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Circadian rhythms are endogenous, free-running cycles with 
periodicities of approximately 24 h. Circadian rhythms are 
entrained by environmental cues and enable organisms to 

alter their physiology and behavior to anticipate changes in their 
environment1. In mammals, these rhythms are coordinated by the 
light-entrained master pacemaker in the suprachiasmatic nucleus in 
the hypothalamus. Within suprachiasmatic nucleus neurons, tran-
scription–translation feedback loops involving the activator core 
clock protein heterodimer BMAL1/CLOCK and the repressor PER/
CRY generate a circadian molecular oscillator. These TFs trans-
locate to the nucleus, where they bind to consensus enhancer box 
(E-box) DNA motifs of circadian-regulated genes.

Peripheral cells similarly possess endogenous circadian clocks 
that are governed by the same TF feedback loop2. Comparisons of 
circadian-regulated genes across multiple organ systems indicate 
that almost half of all protein-coding genes can be regulated in a 
diurnal fashion across different tissues3,4. This tissue-specific circa-
dian gene expression regulates biological processes essential for the 
maintenance and dynamic changes of individual organ functions 
over the circadian cycle.

In the immune system, the diurnal rhythmicity of immune 
responses ranges from leukocyte trafficking and maintenance of 
immunosurveillance to recognition of pathogens and engagement 
of defensive responses5–8. Within the innate immune system, major 
components of myeloid responses, including phagocytic capacity, 
release of cytokines and chemokines, cell trafficking and expression  

of innate immune Toll-like receptors (TLRs), are tightly regulated 
and follow distinct circadian phases8–16. The strict temporal gating of 
innate immune cell functions ensures the maintenance of homeosta-
sis through an organized sequence of immune defensive responses 
to pathogens. Indeed, experimental disruption of immune circadian 
rhythmicity amplifies disease-causing inflammation and aggravates 
pathology in models of infection or high-fat diet8,17,18.

Aging is associated with an increased incidence of many diseases, 
including cancer, cardiovascular disease, metabolic syndrome and 
neurodegeneration. The onset and progression of these common 
diseases are strongly linked to age-associated changes in immune 
function. Aging is also characterized by marked dysregulation of 
immune function, including the development of a bias toward 
myeloid over lymphoid cell differentiation19, disrupted mitochon-
drial respiration and energy metabolism20, increased vulnerability 
to viral and bacterial infections and persistent low-grade inflam-
mation. We hypothesized that immune circadian rhythmicity might 
be disrupted with aging, leading to maladaptive responses that con-
tribute to changes seen in the aging immune system.

Results
Aging abolishes diurnal innate immune responses. We examined 
whether diurnal features of the innate immune response were pre-
served in aged mice, with a particular focus on immune cell traffick-
ing, response to lipopolysaccharide (LPS) and phagocytosis. We first 
investigated diurnal trafficking of Ly6Chi inflammatory monocytes 
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from the bone marrow to the blood, a homeostatic myeloid pro-
cess critical to antimicrobial immune defense8. Blood monocytes, 
bone marrow macrophages and spleen macrophages were isolated 
from young (2- to 3-month-old) and aged (18- to 20-month-old) 
male mice every 4 h over a 24-h period, and dynamic changes in 
cell abundance in these three myeloid compartments were quanti-
fied by fluorescence-associated cell sorting (FACS) (Fig. 1a–f and 
Extended Data Fig. 1). Consistent with previously published data8, 
young Ly6Chi monocytes demonstrated robust circadian traffick-
ing from the bone marrow to the blood and ultradian rhythms in 
splenic abundance of macrophages (rhythmicity assessed using 
JTK_CYCLE; P = 0.00026 for bone marrow (24-h cycle), P = 0.046 
for blood (24-h cycle), P = 1 for spleen (24-h cycle) and P = 0.00417 
for spleen (12-h cycle)). However, the circadian rhythmicity of 
monocyte/macrophage numbers in blood and bone marrow was 
completely lost in aged mice (P = 1 for bone marrow, blood and 
spleen (24-h cycle) and P = 0.23 for spleen (12-h cycle)).

Given the importance of myeloid cells in orchestrating the 
immune response against pathogens, we next examined diurnal 
variability in response to stimulation with LPS, a canonical bacte-
rial antigen. Susceptibility to LPS-mediated mortality is diurnally 
regulated, with increased mortality after LPS challenge at night 
(ZT12, lights off)8,12,21,22. Consistent with this, we found that young 
mice injected with LPS at ZT0 (lights on) showed significantly bet-
ter survival (P = 0.033) than young mice injected at ZT12 (Fig. 1g). 
By contrast, aged mice did not show any difference in survival when 
LPS challenge occurred at ZT0 or ZT12 (Fig. 1h), suggesting the 
importance of circadian rhythms in the ability to recover from TLR 
ligand challenge and its disruption in aging.

Next, we compared the ability of young and aged primary peri-
toneal macrophages to engulf fluorescent E. coli particles every 4 h 
over the course of 24 h. Young macrophages showed a strong trend 
of rhythmic phagocytic activity over the course of 24 h (P = 0.05 by 
JTK_CYCLE), with peak phagocytic activity at the beginning of 
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Fig. 1 | Aging disrupts the diurnal rhythmicity of innate immune functions. a–f, Young (2-month-old) and aged (20- to 22-month-old) C57B6/J male 
mice were examined for monocyte trafficking from the bone marrow to the blood and spleen (n!=!3 per time point per age). Samples were analyzed by 
flow cytometry at Zeitgeber time (ZT) 4, 8, 12, 16, 20 and 24!h. Vertical black arrows in a, c and e denote the maximum number of cells in the young 
age group featured in the representative plots b, d and f. The experiment was repeated twice. In a, c and e, data represent mean!±!s.e.m. The numbers of 
CD45+CD11b+Ly6C+ bone marrow macrophages in young versus aged mice (P!=!0.00026 and P!=!1 for young and aged mice, respectively, by JTK_CYCLE) 
were calculated (a,b) as well as the numbers of CD45+CD11b+Ly6C+ blood monocytes in young versus aged mice (P!=!0.046 and P!=!1 for young and aged 
mice, respectively, by JTK_CYCLE) (c,d) and CD45+CD11b+Ly6C+ spleen macrophages in young versus aged mice (P!=!1 for young and aged mice (24-h 
cycle) and P!=!0.00417 and P!=!0.23 for young and aged mice (12!h), respectively, by JTK_CYCLE) (e,f). Numbers in the top-right quadrants indicate 
percentage of CD45+CD11b+Ly6C+ macrophages. g,h, Young (g) and aged (h) mice were administered 25!mg kg–1 LPS at ZT0 (blue line, ‘lights on’) or ZT12 
(red line, ‘lights off’) and monitored for 7!d; n!=!10 mice in each group; *P!<!0.05, log-rank test. i, Young and aged peritoneal macrophages were assayed for 
phagocytosis of fluorescent Escherichia coli particles over a 24-h period; P!=!0.05 and P!=!0.643 for young and aged mice, respectively, by JTK_CYCLE (n!=!3 
mice per time point per age). The experiment was repeated twice. Data represent mean!±!s.e.m; AU, arbitrary units.
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the dark phase (Fig. 1i). This diurnal variation was completely lost 
in aged macrophages (Fig. 1i; P = 0.643). These results collectively 
indicate that the diurnal rhythmicity of myeloid cell trafficking, 
systemic LPS response and macrophage-mediated phagocytosis of 
bacteria is lost with aging.

