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Aging disrupts circadian gene regulation and
function in macrophages

Eran Blacher®'", Connie Tsai'?", Lev Litichevskiy ®34>", Zohar Shipony®, Chinyere Agbaegbu Iweka®’,
Kai Markus Schneider®345, Bayarsaikhan Chuluun’?, H. Craig Heller’, Vilas Menon§,
Christoph A. Thaiss ©®34>12 and Katrin I. Andreasson ® 9101224

Aging is characterized by an increased vulnerability to infection and the development of inflammatory diseases, such as athero-
sclerosis, frailty, cancer and neurodegeneration. Here, we find that aging is associated with the loss of diurnally rhythmic innate
immune responses, including monocyte trafficking from bone marrow to blood, response to lipopolysaccharide and phagocyto-
sis. This decline in homeostatic immune responses was associated with a striking disappearance of circadian gene transcription
in aged compared to young tissue macrophages. Chromatin accessibility was significantly greater in young macrophages than
in aged macrophages; however, this difference did not explain the loss of rhythmic gene transcription in aged macrophages.
Rather, diurnal expression of Kruppel-like factor 4 (KIf4), a transcription factor (TF) well established in regulating cell differ-
entiation and reprogramming, was selectively diminished in aged macrophages. Ablation of Kif4 expression abolished diurnal
rhythms in phagocytic activity, recapitulating the effect of aging on macrophage phagocytosis. Examination of individuals har-
boring genetic variants of KLF4 revealed an association with age-dependent susceptibility to death caused by bacterial infec-
tion. Our results indicate that loss of rhythmic KIf4 expression in aged macrophages is associated with disruption of circadian

innate immune homeostasis, a mechanism that may underlie age-associated loss of protective immune responses.

periodicities of approximately 24h. Circadian rhythms are

entrained by environmental cues and enable organisms to
alter their physiology and behavior to anticipate changes in their
environment'. 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 loop”. 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 tissues™. 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 responses™. Within the innate immune system, major
components of myeloid responses, including phagocytic capacity,
release of cytokines and chemokines, cell trafficking and expression

( : ircadian rhythms are endogenous, free-running cycles with

of innate immune Toll-like receptors (TLRs), are tightly regulated
and follow distinct circadian phases®'®. 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 diet®'”'.

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 differentiation’’, disrupted mitochon-
drial respiration and energy metabolism”, 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 Ly6C" inflammatory monocytes
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Fig. 1| Aging disrupts the diurnal rhythmicity of innate immune functions. a
mice were examined for monocyte trafficking from the bone marrow to the bl
flow cytometry at Zeitgeber time (ZT) 4, 8,12, 16, 20 and 24 h. Vertical black
age group featured in the representative plots b, d and f. The experiment was

-f, Young (2-month-old) and aged (20- to 22-month-old) C57B6/J male
ood and spleen (n=3 per time point per age). Samples were analyzed by
arrows in a, ¢ and e denote the maximum number of cells in the young
repeated twice. In a, ¢ 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) (¢,d) and CD45+*CD11b*Ly6C* spleen mac

rophages 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™ LPS at ZTO (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.
mice per time point per age). The experiment was repeated twice. Data repre

from the bone marrow to the blood, a homeostatic myeloid pro-
cess critical to antimicrobial immune defense®. 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 4h 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. la-f and
Extended Data Fig. 1). Consistent with previously published data®,
young Ly6C" 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)).
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05 and P=0.643 for young and aged mice, respectively, by JTK_CYCLE (n=3
sent mean +s.e.m; AU, arbitrary units.

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)*'>*"*2. 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 ZTO0 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 4h
over the course of 24 h. Young macrophages showed a strong trend
of rhythmic phagocytic activity over the course of 24h (P=0.05 by
JTK_CYCLE), with peak phagocytic activity at the beginning of
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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/6] male mice collected at 4-h time inter-
vals over 24h (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. 2¢), 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 analysis* 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
Boote]TK, 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 phagocytosis**. 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 Fcy 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

ARTICLES

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 4h over the course of 24h.
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. *°). Of the 7,098 dif-
ferentially accessible peaks (4 <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 samples®”*.

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 GREAT”. 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. 6¢).

