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Abstract

The circadian system is as an important regulator of immune function. Human inflammatory lung
diseases frequently show time-of-day variation in symptom severity and lung function, but the
mechanisms and cell types that are underlying these effects remain unclear. We show that
pulmonary antibacterial responses are modulated by a circadian clock within epithelial club
(Clara) cells. These drive circadian neutrophil recruitment to the lung via the chemokine CXCLS5.
Genetic ablation of the clock gene Bmall (also called Arntl or MOP3) in bronchiolar cells disrupts
rhythmic Cxcl5 expression, resulting in exaggerated inflammatory responses to lipopolysaccharide
and bacterial infection. Adrenalectomy blocks rhythmic inflammatory responses and the circadian
regulation of CXCLS5, suggesting a key role for the adrenal axis in driving CXCLS5 expression and
pulmonary neutrophil recruitment. Glucocorticoid receptor occupancy at the Cxcl5 locus shows
circadian oscillations, but this is disrupted in mice with bronchiole-specific ablation of Bmall,
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leading to enhanced CXCLS5 expression despite normal corticosteroid secretion. In clock-gene
disrupted mice the synthetic glucocorticoid dexamethasone loses anti-inflammatory efficacy. We
now define a regulatory mechanism that links the circadian clock and glucocorticoid hormones to
control both time-of-day variation and also the magnitude of pulmonary inflammation and
responses to bacterial infection.

Human inflammatory lung diseases, including chronic obstructive pulmonary disease
(COPD) and asthma, are responsible for 25% of premature deaths!. These conditions
frequently show time-of-day variation in symptom severity and lung function, but the
mechanisms and cell types that control this are unknown. The recruitment of immune cells
to tissues is under strong circadian control3, and several immune cells, including
macrophages and mast cells, exhibit robust oscillations of core clock genes and pro-
inflammatory cytokines*=®. Animal studies show that susceptibility to endotoxic shock is
clock dependent>-7-10, Further, the magnitude of response to pathogenic bacterial challenge
varies with time of day !!. The immune response to bacterial infection is partly mediated by
neutrophil recruitment to the affected site, which can also cause tissue damage and must
therefore be tightly regulated!2.

Inflammatory responses are inhibited by glucocorticoids, a suppressive mechanism that
operates via an indirect ‘tethering’ action of the ligand-activated glucocorticoid receptor
(GR)!3. Glucocorticoid hormone secretion is clock-controlled!* and acts as a potent
circadian-entrained stimulus in many peripheral tissues!. In addition, the function of the
GR is determined by physical interactions with clock component proteins 16-18_ Tt remains
unclear how system-wide signals like glucocorticoids integrate with locally operating
circadian oscillators to tune responses to environmental insults while avoiding excessive
local tissue damage. The lung is uniquely exposed to environmental factors, and disordered
amplitude and duration of inflammatory reactions in the lung underpin many lung diseases.
We now define a regulatory mechanism that links the circadian clock and glucocorticoid
hormones to control of both time-of-day variation and the magnitude of pulmonary
inflammation and responses to infective agents.

RESULTS

Circadian control of pulmonary inflammation

We assessed pulmonary responses to endotoxin challenge in C57/B16 mice across the
circadian cycle using aerosolized lipopolysaccharide (LPS). Mice were entrained on 12:12hr
light-dark cycles and housed in darkness for one circadian cycle before study. Animals were
then subjected to LPS, and killed while maintained in darkness over the subsequent cycle
(Aschoff type 2 protocol 1%). This revealed a threefold variation in inflammatory responses
measured in bronchoalveolar lavage (BAL) fluid, with peak infiltration of inflammatory
cells, predominantly neutrophils, at circadian time 0 (CTO, dawn; Fig. 1a—c). Pulmonary
macrophage numbers remained low throughout the cycle (Fig. 1d). Quantification of
inflammatory and chemotactic cytokines in BAL fluid revealed strong circadian rhythmic
changes in several cytokines (Fig. le). LPS binds to Toll-like receptor 4 (TLR4), activating
the nuclear factor-xB (NF-xB) pathway and inducing pro-inflammatory cytokine
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transcription. TIr4 is implicated in mediating LPS-induced phase shifts to light0. T1r4
expression showed no variation across the circadian cycle (Supplementary Fig. 1), and thus
circadian pulmonary LPS responses are unlikely to involve rhythmic regulation of 71r4
expression.

