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SUMMARY

Onset of cardiovascular complications as a conse-
quence of atherosclerosis exhibits a circadian inci-
dence with a peak in the morning hours. Although
development of atherosclerosis extends for long pe-
riods of time through arterial leukocyte recruitment,
we hypothesized that discrete diurnal invasion of
the arterial wall could sustain atherogenic growth.
Here, we show that myeloid cell recruitment to
atherosclerotic lesions oscillates with a peak during
the transition from the activity to the resting phase.
This diurnal phenotype is regulated by rhythmic
release of myeloid cell-derived CCL2, and blockade
of its signaling abolished oscillatory leukocyte adhe-
sion. In contrast, we show that myeloid cell adhesion
to microvascular beds peaks during the early activity
phase. Consequently, timed pharmacological CCR2
neutralization during the activity phase caused inhi-
bition of atherosclerosis without disturbing micro-
vascular recruitment. These findings demonstrate
that chronic inflammation of large vessels feeds on
rhythmic myeloid cell recruitment, and lay the foun-
dation for chrono-pharmacology-based therapy.

INTRODUCTION

Cardiovascular complications are the leading cause of mortality

worldwide. The underlying pathophysiology of most cardiovas-

cular complications is atherosclerosis, a chronic inflammation

of the arterial wall that extends for long periods of time through

arterial leukocyte recruitment (Swirski and Nahrendorf, 2013).

Classical monocytes and neutrophils accumulate early in athero-
C

sclerotic lesions (Soehnlein et al., 2013; Drechsler et al., 2010).

Their recruitment is regulated by their interaction with activated

endothelial cells, which is orchestrated by endothelial cell adhe-

sion molecules, chemokines, and their respective receptors

(Soehnlein et al., 2013). Upregulation of cell adhesion molecules

VCAM-1, ICAM-1, P-selectin, and E-selectin on activated endo-

thelial cells and immobilized chemokines (KC, CCL5, and CCL2)

on arterial vessels, which are released by either endothelial cells

or myeloid cells, triggers cell arrest to facilitate leukocyte immi-

gration into atherosclerotic lesions (Weber and Noels, 2011).

Thus, interference with leukocyte invasion appears to be a prom-

ising target to inhibit development of atherosclerosis; however,

previous attempts to inhibit leukocyte recruitment in the context

of atherosclerosis have largely failed due to off-target effects and

suppression of host defense (Ulbrich et al., 2003; Horuk, 2009).

Mammalian daily rhythms regulate circadian physiological

events and are controlled by the core circadian clock, which in-

cludes the key proteins CLOCK and BMAL1. As a heterodimer,

the proteins function as a transcription factor that regulates

rhythmic expression of up to 40% of all mammalian genes

(Zhang et al., 2014). Recent research inmice has revealed a strik-

ing circadian control of endothelial andmyeloid cell activity regu-

lating important functions, including leukocyte mobilization from

the bone marrow, recruitment to tissues under steady state and

acute inflammation, and cytokine production (Scheiermann

et al., 2012; Casanova-Acebes et al., 2013; Nguyen et al.,

2013; Keller et al., 2009; Silver et al., 2012). In addition, many as-

pects of human health and disease display daily rhythmicity. In

steady state, glucocorticoid plasma levels, leukocyte blood

counts, and blood pressure oscillate in a diurnal fashion. In the

pathology context, inflammatory diseases, including rheumatoid

arthritis, bronchial asthma, and cardiovascular complications,

are known to exhibit circadian exacerbations in their symptoms

or presentations (Muller et al., 1985; Jeyaraj et al., 2012; Cutolo,

2011). Considering that many pharmacological targets oscillate

during 24 hr and that numerous prescribed drugs have half-lives
ell Metabolism 28, 175–182, July 3, 2018 ª 2018 Elsevier Inc. 175
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Figure 1. Oscillations of Myeloid Cell Recruitment to Atherosclerotic Lesions

(A–D) In hypercholesterolemicCx3cr1
GFP/WTApoe�/�mice, myeloid cells in the bonemarrow and the spleen (A), in the blood (B), adherent to the carotid artery (C),

and recruited into the aorta (D) were quantified at indicated ZT. Analyses were made for neutrophils (top panels) and classical monocytes (bottom panels).

Representative images in (C) indicate adhesion of neutrophils (Ly6G+) or monocytes (GFP+). Scale bars, 100 mm. Representative contour blots in (D) illustrate

quantification of aortic neutrophils and classical monocytes (CM) pre-gated on non-autofluorescent CD45+/CD11b+ cells. n = 9–18 per time point. Statistical

analyses were made by one-way ANOVA. **p < 0.001 versus ZT1, ***p < 0.0001 versus ZT1. Exact p values were calculated by unpaired t test between indicated

groups. Cosinor analyses with zero-amplitude test confirmed rhythmicity with p < 0.001 in (B) and (C).

(E–H) Diurnal myeloid cell immigration into atherosclerotic lesions. (E) Experimental outline: anti-CD45 antibody was administered into hypercholesterolemic

Apoe�/�mice 2 hr prior to sacrifice at ZT1 or ZT13. (F and G) Representative display (F) and quantification (G) of antibody-labeled CD45+ neutrophils and classical

monocytes infiltrated into the aorta at indicated ZT. (H) Quantification of lesional antibody-labeled CD45+ cells (red) counterstained with DAPI (blue) in aortic root

sections. Scale bars, 50 mm. Data in (G) and (H) were quantified by unpaired t test. n = 14–15 in (G) and 9–10 in (H).

All data are presented as mean ± SEM. HFD, high-fat diet; ZT, zeitgeber time. See also Figure S1.
of less than 6 hr, time-optimized treatment may harbor an

immense benefit and potentially permit to enhance therapeutic

efficacy while reducing side effects (Zhang et al., 2014).

Here, we show the importance of rhythmic arterial leukocyte

recruitment in the context of atherosclerosis and identified the

CCR2-CCL2 axis as its regulator. Furthermore, we successfully

designed a chrono-pharmacological treatment protocol to effi-

ciently target early lesion development without effecting inflam-

matory processes in the microcirculation.