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 analysis™ 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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Fig. 2 | Aging abolishes rhythmic gene expression in macrophages. a, Schematic of experimental design. Peritoneal macrophages were collected from
young (2-month-old) and aged (20- to 22-month-old) male mice at 4-h intervals over a 24-h period for RNA-seq; n=21 mice in each age group, and
n=3in each time interval. b, Venn diagram of unique and shared rhythmically expressed transcripts in young versus aged macrophages. c-e, Heat map
of normalized expression values (¢) and scatter plots of JTK_CYCLE results of diurnally oscillating transcripts in young (d) and aged (e) peritoneal

macrophages. The dotted lines in d and e represent g value cutoffs of 0.2. f, P

rincipal-component analysis (PCA) of rhythmic transcripts from young

and aged macrophages. Note circadian clustering observed in young mice that is absent in the aged group. g, Fold change of normalized expression

values of coordinated lysosomal expression and regulation (CLEAR) network

genes in aged versus young peritoneal macrophages over all time points.

h, Pooled normalized expression levels of CLEAR network transcripts in young and aged peritoneal macrophages; n=21 mice in each age group, and

n=3in each time interval;, P< 0.001, two-sided Mann-Whitney U-test. Boxes extend from the 25th to 75th percentiles, whiskers extend to 1.5 times the
interquartile range (IQR), and the center line is the median. i, A heat map of normalized expression values showing genes belonging to the KEGG pathway
of phagocytosis (with P<0.05, JTK_CYCLE) over a 24-h time period in young and aged peritoneal macrophages. Each column represents one mouse; n=3

mice per age per time interval.

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

232

regulation of cell differentiation and stem cell reprogramming®-*°.

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. 4¢). 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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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. ¢, 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 log,-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.

search of KLF4-binding motifs using ENCODE revealed two alter-  peaks associated with differentially rhythmic genes (Fig. 4f,g), while
native motifs (MA0039.1 and MAO0039.2), consistent with the binding to the MA0039.2 motif was not different between both
motifs deposited in the JASPAR database (Extended Data Fig. 7c,d).  groups (Extended Data Fig. 7e,f).

Importantly, KLF4 binding to MA0039.1 was significantly higher In young macrophages, diurnal increases of KIf4 gene expres-
in young macrophages across all chromatin accessible regions and  sion occurred at ZT12 (Fig. 4e), similar to the diurnal peak in

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. ¢, 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 ¢, for each motif, a two-sample t-test was performed on the chromVAR®° deviations between young and aged samples. P values
were adjusted for multiple hypothesis testing, and g 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, KIf4
mRNA rhythmicity in young and aged macrophages; P=0.01and P=1 for young and aged, respectively, JTK_CYCLE (n=3 mice per age per time interval).
Data represent mean +s.e.m. f, chromVAR®* deviations within all 500-bp peaks indicating KLF4 binding by estimating accessibility within peaks sharing
the MA0039.1 motif or annotation; P=4.55x 107, two-sided Mann-Whitney U-test. g, chromVAR®°® deviations within peaks associated with differentially
rhythmic genes indicating KLF4 binding by estimating accessibility within peaks sharing the MA0O039.1 motif or annotation; P=1.25x 1073, 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.em.;
*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 KIf4 shRNA or scrambled shRNA; P=0.006 and P=0.176 for KIf4 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 KIf4 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 KIf4 in young peri-
toneal macrophages subjected to intraperitoneal lentiviral infection
of Kif4 shRNA* caused loss of circadian rhythmicity of KIf4 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 Kif4 in young macrophages
recapitulated the loss of rhythmic phagocytosis seen in aged mac-
rophages (Fig. 1i). In addition, in vivo knockdown of Arntl similarly

Selection criteria for
candidate regulatory elements

TF motifs in accessible chromatin

abolished circadian rhythmicity of KIf4 and phagocytosis (Extended
Data Fig. 8e-g), suggesting that KIf4 is a clock-controlled gene that
regulates circadian rhythmicity of phagocytosis.

To assess the potential clinical relevance of KIf4 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
1s2236599 genetic variant of KLF4 (refs. ¥~*) in the UK BioBank
(Supplementary Table 1). This synonymous variant leads to an
adenine-to-guanine transition at Gly390 (Extended Data Fig.
8h). Carriers of this variant demonstrated a significantly elevated
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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). ¢, 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.

