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Abstract
Circadian clocks have evolved to regulate physiologic and behavioral rhythms in anticipation of
changes in the environment. Although the molecular clock is present in innate immune cells, its
role in monocyte homeostasis remains unknown. Here, we report that Ly6Chi inflammatory
monocytes exhibit diurnal variation, which controls their trafficking to sites of inflammation. This
cyclic pattern of trafficking confers protection against Listeria monocytogenes and is regulated by
the repressive activity of the circadian gene BMAL1. Accordingly, myeloid cell-specific deletion
of BMAL1 induces expression of monocyte-attracting chemokines and disrupts rhythmic cycling
of Ly6Chi monocytes, predisposing mice to development of pathologies associated with acute and
chronic inflammation. These findings have unveiled a critical role for BMAL1 in controlling the
diurnal rhythms in Ly6Chi monocyte numbers.

Introduction
The circadian clock is a timekeeping system that allows organisms to adapt their
physiological and behavioral rhythms to anticipatory changes in their environment (1, 2). In
mammals, the circadian timing system has a hierarchical architecture, consisting of the light
responsive central clock in the suprachiasmatic nuclei and the peripheral clocks that are
present in virtually all cells of the body (3). While the central clock entrains and
synchronizes the peripheral clocks with the day-night cycle, the peripheral clocks regulate
tissue-specific programs in an anticipatory manner. Although the peripheral clock has been
identified in macrophages (4-9), its role in anticipatory immune responses remains poorly
understood.

In simple terms, the inflammatory response can be expressed as a product of inducible gene
expression in an innate cell multiplied by the number of infiltrating innate cells. When
examined from this viewpoint, circadian oscillations could potentially regulate inflammatory
responses by modulating rhythmic expression of inflammatory genes in tissue macrophages
or by controlling rhythmic trafficking of Ly6Chi inflammatory monocytes (10, 11). Because
the cumulative cost incurred by rhythmic expression of inflammatory genes is likely to be
high (in terms of tissue inflammation and damage), we postulated that rhythmic mobilization
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of Ly6Chi monocytes provides a better means of mounting anticipatory inflammatory
responses. In this scenario, the rhythmic mobilization of Ly6Chi monocytes would fortify
the host's innate immune defences in anticipation of environmental challenges, a process we
term “anticipatory inflammation.”

Results
Diurnal oscillations and trafficking of Ly6Chi monocytes

To investigate this hypothesis, we examined whether blood monocytes exhibited diurnal
variation in expression of clock genes. Analysis of monocytes obtained from mice kept
under 12 hr light-dark cycle revealed rhythmic expression of mRNA encoded by the clock
gene Bmal1 (Arntl), whose oscillation was anti-phasic to its two target genes Nr1d1 and
Dbp (Fig. 1A). A similar rhythm was observed for luciferase protein in monocytes derived
from Per2Luc knock-in mice (12), which express PERIOD2 as a luciferase fusion protein (fig
S1A). Furthermore, serum synchronization of THP-1 cells, a human monocytic cell line,
revealed 24 hr oscillation of clock genes under constant culture conditions (fig. S1B).
Together, these data demonstrate that blood monocytes exhibit diurnal variation in clock
genes, which might impart rhythmicity to their functions.

Recent studies have demonstrated rhythmic trafficking of immune cells into tissues (6, 8),
prompting us to ask whether monocyte frequency in the three major reservoirs (blood,
spleen, and bone marrow) also varies in a diurnal manner. Indeed, between the peak and
nadir Zeitgeber time (ZT, where ZT0 refers to lights on and ZT12 refers to lights off), there
was ~2-fold difference in the total number of monocytes present in blood and spleen (fig.
S2, S3A, B) with bone marrow displaying a reciprocal diurnal rhythm (fig. S3C).