RESULTS AND DISCUSSION

Rhythmic Myeloid Cell Recruitment to Atherosclerotic
Lesions
We assessed neutrophil and monocyte numbers in different

compartments of male Cx3cr1
GFP/WTApoe�/� monocyte-re-

porter mice fed a high-fat diet for 4 weeks in 4-hr intervals. A

trough of classical monocytes and neutrophils in spleen and

bone marrow appeared at zeitgeber time (ZT) 17 (Figure 1A),

while numbers of circulating classical monocytes and neutro-
176 Cell Metabolism 28, 175–182, July 3, 2018
phils peaked at ZT21–ZT1 and were at their lowest at ZT13 (Fig-

ure 1B). No rhythmicity was detected for platelets or plasma

lipids (Figures S1A and S1B). To assess the influence of the

circadian clock on leukocyte recruitment to atherosclerotic le-

sions, we quantified the number of adherent neutrophils and

monocytes by intravital microscopy of the carotid artery bifurca-

tion. Remarkable rhythms in the adhesion were detected, peak-

ing at ZT1 and exhibiting a trough at ZT13 (Figure 1C). Of note,

such rhythmic adhesion was also found in female mice as well

as in another model of atherosclerosis, namely hypercholesterol-

emic Ldlr�/�mice (Figures S1D–S1F). Moreover, oscillatory arte-

rial myeloid cell adhesion was observed when mice were kept

under constant darkness for 2 weeks prior to intravital micro-

scopy (Figures S1G–S1I). Finally, a similar pattern of myeloid

cell adhesion was also demonstrated in Cx3cr
egfp/WTApoe�/�

mice after topical tumor necrosis factor (TNF) application, as

well as under hypercholesterolemia in the common carotid artery

(Figures S1J and S1K). Beyond arterial adhesion, aortic leuko-

cyte accumulation peaked at ZT1 and was low at ZT13 (Fig-

ure 1D). Meanwhile numbers of long-lived aortic macrophages



Figure 2. Myeloid Cells Deposit CCL2 on Large Arteries in a Cyclic Fashion

Endothelial cell adhesion molecules, chemokines, and chemokine receptors were analyzed at ZT1 (white bars) or ZT13 (gray bars) in Apoe�/� mice fed a high-fat

diet for 4 weeks.

(A) Expression of indicated endothelial cell adhesion molecules along lesional endothelium. n = 9–15. Unpaired t test.

(B) Plasma levels of indicated chemokines. n = 8–15. Unpaired t test.

(C) Analysis of CCL2 coverage of the arterial endothelium of the carotid artery. Scale bars, 50 mm. n = 4. Mann-Whitney test.

(D) CCL2 deposition along endothelium covering atherosclerotic lesions at ZT1 or ZT13. Scale bars, 100 mm.

(E) Intracellular CCL2 content in neutrophils, classical monocytes, B cells, and T cells as assessed by flow cytometry and representative histograms. n = 4–7.

Mann-Whitney test.

(F) Representative confocal images of monocytes and neutrophils stained for CCL2 (red), DAPI (blue), and Ly6G/Ly6C (green) at ZT1 and ZT13.

(G) CCL2 plasma levels in hypercholesterolemic mice at ZT1 rendered leukopenic with cyclophosphamide (CTX) or respective controls. n = 6–7. Mann-Whit-

ney test.

(H) Comparison of CCL2 plasma levels in leukopenic mice at indicated ZT. n = 4–5. Mann-Whitney test.

(I–K) Expression of CXCR2 (I), CCR5 (J), and CCR2 (K) on neutrophils and classical monocytes. n > 15. Unpaired t test.

(L) Representative confocal images of monocytes and neutrophils stained for CCR2 (red), DAPI (blue), and Ly6G/Ly6C (green) at ZT1 and ZT13.

All data are presented as mean ± SEM. ZT, zeitgeber time; FMO, fluorescence minus one; CM, classical monocytes. See also Figure S2.
exhibited no oscillations (Figure S1C). To define efficacy of

neutrophil and monocyte entry into the aorta at ZT1 and ZT13,

intravascular leukocytes were antibody labeled for short-term

cell tracking (Figures 1E, 1F, S1L, and S1M). Analysis of aortic

myeloid cell entry in this way revealed a higher number of these

cells at ZT1 compared with ZT13 (Figures 1G and 1H). These re-

sults establish a circadian myeloid cell recruitment pattern to

atherosclerotic lesions.

Myeloid Cell-Derived CCL2 Is Immobilized on
Endothelial Cells in a Cyclic Pattern
Arterial leukocyte recruitment is orchestrated by endothelial cell

adhesion molecules and chemokines (Weber and Noels, 2011).
Expression of endothelial adhesion molecules has previously

been reported to exert rhythmic expression (Scheiermann

et al., 2012; Gao et al., 2014). However, under hypercholesterol-

emic conditions we were unable to detect rhythmicity in the

expression of ICAM-1, VCAM-1, P-selectin, and E-selectin on

endothelial cells covering atherosclerotic lesions (Figures 2A,

S2A, and S2B). Chemokines immobilized on endothelial cells

trigger integrin activation on rolling leukocytes and thus license

firm adhesion. In atherosclerosis, CXCL1, CCL2, and CCL5

have been shown to trigger myeloid cell arrest (Tacke et al.,

2007; Drechsler et al., 2010; Soehnlein et al., 2013), and hence

we assessed their oscillation in plasma. While no differences

were found for CXCL1 and CCL5, CCL2 levels were higher at
Cell Metabolism 28, 175–182, July 3, 2018 177



ZT1 compared with ZT13 (Figure 2B). Of note, CCL2 immobiliza-

tion along the carotid artery, the location where rhythmicmyeloid

cell adhesion was identified, was higher at ZT1 compared with

ZT13 (Figure 2C), an observation corroborated on endothelium

covering atherosclerotic lesions (Figure 2D). To define the source

of plasma CCL2, we measured CCL2 in circulating leukocytes.

While rhythmic expression was found in all leukocyte subsets,

neutrophils and classical monocytes exhibited the highest

CCL2 levels (Figures 2E and 2F). Oscillatory Ccl2 expression in

circulating monocytes and neutrophils could also be confirmed

on transcript level (Figure S2C). In addition, lesional macro-

phages as well as bone marrow mesenchymal stem cells repre-

sent likely sources of CCL2. However, we were unable to detect

rhythmic CCL2 protein levels in these cells (Figures S2D–S2G).

Induction of leukopenia reduced CCL2 plasma levels at ZT1 (Fig-

ure 2G) and disrupted CCL2 rhythmicity (Figure 2H), thus extend-

ing a concept bywhichmyeloid cells deliver chemokines to regu-

late their own recruitment in a cyclic manner (Alard et al., 2015;

Ortega-Gomez et al., 2016). Since myeloid cell numbers in the

blood and their adhesion to carotid arteries oscillate in parallel,

it may well be that rhythmic changes in myeloid cell counts, as

well as changes in CCL2 expression per cell, contribute to

time-dependent CCL2 deposition. CXCR2, CCR2, and CCR5

facilitate myeloid cell recruitment to atherosclerotic lesions

(Tacke et al., 2007; Drechsler et al., 2010). Analysis of chemokine

receptors on myeloid cells from hypercholesterolemic mice,

however, revealed that expression of CXCR2 and CCR5 ex-

hibited no rhythmicity (Figures 2I and 2J), and only expression

of CCR2 on classical monocytes and neutrophils was height-

ened at ZT1 compared with ZT13 (Figures 2K and 2L).

