transcription factors implicated in tissue-resident
macrophages8,185.

Tissue Transcription Factor

Microglia Sall1, Sall3, Meis3

Alveolar macrophages Pparg, Bach2, CEBPβ
Kupffer cells (liver) Id3, Id1, Nr1h3, Spic

Resident kidney macrophages Irf9, Nfatc1

Langerhans cells (Epidermis) Ahr, Runx3

Peritoneal cavity macrophages (F4/80+) Gata6, CEBPβ
Intestinal macrophages RUNX3, HES1, DTX4

Splenic macrophages—Heme Spi-C, Bach1

Splenic macrophages—marginal zone Lxrα
Bladder macrophages Unknown

Table 1. Phenotypic profiles of bladder and kidney macrophage
populations9,29.

Macrophage Markers

MacM bladder
macrophages (MacM)

CD45hi F4/80+ CD64+ Cx3cr1lo

Tim4hi Lyve1hi

MacL bladder
macrophages (MacL)

CD45hi F4/80+ CD64+ Cx3cr1hi

Tim4lo Lyve1lo

Kidney-resident macrophages CD45lo F4/80hi CD64+ CD11chi

CD11bhi FCRIV+ Ly6c− CD43+

Non-classical monocyte-
derived kidney macrophage

CD45hi F4/80+ CD64+ CD11chi

CD11bhi FCRIV+ Ly6cint CD43+

Classical monocyte-derived
kidney macrophage

CD45hi F4/80+ CD64+ CD11clo

CD11bhi FCRIV+ Ly6chi CD43−
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inflammatory transcriptomic profile23. Apoptotic cells have been
shown to promote their own clearance and induce immune
tolerance through the activation of the nuclear receptor LXR
(NR1H3), a mechanism that limits inflammation24,25.
Similar to other tissues, the bladder includes a macrophage

population (MacM subset) that has been shown by transcriptomics
to have increased expression of the gene Mcr1 that encodes
CD2069,23. The role of MacM and MacL macrophages in tissue
development, homeostasis, and repair, as well as clearance of
apoptotic cells such as damaged uroepithelial cells after exposure
to infectious agents, toxins, and/or carcinogens26, still needs to be
fully explored in the bladder. The MacM macrophage gene
expression profiles are linked to pathways that are more
homeostatic including endocytosis and phagocytosis, mineral
absorption and iron metabolism9. As noted above, the subset of
macrophages referred to as MacL has been shown to reside in
sub-urothelial space9. Although the homeostatic functions of
these macrophages are unclear, one of the roles could be
supporting the integrity of the urothelium. The urothelial
environment can be influenced by IL-6 that promotes the
relocation of macrophages via CX3CL1. This pathway can help
protect and potentially regenerate the urothelium following
immunological injury caused by UTIs27, and it is possible that
MacL macrophages are involved in this process. Resident
macrophages in the kidney play important roles in tissue
homeostasis and development, supporting ureteric bud branching
and vascular development, as well as removing dead cells28,29.
Alveolar macrophages help maintain the health of the lung,
playing critical roles in immunosurveillance and lipid surfactant
catabolism to prevent abnormal lipid accumulation that can
induce oxidized lipid lung inflammation30. In other tissues such as
the spleen and liver, a sub-population of macrophages clear
cellular debris and material derived from the blood to maintain
tissue homeostasis via CD206 and CD16323. Since these cell
surface receptors are also expressed by MacM macrophages in the
bladder9, it is possible that this sub-population of bladder
macrophages play a similar role in the clearance of debris.

THE ROLE OF MACROPHAGES IN IMMUNE SURVEILLANCE AND
INFLAMMATION DURING UTIs
Irrespective of their developmental pathway, macrophages play
multifaceted roles in both host defense and colonization during
UTIs. These cells are sentinels, recognizing invading uropathogens
through families of pattern recognition receptors (PRRs), such as
toll-like receptors (TLRs), C-type lectin receptors and
inflammasome-forming nod-like receptors (NLRs), that detect
both pathogen-associated molecular patterns (PAMPs) and

danger-associated molecular patterns (DAMPs)31–33. TLR4, which
detects LPS from Gram-negative bacteria, is required for innate
defense to UPEC34, as is CD14 that presents LPS to TLR435. UPEC
recognition by macrophages can also occur via interactions
between FimH (an attachment protein) and TLR436, enabling
antimicrobial and inflammatory responses to be engaged. For
example, inducible secretion of IL-6 by macrophages results in
both an increase in antimicrobial peptide production and
alterations to iron homeostasis to facilitate UPEC clearance10,37.
Other inflammatory mediators released by macrophages

contribute to leukocyte recruitment for host defense during UTIs.
IL-8 plays an important role in neutrophil trafficking and
transepithelial neutrophil migration in the urothelium38, with
urine IL-8 levels correlating with pyuria in UTIs39,40. A seminal
study in the field also revealed how crosstalk between different
bladder macrophage subsets orchestrates recruitment of host-
protective neutrophils to the infected bladder in a mouse model
of UTI38. During UPEC infection, Ly6C−ve resident bladder
macrophages recruit both neutrophils and Ly6C+ve monocytes
by secreting the chemokines CXCL1 and CCL238. The newly
recruited monocyte-derived macrophages secrete TNF, which
induces resident Ly6C−ve macrophages to secrete CXCL2, causing
neutrophils to produce matrix metalloproteinase 9 (MMP9) and
facilitate bacterial clearance41,42. Macrophages can subsequently
temper neutrophil responses by phagocytosing apoptotic neu-
trophils to enable the early resolution of inflammation43. Bladder
macrophages have central roles in initiation of inflammation,
neutrophil recruitment, and inflammation resolution during UTIs.
The recruitment of monocytes that will become resident
inflammatory macrophages38,44–46 can dominate the areas of
inflammatory insults9,46. These recruited cells have the potential to
become the majority of the resident macrophage population,
either by continued recruitment or by self-renewal.
The interaction between bladder macrophages and UPEC is