We next examined whether the observed oscillations in total monocytes resulted from
rhythmic changes in Ly6Chi (inflammatory) or Ly6Clow (patrolling) monocytes (13, 14).
The peak and nadir of Ly6Chi monocytes in blood and spleen mirrored the cyclic pattern of
total monocytes in these reservoirs (Fig. 1B, C and fig. S3A, B), whereas Ly6Clow

monocytes did not display strong oscillatory behavior in blood or spleen (fig. S3D, E).
Moreover, the expression of Ccr2 mRNA in monocytes did not correlate with Ly6Chi

monocyte numbers in blood (fig. S3F). Since Ly6Chi monocytes are recruited to sites of
inflammation (15, 16), we investigated the relationship between diurnal variations in Ly6Chi

monocyte numbers and monocyte-driven inflammation using the thioglycollate model of
sterile peritonitis (17). The numbers of Ly6Chi monocytes recruited to the inflamed
peritoneum at ZT8 were ~3-fold higher than at ZT0 (Fig. 1D), which resulted in ~3-3.5-fold
higher inflammation, as quantified by the release of interleukin (IL)1β and IL6 (Fig. 1E and
fig. S3G). On a per cell basis, expression of IL1 and IL6 did not exhibit diurnal oscillations
(fig. S3H, I), suggesting that diurnal variation in Ly6Chi monocyte numbers dictates the
magnitude of the innate inflammatory response. Moreover, monocyte-attracting chemokines
CCL2 and CCL8, whose concentrations were higher (~2-3-fold) in the inflamed peritoneum
at ZT8 (fig. S3J, K), were primarily secreted by recruited monocytes and resident
macrophages but not neutrophils (fig. S3L).

Diurnal rhythms of Ly6Chi monocytes during L. monocytogenes infection
Ly6Chi monocytes provide the first line defense against L. monocytogenes (18), leading us
to posit that anticipatory oscillations in Ly6Chi monocyte numbers might modulate innate
responses to infection. To investigate this hypothesis, C57BL/6J mice were intraperitoneally
infected with L. monocytogenes at ZT0 or ZT8. Two days post infection (dpi), the
peritoneum, spleen, and liver of mice infected at ZT8 had significantly fewer bacteria than
those infected at ZT0 (Fig. 2A-C). Improved bacterial clearance at ZT8 was associated with
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~2.2-3.8-fold higher numbers of TNF (tumor necrosis factor)/iNOS (inducible nitric oxide
synthase)-producing (Tip)-dendritic cells (DCs), which differentiate from Ly6Chi monocytes
to control the growth of this pathogen (Fig. 2D-F, fig. S4) (19). Moreover, serum, and to an
even greater extent, peritoneum concentrations of chemokines and cytokines necessary for
the mobilization and activation of Ly6Chi monocytes were much higher at ZT8 than at ZT0
(fig. S5A and Fig. 2G). This was associated with higher recruitment of Ly6Chi monocytes
but not neutrophils to the peritoneum (fig. S5B-C), findings that are consistent with previous
observations that neutrophils are dispensable for defense against L. monocytogenes (20).

While Ly6Chi monocytes and Tip-DCs limit bacterial growth during the early phase of
infection, efficient clearance of L. monocytogenes requires adaptive immunity (18),
prompting us to investigate the activation of adaptive immunity 6dpi. Although the
peritoneal cavity was below the limit of detection, mice inoculated at ZT8 continued to
demonstrate enhanced clearance of L. monocytogenes in secondary sites, such as the liver
(fig. S5D). In contrast, bacterial burden in the spleen was not significantly different between
mice inoculated at ZT0 and ZT8, especially after normalization for spleen size (fig. S5E-G).
Infection at ZT8 resulted in stronger adaptive immune response in the spleen and liver, as
evidenced by ~3-4.5-fold higher numbers of interferon-γ (IFNγ) producing CD4+ and CD8+

T cells at ZT8 (fig. S4 and S5H, I). Tip-DCs were also more numerous in spleen and liver,
but not the peritoneum, 6 dpi (fig. S5J-L).