Rhythmic Arterial Myeloid Cell Adhesion Is Triggered by
the CCL2-CCR2 Axis
BMAL1 is a core clock protein controlling circadian gene expres-

sion. Its deletion blunts rhythmic expression of endothelial cell

adhesion molecules and chemokines (Scheiermann et al., 2012;

Casanova-Acebes et al., 2013;Nguyenet al., 2013). In the context

of atherosclerosis, global lack of Bmal1 induces hyperlipidemia

and consequently enhances atherosclerosis, a phenotype also

observed upon liver-specific Bmal1 deletion (Pan et al., 2016).

By contrast, adult-life Bmal1 depletion restrains atherosclerosis

(Yang et al., 2016). Here, we generated mice lacking Bmal1

in either arterial endothelial cells or myeloid cells. While

Lyz2CreBmal1fl/flApoe�/� mice carry a myeloid-specific Bmal1

knockout (Figure S3A), BmxCreERT2Bmal1fl/flApoe�/� mice were

generated to delete Bmal1 from arterial endothelial cells. In

contrast to BmxCreERT2Bmal1fl/flApoe�/� and Bmal1fl/flApoe�/�

mice, Lyz2CreBmal1fl/flApoe�/� mice exhibited no oscillations of

myeloid cell adhesion despite normal oscillations of leukocyte

blood cell numbers (Figures 3A–3C and S3B–S3D). In addition,

plasma CCL2 levels in Lyz2CreBmal1fl/flApoe�/� mice exhibited

no rhythmic oscillation (Figure 3D), suggesting that CCL2

could indeed represent the causal link underlying rhythmic

arterial leukocyte recruitment. This possibility was confirmed in

rescue experiments, where CCL2 was delivered at ZT1 to

Lyz2CreBmal1fl/flApoe�/� mice (Figure 3E) or at ZT13 to athero-

sclerosis-prone monocyte-reporter mice (Figure 3F). Treatment

of eithermouse strain in this way enhancedmyeloid cell adhesion

to a level similar to that observed in hypercholesterolemic
178 Cell Metabolism 28, 175–182, July 3, 2018
Apoe�/�mice at ZT1. Consistent with these results, ex vivo adhe-

sion of myeloid cells isolated at ZT1 or ZT13 exhibited no differ-

ences, suggesting that intrinsic adhesion pathways are not

controlled in a cyclic fashion (Figure S3E). In contrast, adhesion

of myeloid cells isolated at ZT1 was markedly reduced in the

presence of plasma obtained at ZT13 compared with plasma

retrieved at ZT1 (Figure 3G), thus confirming the importance of

oscillatory levels of a soluble factor. Likewise, plasma from

Lyz2CreBmal1fl/flApoe�/� mice, exhibiting lower CCL2 levels

(Figure 3D), evoked less myeloid cell adhesion compared with

plasma from control mice with higher CCL2 levels (Figure 3H).

Linking these observations to oscillating CCL2 plasma levels,

we found that neutralization of CCR2 signaling reduced

myeloid cell adhesion evoked by isolated plasma (Figure 3I). The

in vivo relevance of these findings was corroborated in a mouse

modelwith disruptedCCL2-CCR2signaling.While thesemice ex-

hibited oscillations of circulating leukocytes (Figure S3F), differ-

ences in arterial myeloid cell adhesion were abolished between

ZT1 and ZT13 (Figure 3J). Thus, rhythmic neutrophil and mono-

cyte recruitment to the carotid artery depends on the CCR2-

CCL2 axis.

Chrono-pharmacological Treatment Strategy of Early
Lesion Development
Based on these observations, and in light of the reported impor-

tance of the CCL2-CCR2 axis during atherosclerosis (Boring

et al., 1998; Combadière et al., 2008), we hypothesized that

disruption of CCR2-CCL2 signaling might be a potential target

for a chrono-pharmacological treatment of atherosclerosis.

Because previous attempts to inhibit lesional leukocyte recruit-

ment have largely failed, we aimed at comparing the importance

of the CCR2-CCL2 axis in the macro- and microcirculation to

define site and time specificity of recruitment (Ulbrich et al.,

2003; Horuk, 2009). Near-simultaneous in vivo analysis of rhyth-

mic myeloid cell adhesion to the carotid artery and the cremas-

teric microcirculation showed higher leukocyte adhesion at ZT1

in the carotidmacrocirculation, a recruitment pattern that was in-

versed in the microcirculation (Figures 4A–4E). There, myeloid

cell adhesion peaked at ZT13. Pharmacological disruption of

CCL2 signaling shortly before imaging reduced the number of

neutrophils and monocytes adherent to the carotid artery at

ZT1 to levels comparable with ZT13 (Figures 4B and 4C). In

contrast, CCR2 blockage was without effect on myeloid cell

adhesion in the microcirculation at ZT1, while it was sufficient

to lower monocyte adhesion at ZT13 (Figures 4D and 4E). Impor-

tantly, the decay of the CCR2 antagonist in the plasma did not

differ when injected at ZT1 or ZT13 (Figure S4A). Of note, timed

CCR2 neutralization did not impact on circulating myeloid cell

counts and, hence, may represent a strategy to avoid monocyte

depletion observed during sustained CCR2 neutralization (Ser-

bina and Pamer, 2006) (Figure S4B). These data pointed to

CCR2 as a potential therapeutic target for efficient inhibition of

arterial leukocyte recruitment. Hence, we designed a chrono-

pharmacological treatment protocol that is based on the timed

delivery of a small-molecule CCR2 antagonist (Figure 4F). Pro-

longed CCR2 neutralization at ZT17—aimed at lowering the

peak of arterial myeloid cell recruitment (Figure 1D)—reduced

atherosclerotic lesion formation (Figure 4G) and lesional macro-

phage accumulation (Figure 4H), while antagonist delivery at



Figure 3. CCL2-CCR2 Axis Mediates Diurnal Arterial Myeloid Cell Adhesion

(A–C) Adhesion of neutrophils and monocytes to the carotid artery was analyzed by intravital microscopy in hypercholesterolemic Bmal1fl/flApoe�/�

(A), BmxCreERT2Bmal1fl/flApoe�/� (B), and Lyz2CreBmal1fl/flApoe�/� mice (C) at ZT1 and ZT13. Images in (C) are representative of adhesion in

Lyz2CreBmal1fl/flApoe�/� mice. Scale bars, 100 mm. n = 4 in (A), 7 in (B), and 15–17 in (C). Statistical analyses were made with Mann-Whitney test (A and B) or

unpaired t test (C).