extremely complex. Previous studies showed that removal of the
bladder-resident macrophage population prior to an experimental
UTI infection altered the distribution of UPEC but did not impact
the clearance of a primary UPEC infection46. UTIs induce an
inflammatory response in bladder macrophages47,48, but UPEC are
genetically and phenotypically diverse; this diversity profoundly
impacts the types of innate immune responses that are generated,
as well as UPEC clearance versus colonization. For example, UPEC
strains that produce the α-hemolysin toxin trigger activation of
the NLRP3 inflammasome49,50, a PRR that engages inflammatory
caspases to initiate both the processing and secretion of IL-1β, as
well as pro-inflammatory pyroptotic cell death51. Inflammasome-
dependent IL-1β release facilitates UPEC clearance48, although
variation in α-hemolysin expression between different UPEC

Fig. 1 Origins, recruitment, and replenishment of resident macrophages in the bladder. A schematic view of macrophage populations in
the mouse through development from embryo to an aged mouse. Yolk sac-derived macrophages that are initially present in the bladder are
replaced by macrophages derived from the fetal liver during the latter stages of embryogenesis, then bone marrow-derived macrophages
after birth. Additional macrophage sub-populations are present in the bladders of aged mice.
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strains can influence inflammasome-dependent and -independent
responses, as well as host protection and susceptibility52,53.
Whereas α-hemolysin-producing UPEC strains kill macrophages,
some UPEC strains lacking this toxin can actually survive within
these cells via mechanisms that avoid zinc poisoning (see
below)54, or by subverting intracellular trafficking pathways that
are poorly understood55. This diversity in UPEC and its interactions
with innate immune cells highlights that the role of tissue-resident
macrophages in the generation of an inflammatory response to a
specific immunological insult will depend on the precise nature56

and the extent57 of the challenge.
Macrophages in the lamina propria of the bladder are

particularly prone to cell death, as a significant reduction in
the numbers of macrophages was observed during UTI in an
experimental model9. Cells of the urothelium, including uroe-
pithelial cells, can produce cytokines of the IL-6 family, IL-8
families, and IL-10 families, in response to UTIs58–61. Although IL-
6 has been shown to promote macrophage survival and activity
in other models of injury62–64, disruptions in the cytokine
microenvironment caused by exfoliation may have an influence
on macrophage survival. Studies in other tissue injury models
have shown that macrophage populations may be replenished
either by self-renewal of tissue-resident macrophages or by
recruitment of bone marrow-derived monocytes, which then
differentiate into tissue-resident macrophages65,66. Whether this
is the case in the bladder mucosa following a UTI is currently
under investigation.
Relocation of tissue macrophages to lymphatic tissues is an

alternative fate of activated macrophages. This has been
suggested for macrophages from the peritoneal cavity during
peritonitis67, and for the disappearance of alveolar macrophages
from bronchoalveolar fluid during influenza infection68,69. Analysis
of the selective expression of markers, including Siglec-F, supports
the view that alveolar macrophages migrate from the lung to the
draining lymph node, potentially carrying antigens for priming of
the host’s adaptive immune response69. At this time, it is unclear if
bladder macrophages relocate to the local draining lymph nodes
following a UTI, upon phagocytosing bacteria, or in response to
other immunological insults. The fate of bladder macrophages in
response to either an immunological or metabolic challenge will
need to be addressed experimentally using specific fate mapping
approaches and the labeling of highly purified cells. Studies
designed to determine whether macrophages traffic antigens
from the inflamed bladder to lymph nodes will also present
significant challenges, as macrophages degrade antigens much
more rapidly than dendritic cells70.

AUTOPHAGIC REGULATION IN MACROPHAGES UPON UPEC
INFECTION
Bacterial proteins influence the macrophage response and early
studies showed that FimH-positive E. coli are found in different
compartments to FimH-negative E. coli71,72. Baorto et al. found
that compartments containing FimH-positive E. coli were not
acidified as quickly, did not contain as many reactive oxygen
species, and were smaller than those compartments that
contained FimH-negative E. coli72. This suggested that FimH-
dependent phagocytosis results in an altered initial compartment.
Subsequently, Amer et al. showed that FimH-positive E. coli
entered into cells and were found in vacuoles that colocalized
with lipid raft markers and quickly recruited two autophagy
proteins, first ATG7 and then ATG8 (LC3)71. Thus, autophagy
proteins appear to be recruited to compartments containing UPEC
that have entered macrophages through FimH-dependent pha-
gocytosis and may represent LC3-associated phagocytosis (LAP) or
a similar process73. This may be a conserved method to protect
the host cell from pathogens that avoid canonical phagocytosis,
by targeting bacteria that enter the cell in other ways for