Aging disrupts diurnal structure of the macrophage tran-
scriptome. To understand the molecular basis underlying loss of 
myeloid circadian rhythmicity with age, we performed unbiased 
transcriptomics and compared the diurnal rhythms of peritoneal 
macrophages derived from young (2-month-old) and aged (20- to 
22-month-old) C57BL/6J male mice collected at 4-h time inter-
vals over 24 h (Fig. 2a and Extended Data Fig. 2a). The percentage 
of live macrophages was approximately 15% lower in aged mice 
than in young mice; however, there were no differences in macro-
phage enrichment at ZT0 compared to ZT12 for either age group 
(Extended Data Fig. 2b). RNA-sequencing (RNA-seq) expression of 
macrophage-specific markers was significantly higher than that of 
non-macrophage cell types (Extended Data Fig. 2c), indicating that 
samples were highly enriched for macrophages across time points 
and age groups. Of note, cell counts, RNA amounts, RNA integrity 
number (RIN) scores and the percentage of mapped genes were 
similar between the two age groups (Extended Data Fig. 2d–k).

We then investigated diurnal rhythms in gene expression in 
young and aged macrophages over the 24-h time period. JTK_
CYCLE analysis23 identified 680 genes undergoing rhythmic tran-
scription in macrophages from young mice but only 53 genes in aged 
macrophages (Fig. 2b). Circadian transcription was significantly dis-
rupted in aged macrophages (Fig. 2c), with a majority of transcripts 
losing rhythmicity (Fig. 2b–e). PCA of transcripts that were rhyth-
mically expressed in young macrophages showed significant cluster-
ing by age (Fig. 2f). Moreover, within the young macrophages, we 
observed subclustering by time of day over the 4-h intervals, with 
ZT0 and ZT24 clustering together; this subclustering was not evi-
dent in aged macrophages (Fig. 2f). These findings were indepen-
dent of the algorithm used to detect oscillating transcripts, because 
BooteJTK, MetaCycle and RAIN also detected a strong reduction in 
rhythmic genes in macrophages from aged mice (Extended Data Fig. 
3a). Furthermore, the conclusions were unaffected by the threshold 
used for false discovery rate correction, as any threshold we tested 
yielded more oscillating genes in young macrophages than in old 
macrophages across all four algorithms (Extended Data Fig. 3a). A 
global comparison of the amplitudes of oscillating genes revealed 
that amplitudes of rhythmic genes were generally higher than in 
non-rhythmic genes, but amplitudes of rhythmic genes were equal 
between young and aged macrophages (Extended Data Fig. 3b).

To determine whether the loss of global transcript rhythmic-
ity could account for abrogated rhythmic phagocytosis in aged 
macrophages, we focused on the CLEAR network, a class of genes 
central to regulation of fundamental immune functions involving 
lysosomal biogenesis and function, autophagy, exo- and endocyto-
sis and phagocytosis24,25. We observed a striking reduction in global 
expression levels of CLEAR network genes in aged macrophages 
(Fig. 2g,h and Extended Data Fig. 4a) and significant loss of rhyth-
micity in genes that belong to the KEGG pathways of phagosome, 
lysosome and Fcγ receptor-mediated phagocytosis (Fig. 2i and 
Extended Data Fig. 4b). Importantly, the expression of core clock 
genes was not altered between ages, and the oscillations of canonical 
members of the molecular clock were similar between young and 
old macrophages (Extended Data Fig. 5). Together, these data reveal 
a profound loss of rhythmic transcription in macrophages during 
aging, including phagocytosis-related genes, while the core molecu-
lar clock is unaffected.

Chromatin structure does not account for loss of rhythmic  
transcription. We next tested whether the loss of oscillatory gene 

expression in aged macrophages was mediated by age-associated epi-
genetic alterations. To this end, we conducted transposase-accessible 
chromatin sequencing (ATAC-seq) on peritoneal macrophages col-
lected from young and aged mice every 4 h over the course of 24 h. 
We integrated peak sizes of chromatin accessibility across 500-base 
pair (bp) regions and assigned peaks to genomic loci. A peak-calling 
algorithm was used to identify 67,992 peaks, or 500-bp regions of 
accessible chromatin, tested using DESeq2 (ref. 26). Of the 7,098 dif-
ferentially accessible peaks (q < 0.05), 4,828 were more accessible in 
young macrophages, while only 2,270 were more accessible in old 
macrophages (Fig. 3a,b). Both PCA and hierarchical clustering of 
the peaks segregated the two age groups (Fig. 3c,d), indicating that 
age is the main factor driving the variability in chromatin openness 
among the samples27,28.

To determine whether these chromatin alterations accounted for 
the loss of oscillatory gene expression in aged macrophages, we used 
three orthogonal approaches to link loci of differentially rhythmic 
genes to chromatin accessibility (Extended Data Fig. 6a). First, we 
determined whether differentially rhythmic genes were character-
ized by differentially accessible chromatin in young and old macro-
phages. To this end, we considered all 67,992 genomic regions and 
assigned gene loci to peaks using GREAT29. However, chromatin 
accessibility at differentially rhythmic loci was not different between 
young and old macrophages (Fig. 3e). We then tested whether dif-
ferences in circadian gene expression might be explained by dif-
ferentially accessible transcription start sites (TSSs) rather than by 
global ATAC-seq peaks. We therefore focused on promoter areas 
and TSSs of differentially rhythmic genes. While rhythmic genes 
in both groups showed generally higher accessibility than random 
genes, their accessibility was not different between young and old 
macrophages (Extended Data Fig. 6b). In fact, only 33 of 648 differ-
entially rhythmic genes showed differential chromatin accessibility 
at the promoter (Extended Data Fig. 6c).

Given that overall chromatin accessibility was unlikely to account 
for differences in oscillatory gene expression between young and 
old macrophages, we then tested the possibility that the differential 
rhythmicity in gene expression between age groups might be medi-
ated by rhythmic chromatin accessibility over the course of a day. 
We therefore explored the degree of rhythmicity in chromatin acces-
sibility in both groups. However, JTK_CYCLE applied to ATAC-seq 
peaks in both young and aged macrophages did not reveal circadian 
rhythmicity (Extended Data Fig. 6d). A comparison of the unad-
justed P value distributions for chromatin peaks (Extended Data 
Fig. 6e) and transcripts (Extended Data Fig. 6f) revealed that there 
is no enrichment of significant P values relative to the background 
uniform distribution of non-significant P values. These analyses led 
us to conclude that chromatin oscillations cannot be detected when 
applying the same methodological rigor as used for transcripts. 
These results suggest that differential 24-h oscillations in chromatin 
accessibility cannot explain the loss of rhythmic gene expression in 
aged macrophages.

KLF4 promotes rhythmic transcription in macrophages. Given 
that neither alterations in the core clock machinery nor differen-
tially rhythmic chromatin accessibility provided mechanistic expla-
nations for the circadian transcriptional reprogramming in aged 
macrophages, we examined whether differential binding of TFs may 
regulate the observed age-dependent loss of transcript oscillations. 
We identified candidate trans-acting factors using three conditions 
(Fig. 4a): (1) differential chromatin access between young and old 
macrophages, (2) differential binding to genes that show distinct 
oscillatory patterns between both age groups and (3) rhythmic 
expression of the TF that is lost in aged macrophages. Using chrom-
VAR analysis30 on all differentially accessible peaks, we identified 
TFs that showed significantly higher activity in young macrophages 
(Fig. 4b). Next, we assessed whether this differential TF activity 
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could account for the alterations in rhythmic transcription between 
both age groups. We focused on genes with differentially rhyth-
mic expression and assessed TF binding activity in corresponding 
ATAC-seq peaks using chromVAR (Fig. 4c) and transcripts using 
oPossum (Fig. 4d).