(D) CCL2 plasma levels in hypercholesterolemic Lyz2CreBmal1fl/flApoe�/� mice at indicated ZT. n = 4–7. Mann-Whitney test.

(E) Analysis of neutrophil and monocyte adhesion to carotid arteries of hypercholesterolemic Lyz2CreBmal1fl/flApoe�/� at ZT1 before and after a single dose of

CCL2 (300 ng, intravenously [i.v.]). Paired t test.

(F) Analysis of neutrophil andmonocyte adhesion to carotid arteries of hypercholesterolemicCx3cr1
GFP/WTApoe�/�mice at ZT13 before and after a single dose of

CCL2 (300 ng, i.v.). Paired t test.

(G) Ex vivo adhesion of neutrophils and monocytes isolated at ZT1 from hypercholesterolemic Apoe�/� mice in presence of plasma obtained at ZT1 or ZT13.

(H) Adhesion of neutrophils and monocytes isolated from hypercholesterolemic Apoe�/� mice at ZT1 in presence of plasma from Apoe�/� mice or

Lyz2CreBmal1fl/flApoe�/� mice obtained at ZT1.

(I) Adhesion of neutrophils and monocytes isolated from hypercholesterolemic Apoe�/� mice at ZT1was probed in presence of ZT1 Apoe�/� plasma and an

inhibitor to CCR2 (RS102895, 100 ng/mL) or the respective vehicle. n = 10–18 in (G), 8–9 in (H), and 5–6 in (I). Unpaired t test in (G) and (H); Mann-Whitney test in (I).

(J) Adhesion of neutrophils and monocytes to the carotid artery of hypercholesterolemic Ccr2�/�Apoe�/�mice. Observations were made at ZT1 and ZT13.

n = 7–8. Mann-Whitney test.

All data are presented as mean ± SEM. IVM, intravital microscopy; HFD, high-fat diet; ZT, zeitgeber time. See also Figure S3.

Cell Metabolism 28, 175–182, July 3, 2018 179



Figure 4. Differential Rhythmic Recruitment in the Macro- and Microcirculation License Chrono-pharmacological Treatment of

Atherosclerosis

(A–E) Intravital microscopy of the cremasteric microcirculation and the carotid artery in hypercholesterolemic Cx3cr1
GFP/WTApoe�/� mice. (A) Experimental

outline: micewere treatedwith theCCR2 antagonist (RS102895, 5mg/kg) 30min before recording at indicated ZT. (B–E) Quantification of neutrophil (B andD) and

monocyte (C and E) adhesion to the carotid artery (B and C) or cremasteric vessels (D and E). Representative images for neutrophil adhesion are displayed. Scale

bars, 100 mm in (B) and 50 mm in (D). n = 5–13 in (B) and (C) and 9–15 in (D) and (E). Statistical analysesweremadewith theMann-Whitney test (B andC) or unpaired

t test (D and E).

(F–H) Chrono-pharmacological inhibition of CCR2 at ZT17 reduces atherogenesis. (F) Experimental outline: Apoe�/� mice were fed a high-fat diet for 4 weeks.

During this period mice were treated daily with a CCR2 antagonist (5 mg/kg) at ZT5 (blue) or ZT17 (green) to target low or high arterial myeloid cell adhesion,

respectively. Control mice received vehicle at the same time points. (G) Atherosclerotic lesion size in aortic root cross-sections. Representative images of oil red O

staining are displayed. Scale bars, 100 mm. (H) Lesional macrophage burden as assessed by staining for Mac2. n = 8 per group, 3 sections were analyzed per

mouse. Unpaired t test.

All data are presented as mean ± SEM. ZT, zeitgeber time. See also Figure S4.
ZT5, when adhesion naturally declines, was without effect. In

addition, counts of circulating myeloid cells were not affected

by timed CCR2 antagonist delivery over longer time (Figures

S4C and S4D). Furthermore, plasma CCL2 levels maintained

their diurnal oscillation uponCCR2 inhibition or vehicle treatment

(Figure S4E). The therapeutic relevance of this treatment strat-
180 Cell Metabolism 28, 175–182, July 3, 2018
egy was further highlighted in a mouse model of acute lung

inflammation, a model chosen due to the high incidence of bac-

terial pneumonia in elderly patients. In this model, administration

of the CCR2 antagonist prior to LPS exposure did not impair

myeloid cell infiltration into the lungs at ZT1, while recruitment

of neutrophils was reduced at ZT13 (Figures S4F–S4I).



Recent studies indicate that 40% of all protein-coding genes

show circadian rhythms in their transcription, a phenomenon

largely organ specific (Zhang et al., 2014). Such processes are

further complexed by the alteration of circadian transcription

as a consequence of metabolic challenge or external distur-

bance of circadian rhythms (Scheer et al., 2009; Knutsson

et al., 1986). In addition, the majority of the most prescribed

drugs target oscillating genes. As many of these drugs have

short half-lives, timed delivery may harbor an immense benefit

(Dallmann et al., 2014). Our study provides an unprecedented

approach integrating a time- and site-specific leukocyte recruit-

ment pattern to generate a chrono-pharmacology-based treat-

ment strategy with inherent lower risk of side effects (Video

S1). This strategy thus epitomizes possible advantages of such

approaches in general, especially for chronic inflammatory dis-

orders, which, like atherosclerosis, were not believed to have

an underlying circadian origin. This concept may be transferred

to other oscillating targets of cardiovascular pathology, whose

pharmacological targeting has thus far failed or evoked serious

side effects under untimed regimes.

Limitations of Study
While our study highlights potential advantages of timed interfer-

ence strategies, it is important to point out that all our experi-

ments were performed in mice. With differences in cell counts

and behavior, metabolism, and physical activity between spe-

cies it remains to be determined to what extent our findings

can be extrapolated to human physiology. In addition, our

atherosclerosis model was designed to mimic very early stages

of the disease. Although we found a robust rhythmic myeloid cell

recruitment in mice with different genetic background (Apoe�/�,
Ldlr�/�), inmale and femalemice, and after chronic (high-fat diet)

and acute stimulation (TNF) of the carotid artery, it will be impor-

tant to study such mechanisms also at later stages of the dis-

ease. Moreover, at this point we have compared the arterial

recruitment behavior with that in the microcirculation in the cre-

master muscle and the lungs. Future studies may need to inves-

tigate if differences between macro- and microcirculation also

hold true in other organs prone to infection in the aging popula-

tion, such as the bladder and the kidney. Regardless of such lim-

itations, our study provides insight into how tissue-specific circa-

dian patterns can be used for timed therapeutic intervention.