degradation. That said, some UPEC strains can survive in
macrophages54,55. Of note, most studies examining the uptake
of FimH-positive or -negative E. coli and intersection with
autophagy were performed in bone marrow-derived macro-
phages (BMDM) and not bladder macrophages. Since bladder-
resident macrophages have been exposed to a specific milieu that
will not be preserved in BMDM generated in vitro, studies using
macrophages isolated from the bladder are now required to
better understand their roles during UTIs.
Autophagy represents one host pathway for controlling

macrophage responses to UPEC. Studies using BMDM demon-
strated that autophagy pathway components can affect how UPEC
is taken up by macrophages, as well as how macrophages respond
to this pathogen. For example, the autophagy protein, ATG16L1,
following recognition of UPEC, upregulates the NLRP3 inflamma-
some response in macrophages. Loss of ATG16L1 in macrophages
enables rapid clearance of UPEC infections via an IL-1β-mediated
hyperinflammatory response48. ATG16L1 appears to limit IL-1β
signaling by controlling autophagosomal and proteasomal
degradation of p6274. This implicates lysosomal degradation and
autophagy in constraining the IL-1β response and thus the
clearance of UPEC (Fig. 2). Given the detrimental effect on tissue
integrity of excessive inflammation, there may be a delicate
balance wherein macrophages attempt to degrade intracellular
UPEC and secrete IL-1β into the local environment, with
autophagic regulation limiting the extent of inflammatory
response. Such a controlled orchestration has recently been
shown in uroepithelial cells in response to UPEC infection, wherein
infection-induced oxidative stress activates autophagic flux and
inflammatory responses transiently to expel bacteria and induce
an antioxidant response75. Macrophage responses may be
similarly regulated by UPEC50 or the host76. Macrophage
hyperactivation could result from disturbance of the balance
between inflammasome activation, autophagy, and IL-1β secre-
tion. As noted above, macrophage migration to the site of injury
is, in part, designed to limit tissue damage and phagocytose cell
debris. Autophagy-mediated intrinsic fine tuning of macrophage
responses to infection and/or injury may be essential for
macrophages to perform their functions in a tissue-specific
manner.

MACROPHAGE CONTROL OF IRON METABOLISM DURING
INFECTIONS
Physiological iron levels must be maintained for homeostasis and
immune response upon infection, and macrophages play key roles
in this control77,78, both via iron uptake and intracellular storage of
“free” iron. Macrophages limit the release of free iron when
exposed to hepcidin, a peptide hormone produced by hepato-
cytes in response to a range of stimuli including bacterial
infection79,80. This would appear to be a feedback loop as
macrophage-derived pro-inflammatory cytokines such as inter-
leukin 6 (IL-6) drive hepcidin expression in hepatocytes thus
further reducing iron availability81–84. Furthermore, hepcidin is a
negative regulator of ferroportin85–87, aiding in preventing the
release of iron by macrophages. Finally, the release of free iron by
macrophages in response to an infection is supported by the
decreased surface expression of CD16378 and TFR178,86,88. Macro-
phages produce IL-6 as a first response to UPEC89–91, and the IL-
6—hepcidin feedback loop is particularly important in the host
response to UPEC, since IL-6 signaling is necessary for macro-
phages to limit the growth of UPEC in the presence of excess
iron10. Consistent with this, UPEC has developed mechanisms to
limit innate immune cell-mediated IL-6 production as a host
evasion strategy92,93. However, the role of hepcidin in UPEC
infections, as well as the molecular and cellular mechanisms
underlying IL-6 modulation of iron responses in the bladder,
remain to be elucidated.
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In addition to iron retention, macrophages can limit bacterial
access to extracellular free iron through the production of
lipocalin-2 (LCN-2), a molecule that binds to both host iron-
bound siderophores and bacterial iron-bound siderophores.
LCN-2 can also limit bacterial survival by inhibiting macrophage
iron retention as has been demonstrated with pathogenic E. coli
and Salmonella enterica serovar Typhimurium (S. Typhimurium)
within the host94–96, and it particularly reduces survival of
bacteria within macrophages88,97,98. In addition to limiting
bacterial access to iron, LCN-2 can promote bacterial clearance
through a number of other mechanisms. These mechanisms
include increasing the recruitment of innate immune cells in
response to infection, promoting inflammation, promoting
macrophage activation, and inhibiting the expression of anti-
inflammatory cytokines that can support bacterial growth98–100

(Fig. 2). LCN-2-mediated cytokine regulation and iron regulation
may significantly affect host response and recovery from a UTI,
since LCN-2 and hepcidin have been shown to be produced
during the pathogenesis of upper UTIs101,102. Furthermore, UPEC
is known to access iron within bladder epithelial cells103,104 by
using LCN-2-resistant siderophores96,99,105. However, it remains
unclear what role macrophage iron regulation might play in the
host response to UPEC.