Infection with a high inoculum of pathogens often results in over activation of the immune
system, causing systemic inflammation and death (11). Because previous studies have
demonstrated circadian influence on sepsis-induced mortality (8, 21, 22), we investigated
whether the host response to infection with a higher dose of L. monocytogenes might exhibit
similar diurnal variation. Intraperitoneal infection of mice with 1×107 L. monocytogenes
resulted in significantly higher mortality rate at ZT8 than at ZT0 (Fig. 2H). This increase in
mortality was not associated with a higher bacterial burden (fig. S6A-C), but rather with an
enhanced inflammatory response (Fig. 2I). These results demonstrate that the host response
to L. monocytogenes exhibits diurnal rhythms that parallel the rhythms of Ly6Chi

monocytes.

BMAL1 regulates rhythmic oscillations of Ly6Chi monocytes
To determine whether clock genes in monocytes regulate their diurnal rhythms, we
generated myeloid-specific Bmal1 knockout mice using ArntlLoxP/LoxP and Lyz2Cre mice
(designated ArntlLoxP/LoxPLyz2Cre) (23). Immunoblot analysis confirmed loss of BMAL1
protein in blood monocytes of ArntlLoxP/LoxPLyz2Cre mice (fig. S7A). Quantitative RT-PCR
analysis of mRNAs provided further verification that diurnal variations of core clock genes,
including Arntl and Nr1d1, were abolished in blood monocytes of ArntlLoxP/LoxPLyz2Cre

mice (fig. S7B and Fig. 3A). Remarkably, the disruption of BMAL1 expression in myeloid
cells was sufficient to impair the diurnal variations in Ly6Chi monocyte numbers in blood,
spleen, and bone marrow (Fig. 3B-D). The normal diurnal rhythm of total monocytes was
similarly disrupted in the blood and spleens of ArntlLoxP/LoxPLyz2Cre mice (fig. S7C, D). In
contrast, we failed to detect rhythmic changes in the numbers of Ly6Clow monocytes (fig.
S7E, F) and neutrophils (fig. S7G-H) in control (ArntlLoxP/LoxP) and ArntlLoxP/LoxPLyz2Cre

mice. These results demonstrate that BMAL1 regulates the rhythmic oscillations of Ly6Chi

monocyte numbers in all three monocyte reservoirs.

We next tested whether disruption of the diurnal rhythms of Ly6Chi monocytes alters their
trafficking patterns. Unlike the diurnal recruitment of Ly6Chi monocytes in ArntlLoxP/LoxP

mice, the inflamed peritoneum of ArntlLoxP/LoxPLyz2Cre mice had higher numbers of
Ly6Chi monocytes, which lacked rhythmicity (fig. S8A). These changes were specific for
Ly6Chi monocytes because recruitment of total monocytes did not exhibit a diurnal pattern
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(fig. S8B). Moreover, there were no significant differences between the genotypes in the
numbers of total monocytes, Ly6Chi monocytes, neutrophils or macrophages in the
uninflamed peritoneum (fig. S8C-F). The increased recruitment of Ly6Chi monocytes,
however, did amplify the local inflammatory response in ArntlLoxP/LoxPLyz2Cre mice, as
quantified by the release of CCL2, CCL8, IL1β, and IL6 (fig. S9A-D). This increase in
peritoneal inflammation was again independent of diurnal changes in the expression of Il1b
and Il6 (fig. S9E-F).