Additional studies are, however, warranted to understand the

importance of such strategies across species and tissues.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-mouse CCL2 (MCP-1) purified (clone 2H5) Thermo Fisher Cat#14-7096-81; RRID: AB_468430

Anti-mouse CCR2 (clone EPR19698) Abcam Cat#ab203128

Anti-mouse CCR2 PE (clone #475301) R&D Systems Cat#FAB5538P; RRID: AB_10718414

Anti-mouse CCR5 PE (clone HM-CCR5,7A4) Thermo Fisher Cat#12-1951-81; RRID: AB_657686

Anti-mouse CD115 APC (clone AFS98) Thermo Fisher Cat#17-1152-82; RRID: AB_1210789

Anti-mouse CD11a PE (clone M17/4) BioLegend Cat#101107; RRID: AB_312780

Anti-mouse CD140b biotin (clone APB5) BioLegend Cat#136010; RRID: AB_2236916

Anti-mouse CD18 FITC (clone M18/2) BioLegend Cat#101405; RRID: AB_312814

Anti-mouse CD31 AlexaFluor647 (clone MEC13.3) BioLegend Cat#102516; RRID: AB_2161029

Anti-mouse CD45 APC/Cy7 (clone 30-F11) BioLegend Cat#103116; RRID: AB_312981

Anti-mouse CD45 FITC (clone I3/2.3) BioLegend Cat#147710; RRID: AB_2563542

Anti-mouse CD54 (ICAM-1) purified (clone 3E2) BD Bioscience Cat#553250; RRID: AB_394732

Anti-mouse CD62E purified (clone 10E9.6) BD Bioscience Cat#553749; RRID: AB_2186705

Anti-mouse CD62L FITC (clone MEL-14) BioLegend Cat#104406; RRID: AB_313093

Anti-mouse CD62P purified (clone RB40.34) BD Bioscience Cat#553742; RRID: AB_2254315

Anti-mouse collagen IV alpha 1 (polyclonal) Novus Biologicals Cat#NB120-6586; RRID: AB_789360

Anti-mouse CXCR2 PE (clone #242216) R&D Systems Cat#FAB2164P; RRID: AB_357125

Anti-mouse Gr-1 PerCP/Cy5.5 (clone RB6-8C5) BioLegend Cat#108428; RRID: AB_893558

Anti-mouse Ly6C Alexa Fluor488 (clone HK1.4) BioLegend Cat#128022; RRID: AB_10639728

Anti-mouse Ly6G PE (clone 1A8) BioLegend Cat#127608; RRID: AB_1186099

Anti-mouse MAC-2 purified (clone M3/38) Cedarlane Cat#CL8942AP; RRID: AB_10060357

Anti-mouse TER-119 APC/Cy7 (clone TER-119) BioLegend Cat#116223; RRID: AB_2137788

Anti-mouse VCAM-1/CD106 purified (clone #112734) R&D Systems Cat#MAB6432; RRID: AB_2214051

Anti-mouse/human CD11b PE/Cy7 (clone M1/70) BioLegend Cat#101216; RRID: AB_312799

Donkey anti-rabbit IgG DyLight550 (polyclonal) Thermo Fisher Cat#SA5-10039; RRID: AB_2556619

Donkey anti-rat IgG DyLight448 (polyclonal) Thermo Fisher Cat#SA5-10026; RRID: AB_2556606

Donkey anti-rat IgG DyLight550 (polyclonal) Thermo Fisher Cat#SA5-10027; RRID: AB_2556607

Goat anti-armenian hamster IgG Cy3 (polyclonal) Jackson Immuno Research Cat#127-165-160; RRID: AB_2338989

Chemicals, Peptides, and Recombinant Proteins

4’,6-Diamidino-2-Phenylindole Thermo Fisher Cat#D3571; RRID: AB_2307445

Acetonitrile HPLC-S Gradient Grade Biosolve Cat#012007

Acetonitrile ULC/MS Biosolve Cat#012041

Albumin Bovine Fraction SERVA Cat#11930.04

Ammonium chloride Sigma-Aldrich Cat#09718

Collagenase D Sigma-Aldrich Cat#COLLD-RO

Dimethyl Sulfoxide Sigma Life Science Cat#D8419

Ethylendiamin-tetraessigs€aure Dinatriumsalz Dihydrat Carl Roth Cat#8043.2

Formic Acid 99% ULC/MS Biosolve Cat#069141

HEPES (1M) Thermo Fisher Scientific Cat#15630-056

Liberase TM Research Grade Sigma-Aldrich Cat#LIBTM-RO

Lipopolysaccharides Sigma-Aldrich Cat#L6011

Mouse E-Selectin/CD62e/SELE protein Sino Biological Cat#50736-MCCH

Mouse ICAM-1/CD54 protein Sino Biological Cat#50440-M03H

Mouse SELP/selectin P/P-Selectin protein Sino Biological Cat#50737-M08H

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse VCAM1/L1CAM/CD106 protein Sino Biological Cat#50163-M08H

Oil Red O Sigma-Aldrich Cat#O0625

Paraformaldehyde Sigma-Aldrich Cat#P6148

Potassium bicarbonate Sigma-Aldrich Cat#237205

Recombinant Murine JE/MCP-1 (CCL2) Peprotech Cat#250-10

RS102895 hydrochloride Sigma-Aldrich Cat#1903

RS504393 Sigma-Aldrich Cat#SML0711

Tamoxifen Sigma-Aldrich Cat#T5648

Triton X-100 Sigma-Aldrich Cat#T8787

Water ULC/MS Biosolve Cat#232141

Critical Commercial Assays

Hitachi 704 Analyzer-cholesterol Roche Diagnostics Cat#11489232

Hitachi 704 Analyzer-triglycerides Roche Diagnostics Cat#11488872

Luminex Multiplex-Assay Thermo Fisher Scientific Cat#PPX-03

CCL2 ELISA Kit, Mouse Thermo Fisher Scientific Cat#KMC1011

Experimental Models: Cell Lines

Murine endothelial SVEC4-10 ATCC Cat#CRL-2181; RRID: CVCL_4393

Experimental Models: Organisms/Strains

Mouse: Apoe-/- Institute for Cardiovascular Prevention (IPEK) N/A

Mouse: Bmal1fl/flApoe-/- Institute for Cardiovascular Prevention (IPEK) N/A

Mouse: BmxCreERT2Bmal1fl/flApoe-/- Institute for Cardiovascular Prevention (IPEK) N/A