The only TF that fulfilled all three criteria was the zinc 
finger-containing TF KLF4. KLF4 is a member of the KLF family  
of TFs and has been extensively investigated for its role in the  

regulation of cell differentiation and stem cell reprogramming31–35. 
We found that KLF4 was not only associated with differential 
chromatin access (Fig. 4b) and differential binding to rhythmic 
genes (Fig. 4c,d) but also showed oscillatory expression in young 
macrophages that was lost in aged cells (Fig. 4e). The properties 
of differential chromatin access, differential binding to rhythmic 
genes and rhythmic expression were unique to KLF4 among TFs 
and within the KLF family (Extended Data Fig. 7a,b). A de novo 
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search of KLF4-binding motifs using ENCODE revealed two alter-
native motifs (MA0039.1 and MA0039.2), consistent with the 
motifs deposited in the JASPAR database (Extended Data Fig. 7c,d). 
Importantly, KLF4 binding to MA0039.1 was significantly higher 
in young macrophages across all chromatin accessible regions and 

peaks associated with differentially rhythmic genes (Fig. 4f,g), while 
binding to the MA0039.2 motif was not different between both 
groups (Extended Data Fig. 7e,f).

In young macrophages, diurnal increases of Klf4 gene expres-
sion occurred at ZT12 (Fig. 4e), similar to the diurnal peak in  

a b c

Row min Row max

–0.25

0

0.25

0.50

0.75 Time (h)
4
8
12
16
20
24

AgedYoung

PC1 (10.26%)

P
C

2 
(7

.8
1%

)

–0.50 –0.25 0 0.25

log2 fold change
(chromatin accessibility young/aged)

q 
va

lu
e

10–16

10–12

10–8

10–4

0

–2 –1 0 1 2

Aged Young

T
im

e

AgedYoung

d

lo
g 2

 (
C

P
M

) 
ac

ce
ss

ib
ili

ty

8

6

4

2

Young Aged

Rhythmice

0.9

0.7
0.8

0.6
0.5

1.0

TimeYoung
Aged

Fig. 3 | Chromatin accessibility is globally decreased in aged macrophages but does not account for loss of diurnal transcription. a, Heat map of 
differential chromatin accessibility peaks in young versus aged peritoneal macrophages over a 24-h cycle at 4-h intervals; n!=!15–16 mice in each age 
group, and n!=!2–3 mice per 4-h time interval. Time intervals are indicated with gray bars above the heat map starting at ZT12. Differential accessibility 
was determined using DESeq2. b, Volcano plot of differentially accessible peaks shows 4,828 versus 2,270 open chromatin peaks in young versus 
aged macrophages. c, PCA plot of accessible chromatin peaks shows separation by age between groups. d, Correlation matrix of Spearman correlation 
coefficients of chromatin accessibility between young and aged macrophages. Time is indicated by color code above the matrix, with ZT12 indicated in 
white and 4-h intervals represented by increasingly stronger tones of green. e, Chromatin accessibility (as normalized and log2-transformed values) at 
gene loci with rhythmic expression in young mice is not altered in aged macrophages; n!=!15–16 mice in each age group, and n!=!2–3 mice per 4-h time 
interval. Boxes extend from the 25th to 75th percentiles, whiskers extend to 1.5 times the IQR, and the center line is the median; CPM, counts per million 
reads mapped.

Fig. 4 | Age-dependent loss of KLF4 reduces macrophage circadian function. a, Schematic of selection criteria for candidate regulatory elements.  
b, Heat map of differentially accessible TF motifs in chromatin data from young versus aged macrophages over 24!h in 4-h time intervals. c, Heat map of 
differentially accessible TF motifs in chromatin data from loci with differential rhythmic expression in young versus aged macrophages over 24!h in 4-h 
time intervals. In b and c, for each motif, a two-sample t-test was performed on the chromVAR30 deviations between young and aged samples. P values 
were adjusted for multiple hypothesis testing, and q values of <0.05 are highlighted along the side of the heat maps. The arrow denotes KLF4 binding to 
the MA0039.1 motif. d, Enrichment of TF motifs in rhythmic genes in young versus aged macrophages. The analysis was performed using oPossum. e, Klf4 
mRNA rhythmicity in young and aged macrophages; P!=!0.01 and P!=!1 for young and aged, respectively, JTK_CYCLE (n!=!3 mice per age per time interval). 
Data represent mean!±!s.e.m. f, chromVAR30 deviations within all 500-bp peaks indicating KLF4 binding by estimating accessibility within peaks sharing 
the MA0039.1 motif or annotation; P!=!4.55!×!10–6, two-sided Mann–Whitney U-test. g, chromVAR30 deviations within peaks associated with differentially 
rhythmic genes indicating KLF4 binding by estimating accessibility within peaks sharing the MA0039.1 motif or annotation; P!=!1.25!×!10–3, two-sided 
Mann–Whitney U-test. In f and g, boxes extend from the 25th to 75th percentiles, whiskers extend to 1.5 times the IQR, and the center line is the median; 
n!=!15–16 mice in each age group and n!=!2–3 mice per 4-h time interval. h, Phagocytosis of young and aged peritoneal macrophages transfected with Klf4 
short hairpin RNA (shRNA) or scrambled vector as a control; n!=!5 mice in each group. The experiment was repeated twice. Data represent mean!±!s.e.m.; 
*P!<!0.05 and **P!<!0.005, two-sided Mann–Whitney U-test. i, Phagocytosis of fluorescent E. coli particles by peritoneal macrophages from young mice 
treated with intraperitoneal lentiviral Klf4 shRNA or scrambled shRNA; P!=!0.006 and P!=!0.176 for Klf4 shRNA and control, respectively, by JTK_CYCLE 
(n!=!3 mice per time point per group). Data represent mean!±!s.e.m.
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phagocytosis (Fig. 1i). Ex vivo knockdown of Klf4 in young and 
aged macrophages significantly disrupted bacterial phagocytosis 
(Fig. 4h), indicating a central role for this TF in regulating phago-
cytic activity. Moreover, in vivo knockdown of Klf4 in young peri-
toneal macrophages subjected to intraperitoneal lentiviral infection 
of Klf4 shRNA36 caused loss of circadian rhythmicity of Klf4 and 
the phagocytosis genes Gba and Rab3d (Extended Data Fig. 8a–d) 
and disrupted diurnal rhythms in phagocytic activity of E. coli par-
ticles (Fig. 4i). Thus, knockdown of Klf4 in young macrophages 
recapitulated the loss of rhythmic phagocytosis seen in aged mac-
rophages (Fig. 1i). In addition, in vivo knockdown of Arntl similarly  

abolished circadian rhythmicity of Klf4 and phagocytosis (Extended 
Data Fig. 8e–g), suggesting that Klf4 is a clock-controlled gene that 
regulates circadian rhythmicity of phagocytosis.