The amplification of inflammation in ArntlLoxP/LoxPLyz2Cre mice suggested that these
animals might be predisposed to developing infection-induced systemic inflammation. To
test this hypothesis, we infected ArntlLoxP/LoxP and ArntlLoxP/LoxPLyz2Cre mice at ZT0 and
ZT8 with non-lethal dose of L. monocytogenes and monitored their survival. Compared to
ArntlLoxP/LoxP mice, all ArntlLoxP/LoxPLyz2Cre mice exhibited greatly reduced survival with
median survival time of 77-91 hours (Fig. 3E), which could not be accounted for by
differences in expression of Tlr2 or Tlr5 (fig. S9G-H), two pattern recognition receptors that
have been implicated in the recognition of L. monocytogenes (24, 25). However,
ArntlLoxP/LoxPLyz2Cre mice infected at ZT8 were slightly more susceptible to infection-
induced lethality than those infected at ZT0 (Fig. 3E), perhaps reflecting incomplete
depletion of BMAL1 protein in the newly recruited bone marrow monocytes (18).

Analysis of sera 2 dpi confirmed that ArntlLoxP/LoxPLyz2Cre mice had higher circulating
concentration of inflammatory cytokines and chemokines, including IL1β, IL6, IFNγ, and
CCL2 (Fig. 3F-I). This increase in systemic inflammation occurred in the absence of
worsening infection because bacterial CFUs in the spleens and livers of
ArntlLoxP/LoxPLyz2Cre mice were lower or unchanged, respectively (fig. S10A, B), whereas
those in peritoneum were marginally higher (fig. S10C). Congruent with the CFU data,
spleens rather than livers of ArntlLoxP/LoxPLyz2Cre mice exhibited a more robust increase in
numbers of Tip-DCs, and IFNγ-producing CD4+ and CD8+ T cells (fig. S10D-K). These
data show that BMAL1-dependent diurnal rhythms of Ly6Chi monocytes confers a survival
advantage during an infectious challenge with L. monocytogenes.

BMAL1 recruits PRC2 complex to repress chemokine genes
The recruitment of Ly6Chi monocytes to inflammatory sites is mediated by the chemokine
receptor CCR2 and its ligands, such as CCL2 and CCL8 (26). We observed that expression
of CCL2, CCL8, and S100A8, a small calcium binding protein implicated in monocyte
chemotaxis (27), is regulated in a diurnal manner in monocytes recruited to sites of
inflammation (fig. S11A-C). These observations led to us to ask whether BMAL1/CLOCK
heterodimers might directly regulate chemokine gene expression in monocytes and
macrophages. Indeed, deletion of Arntl resulted in higher expression of all three chemokine
genes (Ccl2, Ccl8, and S100a8) in monocytes and peritoneal macrophages (Fig. 4A, fig.
S12A-E), which contributed to increased concentrations of CCL2 and CCL8 in the serum
(fig. S12F-G). These data suggest that repression by BMAL1 is necessary to generate
diurnal rhythms in chemokine expression. Furthermore, bioinformatic analyses confirmed
that promoter regions of Ccl2, Ccl8, and S100a8 contained E-box motifs to which both
BMAL1 and CLOCK were recruited in a rhythmic manner (Fig. 4B, and figs. S13A-E). This
rhythmic recruitment of BMAL1 or CLOCK to the chemokine promoters was absent in bone
marrow-derived macrophages (BMDMs) lacking BMAL1 (Fig. 4B, and figs. S13A-E,),
suggesting that BMAL1/CLOCK heterodimers might recruit a repressor complex to silence
chemokine gene expression.

Previous studies have demonstrated that histone acetylation and methylation is important in
circadian gene expression (28, 29). Amongst the epigenetic marks that regulate clock-
controlled genes (CCGs), trimethylation of histone H3 at lysine 27 (H3K27Me3) by
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polycomb repressive complex 2 (PRC2) has been implicated in the silencing of CCGs (30),
prompting us to ask whether BMAL1 can interact with members of PRC2 in BMDMs.
Immunoprecipitation of endogenous BMAL1 not only pulled down CLOCK but also
members of PRC2, including the histone methyltransferase EZH2 (enhancer of zeste), EED
(extra-sex comb), and SUZ12 (suppressor of zeste) (Fig. 4C). This interaction was specific
because we failed to pull down CLOCK or members of PRC2 in BMAL1 deficient BMDMs
(Fig. 4C). Chromatin immunoprecipitation experiments revealed that EZH2 was
rhythmically recruited to the proximal promoter of Ccl2 gene in a BMAL1-dependent
manner (Fig. 4D), which temporally coincided with its silencing by H3K27Me3 (Fig. 4E).
Moreover, in the absence of BMAL1, the chromatin state of the Ccl2 gene was more active,
as evidenced by the presence of H3K4Me3 activation marks and the constitutive recruitment
of RNA polymerase II to the promoter (Fig. 4F, G). Similar patterns of EZH2 and RNA
polymerase II (Pol II) recruitment, and the associated chromatin modifications were
observed on Ccl8 (fig. S14A-D) and S100a8 promoters (fig. S15A-D).