Mouse: C57Bl/6J Janvier labs N/A

Mouse: Cx3cr1
gfp/WTApoe-/- Institute for Cardiovascular Prevention (IPEK) N/A

Mouse: Ldlr-/- Janvier labs N/A

Mouse: Lyz2CreApoe-/- Institute for Cardiovascular Prevention (IPEK) N/A

Mouse: Lyz2CreBmal1fl/flApoe-/- Institute for Cardiovascular Prevention (IPEK) N/A

Oligonucleotides

Mm_Icam1_1_SG QuantiTect Primer Qiagen Cat#QT00155078

Mm_Sele_1_SG QuantiTect Primer Qiagen Cat#QT00114338

Mm_Selp_1_SG QuantiTect Primer Qiagen Cat#QT00106379

Mm_Vcam1_1_SG QuantiTect Primer Qiagen Cat#QT00128793

Mm_Ccl2_1_SG QuantiTect Primer Qiagen Cat#QT00167832

Mm_Rn18s_3_SG QuantiTect Primer Assay Qiagen Cat#QT02448075

Software and Algorithms

LasX software Leica https://www.leica-microsystems.com/

Leica Qwin Imaging software Leica https://www.leica-microsystems.com/

Image J NIH https://fiji.sc/

GraphPad Prism 7.0 GraphPad https://www.graphpad.com/

Waters Quanlyx software V4.1 Waters http://www.waters.com/

FlowJo Software 10.1 TreeStar https://www.flowjo.com/

Other

CountBright Absolute Counting Beads Thermo Fisher Scientific Cat#C36950

Western Type Diet ssniff Cat#E15721-347
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to and will be fulfilled by the Lead Contact, Oliver Soehnlein (oliver.

soehnlein@med.uni-muenchen.de).
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
Eight weeks old male or female Apoe-/-, Cx3cr1

gfp/WTApoe-/-, Lyz2CreBmal1fl/flApoe-/-, Lyz2CreApoe-/-, Bmal1fl/flApoe-/-,

BmxCreERT2Bmal1fl/flApoe-/-, and Ldlr-/- mice were housed on a 12h-light/dark cycle (Lights on at 7 am, i.e. ZT0; lights off at 7

pm, i.e. ZT12) at 20-22�C, and fed a high-fat diet (HFD) (21% fat and 0.15% cholesterol, ssniff, cat. # E15721) for four weeks. Where

specified, mice were housed in a 24h-dark cycle during the last two weeks of high fat diet feeding. Inducible knockout mice were

injected with 1 mg Tamoxifen (Sigma, T5648; intraperitoneal) dissolved in coconut oil daily for 5 days before initiation of HFD feeding.

All mice were backcrossed over ten generations to the C57BL/6 background. All experimental groups included at least 4 mice with

the same age and sex. Mice were excluded during the study when weight loss, wounds, or and other signs of distress where noticed.

All animal experiments were approved by the local ethical committee for animal experimentation (Regierung von Oberbayern).

METHOD DETAILS

Intravital Microscopy
Leukocyte-endothelial interactions along the carotid artery were analyzed every four hours within a 24 hour cycle. Mice were placed

in supine position, and the right jugular vein was cannulated with a catheter for antibody injection. Intravital microscopy was per-

formed after injection of a PE-conjugated antibody to Ly6G (1 mg; clone 1A8; BioLegend) using an Olympus BX51microscope equip-

ped with a Hamamatsu 9100-02 EMCCD camera, and a 103 saline-immersion objective. Movies of 30 s were acquired and analyzed

offline. In the carotid artery, one field of view was analyzed per mouse. To label monocytes in non-fluorescent mouse strains, an anti-

body to Ly6C (HK1.4, BioLegend) was administered. In rescue experiments, CCL2was administered via a jugular vein catheter after a

baseline recording and allowed to circulate for 30 minutes. Thereafter adhesion of neutrophils and monocytes was recorded ibidem.

Video analysis was done in a blinded fashion.

Flow Cytometry
The following antibodies were used for staining single cell suspensions in blood, bone marrow (BM), spleen, or aorta: CD45 (30-F11,

BioLegend), CD11b (M1/70, BioLegend), CD115 (AFS98, BioLegend), Gr1 (RB6-8C5, BioLegend), Ly6G (1A8, BioLegend), CCR2

(#475301, R&D Systems), CCR5 (HM-CCR5 7A4, Thermo Fisher), CXCR2 (#242216, R&D Systems), CD11a (M17/4, BioLegend),

CD18 (M18/2, BioLegend), CD62L (MEL-14, BioLegend), CCL2 (eH5, Thermo Fisher). Before cell staining, red blood cell lysis was

performed (lysis buffer: 150 mM NH4Cl; 10 mM KHCO3; 0.1 mM diNaEDTA, pH 7.4). Aortas were digested with 1.25 mg/ml liberase

(Roche) for 1 hour at 37�C. Cells were washed with Hanks Balanced Salt Solution (HBSS) and directly analyzed by flow cytometry

using a FACSCanto II (BD). Absolute cell numbers were assessed by use of CountBright absolute counting beads (Invitrogen).

Data were analysed with FlowJo Software (10.1 Flowjo LLC). To assess expression levels of interest, geometrical mean fluorescence

intensity (MFI) was analyzed.

Flow Cytometry Analysis of CCL2 Expression in Bone Marrow Stromal Cells
Tibias from Apoe-/- mice sacrificed at ZT1 or ZT13 were cleaned and crushed using a sterile scissor. After washing with 1X HBBS

supplemented with 2% BSA and 10mM HEPES, fragmented bones were digested in DMEM + 0.2% collagenase D for 1 hour at

37�C. Digested tissue was washed twice and filtered through a 70 mm cell strainer. After centrifugation and red blood cell lysis,

bone marrow cells were stained with CD45 (30-F11, BioLegend), TER-119 (TER-119, BioLegend), PDGF receptor b (APB5, Bio-

Legend) and CD31 (MEC13.3, BioLegend). Bone marrow stromal cells were identified as CD45- TER119- CD31- PDGF receptor

b+ cells. For CCL2 staining, cells were fixed and permeabilized using Fix/Perm Buffer (Biolegend) following manufacturer’s instruc-

tions and stained using CCL2 (eH5, Thermo Fisher). Data were analyzed with FlowJo Software (10.1 Flowjo LLC). To assess expres-

sion levels of interest, geometrical mean fluorescence intensity (MFI) was analyzed.