The observed time-of-day variation in LPS response suggested clock control of pulmonary
immunity to bacterial infection. Accordingly, we infected mice at dawn (ZT0) and dusk
(ZT12) with Streptococcus pneumoniae. At 24 h after ZT12 infection, there was increased
pulmonary neutrophilia but no change in lung bacterial burden (Fig. 1f). By 48h, this early
neutrophilia led to significant reductions in lung bacterial burden and dissemination to
blood, which suggest a time-of-day mechanism for antibacterial defense in the lung. This
apparent phase reversal in timing reflects the well-characterized kinetics of pneumococcal
infection in mice, with an initial decline in bacteria over 8-12 h post infection followed by
bacterial proliferation and tissue invasion 21,

Previous studies have highlighted the role of the macrophage clock in circadian responses to
endotoxin*>. Bronchoalveolar macrophages from mice expressing a Per2-luciferase fusion
gene (Per2-luc mice) 22 exhibited circadian bioluminescent rhythms and clock gene
expression (Supplementary Fig. 2a,b). Mice lacking the core clock gene Bmall (also known
as Arntl or MOP3) within myelomonocytic (macrophages and monocytes) and neutrophils
(LysM-Bmall~'—; generated by crossing LysM-cre*/~ with Bmal1%/f)> showed suppressed
clock gene expression; Nridl, and Nrld2 (also known as rev-erba and rev-erbfy
respectively). in bronchoalveolar macrophages (Supplementary Fig. 2b). Nonetheless, after
administration of aerosolized LPS, they demonstrated amplitude and phasing of neutrophil
and cytokine responses similar to those of wild-type mice (Bmall™%)(Supplementary Fig.
2c,d and Supplementary Table 1), suggesting that cells of monocytic origin are not involved
in the circadian gating we observed.

Targeting the circadian clock in pulmonary epithelial cells

The non-ciliated epithelial cells lining the bronchioles have well-defined roles in pulmonary
immune function?*24, Qur earlier studies showed that these club cells express clock proteins
and are essential for the maintenance of circadian rhythmicity in lung?>. We crossed

Bmal 1" mice with mice expressing a codon-improved Cre recombinase (iCre) under the
control of the club cell secretory protein (CCSP; also known as Scgblal) promoter2® (Fig.
2a) to produce BMALI loss in club cells and compared these with littermate controls
carrying Bmal /! In CCSP-icre*’~ mice, expression of iCre was limited to the lung and
trachea (Fig. 2b).

Using mice expressing the PER2-luc transgene as a background strain, we imaged ectopic
lung slices from Bmall . ccsP-icre ==, and BmallVf; CCSP-icret-2527 (Fig. 2c,d and
Supplementary Videos 1 and 2). This revealed circadian oscillations in Per2 in the
bronchioles of BmallVfl; CCSP-icre =~ mice (25.8 +0.17 h mean + s.e.m. Fig. 2e) that
were disrupted in Bmall™fl; CCSP-icre*’~mice (32.5 + 0.8 h, Fig. 2f). Loss of rhythmicity
was confined to bronchioles, as clock gene (Bmall, Nridl, Per2 and Cryl) oscillations were
similar in both genotypes in the whole lung (Supplementary Fig. 3a). Gene targeting had no
impact on oscillations of clock genes in the liver (Supplementary Fig. 3b) or behavioral
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rhythms (Supplementary Fig. 3c). In situ hybridization revealed expression of Bmall and
Nridl, at CTO and CT12, respectively, in bronchial epithelia (Fig. 2g,h and Supplementary
Fig. 4). As expected, targeted loss of Bmall in the bronchioles suppressed expression of its
target gene, Nrldl.