We next tested the importance of the CCL2-CCR2 chemokine axis in the maintenance of
Ly6Chi diurnal rhythms. Consistent with published reports, the number of total and Ly6Chi

monocytes were lower in blood and spleens of Ccr2−/− mice (Fig. 4H and fig. S16A-C) (31).
Loss of CCR2, however, also abolished the diurnal variation of total and Ly6Chi monocytes
in the blood and spleen (Fig. 4H and fig. S16A-C). Because bone marrow monocyte content
is anti-phasic to that of the periphery, Ccr2−/− mice had a higher number of Ly6Chi

monocytes throughout the time course (fig. S16D). In contrast, administration of CCL2 to
C57BL/6J mice was sufficient to disrupt the diurnal oscillations of Ly6Chi and total
monocytes in all three reservoirs (Fig. 4H and fig. S16A-D). These data indicate that the
rhythmic recruitment of the PRC2 complex by BMAL1/CLOCK heterodimers imparts
diurnal variation to chemokine expression that is necessary to sustain Ly6Chi monocyte
rhythms.

Myeloid cell BMAL1 deficiency worsens metabolic disease
Having established a physiological role for the diurnal rhythms of Ly6Chi monocytes during
acute infection, we investigated whether their disruption contributes to pathogenesis of
chronic inflammatory diseases. Our initial studies focused on diet-induced obesity and
insulin resistance because low-grade chronic inflammation has been shown to modulate the
expression of these disease phenotypes (32, 33). We thus fed ArntlLoxP/LoxP and
ArntlLoxP/LoxPLyz2Cre mice high fat diet (HFD) for one week and monitored the recruitment
of Ly6Chi monocytes to metabolic tissues. Compared to ArntlLoxP/LoxP mice, short term
HFD feeding induced Ly6Chi monocytosis, and increased the Ly6Chi macrophage content of
epididymal white adipose tissue (eWAT) and brown adipose tissue (BAT) of
ArntlLoxP/LoxPLyz2Cre mice (fig. S17A-C). Moreover, in ArntlLoxP/LoxPLyz2Cre mice, the
newly recruited Ly6Chi eWAT and BAT macrophages expressed higher levels of monocyte-
attracting chemokines (fig. S17D-F), suggesting that disruption of the diurnal rhythms of
monocytes might potentiate metabolic inflammation and disease.

To explore this hypothesis, we fed ArntlLoxP/LoxP and ArntlLoxP/LoxPLyz2Cre mice a HFD
and monitored the development of metabolic disease. Compared to ArntlLoxP/LoxP mice,
ArntlLoxP/LoxPLyz2Cre mice gained ~30% more weight on HFD, which contributed to their
higher total body adiposity and increased tissue weight (Fig. 5A-C). This increase in weight
gain likely resulted from a decrease in energy expenditure, as reflected in the lower oxygen
consumption rate (~12%) of ArntlLoxP/LoxPLyz2Cre mice during the day cycle (Fig. 5D).
Food intake, total activity, and substrate utilization were not different between
ArntlLoxP/LoxP and ArntlLoxP/LoxPLyz2Cre mice (fig. S18A-C).
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We next investigated whether chronic exposure to HFD exacerbated inflammation in
metabolic tissues of ArntlLoxP/LoxPLyz2Cre mice. Flow cytometric analysis revealed that
ArntlLoxP/LoxPLyz2Cre mice had higher numbers of total and Ly6Chi (~2.5-fold and ~1.8-
fold higher than ArntlLoxP/LoxP mice, respectively) macrophages in their eWAT (Fig. 5E,
fig. S19A). Macrophage subset analysis further showed that absolute numbers of CD11c+