Mass Spectrometry
C57Bl/6Jmice (Janvier) were administeredwith a single i.p. injection of 5mg/kg CCR2 antagonist (RS102895, Sigma) at ZT1 or ZT13.

For pharmacokinetic analysis plasma was taken after indicated time points and stored at -80�C until further analysis. Mass spectro-

metric analysis of RS102895 was performed essentially as described by Mitchell et al. (2013), with the addition of a concentration

step and adaptation to the specific LC-MS setup. Blank samples were spiked with RS102895 to make a calibration curve ranging

from 1 to 500 ng/ml. All samples were spiked with an internal standard (RS504393) to a final concentration of 200 ng/ml and

0.003% DMSO. Proteins were precipitated by adding 200 ml cold acetonitrile supplemented with 0.1% formic acid to 100 ml of

each sample. After spinning down the mixture 200 ml of supernatant was taken and concentrated using SpeedVac (Savant

SC110, drying rate on low for 2 h). The resulting solution was spun down and 50 ml of the supernatant was taken for measurement.

UPLC-MS was performed using the Waters (Milford,MA,USA) XEVOG2QToF system. Chromatography was done with the Acquity

UPLC Peptide BEH C18 column 130 Å, 1.7 mm, 2.1 mm 3 50 mm with guard filter installed. The flow rate was set to 0.25 ml

min�1 and the sample injection volume contained 10 ml. The mobile phase consisted of buffer A (0.1% formic acid) and buffer B

(10%water and 0.1% formic acid in acetonitrile). Buffer B was increased linearly from 10% at 1.5 min to 67% at 11min. The following

settings were used for mass spectrometry: capillary voltage 2.5kV, sampling cone 30V, extraction cone 4.0V, source temperature
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120�C, desolvation temperature 450�C, cone gase 20lh�1, desolvation gas 800lh�1, collision energy off. The machine was operated

in ESI+TOFMS/MSmode, with the range set from 350 Da to 450 Da. Acquisition mode was set as follows: Polarity Positive, Analyser

mode Sensitivity, Dynamic range Normal, Target enhancement 391 Da up until 7 min and 419 Da after, corresponding to the elution

times and respective masses of analyte and internal standard. Peak areas were integrated using Waters Quanlyx software (V4.1

SCN802). A standard curve was made by dividing the peak area of RS102895 by the peak area of RS504393 for the spiked samples.

From this curve the concentration of RS102895 in the unknown samples was calculated via simple linear regression with 1/x2

weighting.

Blood Leukocyte Tracking
Tissue-resident and circulation-borne leukocytes were discriminated by intravenous administration of an anti-CD45 antibody (30-

F11, APC-Cy7, BioLegend). Two hours later mice were sacrificed. Blood was lysed with 3 ml lysis buffer/100 ml blood (lysis buffer:

150mMNH4Cl; 10mMKHCO3; 0.1mMdiNaEDTA, pH 7.4). Aortas were digestedwith 1.25mg/ml liberase (Roche) for 1 hour at 37�C.
Cell suspensions were further processed for flow cytometry analysis. Blood leukocytes were stained with antibodies to CD45 (I3/2.3,

BioLegend), CD11b (M1/70, BioLegend), CD115 (AFS98, BioLegend), Gr1 (RB6-8C5, BioLegend) and Ly6G (1A8, BioLegend)

whereas aortic leukocytes were discriminated by antibodies to CD45 (I3/2.3, BioLegend), CD11b (M1/70, BioLegend), Gr1 (RB6-

8C5, BioLegend) and Ly6G (1A8, BioLegend). Hearts were fixed in 4% paraformaldehyde for 24 hours before being incubated in

30% sucrose for 24 hours at 4�C. Afterwards hearts were embedded in Tissue-Tek (O.C.T., Sakura) and snap frozen. CD45 pre-

labelled leukocytes were visualized with an anti-rat IgG Dylight550 antibody (Thermo Fisher). To test vascular leakage we intravas-

cular injected an anti-collagen type IV alpha 1 antibody (Novus Biologicals).

Staining of CCL2 and CCR2
Whole blood cells were lysed with 3 ml lysis buffer/100 ml blood. Afterwards cells were suspended in cell culture medium RPMI-1460

supplemented with 0.5%Bovine serum albumin (BSA) and added to a Poly-L-Lysine coated slide (Thermo Fisher) for 15 min at 37�C.
Non adherent cells were removed by washing with RPMI-1640+0.5% BSA. Adherent whole blood cells were fixed with 4% parafor-

maldehyde and stained for monocytes or neutrophils with an antibody to Ly6G (1A8, BioLegend) or Ly6C (HK1.4, BioLegend). CCR2

staining was performedwith an antibody to CCR2 (EPR19698, abcam) and nuclei were counterstainedwith 4’,6-Diamidino-2-phenyl-

indol (DAPI, Thermo Fisher). Secondary staining was performed with anti-rabbit Dylight550 (Thermo Fisher) and anti-rat Dylight488

(Thermo Fisher).

For intracellular CCL2 staining cells were fixed with 4% paraformaldehyde and stained for monocytes or neutrophils with an anti-

body to Ly6G (1A8, BioLegend) or Ly6C (HK1.4, BioLegend). Permeabilization was performed with 0.05% TritonX-100 (Sigma) for

10 min at room temperature. Afterwards cells were washed three times before adding an antibody recognizing CCL2 (2H5, Thermo

Fisher) and 4’,6-Diamidino-2-phenylindol (DAPI, Thermo Fisher). Secondary staining was performed with anti-rat Dylight488 (Thermo

Fisher) and anti-armenian hamster Cy3 (Jackson ImmunoResearch). The samples were imagedwith a Leica TCS SP8 3Xmicroscope

in confocal mode. Image acquisition and processing was performed using LasX software (Leica). Image analysis was done in a

blinded fashion.

Chemokine Quantification
Plasma samples were collected in Ethylenediaminetetraacetic acid (EDTA) tubes and stored at -80�C before measuring chemokine

levels. Chemokines CCL2, CCL5 and CXCL1 were determined with a Luminex assay (Affymetrix) according to the manufacturer’s

protocol. Further analysis of plasma CCL2 was performed with a MCP-1 ELISA kit (Thermo Fisher) according to the manufacturer’s

protocol.