To assess the potential clinical relevance of Klf4 in aged mac-
rophages, we investigated whether variants of KLF4 might be 
linked to age-associated deficits in antimicrobial immunity in 
humans. We therefore investigated phenotypes associated with the 
rs2236599 genetic variant of KLF4 (refs. 37–39) in the UK BioBank 
(Supplementary Table 1). This synonymous variant leads to an 
adenine-to-guanine transition at Gly 390 (Extended Data Fig. 
8h). Carriers of this variant demonstrated a significantly elevated 
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risk of developing E. coli infection in the entire study popula-
tion (Fig. 5a). In addition, carriers of the KLF4 variant show 
selectively enhanced infection-related mortality in the setting of 
normal overall survival (Fig. 5b,c and Supplementary Table 1). 
Interestingly, while non-carriers over the age of 65 years showed 
an elevated odds ratio to contract an E. coli infection compared to 
younger individuals, this age-associated risk was less pronounced 
with the KLF4 variant (Fig. 5d). Thus, the rs2236599 genetic vari-
ant of KLF4 reveals a significant association with susceptibility to 
death from bacterial infection. It furthermore indicates that carri-
ers of the KLF4 variant show less accentuated differences in sus-
ceptibility between young and old age. This observational analysis 
suggests a connection between KLF4 and innate immune func-
tions in humans and suggests that this process might be impacted  
by aging.

Discussion
Our work builds on the observation that the immune system 
changes significantly with aging, and the mechanisms responsi-
ble are just beginning to be explored. The aging immune system 
becomes skewed toward the myeloid cell lineage19,40,41, but macro-
phages lose their homeostatic polarization states and phagocytic 
capacities, phenotypes that are driven in part by an age-associated 
decline in cellular energy metabolism42. In this study, we identify a 
profound loss of oscillatory gene expression in aged macrophages 
that is likely to further compound this functional decline. We also 
demonstrate that aging is characterized by loss of diurnal phago-
cytosis and migration of Ly6Chi monocytes from bone marrow to 
blood; this phenotype would be expected to impair coordination 
of immune defenses against microbial pathogens, and in a sepsis 
model, diurnally controlled survival differences were abolished 
with aging. The core clock genes remained rhythmic in aged mac-
rophages, and while dramatic differences were found in chroma-
tin architecture of aged compared to young macrophages, there 
were no diurnal fluctuations in chromatin accessibility that could 
explain the loss of transcriptional rhythmicity. Rather, we identi-
fied the upstream TF KLF4, binding through a second motif dis-
tinct from that involved in cellular reprogramming, as responsible 
for oscillatory gene expression and phagocytic activity. Knockdown 
of Klf4 expression in young macrophages recapitulated the effect 
of aging on rhythmic phagocytosis and phagocytic gene expres-
sion. Examination of a human genetic variant of KLF4 revealed a  

significant association with age-dependent susceptibility to death 
from bacterial infection.

The TF KLF4 has been extensively studied in the context of 
somatic cell reprogramming and cell fate determination34,35 where 
it binds the MA0039.2 motif31,43. Recent studies further indicate a 
role for KLF4 in the regulation of enhancer networks in cell fate 
transition44. KLF4 also functions in terminally differentiated cells 
in the intestinal epithelium45, in monocyte cell differentiation46 and 
in establishment of M2 macrophage polarization states47,48. In regu-
lating circadian gene transcription in young macrophages, KLF4 
bound to the motif MA0039.1, which is distinct from that involved 
in stem cell reprogramming31,43. We found that the MA0039.1 motif 
was significantly enriched in young macrophages across all open 
chromatin regions and peaks associated with differentially rhyth-
mic genes, while no such enrichment was found for the MA0039.2 
motif involved in cell differentiation and reprogramming. This dif-
ference may be due to different chromatin states in different cell 
types, pluripotency potential and age and points toward a new, 
context-dependent function of KLF4.

Our results indicate that while oscillations in Klf4 transcription 
are Arntl dependent, additional, as of yet unknown, factors mediate 
the decline in Klf4 oscillations with age, while rhythmicity of Arntl 
transcript levels are unaffected by age. Furthermore, it is likely that 
additional TFs are involved in the age-associated loss of rhythmic 
gene expression in macrophages.

In summary, we demonstrate a marked disruption in the cir-
cadian rhythmicity of macrophage functions and macrophage 
transcriptional responses with aging. It is possible that cells of the 
immune system, and macrophages in particular, are subject to more 
varied and sustained cell-extrinsic cues with aging that might dis-
rupt coordinated immune gene expression, leading to age-associated 
dysregulation of diurnal and homeostatic immune functions. We 
also identify a new role for KLF4 as a cell-intrinsic regulator of 
homeostatic circadian regulation in aging macrophages.

Online content
Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of 
author contributions and competing interests; and statements of 
data and code availability are available at https://doi.org/10.1038/
s41590-021-01083-0.
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Fig. 5 | The KLF4 variant may be linked to age-associated differences in antimicrobial immunity in humans. a, Percentages of E. coli infections of 
non-carrier versus T/T KLF4 variant carriers using UK BioBank data analysis; n!=!329,757 non-carrier and 15,537 T/T carrier individuals. Data represent 
mean!±!s.e.m.; P!=!0.003, univariate chi-squared test. b, UK BioBank data analysis of 12-year survival of non-carrier versus T/T variant carriers that 
succumbed to microbial infection; n!=!19,791 non-carrier and 949 T/T variant carrier deceased individuals; P!=!0.089, Cox regression adjusted for age, 
sex and body mass index (BMI). c, Overall survival of individuals is not different between non-carriers and T/T variant carriers; n!=!329,757 non-carrier 
and 15,537 T/T variant carrier individuals; P!>!0.05, Cox regression adjusted for age, sex and BMI. d, Odds ratio to develop E. coli infection in participants 
older than 65 years who carry the rs2236599 KLF4 variant (T/T) versus in non-carriers shows that increased susceptibility to infection with age is less 
pronounced in individuals carrying the KLF4 variant; n!=!266,771 non-carriers younger than 65 and 62,986 older than 65; n!=!12,593 T/T carrier individuals 
younger than 65 and 2,944 older than 65. Data show odds ratio with 95% confidence interval.

NATURE IMMUNOLOGY | VOL 23 | FEBRUARY 2022 | 229–236 | www.nature.com/natureimmunology 235



ARTICLES NATURE IMMUNOLOGY

Received: 2 November 2020; Accepted: 27 October 2021;  
Published online: 23 December 2021

References
 1. Bhadra, U., !akkar, N., Das, P. & Pal Bhadra, M. Evolution of circadian 

rhythms: from bacteria to human. Sleep Med. 35, 49–61 (2017).
 2. Herzog, E. D. & Tosini, G. !e mammalian circadian clock shop. Semin. Cell 

Dev. Biol. 12, 295–303 (2001).
 3. Storch, K. F. et al. Extensive and divergent circadian gene expression in liver 

and heart. Nature 417, 78–83 (2002).
 4. Zhang, R., Lahens, N. F., Ballance, H. I., Hughes, M. E. & Hogenesch, J. B. A 

circadian gene expression atlas in mammals: implications for biology and 
medicine. Proc. Natl Acad. Sci. USA 111, 16219–16224 (2014).

 5. Fonken, L. K. et al. Microglia in"ammatory responses are controlled by an 
intrinsic circadian clock. Brain Behav. Immun. 45, 171–179 (2015).