and CD301+ macrophages were both higher in eWAT of ArntlLoxP/LoxPLyz2Cre mice (fig.
S19A, B). These inflammatory changes were not restricted to eWAT because we observed
similar increases in macrophage content of BAT in ArntlLoxP/LoxPLyz2Cre mice (fig. S19C,
D). Congruent with these observations, there was evidence for increased local and systemic
inflammation in ArntlLoxP/LoxPLyz2Cre mice (fig. S20A-C), including increased infiltration
of eWAT and BAT by adaptive immune cells (fig. S20D, E) and higher expression of
monocyte-attracting chemokines (fig. S20F-H). In contrast, body weight and macrophage
content of eWAT and BAT were not significantly different in mice fed normal chow (fig.
S21A-C). These data demonstrate that deletion of Arntl in myeloid cells prevents diurnal
oscillations between Ly6Chi and Ly6Clow monocytes, which potentiates the inflammatory
response to obesity.

On the basis of these findings, we assessed whether ArntlLoxP/LoxPLyz2Cre mice were more
prone to developing obesity-associated insulin resistance and metabolic disease. Glucose
tolerance testing showed impaired clearance of glucose in ArntlLoxP/LoxPLyz2Cre mice (Fig.
5F), which likely resulted from a decrease in systemic insulin action (Fig. 5G). Congruent
with this postulate, insulin-induced serine phosphorylation of AKT was markedly impaired
in eWAT, liver, and skeletal muscles of ArntlLoxP/LoxPLyz2Cre mice (Fig. 5H, and fig S22A,
B). In addition, histological analysis demonstrated ectopic deposition of triglycerides in liver
and BAT (fig. S22C-F), and leukocytic infiltration in eWAT (fig. S22G), thus providing
further evidence for worsening insulin resistance and metabolic dysfunction in
ArntlLoxP/LoxPLyz2Cre mice.

Because previous studies have demonstrated that changes in feeding period can entrain the
peripheral cellular clocks (34), we finally investigated whether monocyte diurnal rhythms
are responsive to changes in nutrient intake. As expected, restricting feeding to the daytime
induced 12-hour phase shift in liver diurnal gene expression (fig. S23A, B), whereas the
expression of clock genes in peritoneal macrophages remained unchanged (fig. S23C, D).
Accordingly, the diurnal oscillations of Ly6Chi and total monocytes in all three reservoirs
displayed similar rhythms irrespective of the feeding regimen (fig. S23E to I), suggesting
that Ly6Chi monocyte rhythms primarily fortify host defenses against anticipatory changes
in the environment.