MACROPHAGE-MEDIATED ZINC POISONING
In addition to iron, zinc also has a critical role during infections. It
controls inflammation and host defense96, and innate immune
cells can both sequester essential zinc to limit microbial
growth106,107 and deliver toxic levels of zinc to intracellular
bacteria as part of their antimicrobial arsenal108. These opposing
mechanisms of zinc utilization by the innate immune system
appear to apply to UPEC, with this pathogen requiring both zinc
acquisition systems for bladder and kidney colonization109, as well
as resistance to zinc toxicity for dissemination in an intraperitoneal
challenge model54. One of the first studies to characterize
macrophage-mediated zinc poisoning showed that the profes-
sional intramacrophage pathogen Mycobacterium tuberculosis
resists this antimicrobial response in human macrophages110.
Subsequent studies have revealed that both S. Typhimurium111, as
well as a UPEC strain that can survive in macrophages54, evade
macrophage-mediated zinc toxicity. The mechanisms by which
UPEC does so are unknown and will require a better under-
standing of molecular processes used by macrophages to engage
this pathway. Although these mechanisms are currently not well
understood, TLR-inducible expression of the zinc transporter
SLC30A1 appears to be involved in mediating the macrophage
zinc toxicity response112.

Fig. 2 Regulatory processes activated in macrophages upon UPEC infection. Some of the key events initiated in macrophages upon UPEC
infection and/or phagocytosis are shown. ATG16L1 is recruited to internalized UPEC, with bacteria being engulfed into autophagosomes via
autophagy. TLR4 homodimers recognize UPEC and trigger pro-inflammatory signaling, including NF-κB activation. TLR signaling upregulates
inflammasome components, with α-hemolysin-positive UPEC strains triggering inflammasome activation and caspase-1-dependent
processing of pro-IL-1β. This enables secretion of mature IL-1β via membrane pores. TLR signaling also turns on the zinc toxicity response
in macrophages, likely via regulated expression of both SLC30A zinc exporters and SLC39A zinc importers, with UPEC strains that survive in
macrophages effectively evading this antimicrobial pathway. NF-κB activation increases the production of the pro-inflammatory cytokine IL-6,
which modulates intracellular iron levels by increasing the production of the ferritin-iron intracellular complex and regulating levels of LCN-2
and ferroportin. Ferritin and iron form an intracellular complex, and LCN-2 maintains optimal iron levels in the cell by exporting excess iron
out. An intrinsic clock controls the capacity of macrophages to sense and respond to UPEC, with circadian control of IL-6 production likely to
be particularly important in macrophage/UPEC interactions and host defense.
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CIRCADIAN DYNAMICS IN MACROPHAGES DURING INFECTION
Circadian rhythms are 24-hour (h) cycles of physiological activities
orchestrated by the intrinsic property of the circadian clock. These
circadian rhythms contribute to changes in organismal behavior,
metabolism and immune functions to enable an anticipatory
adaptation to changes in the environment, including the day/
night cycle. In mammals, light signals activate receptors in the
retina, which then transmit this information to the central clock
residing in the suprachiasmatic nuclei (SCN) in the hypothalamus
(Fig. 3a)113. Subsequently, the central clock helps to synchronize

cells in the periphery including macrophages, which also exhibit
robust cell-autonomous circadian rhythms114. These rhythms are
entrained by various signals and stimuli that act via a combination
of neural circuits and humoral cues115, including hormones such
as glucocorticoids.
At the molecular level, the circadian rhythm is generated from

interlocked rhythmic transcription-translation feedback loops
comprised of several core clock components (Fig. 3a). Central to
this process are the transcription factors circadian locomotor
cycles protein kaput (CLOCK), brain and muscle ARNT-like 1

Fig. 3 The interconnected relationship between circadian rhythm, the immune system, and urinary tract function. a Zeitgebers such as
light, temperature and food synchronize the central clock in the suprachiasmatic nucleus (SCN), which in turn synchronizes all peripheral
clocks present in the body. The clock comprises of interconnected transcriptional feedback loops, with heterodimers of the transcription
factors brain and muscle ARNT-like 1 (BMAL1) and circadian locomotor output cycles protein kaput (CLOCK) activating the expression of
period (Per) and cryptochrome (Cry) genes. PER and CRY represent the negative arm of circadian control, whereby they form complexes to
inhibit the activity of BMAL1–CLOCK and hence their own expression (loop 1). REV-ERBα/β and retinoid-related orphan receptor (ROR) α/β/γ
alternatively regulate RORE promoter elements, which includes Bmal1 and Nfil3 (loop 2). NFIL3 and DBP can alternatively regulate-D-box
promoter elements such as retinoid-related orphan receptor (ROR) α/β/γ (loop 3). All clock products from each of the loops can translocate
back into the nucleus to either activate or repress these loops. b In mice, circadian rhythm influences susceptibility to various pathogens,
cytokine secretion and immune cell trafficking. When mice transition into the active phase, the immune system is primed to respond to
infection. In contrast, during the resting phase, immune functions are dampened and susceptibility to infections is increased. c Disrupted host
circadian rhythm can interrupt both host immune system and urinary tract functions (i.e., increased voiding and impaired ability to
concentrate urine). This is predicted to provide an environment that favors host colonization by UPEC. UPEC, in turn, may also reciprocally
influence host circadian rhythms.
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(BMAL1), and neuronal PAS domain-containing 2 (NPAS2)116.
These proteins form heterodimers (CLOCK-BMAL1 and NPAS2-
BMAL1) and act on E-box elements on clock-controlled genes
(CCGs), namely Period (Per1, Per2, Per3)117 and Cryptochrome
(Cry1, Cry2) genes118. Within the nucleus, PER-CRY complexes
repress the activity of BMAL1 heterodimers and remove it from
the E-box119. As PER and CRY proteins become degraded through
ubiquitin-dependent pathways, BMAL1 activity is restored and
the cycle starts again. In a second feedback loop, BMAL1 activates
the transcription of the nuclear receptors REV-ERB(α/β), which
compete with the retinoic acid-related orphan receptors (ROR) (α/
β/γ) for binding to a ROR response element (RORE) within the
Bmal1 promoter region120,121. REV-ERBs inhibit, while RORs
activate, Bmal1 transcription. The clock regulates circadian
clock-controlled transcription factors like the PAR-domain basic
leucine zipper (PARbZip) transcription factors, namely D-box
binding protein (DBP), thyrotroph embryonic factor (TEF) and
hepatic leukemia factor (HLF)122. These compete with the nuclear
factor, interleukin 3 regulated (NFIL3) to bind to D-box containing
promoters. PARbZip proteins activate circadian clock-regulated
gene expression, whereas NFIL3 has the reverse effect123.
PARbZip transcription factors regulate important physiological
functions through the regulation of the expression level of
rhythmic genes124,125. Together, this tripartite system, involving
CLOCK, REV-ERB(α/β), and PARbZip transcription factors, regulates
the transcription of most circadian clock-controlled genes
(Fig. 3a).
This molecular circuitry is cell-autonomous and drives the cyclic