 6. He, W. et al. Circadian expression of migratory factors establishes 
lineage-speci#c signatures that guide the homing of leukocyte subsets to 
tissues. Immunity 49, 1175–1190 (2018).

 7. Keller, M. et al. A circadian clock in macrophages controls in"ammatory 
immune responses. Proc. Natl Acad. Sci. USA 106, 21407–21412 (2009).

 8. Nguyen, K. D. et al. Circadian gene Bmal1 regulates diurnal oscillations of 
Ly6Chi in"ammatory monocytes. Science 341, 1483–1488 (2013).

 9. Geiger, S. S., Curtis, A. M., O’Neill, L. A. J. & Siegel, R. M. Daily variation in 
macrophage phagocytosis is clock-independent and dispensable for cytokine 
production. Immunology 157, 122–136 (2019).

 10. Kitchen, G. B. et al. !e clock gene Bmal1 inhibits macrophage motility, 
phagocytosis, and impairs defense against pneumonia. Proc. Natl Acad. Sci. 
USA 117, 1543–1551 (2020).

 11. Oliva-Ramírez, J., Moreno-Altamirano, M. M. B., Pineda-Olvera, B., 
Cauich-Sánchez, P. & Javier Sánchez-García, F. Crosstalk between circadian 
rhythmicity, mitochondrial dynamics and macrophage bactericidal activity. 
Immunology 143, 490–497 (2014).

 12. Curtis, A. M. et al. Circadian control of innate immunity in macrophages by 
miR-155 targeting Bmal1. Proc. Natl Acad. Sci. USA 11, 7231–7236 (2015).

 13. Hayashi, M., Shimba, S. & Tezuka, M. Characterization of the molecular 
clock in mouse peritoneal macrophages. Biol. Pharm. Bull. 30, 621–626 (2007).

 14. Knyszynski, A. & Fischer, H. Circadian "uctuations in the activity of 
phagocytic cells in blood, spleen, and peritoneal cavity of mice as measured 
by zymosan-induced chemiluminescence. J. Immunol. 127, 2508–2511 (1981).

 15. Leone, M. J., Marpegan, L., Duhart, J. M. & Golombek, D. A. Role of 
proin"ammatory cytokines on lipopolysaccharide-induced phase shi$s in 
locomotor activity circadian rhythm. Chronobiol. Int. 29, 715–723 (2012).

 16. Rahman, S. A. et al. Endogenous circadian regulation of pro-in"ammatory 
cytokines and chemokines in the presence of bacterial lipopolysaccharide in 
humans. Brain Behav. Immun. 47, 4–13 (2015).

 17. Huo, M. et al. Myeloid Bmal1 deletion increases monocyte recruitment and 
worsens atherosclerosis. FASEB J. 31, 1097–1106 (2017).

 18. Scheiermann, C., Kunisaki, Y. & Frenette, P. S. Circadian control of the 
immune system. Nat. Rev. Immunol. 13, 190–198 (2013).

 19. Rossi, D. J., Jamieson, C. H. & Weissman, I. L. Stems cells and the pathways 
to aging and cancer. Cell 132, 681–696 (2008).

 20. Liu, Q. et al. Peripheral TREM1 responses to brain and intestinal 
immunogens amplify stroke severity. Nat. Immunol. 20, 1023–1034 (2019).

 21. Deng, W. et al. !e circadian clock controls immune checkpoint pathway in 
sepsis. Cell Rep. 24, 366–378 (2018).

 22. Scheiermann, C. et al. Adrenergic nerves govern circadian leukocyte 
recruitment to tissues. Immunity 37, 290–301 (2012).

 23. Hughes, M. E., Hogenesch, J. B. & Kornacker, K. JTK-CYCLE: an e%cient 
nonparametric algorithm for detecting rhythmic components in genome-scale 
data sets. J. Biol. Rhythms 25, 372–380 (2010).

 24. Palmieri, M. et al. Characterization of the CLEAR network reveals an 
integrated control of cellular clearance pathways. Hum. Mol. Genet. 20, 
3852–3866 (2011).

 25. Sardiello, M. et al. A gene network regulating lysosomal biogenesis and 
function. Science 325, 473–477 (2009).

 26. Love, M. I., Huber, W. & Anders, S. Moderated estimation of fold change and 
dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 550–550 (2014).

 27. Moskowitz, D. M. et al. Epigenomics of human CD8 T cell di&erentiation and 
aging. Sci. Immunol. 2, eaag0192 (2017).

 28. Ucar, D. et al. !e chromatin accessibility signature of human immune aging 
stems from CD8+ T cells. J. Exp. Med. 214, 3123–3144 (2017).

 29. McLean, C. Y. et al. GREAT improves functional interpretation of 
cis-regulatory regions. Nat. Biotechnol. 28, 495–501 (2010).

 30. Schep, A. N., Wu, B., Buenrostro, J. D. & Greenleaf, W. J. ChromVAR: 
inferring transcription-factor-associated accessibility from single-cell 
epigenomic data. Nat. Methods 14, 975–978 (2017).

 31. Chen, X. et al. Integration of external signaling pathways with the core 
transcriptional network in embryonic stem cells. Cell 133, 1106–1117 (2008).

 32. Maherali, N. et al. Directly reprogrammed #broblasts show global epigenetic 
remodeling and widespread tissue contribution. Cell Stem Cell 1, 55–70 
(2007).

 33. Okita, K., Ichisaka, T. & Yamanaka, S. Generation of germline-competent 
induced pluripotent stem cells. Nature 448, 313–317 (2007).

 34. Takahashi, K. & Yamanaka, S. Induction of pluripotent stem cells from  
mouse embryonic and adult #broblast cultures by de#ned factors. Cell 126, 
663–676 (2006).

 35. Wernig, M. et al. In vitro reprogramming of #broblasts into a pluripotent 
ES-cell-like state. Nature 448, 318–324 (2007).

 36. Ipseiz, N. et al. E&ective in vivo gene modi#cation in mouse tissue-resident 
peritoneal macrophages by intraperitoneal delivery of lentiviral vectors. Mol. 
!er. Methods Clin. Dev. 16, 21–31 (2020).

 37. Liu, H. et al. Irf6 directly regulates Klf17 in zebra#sh periderm and Klf4 in 
murine oral epithelium, and dominant-negative KLF4 variants are present in 
patients with cle$ lip and palate. Hum. Mol. Genet. 25, 766–776 (2016).

 38. Stratopoulos, A. et al. Genomic variants in members of the Krüppel-like 
factor gene family are associated with disease severity and hydroxyurea 
treatment e%cacy in β-hemoglobinopathies patients. Pharmacogenomics 20, 
791–801 (2019).

 39. Stremitzer, S. et al. Genetic variants associated with colorectal brain 
metastases susceptibility and survival. Pharmacogenomics J. 17, 29–35 (2017).

 40. Sou#, A. et al. Pioneer transcription factors target partial DNA motifs on 
nucleosomes to initiate reprogramming. Cell 161, 555–568 (2015).

 41. Di Giammartino, D. C. et al. KLF4 is involved in the organization and 
regulation of pluripotency-associated three-dimensional enhancer networks. 
Nat. Cell Biol. 21, 1179–117 (2019).

 42. McConnell, B. B., Ghaleb, A. M., Nandan, M. O. & Yang, V. W. !e diverse 
functions of Krüppel-like factors 4 and 5 in epithelial biology and 
pathobiology. BioEssays 29, 549–557 (2007).