Discussion
Previous studies have demonstrated bidirectional crosstalk between circadian clocks and
metabolism (1, 2, 28). For instance, the peripheral clocks in metabolic tissues anticipate
feeding-fasting cycles, and conversely, feeding rhythms are strong Zeitgebers that can
entrain peripheral clocks of metabolic tissues. In contrast, we found that the diurnal rhythms
of myeloid cells do not anticipate metabolic rhythms and cannot be entrained by time
restricted feeding cycles. This suggests that the primary function of diurnal oscillations in
myeloid cell numbers is not in anticipatory regulation of metabolism but perhaps in host
defense. In support of this idea, both the time of infection and myeloid-specific BMAL1 are
critical determinants of the pathology associated with infectious challenge with L.
monocytogenes. Moreover, the ability of CCL2, whose expression is induced upon sensing
of pathogens, to override the diurnal oscillations in myeloid cell numbers provides a
mechanism by which the host defenses can shift from anticipatory to pathogen-directed
responses.
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Although diurnal variations in monocyte numbers is not entrained by feeding cues, its
disruption does render mice susceptible to diet-induced obesity and insulin resistance. The
increased susceptibility of ArntlLoxP/LoxPLyz2Cre mice to metabolic disease likely results
from Ly6Chi monocytosis, and the subsequent recruitment of these cells into metabolically
stressed adipose tissue. This potentiates the chronic inflammatory response both locally and
systemically, resulting in insulin resistance and hyperglycemia. Finally, since chronic
inflammatory diseases, such as myocardial infarction, asthma, and rheumatoid arthritis,
exhibit diurnal clustering in humans (35-37), rhythmic oscillations of inflammatory
monocytes might also contribute to their pathogenesis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Diurnal variation of Ly6Chi monocytes
(A) Quantitative RT-PCR analysis of clock controlled genes (Arntl, Nr1d1, and Dbp) in
blood monocytes during a 12 hour light-dark cycle (n = 3-4 samples per time point). (B and
C) Ly6Chi monocyte numbers in blood (B) and spleen (C) during a 12 hour light-dark cycle
(n=5 mice per time point). (D and E) Recruitment of Ly6Chi monocytes to inflamed
peritoneum. Ly6Chi monocyte number (D), and concentration of IL1β (E) were quantified in
the peritoneal fluid 2 hours after elicitation with thioglycollate (n = 5 mice per time point).
Pooled data (A) or representatives (B to E) of two independent experiments are shown as
mean ± SEM. Two-tailed Student's t-tests (A) and one-way ANOVA (B-E) are used for
statistical analyses (comparisons were made between the acrophase and other time points).
*P<0.05; **P<0.01; ***P<0.001.
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Fig. 2. Diurnal variation in the pathogenicity of Listeria monocytogenes
(A to C) Mice kept under a 12 hour light-dark cycle were intraperitoneally inoculated with
1×106 L. monocytogenes at ZT0 and ZT8, and colony forming units (CFUs) recovered from
the peritoneal cavity (A), spleen (B), and liver (C) were quantified 2 dpi (n = 14-15 mice per
time point). (D to F) Numbers of iNOS+CD11c+ and TNFα+CD11c+ cells in peritoneal
cavity (D), spleen (E), and liver (F) of mice 2 dpi with 1×106 L. monocytogenes at ZT0 and
ZT8 (n = 15 mice per time point). (G) Concentration of chemokines and cytokines in
peritoneal fluid 2 dpi with 1×106 L. monocytogenes at ZT0 and ZT8 (n = 15 mice per time
point). (H) Survival curves of mice after infection with 1×107 L. monocytogenes at ZT0 and
ZT8 (n = 25 mice per time point). (I) Serum concentration of chemokines and cytokines 2
dpi with 1×107 L. monocytogenes at ZT0 and ZT8 (n = 10 mice per time point). Pooled data
from two or three independent experiments are presented as mean ± SEM. Statistical
significance (*P<0.05; **P < 0.01; ***P < 0.001) was assessed using two-tailed Student's t-
test (A to G, and I), and log-rank test (H).
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Fig. 3. BMAL1 regulates rhythmic oscillations of Ly6Chi monocytes in a cell autonomous
manner
(A) Quantitative RT-PCR kinetic analysis of Nr1d1 mRNA in blood monocytes isolated
from ArntlLoxP/LoxP and ArntlLoxP/LoxPLyz2Cre mice kept on a 12 hour light-dark cycle (n =
3-4 samples per genotype and time point). (B to D) Ly6Chi monocyte numbers in blood (B),
spleen (C), and bone marrow (D) of ArntlLoxP/LoxP and ArntlLoxP/LoxPLyz2Cre mice kept
under a 12 hour light-dark cycle at various ZTs. (n = 5 mice per genotype and time point).
(E) Survival curves of ArntlLoxP/LoxP and ArntlLoxP/LoxPLyz2Cre mice after infection with
1×106 L. monocytogenes at ZT0 and ZT8 (n = mice 10-11 per genotype and time point). (F
to I) Serum concentrations of IL1β (F), IL6 (G), IFNγ (H), and CCL2 (I) in ArntlLoxP/LoxP