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 lineage'>***', 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 metabolism®. 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 Ly6Ch 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 Kif4 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
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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 determination’* where
it binds the MA0039.2 motif’"*’. Recent studies further indicate a
role for KLF4 in the regulation of enhancer networks in cell fate
transition*. KLF4 also functions in terminally differentiated cells
in the intestinal epithelium®, in monocyte cell differentiation* and
in establishment of M2 macrophage polarization states’*. 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 reprogramming*-*. 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 KIf4 transcription
are Arntl dependent, additional, as of yet unknown, factors mediate
the decline in KIf4 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.
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Methods

Animals. This study was conducted in accordance with National Institutes of
Health (NTH) 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/6] 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 mgkg!
ketamine and 10 mgkg™ xylazine intraperitoneally) at 4-h intervals over the course
of 24 h. Blood samples were collected retro-orbitally, diluted 1:4 in PBS without
Ca?*/Mg?*, 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-pm 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
ZTO0 or ZT12 with LPS derived from E. coli serotype 055:B5 (Sigma-Aldrich) in
sterile PBS at 25 mg kg! 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 4h over the course of 24 h by flushing the peritoneal
cavity with 10 ml of ice-cold PBS**". 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 amplification. 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
differ significantly 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 protocol’’. 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 log, 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 log, (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 KIf4 and shRNA Arntl. In vivo
knockdown of Kif4 and Arntl in peritoneal macrophages was performed as
previously described™. High-titer lentivirus solutions were obtained from
Systems Biosciences for Arntl shRNA (5'-GACACCTCGCAGAATGTCACAGG
CAAGTT-3'), KIf4 shRNA (5'-CATGTTCTAACAGCCTAAATG-3") and
scrambled shRNA (pGreenPuro Scramble Hairpin Control) at a concentration
of >10° infectious units per ml. Lentivirus infectivity was validated in vitro
using Jurkat T cells (clone E6-1, ATCC, TIB-152), as previously described™. One
hundred microliters of Kif4 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 3d, 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
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Biosystems High Capacity RT kit. Quantitative real-time PCR (QRT-PCR) was
performed on a QuantStudio6 using TagMan primers for Arntl (Mm00500226_m1),
Per2 (Mm00478099_m1) and Gapdh (Mm99999915_g1). Relative expression was
measured using the AAC, 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 Kif4 shRNA, Arntl
shRNA or scrambled shRNA, the following primers were used from Origene: Kif4
(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 10° cells per well for 2h. Culture medium was removed, and
fluorescein-labeled E. coli BioParticles or PBS was added. After 2h, supernatant
was removed, and 100 pl 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 4h over the course of 24 h from young and aged
mice, washed with cold PBS at 4°C and centrifuged at 500 for 5min. The cell
pellet was resuspended in Tn5 transposase reaction mix (25 pl of 2x TD buffer,
2.5l of Tn5 transposase and 22.5 pl 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. . Fragment analysis was run on the PCR products using NGS
Fragment 1-6,000bp (Agilent) as a quality control step and to construct the
library. The library was then sequenced on a Illumina HiSeq 4000 instrument as
2X 100 mers.

Analysis of ATAC-seq data. Data processing. Fastq files 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). The following reads were filtered 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 -f2 -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 g 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 g 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 log, transformed using the CPM command in R”.

Downstream analysis. PCA was performed on the library size-normalized and
log,-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 GREAT*.

Estimating TF-binding motif enrichment. chromVAR* 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 publications’. 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_CYCLE”, which was
parameterized to look for rhythms of exactly 24h. We compared JTK_CYCLE

to three other methods of detecting rhythmicity: RAIN™, BooteJ TK™ and
MetaCycle™. All algorithms were instructed to find periods of exactly 24h 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 (ybgjocoontgtluf); 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. 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. ¢. 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 g-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.],
JTK_CYCLE.