gene expression program in most cells of the organism, including
many immune cells like T cells, B cells, natural killer cells, and
macrophages114. In particular, the rhythmic transcriptional outputs
generated by the cell intrinsic clock regulates ~8% of the
macrophage transcriptome, including the expression of pattern
recognition receptors, inflammatory mediators, and regulators of
cell trafficking126. In the next part of the review, we evaluate the
existing literature on diurnal variations in macrophage functions
such as engagement of pathogen-sensing systems and cytokine
secretion. We also discuss how the circadian system influences
host responses to infection and normal urinary tract function. Our
goal is to provide a broad overview on aspects of circadian
biology that are likely relevant to UPEC infections. This is an area
that is yet to be explored in detail experimentally but is likely to be
important for host protection versus host colonization during UTIs.

CIRCADIAN RHYTHM AND PATHOGEN SENSING BY
MACROPHAGES
For experimental studies, the time at which the synchronizing
signal from light turns on and off is defined as zeitgeber time (ZT),
with ZT0-12 (light on) and ZT12-24 (light off) denoted as the
inactive and active phase in nocturnal animals, respectively. As
noted above, macrophages detect pathogens through families of
PRRs, including TLRs. UPEC can be recognized by several TLRs,
including TLR2, TLR4, TLR5, TLR11, and likely also TLR9127. For
example, genetic deletion of Tlr4, Tlr5 and Tlr11 increases host
susceptibility to UTIs128–130. Interestingly, Silver et al. showed that
mRNA levels of Tlr4 in splenic macrophages display rhythmic
oscillations, peaking at ZT15. Tlr2 and Tlr6 mRNA levels were also
rhythmically regulated in splenic macrophages, peaking at
ZT14131. Thus, it is likely that a macrophage-intrinsic circadian
clock influences pathogen sensing by innate immune cells.
Furthermore, although Tlr5 mRNA expression did not oscillate in
splenic macrophages, significant daily variations in Il6 and Il1b
expression were observed after challenge with the TLR5 agonist
flagellin131. This suggests that circadian control may influence TLR
signaling responses. TLR9, an endolysomal receptor that senses
bacterial and viral DNA, is also directly impacted by the circadian
clock. In a TLR9-dependent mouse cecal ligation and puncture

(CLP) model of sepsis, mice that underwent CLP at the peak of
TLR9 expression (ZT19) displayed exacerbated inflammation and
a sepsis-like phenotype by comparison to mice that underwent
CLP at ZT7 (TLR9 nadir)132. Given that several of these TLRs are
tasked with sensing UPEC, it is likely that circadian rhythm
influences host inflammatory responses and colonization during
UTI. Studies in other bacterial infection models support this view
(Fig. 3b).
As highlighted above, some UPEC strains trigger inflammasome

activation in macrophages and other cell types. The most widely
studied inflammasome is NLRP3133, which has important roles in
inflammatory responses during experimental UTI48. UPEC-
mediated inflammasome activation, IL-1β processing and release,
and pyroptotic cell death can all be triggered by the toxin α-
hemolysin50,53. However, many UPEC strains do not encode this
toxin in their genome134, so the involvement of the NLRP3
inflammasome pathway in inflammation and host colonization
during UPEC infection is likely to depend on whether the strain in
question produces this toxin. It was recently demonstrated that
Nlrp3 expression oscillates in a daily manner under the control of
REV-ERBα in peritoneal mouse macrophages in vivo135. Similar
oscillations were observed in primary mouse bone marrow-
derived and human monocyte-derived macrophages synchro-
nized in vitro, with circadian oscillations in Nlrp3 mRNA being lost
upon Rev-erbα ablation. Given the importance of NLRP3 in
influencing outcomes of UTI caused by α-hemolysin-positive
UPEC strains, such rhythmic control of this PRR is likely to
influence susceptibility and severity of UTI.