 43. Alder, J. K. et al. Kruppel-like factor 4 is essential for in"ammatory monocyte 
di&erentiation in vivo. J. Immunol. 180, 5645–5652 (2008).

 44. Kapoor, N. et al. Transcription factors STAT6 and KLF4 implement 
macrophage polarization via the dual catalytic powers of MCPIP. J. Immunol. 
194, 6011–6023 (2015).

 45. Liao, X. et al. Krüppel-like factor 4 regulates macrophage polarization. J. Clin. 
Invest. 121, 2736–2749 (2011).

 46. Dykstra, B. & de Haan, G. Hematopoietic stem cell aging and self-renewal. 
Cell Tissue Res. 331, 91–101 (2008).

 47. Dykstra, B., Olthof, S., Schreuder, J., Ritsema, M. & de Haan, G. Clonal 
analysis reveals multiple functional defects of aged murine hematopoietic 
stem cells. J. Exp. Med. 208, 2691–2703 (2011).

 48. Minhas, P. S. et al. Macrophage de novo NAD+ synthesis speci#es immune 
function in aging and in"ammation. Nat. Immunol. 20, 50–63 (2019).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.
© The Author(s), under exclusive licence to Springer Nature America, Inc. 2021

NATURE IMMUNOLOGY | VOL 23 | FEBRUARY 2022 | 229–236 | www.nature.com/natureimmunology236



ARTICLESNATURE IMMUNOLOGY

Methods
Animals. !is study was conducted in accordance with National Institutes of 
Health (NIH) guidelines; protocols were approved by the Institutional Animal 
Care and Use Committee at Stanford University. Young (2- to 3-month-old; 
Jackson Laboratories) and aged (20- to 22-month-old; National Institute of Aging) 
C57BL/6J male mice were housed in an environment-controlled, pathogen-free 
barrier facility on a 12-h/12-h light/dark cycle at a constant temperature and 
humidity, with food and water available ad libitum.

Flow cytometry. Young and aged mice were terminally anesthetized (100 mg kg−1 
ketamine and 10 mg kg−1 xylazine intraperitoneally) at 4-h intervals over the course 
of 24 h. Blood samples were collected retro-orbitally, diluted 1:4 in PBS without 
Ca2+/Mg2+, centrifuged over a Ficoll gradient to remove granulocytes and red 
blood cells (RBCs) and washed once with PBS. Bone marrow cells were flushed 
from tibias, and spleens were homogenized and filtered through a 40-μm strainer 
to remove large cellular debris. Single-cell suspensions of bone marrow, blood and 
spleen samples were subjected to RBC lysis and washed with PBS. Cells were then 
stained with antibodies (1:200 dilution) for 45 min on ice against CD45 (clone 
30-F11, 103127), CD11b (clone M1/70, 101245), Ly6C (clone HK1.4, 128016), Ly6G 
(clone 1A8, 127623), CD115 (clone AF598, 135517), CD3 (clone 17A2, 100204), 
CD19 (clone 6D5, 115520) and F4/80 (clone BM8, 123128) from BioLegend and 
analyzed on a BD‐LSR II cytometer with FlowJo software, version 10.6.1.

LPS administration. Mice were maintained in a controlled light/dark environment 
for 2 weeks before LPS challenge. Mice were injected intraperitoneally either at 
ZT0 or ZT12 with LPS derived from E. coli serotype 055:B5 (Sigma-Aldrich) in 
sterile PBS at 25 mg kg–1 and monitored for 1 week. The probability of survival was 
calculated using the Kaplan–Meier method, and statistical analysis was performed 
using a log-rank test.

Macrophage isolation. Peritoneal macrophages were collected from anesthetized 
young and aged mice every 4 h over the course of 24 h by flushing the peritoneal 
cavity with 10 ml of ice-cold PBS49,50. Miltenyi Cd11b magnetic microbeads were 
incubated with peritoneal macrophages for 10 min at 4 °C and then passed through 
a Miltenyi MS column according to the manufacturer’s protocol to enrich for 
macrophages.

RNA-seq. Library preparation. Samples were lysed in Invitrogen TRIzol reagent, 
and RNA was isolated using Invitrogen PureLink RNA Micro columns. RNA 
samples were converted into Illumina libraries by using the Lexogen Quantseq 
Forward kit. Approximately 250 ng of total RNA was reverse transcribed using 
oligo(dT) priming to bias fragments toward the 3′ end of RNA fragments. cDNA 
fragments were converted to double-stranded cDNA and subjected to ligation of 
sequencing adapters and PCR ampli#cation. All samples were pooled into a single 
group and sequenced on four lanes of an Illumina HiSeq 2000 with the 50-bp 
single-end chemistry. RNA quality and quantity and sequencing quality did not 
di&er signi#cantly between age groups or time points.

RNA-seq analysis. Fastq files of the raw RNA-seq reads were trimmed with Bbduk 
and then aligned to the mouse reference genome (mm10) with STAR using 
parameters as described in the Lexogen Quantseq protocol51. Reads were  
counted using HTSeq. For PCA analysis, counts were library size normalized.  
For evaluation of circadian rhythmicity using JTK_CYCLE, reads were library  
size normalized and log2 transformed using the CPM command in R. Where 
individual genes are plotted with normalized expression values, corresponding 
JTK_CYCLE P values were calculated using the same normalized data. Only genes 
with mean log2 (CPM) expression of >3 were evaluated by JTK_CYCLE. KEGG 
pathway enrichment was performed using the ‘kegga’ command in limma.  
oPossum was used to identify TFs enriched in the promoter regions of differentially 
rhythmic genes.

In vivo lentiviral transduction of shRNA Klf4 and shRNA Arntl. In vivo 
knockdown of Klf4 and Arntl in peritoneal macrophages was performed as 
previously described36. High-titer lentivirus solutions were obtained from  
Systems Biosciences for Arntl shRNA (5′-GACACCTCGCAGAATGTCACAGG 
CAAGTT-3′), Klf4 shRNA (5′-CATGTTCTAACAGCCTAAATG-3′) and 
scrambled shRNA (pGreenPuro Scramble Hairpin Control) at a concentration 
of >108 infectious units per ml. Lentivirus infectivity was validated in vitro 
using Jurkat T cells (clone E6-1, ATCC, TIB-152), as previously described36. One 
hundred microliters of Klf4 shRNA, Arntl shRNA or scrambled shRNA lentivirus 
solutions were injected intraperitoneally into young (8-week-old) mice (n = 18 
mice per experimental group or n = 3 mice per 4-h time point). The mice were 
returned to their 12-h light/12-h dark cycle with food and water available ad 
libitum and allowed to recover for 3 d, and peritoneal macrophages were then 
isolated every 4 h across 24 h.