NATURE IMMUNOLOGY | www.nature.com/natureimmunology



NATURE IMMUNOLOGY ARTICLES
a KIf9 b KIf13 c MA0039.1
= 5000, _o- Young p=1.35x10* c 3500, —@- Young p=0.00068 20 frvaluess Sxo
o - 7 o _ )
i —m- Aged p=5.57x10 02 Aged p=0.0045
§ 4000+ 9 3000 i
o
S 3000 =4 8 15
3 ¥ 2500 o
© 20004 P 1.0
2 >
- —
S 1000 % 2000 0.5 AAA AA
x o > &
0 T T T T T T T 1500 T T T T T T T 00é - — éA?"-;A{'\:
0 4 8 12 16 20 24 0 4 8 12 16 20 24 1.2 3 4 5 6 7 8 9 10
Time (ZT) Time (ZT)
Peaks associated with
d q-V':ﬁl‘:o=359..9§(10 317 e All peaks (500 bp) f differentially rhythmic genes
(2] (2]
£ 0.04 c 0.04]
2.0 ES] -
£ £
8 0.02 S 0.02
g 1" g : 5
m [=2] 1 _ _ (2] 1 _ _
10 g 000 + g 000
o o
05 E § -0.02 <Et -0.02
T X _ s
002V VLV —~_I_ § -0.04 p=0.935 § -0.04 p=0.654
12 3 4 5 6 7 8 91 Aged Young Aged Young
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Extended Data Fig. 8 | KIf4 is controlled by Bmal1 and drives circadian rhythmicity of phagocytosis. a-d. Circadian RT-PCR expression patterns of KIf4
(a-b), and the phagocytosis-related genes Gba (c) and Rab3d (d) reveal loss of rhythmicity of phagocytosis genes in KIf4-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 KIf4 in Bmall-shRNA lentiviral
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h. Crystal structure of the zinc-finger domain of KLF4 in complex with DNA and rs2236599 synonymous mutation site predicted by SWISS-MODEL*".
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Allin vivo experiment had at least N=3 in each group. The exact sample size for each experiment is reported in the Results, Methods and
Figure legends sections. No statistical methods were used to pre-determine sample sizes but our sample sizes are similar to those reported in
previous publications (Nguyen et al, 2013, Science 341: 1483-1488).
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Data exclusions  No data were excluded from the manuscript
Replication All the experiments in the manuscript were independently and successfully repeated at least 2 times unless otherwise stated
Randomization  All experiments were randomized and controlled for gender, weight and cage effects.

Blinding In all experiments the researches were blinded

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies Iz I:’ ChlP-seq
Eukaryotic cell lines D g Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data

XOXOXOO S
OXOXOXKX

Dual use research of concern

Antibodies
Antibodies used Antibodies used against: CD45 (clone 30-F11, LOT: B247956, Cat# 103127), CD11b (clone M1/70, LOT: B253261, Cat# 101245), Ly6C
(clone HK1.4, LOT: B268312, Cat# 128016), Ly6G (clone 1A8, LOT: B248965, Cat# 127623), CD115 (clone AF598, LOT: B265220, Cat#
135517), CD3 (clone 17A2, LOT: B304392, Cat# 100204), CD19 (clone 6D5, LOT: B251410, Cat# 115520) and F4/80 (clone BMS8, LOT:
B222447, Cat# 123128)
Validation All the antibodies listed above were calibrated and validated for flow cytometry analysis including all compensation processes

Eukaryotic cell lines

Policy information about cell lines

Cell line source(s) Jurkat, Clone E6-1, ATCC, TIB-152
Authentication Cell line was not authenticated
Mycoplasma contamination Cell line was tested negative for mycoplasma

Commonly misidentified lines  n/A
(See ICLAC register)




Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Young (2-3 months old) JAX (C57BL/6J) and aged (20-22 months old) C57/BL6 male mice were used in the study. This study was
conducted in accordance with NIH guidelines, and protocols were approved by the Institutional Animal Care and Use Committee at
Stanford University. All mice were housed in an environment controlled, pathogen-free barrier facility on a 12 h light/dark cycle,
temperature, and humidity, with food and water available ad libitum.

Wild animals The study did not involve wild animals
Field-collected samples  The study did not involve samples collected from the field

Ethics oversight This 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.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Clinical data

Policy information about clinical studies

All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  The UKbiobank invited people aged 40 to 69 years to take part. All UK residents aged 40 to 69 years who were registered with the
National Health Service 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.

Study protocol Genotyping of the KLF4 variant rs2236599 was conducted in a total of 488,377 subjects. Ongoing inpatient hospital records beginning
in 1996 were used to identify diagnoses according to the International Classification of Diseases, Tenth Revision (ICD-10) codes.

Data collection The presence of the following ICD10 codes was evaluated: Infection with E coli (A04) and Overall infections (AO0-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
UKBB website (www.ukbiobank.ac.uk). The study has been approved by the UKB Access Committee (Project #59657).

Outcomes The outcomes are depicted in Figure 4k-|

Flow Cytometry

Plots
Confirm that:
|z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

IZI The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).
IZI All plots are contour plots with outliers or pseudocolor plots.

|z| A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation Mouse peripheral blood, bone marrow and spleen samples were used in the study

Instrument BD-LSR Il cytometer

Software FlowJo software, version 10.6.1

Cell population abundance Cell populations sizes are reported in Extended Data Figure 1. Purity was validated using the appropriate single stained and
isotype controls

Gating strategy Gating strategy is reported in Extended Data Figure 1. The following controls were used: unstained cells, single-stained cells g:
and dead cells. The cells were gated using forward and side scatter, as well as live/dead staining using DAPI (ThermoFisher :3
Scientific). S

120

|Z Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.