CIRCADIAN RHYTHM AND LEUKOCYTE RECRUITMENT
The appropriate migration of immune cells into tissues is critical
for effective host defense during infection, as exemplified by
neutrophil recruitment during UTI42. In mice, total-blood leukocyte
numbers peak at rest phase (ZT5), whereas the trafficking of
monocytes into bone marrow and organs peaks during the active
phase (ZT13)136. The circadian variation in chemokine receptor
CXCR4 can regulate the release of monocytes from the bone
marrow and affects their homing ability to peripheral organs such
as the liver and lung137,138. In parallel, the recruitment of
inflammatory monocytes is dependent on the chemokine CCL2.
In mice, Bmal1 deficiency disrupted this CCL2 oscillation, which
impaired the daily trafficking of monocytes139. The movement of
inflammatory monocytes to peripheral tissues from the blood is
dependent on leukocyte adhesion. This process involves the
expression and engagement of adhesion molecules on circulating
monocytes to enable their trans-endothelial migration. This
regulation is controlled by the molecular clock in monocytes.
Bmal1 deletion in monocytes disrupts the rhythmic expression of
the chemokine receptor CCR2, the transmembrane receptor CD18
integrin that facilitates extracellular matrix adhesion, and
L-selectin that enables monocyte binding to endothelial cells138.
This evidence suggests that disruption of Bmal1 may also cause
dysfunctional monocyte/macrophage trafficking into target
organs such as the bladder and kidney which are common
infection sites of UTI. Thus, circadian control of these adhesion
molecules and chemokines would be predicted to have an impact
on UTI outcomes.

CIRCADIAN RHYTHM AND INFLAMMATORY RESPONSES
In mice and humans, UPEC infection elicits the secretion of
several inflammatory cytokines from resident and recruited
immune cells. These include TNF, CCL2, IL-1β, and IL-6140.
Cytokine secretion rhythms have been observed in vivo
where serum levels of LPS-induced IL-6, IL-12, CCL5, CXCL1, and
CCL2 were all elevated in wild type mice at the time of transition
to the dark phase, by comparison to light phase141. Since
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glucocorticoids can dampen LPS-inducible inflammatory media-
tor production in macrophages142,143 and are under circadian
clock control142, one possibility is that rhythmic cytokine
production relates to regulation by this stress hormone. However,
this seems unlikely, as the rhythms of IL-6 and TNF persisted in
adrenalectomized mice144. It is therefore quite likely that a
macrophage-intrinsic circadian clock governs these oscillations.
Gibbs et al. showed that the temporal variations in serum levels of
LPS-inducible IL-6 were absent in mice with myeloid-specific
Bmal1 deletion. This study also investigated if REV-ERBα links the
circadian and inflammatory pathways, given that expression of
the transcription factor REV-ERBα was temporally regulated in
peritoneal macrophages and this effect was abolished by Bmal1
deletion. Indeed, rhythmic immune responses to LPS were absent
in REV-ERBα-deficient mice, suggesting a link between BMAL1,
REV-ERBα and IL-6 production in macrophages141. Rhythmic
control of IL-6 may be particularly important during UPEC
infection, since this cytokine controls iron homeostasis and host
defense during UPEC infection.
Other cytokines linked to both circadian control and UTI

outcomes include IL-1β and TNF. As noted above, anti-IL-1β
treatment can limit and control UPEC colonization of the urinary
tract48, while TNF secreted by macrophages can regulate
neutrophil migration into the infected uroepithelium and facilitate
antibacterial defense38. At a basal state and upon LPS stimulation,
mice lacking Per1 and Per2 show increased Il1b and Tnf
expression145. In the absence of Per1, both Ccr2 expression and
the migratory activity of macrophages increases146. Deletion of
Per2 in peritoneal macrophages resulted in augmented TLR9
activation and increased TNF and IL-12 production132. Deletion of
the clock genes Cry1 and Cry2 also causes a constitutive increase
in Il6, Tnf, and Nos2 expression147. These studies suggest that the
susceptibility of the host to UPEC infection may partly be
dependent on the temporal gating of cytokine responses that is
regulated by intrinsic circadian clock components in
macrophages.

CIRCADIAN CONTROL OF URINARY TRACT FUNCTION
Circadian rhythms exist in both the upper and lower urinary
tract. Existing literature has focused mainly on the role of
circadian rhythm in bladder and kidney functions, such as water
and electrolyte excretion, urine volume, uroflow, micturition
frequency and volume per void148. Ihara et al. showed that
ClockΔ19 mice display a nocturia phenotype, with a loss of their
diurnal pattern of urine volume per void, characterized by
increased voiding frequency and reduced bladder function149.
Such phenotypes have also been explored at a molecular level.
For example, Negoro et al. reported that 184 bladder genes
exhibit circadian rhythmicity150. More recent studies show that
mucosal and urothelial-expressed genes also exhibit rhythmic
diurnal oscillations. This is likely to influence physiological
processes in the urinary tract and, potentially, host responses
during UTI. For example, both ex vivo and in vitro studies have
revealed that clock genes regulate mechanosensor genes such
as Piezo1 and Trpv4, as well as connexin-family gene Gja1 that
encodes Connexin 43, a gap junction protein, in a rhythmic
fashion in the mouse bladder urothelium150–152. This may be
important because bladder fullness is sensed by the TRPV4 and
Piezo1 mechanosensors, and Connexin 43 is also required for
the micturition reflex150,153,154. Interestingly, LPS treatment can
increase intracellular Ca2+ concentrations in mouse urothelial
cells via TRPV4155. Given that TRPV4 is regulated by the circadian
clock, disruption of TRPV4 rhythms may be linked to increased
voiding, a common symptom of UTI. Such evidence suggests
that circadian rhythm may influence susceptibility to UTI and
that UTIs may dysregulate normal functions of the bladder in the
host (Fig. 3c).