Quantitative real-time PCR. RNA was isolated using Invitrogen TRIzol and 
purified with Invitrogen Purelink RNA Micro columns or with a chloroform–
phenol protocol. cDNA was generated from 300 ng of RNA by using the Applied  

Biosystems High Capacity RT kit. Quantitative real-time PCR (qRT–PCR) was 
performed on a QuantStudio6 using TaqMan primers for Arntl (Mm00500226_m1),  
Per2 (Mm00478099_m1) and Gapdh (Mm99999915_g1). Relative expression was  
measured using the ΔΔCt method with Gapdh or 18S (forward: 5′-CTTAGAGGG 
ACAAGTGGCG-3′; reverse: 5′-ACGCTGAGCCAGTCAGTGTA-3′) as 
endogenous references. To assess gene expression in peritoneal macrophages 
isolated from mice treated with lentivirus containing either Klf4 shRNA, Arntl  
shRNA or scrambled shRNA, the following primers were used from Origene: Klf4  
(MP207225: forward, 5′-CTATGCAGGCTGTGGCAAAACC-3′; reverse, 5′-TTG 
CGGTAG TGCCTGGTCAGTT-3′), Arntl (MP200931: forward, 5′-ACCTCGCA 
GAATGTCACAGGCA-3′; reverse, 5′-CTGAACCATCGACTTCGTAGCG-3′), 
Gba (MP222451: forward, 5′-GCCAGTTGTGACTTCTCCATCC-3′; reverse,  
5′-CGTGAGGACATCTTCAGGGCTT-3′) and Rab3d (MP212343: forward,  
5′-ATGACATCGCCAACCAGGAGTC-3′; reverse, 5′-CGTTCGTCTTCCAGG 
TCACACT-3′).

Phagocytosis assay. Macrophage phagocytic activity of peritoneal macrophages 
was assessed using the Vybrant Phagocytosis Assay kit (Thermo Fisher Scientific), 
according to the manufacturer’s instructions. Briefly, macrophages were 
isolated from the peritoneum as described above and cultured in 96-well black 
culture plates at 106 cells per well for 2 h. Culture medium was removed, and 
fluorescein-labeled E. coli BioParticles or PBS was added. After 2 h, supernatant 
was removed, and 100 μl of trypan blue was immediately added to each well for 
1 min to quench extracellular fluorescence. Excess trypan blue dye was removed by 
aspiration. The plate was read on a SpectraMax M2e microplate reader (Molecular 
Devices; excitation of 480 nm and emission of 520 nm; bottom reading with 50 
flashes per well).

ATAC-seq transposase reaction, library generation and sequencing. Peritoneal 
macrophages were isolated every 4 h over the course of 24 h from young and aged 
mice, washed with cold PBS at 4 °C and centrifuged at 500g for 5 min. The cell 
pellet was resuspended in Tn5 transposase reaction mix (25 μl of 2× TD buffer, 
2.5 μl of Tn5 transposase and 22.5 μl of nuclease-free water) and incubated at 37 °C 
for 30 min with mild agitation. DNA from the transposase reaction was purified 
using the DNA Clean & Concentrator kit (Zymo, D4014) and PCR amplified as 
described in ref. 52. Fragment analysis was run on the PCR products using NGS 
Fragment 1–6,000 bp (Agilent) as a quality control step and to construct the 
library. The library was then sequenced on a Illumina HiSeq 4000 instrument as 
2 × 100 mers.

Analysis of ATAC-seq data. Data processing. Fastq #les were trimmed using 
Trim Galore! (version 0.6.4_dev; parameters: –stringency 5) and aligned to the 
mm10 genome using Bowtie2 (version 2.3.4.1; parameters: –very-sensitive-local–
dovetail–no-discordant–no-mixed). !e following reads were #ltered out: reads 
aligning to the mitochondrial genome (samtools idxstats {in_path} | cut -f 1 | grep 
-v chrM | xargs samtools view -b {in_path} > out_path}), PCR duplicates (java -jar 
$PICARD_JAR MarkDuplicates I = {in_path} O = {out_path} M = {out_metrics_
path} REMOVE_DUPLICATES = true) and reads aligning to ENCODE blacklisted 
regions (samtools view -f 2 -q 20 -b {in_path} | bedtools intersect -v -abam–b 
mm10-blacklist.v2.bed -wa > {out_path}).

Creating ATAC-seq count matrices. For each sample, ChrAccR (https://greenleaflab.
github.io/ChrAccR/articles/overview.html) was used to count the number of 
fragments (transposase cut site centered) within preselected genomic regions. We 
created two different count matrices: one in which fragments were counted within 
open chromatin regions as determined by a peak-calling algorithm and one in 
which fragments were counted within the 4,000 bp surrounding each TSS. Peaks 
were called using Genrich (version 0.6; all default parameters), which considers all 
replicates of the same condition together. Only peaks with a q value of <0.05 were 
retained, and these variable-width peaks were merged across all samples (bedtools 
version 2.2.9.2). For each merged peak, the summit of the constituent peak with 
the most significant q value was identified. Around each of these summits, a 
500-bp region was extracted, resulting in n = 67,992 regions with a fixed width of 
500 bp. For all but the DESeq2 analyses, these matrices were library size normalized 
(CPM) and then log2 transformed using the CPM command in R53.

Downstream analysis. PCA was performed on the library size-normalized and 
log2-transformed matrices. DESeq2 (version 1.28.1) was run using the following 
design formula: ~time + age + time:age, with age as the main effect and time point 
as a covariate. Genomic regions were associated with genes using GREAT29.

Estimating TF-binding motif enrichment. chromVAR30 was used to quantify TF 
activity in n = 176 motifs from the JASPAR2018 database.

UK BioBank study population. The UK BioBank study is a large, multisite, 
community-based cohort study with the overarching aim of improving the 
prevention, detection and treatment of a wide range of serious and life-threatening 
diseases. The study invited individuals aged 40 to 69 years to take part. All UK 
residents aged 40 to 69 years who were registered with the National Health Service 
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and living up to 25 miles from 1 of the 22 study assessment centers were invited to 
participate. All participants gave informed consent for genotyping and data linkage 
to medical reports. Genotyping of the KLF4 variant rs2236599 was conducted in a 
total of 488,377 individuals. Ongoing inpatient hospital records beginning in 1996 
were used to identify diagnoses according to the International Classification of 
Diseases, Tenth Revision (ICD-10) codes. The presence of the following ICD-10 
codes was evaluated: infection with E. coli (A04) and overall infections (A00-A99). 
The UK BioBank receives death notifications (age at death and primary ICD 
diagnosis that led to death) through linkage to national death registries. End of 
follow-up was defined as death or end of hospital inpatient data collection in June 
2020. Specific causes of death included death by infection (A00-A99) and death 
by E. coli infection (A04). Detailed information about the study is available at the 
UK BioBank website (www.ukbiobank.ac.uk). The study has been approved by the 
UKB Access Committee (project 59657).