Adhesion Assay
Whole blood cells were obtained from Apoe-/- or Lyz2CreBmal1fl/flApoe-/-mice and suspended in erythrocyte lysis buffer. After

washing with HBSS whole blood cells were either suspended in RPMI + 0.5% BSA and added to a 96-Well plate coated with

2 mg/ml of VCAM1, ICAM1, P-selectin, and E-selectin (Sino Biological) or suspended in plasma and added to a 96-Well plate seeded

with murine endothelial cells SVEC4-10 (ATCC, 4 hours). Cells were allowed to adhere for 15 minutes at 37�C. Non-adherent cells
were carefully removed by PBS washing. Thereafter, adherent cells were fixed with 4% PFA. To visualize adherent monocytes

and neutrophils, cells were stained with anti-Ly6G (1A8, Biolegend) and anti-Ly6C (HK1.4, Biolegend) for 15 minutes at room tem-

perature. Images of each well were acquired with anOlympus IX81 invertedmicroscope with a 10x/0.3 objective and quantified using

ImageJ software.

Histology and Immunohistochemistry
Hearts were fixed in 4% PFA for 24 hours before being incubated in 30% sucrose for 24 hours at 4�C. Afterwards hearts were

embedded in Tissue-Tek (O.C.T., Sakura) and snap frozen. Lesion size was assessed in aortic root cross-sections by staining for

lipid deposition with oil redO (Sigma) and hematoxylin and eosin staining followed by computerized image analysis and quantification

(Leica Qwin Imaging software). Content of macrophages was analyzed by staining aortic root sections with anti-Mac2 (CL8942AP,

Cedarlane). Adhesion molecules on endothelial cells were stained with antibodies to VCAM1 (#112734, R&D Systems), ICAM1 (3E2,

BD Biosciences), P-Selectin (RB40.34, BD Bioscience), or E-Selectin (10E9.6, BD Bioscience). Expression of CCL2 on endothelial
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cells wasmeasured by staining with an antibody to CCL2 (eH5, Thermo Fisher) and endothelial cells were stained with an antibody to

CD31-Alexa Fluor647 (MEC13.3, BioLegend). Expression of CCL2 in lesional macrophages of aortic root cross-sections was ob-

tained by staining with an antibody to CCL2 (eH5, Thermo Fisher) and an antibody to Mac2 (M3/38, Cedarlane). Secondary antibody

staining was performed with a donkey anti-Rat IgG-Dylight488 (Thermo Fisher Scientific) antibody and an anti-armenian hamster

IgG-Cy3 antibody. Nuclei were counterstained with 4’,6-Diamidino-2-phenylindol (DAPI, Thermo Fisher). A Leica DM4000 micro-

scope with a 20x objective (Leica Microsystems) and a Leica DFC 365FX camera were used to capture images. Leica Qwin Imaging

software (Leica Ltd.) was employed for image analysis.

Repeated CCR2 Antagonist Injection
Apoe-/-mice were administered daily a single dose of 5 mg/kg CCR2 antagonist (RS102895, Sigma) or vehicle control at ZT5 or ZT17

during a period of four weeks of high fat diet feeding. Continuous CCR2 blockage was performed by injecting 4 times per day a single

dose of 5 mg/kg CCR2 antagonist (RS102895, Sigma) or vehicle control for 3 days.

In Vivo Leukocyte Depletion
Leukocyte depletion was induced in hypercholesterolemic Apoe-/- mice by administration of cyclophosphamide (CTX, 160 mg/kg).

Successful leukopenia was verified by quantifying leukocyte numbers with flow cytometry as described above.

LPS-Induced Lung Inflammation
C57Bl/6J mice were administered a single dose of 5 mg/kg CCR2 antagonist (RS102895, Sigma) or vehicle control at ZT5 or ZT17.

Afterwards mice were exposed to aerosolized LPS (500 mg/ml) from Salmonella enteritidis (Sigma) for 30 minutes. At ZT1 or ZT13

mice were sacrificed and non-adherent cells were removed by flushing the pulmonary vasculature with 20 ml PBS. Lungs were

removed and digested with 1.25 mg/ml liberase (Roche) for 1 hour at 37�C. Digested lungs were passed through a cell strainer

(70 mm) and washed with 1 ml HBSS.

Plasma Cholesterol and Triglyceride Measurement
Cholesterol and triglyceride levels in mouse plasma were quantified using enzymatic assays (Roche/Hitachi) according to the man-

ufacturer’s protocol.

Isolation of Primary Cells
Blood was collected into Ethylenediaminetetraacetic acid (EDTA) tubes and lysed with 3 ml lysis buffer/100 ml blood. Neutrophils

were isolated with Neutrophil Isolation Kit (Miltenyi Biotec) andmonocytes were isolated with CD115MicroBead Kit (Miltenyi Biotec).

Purity of resulting neutrophils and monocytes was verified by flow cytometry analysis. Cell pellets were stored at -80�C until further

RNA extraction.

mRNA Expression Analysis
RNA was extracted using the Quick-RNA MicroPrep kit (Zymo Research) according to the manufacturer’s protocol. cDNA synthesis

was carried out with the QuantiNova Reverse Transcription Kit (Qiagen) in accordance with manufacturer’s instructions. Q-PCR was

performed using the QuantiNova SYBR Green PCR kit (Qiagen) on 7900HT Fast Real-Timer PCR System according to the manufac-

turer’s protocol. The following primers have been used: Mm_Vcam1_1_SG, Mm_Icam1_1_SG, Mm_Selp_1_SG, Mm_Sele_1_SG,

Mm_Rn18s_3_SG and Mm_Ccl2_1_SG (Qiagen). For quantifying the myeloid specific BMAL1-knockout following primer were

used: Fw_5’-AGA GGT GCC ACC AAC CCA TA-3’ and Rv_5’TGA GAA TTA GGT GTT TCA GTT CGT CAT-3’. 18S served as a

house-keeping gene in all performed mRNA expression analyses. Relative quantification was performed using the DDCT method.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are expressed as mean ± SEM. After calculating normality by D’Agostino-Pearson omnibus test, Mann-Whitney test or

unpaired t-test were used to compare two samples. One-way ANOVA analysis followed by Tukey’s multiple comparison tests or

Kruskal-Wallis test were used for multiple group comparisons. Statistical parameters including exact value of n, definition of center,

statistical test and significance are reported in the figures and figure legends. Data is judged to be significant when p<0.05. Statistical

analysis was performed with GraphPad Prism 7. Cosinor analyses were performed using Matlab 9.4 software.
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