IMPACT OF IMMUNE STIMULI AND INFECTION ON CIRCADIAN
RHYTHM
There is a clear diurnal variation in the host immune response to
infection and immune stimuli. However, this can also occur in a
reciprocal manner, whereby host circadian rhythms can also be
altered upon infection and immune stimuli. LPS intraperitoneal
administration to rats transiently suppressed Per2 and Dbp mRNA
levels and decreased the amplitude of clock genes in the SCN156.
These gene expression changes may explain the 40min phase
delay in circadian activity and abolished locomotor activity for
3 days in LPS-challenged mice157,158. Such studies suggest direct
effects of immune stimuli on the central clock. However, it is
unclear as to how these bacterial products influence the SCN at a
molecular level.
Circadian rhythms also regulate kidney functions, including

renal plasma flow, excretion of water and urinary solutes, and
glomerular filtration rate148,159,160. Patients with acute pyelone-
phritis from UPEC infections develop an impaired ability to
concentrate urine161. A similar phenotype is also apparent in Clock
knockout mice162, so it is tempting to speculate that UPEC
infection may interfere with circadian rhythm. The ability to
concentrate urine relies on the water permeability of the
collecting duct and the renal sodium gradient. The water
permeability of the collecting duct epithelium is increased by
arginine vasopressin (AVP), which stimulates the vasopressin type
2 receptor (V2R) in the basolateral plasma membrane and induces
the trafficking of aquaporin-2 (AQP2) to the apical plasma
membrane of the kidney collecting duct principal cells163. Hara
et al. have reported that Aqp2 and V2R display diurnal variations in
the inner medulla164. Furthermore, transcriptome analysis of Clock
knockout mice revealed substantial changes in the expression
levels and/or in the circadian expression patterns of V2R and
Aqp2165. This suggests that disrupting the rhythmic expression of
vasopressin receptors and AQP2 may lead to an impaired ability to
concentrate urine, as is seen in UTI patients. Regional hyper-
salinity in the kidney medulla is also required for the kidney’s urine
concentrating ability166. Interestingly, Berry et al. showed that the
secretion of chemokines by renal epithelial cells can be stimulated
by sodium and is further enhanced by the presence of E. coli LPS.
Pharmacological inhibition of the renal sodium gradient in mice
abolished the intrarenal Ccl2 expression gradient, leading to a
reduction in the number of medullary CD14+ monocytes and
increased bacterial growth in the kidney167. Though not
investigated, it is possible that a dysregulated renal sodium
gradient via a disrupted circadian clockwork can negatively impact
immune cell migration, which would be predicted to facilitate and
exacerbate UPEC-induced pyelonephritis.

CLINICAL IMPLICATIONS OF CIRCADIAN BIOLOGY
Understanding the relationship between chronobiology and
immunology may lead to novel strategies to combat bacterial
and viral infections. Direct pharmacological manipulation of
circadian clock components using SR9009, a REV-ERB agonist that
inhibits Bmal1 expression168, inhibits the cellular entry and
replication of many viruses such as HCV169, HBV169, and HIV-1170.
The timing of therapeutic intervention, often referred to as
chronotherapy, may play a role in modulating antibacterial and
antiviral responses. For example, a four-fold higher dose of the
antiviral agent acyclovir was required to reduce morbidity and
mortality of mice infected with HSV-2 at ZT18 versus those
infected at ZT6171. Furthermore, a randomized controlled trial
showed that influenza vaccination in the morning led to higher
antibody titers than those who were vaccinated in the after-
noon172. Hosokawa et al. also demonstrated temporal variations in
the effectiveness of a single dose of the aminoglycoside antibiotic
amikacin in an intraperitoneal infection model with Pseudomonas
aeruginosa. The authors showed that amikacin administration to
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Institute of Cancer Research (ICR) mice at mid-dark phase (active)
was more effective at reducing bacterial loads than its adminis-
tration at mid-light phase (inactive)173. With respect to UPEC, the
efficacy of antibiotics (gentamicin) in treating experimental E. coli-
induced pyelonephritis was also shown to be time dependent174.
This study showed that kidney colonization was reduced when
this drug was injected during the active period of animals. This
may be because immune responses such as leukocyte recruitment
and cytokine secretion by macrophages are strongest immediately
before or during the active phase. The limited circadian literature
in animals thus supports the view that administration of
antibiotics during the early active phase (presumably occurring
in the morning in humans) of UTI patients, where macrophage
functions such as pathogen recognition and cytokine secretion
peak, may enhance bacterial clearance. However, as with other
drugs175, it is also important to consider the chronopharmoki-
netics and chronotoxicology of antibiotics. For example, in a
prospective study involving 179 patients with serious infection,
Prins et al. showed that nephrotoxicity was significantly greater
when gentamicin or tobramycin were administered to patients
between midnight and 7:30 a.m. than at any other time of the
day176. Therefore, administering antibiotics at a time synchronized
with the timing of optimal host immune response may be
beneficial, but the chronopharmacokinetics and toxicity of
antimicrobial agents and the impact of pathogens on circadian
rhythm should also be considered.