Statistical analysis. Three to five biological replicates were used for each 
experiment. Data are presented as the mean ± s.e.m. using GraphPad Prism 
version 7, unless otherwise stated. No statistical methods were used to 
predetermine sample sizes, but our sample sizes are similar to those reported in 
previous publications8. No outliers were excluded in our analyses. All patterns of 
rhythmicity (for example, in gene expression, FACS analysis, phagocytic activity 
and chromatin accessibility) were assessed using JTK_CYCLE23, which was 
parameterized to look for rhythms of exactly 24 h. We compared JTK_CYCLE 
to three other methods of detecting rhythmicity: RAIN54, BooteJTK55 and 
MetaCycle56. All algorithms were instructed to find periods of exactly 24 h and run 
with default parameters. Multiple hypothesis correction was performed with the 
Benjamini–Hochberg procedure. Features with adjusted P values less than 0.2 were 
considered significantly rhythmic.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Transcriptomics data are available under accession number GSE128830 and at 
Token (ybqjocoontgtluf); ATAC-seq data are available at https://purl.stanford.edu/
rc797bt9574. The dataset used for the analyses in the UK BioBank have not  
been deposited in a public repository but are available after approval of a  
reasonable application at https://www.ukbiobank.ac.ukl. Source data are provided 
with this paper.
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Extended Data Fig. 1 | Gating strategy for monocytes and macrophages in bone marrow, blood and spleen. Mononuclear cells from bone marrow 
(a) blood (b) and spleen (c) were gated for forward and side-scatter (FSC/SSC), doublets, and live/dead prior to identification of bone marrow 
(CD45!+!CD11b!+!Ly6G-Ly6C!+!), blood (CD45!+!CD115!+!Ly6G-) and splenic (CD45!+!CD11b!+!Ly6G-) monocytes and macrophages.
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Extended Data Fig. 2 | Macrophage enrichment validation and RNA-seq quality control and analysis. a. Gating strategy for measurement of macrophage 
enrichment of samples at ZT0 and ZT12. b. Percent of live Cd11b+ macrophages in young vs aged at ZT0 and ZT12 (n!=!3, 2-way ANOVA age factor 
p!=!0.0065). c. Expression levels of macrophage transcripts, Itgam and Emr1 versus markers of dendritic cells (Itgax), eosinophils (Siglec F), T cells (Cd3d, 
Cd3e, Cd3g), and B cells (Cd19). Data are mean ± s.e.m, two-sided Mann-Whitney U test. n!=!21 mice in each age group and n!=!3 in each time group. 
d-k. Pooled values (d, f, h, j) and time-dependent presentations (e, g, i, k) of sample total cell counts (d-e), input RNA quantity (f-g), RIN scores (h-i) and 
number of mapped reads (j-k) of circadian RNA-seq analysis of young and aged peritoneal macrophages. (d, f, h, j) Data are mean ± s.e.m, two-sided 
Mann-Whitney U test. n!=!21 mice in each age group and n!=!3 in each time group. (e, g, i, k) Lines of best fit were determined using loess, and 95% 
confidence intervals are shown.
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Extended Data Fig. 3 | Algorithm comparison and amplitude assessment for rhythmic transcripts. a. Venn diagrams of unique and shared rhythmically 
expressed transcripts in young vs. aged macrophages, compared across different algorithms (JTK_CYCLE, RAIN, BooteJTK, and MetaCycle) and q-values. 
b. JTK_CYCLE amplitudes of genes in peritoneal macrophages from young and aged mice. Genes are binned by their rhythmicity in neither, both, or 
individual groups. n!=!21 mice in each age group and n!=!3 in each time group. Boxes extend from the 25th-75th percentiles, whiskers extend to 1.5 times 
the IQR, and the center line is the median.
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Extended Data Fig. 4 | Loss of circadian rhythmicity of phagocytosis gene expression in aged macrophages. a. Heatmap of normalized CLEAR network 
gene expression values of all time points for each age group shows a decrease in overall gene expression in aged as compared to young peritoneal 
macrophages. b. Circadian RNA-seq expression patterns of phagocytosis-related genes reveal loss of rhythmicity in aged peritoneal as compared to young 
macrophages. Data are mean ± s.e.m, n!=!21 mice in each age group and n!=!3 in each time group. Indicated p-values were calculated by JTK_CYCLE on 
normalized expression values.
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Extended Data Fig. 5 | The core circadian clock genes remain rhythmic in aged peritoneal macrophages. a-j, Individual representations of normalized 
circadian gene expression values measured by RNA-seq of the positive arm (a-b), negative arm (c-g) and supporting genes (h-j) of the core clock 
machinery. (k-l) qPCR validation of Bmal1 and Per2 expression in young and aged peritoneal macrophages. Data are mean ± s.e.m, n!=!21 mice in each age 
group and n!=!3 in each time group.
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Extended Data Fig. 6 | Chromatin accessibility of young and aged macrophages is not rhythmic. a. Schematic of investigated possible explanations for 
differentially rhythmic gene expression by chromatin accessibility. b. Chromatin accessibility (as normalized and log2-transformed values) of promoter 
regions of differentially rhythmic genes between young and aged peritoneal macrophages. Note that rhythmically expressed genes have higher chromatin 
accessibility compared to an equal number of randomly selected control genes. n!=!15-16 mice in each age group and n!=!2-3 mice per 4!h time interval. 
Boxes extend from the 25th-75th percentiles, whiskers extend to 1.5 times the IQR, and the center line is the median. c. Venn diagrams of the numbers 
of differentially rhythmic genes between the two age groups (RNA-seq) and the numbers of differentially accessible promoter regions assessed by 
ATAC-seq. d, Scatterplots of amplitude and q-value for open chromatin peaks as assessed by JTK_CYCLE. No element shows q!<!0.2 (indicated by dotted 
line). e, f, Distribution of unadjusted p-values for oscillations of open chromatin peaks (e) and transcripts (f) in young macrophages, zoomed-in to p!<!0.1, 
JTK_CYCLE.
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Extended Data Fig. 7 | Two distinct DNA binding motifs of KLF4. a, b. Circadian expression levels measured by RNA-seq of KLF family members 
Klf9 and Klf13. Data are mean ± s.e.m, n!=!21 mice in each age group and n!=!3 in each time group. p-values determined by JTK_CYCLE on normalized 
expression values. c, d. Depiction of the two known KLF4 binding motifs, MA0039.1 and MA0039.2. q-values from de novo motif discovery on a KLF4 
ChIP-seq experiment from ENCODE (https://factorbook.org/experiment/ENCSR265WJC/motif). e. chromVAR30 deviations within all 500!bp peaks 
indicating KLF4 binding by estimating accessibility within peaks sharing the MA0039.2 motif or annotation. p!=!0.935, two-sided Mann-Whitney U test. 
f. chromVAR30 deviations within peaks associated with differentially rhythmic genes indicating KLF4 binding by estimating accessibility within peaks 
sharing the MA0039.2 motif or annotation. p!=!0.654, two-sided Mann-Whitney U test. (e, f) n!=!15-16 mice in each age group and n!=!2-3 mice per 4!h 
time interval. Boxes extend from the 25th-75th percentiles, whiskers extend to 1.5 times the IQR, and the center line is the median.
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Extended Data Fig. 8 | Klf4 is controlled by Bmal1 and drives circadian rhythmicity of phagocytosis. a-d. Circadian RT-PCR expression patterns of Klf4 
(a-b), and the phagocytosis-related genes Gba (c) and Rab3d (d) reveal loss of rhythmicity of phagocytosis genes in Klf4-shRNA lentiviral injected young 
mice as compared to scrambled vector controls. Data are mean ± s.e.m, n!=!18 mice in each treatment group and n!=!3 in each time group. Indicated 
p-values were calculated by JTK_CYCLE. e-f. RT-PCR expression of Bmal1 (e) and Circadian RT-PCR expression patterns of Klf4 in Bmal1-shRNA lentiviral 
injected young mice as compared to scrambled vector controls. Data are mean ± s.e.m, n!=!18 mice in each treatment group and n!=!3 in each time group. 
Indicated p-values were calculated by JTK_CYCLE. g. Phagocytosis of fluorescent E. coli particles by Bmal1-shRNA lentiviral and scrambled vector injected 
young mice. Data are mean ± s.e.m, n!=!18 mice in each treatment group and n!=!3 in each time group. Indicated p-values were calculated by JTK_CYCLE. 
h. Crystal structure of the zinc-finger domain of KLF4 in complex with DNA and rs2236599 synonymous mutation site predicted by SWISS-MODEL57.
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