and ArntlLoxP/LoxPLyz2Cre mice 2 dpi with 1×106 L. monocytogenes at ZT0 and ZT8 (n =
mice 4-6 per genotype and time point). Pooled data (A and E) and representative (B to D) of
two to three independent experiments are shown as mean ± SEM and analyzed using two-
tailed Student's t-tests (A to D, and F to I), and log-rank test (E). *P<0.05; **P<0.01;
***P<0.001.
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Fig. 4. BMAL1 recruits PRC2 to repress expression of Ccl2
(A) Quantitative RT-PCR analysis of Ccl2 expression in blood monocytes of ArntlLoxP/LoxP

and ArntlLoxP/LoxPLyz2Cre mice kept on a 12 hour day-ligh cycle (n = 3-4 samples per
genotype and time point). (B) ChIP analysis of BMAL1 binding to the Ccl2 promoter (n = 4
samples per genotype and time point). (C) Coimmunoprecipitation of BMAL1 and with
members of PRC2. Nuclear lysates from serum shocked BMDMs were immunopercipiated
with BMAL1 antibody, and immunoblotted for BMAL1, CLOCK, EZH2, EED, and SUZ12.
(D and G) ChIP analysis for the recruitment of EZH2 (D) and Pol II (G) to the proximal
promoter of the Ccl2 gene (n = 4 samples per genotype and time point). (E and F) ChIP
analysis for H3K27Me3 (E) and H3K4Me3 (F) at the proximal promoter of Ccl2 gene (n = 4
samples per genotype and time point). (H) Ly6Chi monocyte numbers in the blood of wild
type or Ccr2−/− mice during a 12 hour light-dark cycle. Wild type mice were
intraperitoneally injected with PBS (Veh) or CCL2 (20 μgkg−1) 24 hours prior to
quantification of Ly6Chi monocytes (n = 4-5 mice per genotype/treatment and time point).
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Pooled data (A to G) from two independent experiments are shown as mean ± S.E.M and
analyzed using two-tailed Student's t-tests (A and B; D to G) and two-way ANOVA (H).
*P<0.05; **P<0.01; ***P<0.001 represent comparison between ArntlLoxP/LoxP and
ArntlLoxP/LoxPLyz2Cre or between wild type treated Veh vs. CCL2 or Ccr2−/− at each time
point.
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Fig. 5. Myeloid cell-specific deletion of BMAL1 exacerbates metabolic disease
(A to D) Body weight (A), adiposity (B), tissue weights (C) and oxygen consumption (D) in
ArntlLoxP/LoxP and ArntlLoxP/LoxPLyz2Cre mice kept on a 12 hour light-dark cycle fed high
fat diet for 19 weeks (n = 4-5 mice per genotype). (E) Total and Ly6Chi macrophage content
in eWAT of ArntlLoxP/LoxP and ArntlLoxP/LoxPLyz2Cre mice fed high fat diet (n = 5 mice per
genotype). (F and G) Glucose (F) and insulin tolerance (G) tests of ArntlLoxP/LoxP and
ArntlLoxP/LoxPLyz2Cre mice fed high fat diet (n = 5-8 mice per genotype). (H) Immunoblots
of total and phosphorylated AKT (pAKT) in eWAT of obese ArntlLoxP/LoxP and
ArntlLoxP/LoxPLyz2Cre administered intraportal insulin. Representative data of two to four
independent experiments (A to C, E to H) are shown as mean ± S.E.M and analyzed using
two-tailed Student's t-tests. *P<0.05; **P<0.01; ***P<0.001.
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