MACROPHAGES IN THE AGEING BLADDER
Postmenopausal and elderly women are particularly susceptible to
recurrent UTI (rUTIs), with 53% of women over age 55 having at
least one UTI recurrence within a year177. Thus, ageing is associated
with increased incidence of rUTIs. Recent work has identified
inflamm-aging as a possible mechanism through formation of
tertiary lymphoid tissue (bTLT) in the bladder12. bTLT contains bone
fide germinal centers with distinct B and T cell zones. It forms
primarily in female bladders, and it develops and matures after
reproductive senescence (approximately >12 months of age) in
mice. Interestingly, bTLT contain a unique population of macro-
phages expressing CXCL13 in aged mice12. These are not observed
in bladders from young mice. This finding differs from most other
models of lymphoid neogenesis, in which a stromal cell secretes
CXCL13 to develop and maintain the organization of the tertiary
lymphoid tissue. There are a few other reports of macrophages
producing CXCL13, such as subsets of peritoneal macrophages, M2-
like macrophages during resolution of inflammation, within
atherosclerotic plaques (that often contain artery TLTs), and in
macrophages from patients with idiopathic pulmonary fibrosis.
Single-cell analysis and bulk transcriptomics of macrophage
populations revealed a subset of markers of murine peritoneal
macrophages and highlights macrophage dynamics in the experi-
mental Staphylococcus aureus peritonitis and zymosan-induced
peritonitis models178,179. The expression of CXCL13 in human
macrophage populations is controlled by cytokines including TNF
and IL-10180, and the increased expression of CXCL13 may play a
role in plaque stabilization in human atherosclerosis181. In systemic
sclerosis it has been reported that the increased expression of
CXCL13 by macrophages is due to Fli1 deficiency, with this having
the potential to contribute to the development of tissue fibrosis and
tissue-specific immune activation182.
In murine models, macrophages expressing CXCL13 have been

shown to have an important role in protecting the host, and
recently, CXCL13+CX3CR1+ resident intestinal macrophages were
shown to induce IgA-producing bTLT in response to Salmonella
infection183. Thus, our work and that of others may be changing
the paradigm of which cells typically produce CXCL13 to promote
bTLT formation. The reason why aged bladder macrophages begin
to express CXCL13 remains to be determined. In ageing, tissue

macrophages maintain tissue homeostasis by clearing debris as
cells die, become senescent, or accumulate damaged proteins184.
Impaired clearance of these cells by macrophages contributes to
age-related pathologies and inflammation. One possibility is that
CXCL13 production by macrophages could increase due to
phagocytosis of these senescent cells, leading to subsequent
bTLT formation. If senescent cells contribute to macrophage-
derived CXCL13, that mechanism may explain why multiple
organs form bTLTs during ageing and why germ-free mice still
form bTLTs.

CONCLUSIONS AND FINAL PERSPECTIVES
Presently, it remains unclear if there are functional differences
between yolk sac-, fetal liver-, and hematopoietic-derived macro-
phages in response to ageing, infection, metabolic challenges, and
other environmental changes such as circadian rhythm, even
though these macrophage populations may show similar pheno-
types. To further elucidate the functional biology and the
influence of genetic variation on resident bladder macrophage
populations in response to infection, cancer metabolic stress and
homeostasis, spatial and temporal compartmentalization of these
cells will need to be characterized through single-cell transcrip-
tomics and epigenetic studies on different stains of inbred mice,
including the collaborative cross mice. Additional fate mapping
studies on the macrophage populations should be undertaken in
genetically diverse mice to further characterize the phenotypes
and functions of resident bladder macrophage populations during
homeostasis, as well as in response to immunological and
metabolic challenges, as the majority of studies to date have
been performed in C57BL/6 mice.
Macrophages in the bladder play in important roles in host

defense and immune response during UTIs. These include the
cooperation of macrophage subsets that leads to the recruitment
of protective neutrophils during UTIs, as well as their involvement
in the IL-6/hepcidin feedback loop and LCN-2 production that
regulates iron levels during UPEC infections. Interactions between
macrophages and UPEC result in a diverse array of immune
responses due to the genetic and phenotypic diversity of UPEC
strains. This complexity raises additional questions about the role
and fate of macrophages during a UTI that have not yet been fully
investigated. The role of ageing in the macrophage response
adds another dimension of complexity, as illustrated by recent
work showing increased expression of CXCL13+ macrophages in
aged mice. Discovering mechanisms behind this response will fill
an important gap in knowledge leading to a broader under-
standing of how bTLT formation is promoted by macrophages in
the bladder.
Circadian rhythms play a role in urinary tract function, as well as

in inflammatory responses and leukocyte recruitment. Evidence
that circadian processes are also inherent in macrophage biology
has significant implications for related macrophage functions,
such as pathogen recognition and cytokine secretion, which peak
during the early active phase. A better understanding of these
processes in humans could lead to improved treatment regimens
for UTI patients that take into consideration chronopharmacoki-
netics and chronotoxicology of antibiotics and strive to synchro-
nize clinical interventions with the optimal time of day for the
desired host immune response.
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