Bronchiolar epithelial cells drive circadian responses

Bmal'"1; CCSP-icre*~ mice exhibited disrupted pulmonary responses to LPS, with a three-
to six-fold increase in neutrophilia and overall loss of circadian gating (ie the difference in
neutrophilia between CTO and CT12) (Fig. 3a). This elevated neutrophilia was associated
with loss of barrier function as indicated by elevated BAL fluid IgM (Fig. 3b). Despite
increased neutrophil recruitment to the lungs, there was no change in myeloperoxidase
activity (Fig. 3c). Flow cytometry revealed a low-amplitude time-of-day change in

+~ mice,

neutrophil numbers in naive wild-type mice, whereas in Bmallfl; CCSP-icre
neutrophil levels were elevated but not altered by time of day (Supplementary Fig. 5a).
Although these data showed slightly elevated pulmonary neutrophilia under naive
conditions, we did not observe marked gross pathological alterations (alveolar volume or

ultrastructure) in tissues collected from aged naive mice (Supplementary Fig. 5b).

We next quantified a wide range of inflammatory mediators (Supplementary Table 2) and

+~ mice.

found that six mediators were substantially up-regulated in BmallVfl; CCSP-icre
We subsequently confirmed that three of these six (Cxcl5, Ccl20 and Ccl8) were
significantly different in a repeat cohort of LPS-treated mice (Fig. 3d and Supplementary
Fig. 6a,b), and, as the only neutrophil chemo-attractant, CXCLS5 emerged as a candidate
effector molecule. CXCLS5 expression was also in phase with the peak of LPS-induced
neutrophilia (Fig. le). LPS-treated Bmall™fl; CCSP-icre*’~ mice secreted significantly more
(two- to threefold) CXCL5 in BAL fluid compared to BmallVfl; CCSP-icre™~ at both CTO
and CT12 (Fig. 3e), unlike any other cytokine (Fig. 3e and Supplementary Table 3).

Neutrophilic inflammation in response to an initial challenge in BmallVfl; CCSP-icre*~

mice compared to BmallV'; CCSP-icre™~ persisted at a high level and for over several days

after challenge (Fig. 3f,g), accompanied by elevated CXCLS5 (Fig. 3h).

We next assessed responses to S. pneumoniae infection. As predicted from the LPS
challenge, we saw marked elevation of neutrophil recruitment in Bmall ffl, cCSP-icret’~
mice, probably in response to elevated CXCL5 production (Fig. 3i,j). However, this
augmented neutrophilia occurred without a difference in bacterial CFU recovered from lung,
or circulation. This contrasts with the time-of-day protective effect seen in wild-type animals
and demonstrates an unexpected and counterintuitive consequence of circadian disruption,
which results in augmented recruitment of neutrophils apparently lacking full antibacterial
efficacy. This is compatible with earlier observations identifying no commensurate
induction in pulmonary myeloperoxidase activity with augmented neutrophilia in response
to LPS.

CXCL5 drives pulmonary rhythmic inflammatory responses

Using LPS-stimulated purified mouse bronchial epithelial cells, we observed expression of
CXCLS5 and CXCL1, but not tumor necrosis factor-a (TNF-a) (Fig. 4a). CXCLS5 acts as a
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potent neutrophil chemo-attractant, as assessed by migratory responses of mouse bone
marrow—derived neutrophils (Supplementary Fig. 7). Primary human bronchial epithelial
cells stimulated with interleukin-1p (IL-1B) also expressed CXCLS5 (Fig. 4b); in contrast,
pulmonary macrophages do not28. In situ hybridization demonstrated Cxcl5 expression in
naive BmallV littermate controls, that was confined to the bronchioles and elevated at
CTO, while in Bmall™V%; CCSP-icret’~ mice expression was elevated at both time points
within these tissues (Fig. 4c). Expression of Cxcl5 mRNA co-localized with CCSP
expression within bronchiolar epithelial cells (Supplementary Fig. 8). Profiling over 24 h in
wild-type mice revealed that Cxcl5 mRNA expression was rhythmic, peaking in the early
light phase, coincident with the elevation in protein (Fig. 4d). In BmalI'V1'; CCSP-icre*/~
mice, mRNA expression was elevated (fourfold), compared to Bmall flifl, cCSP-icre™ and
non-rhythmic (Fig. 4d). These elevated baseline CXCLS5 levels in naive CCSP-Bmal~~ mice
are lung-specific, as serum CXCLS5 levels showed no time-of-day or genotype difference
(Fig. 4e). Thus, our results suggest that CCSP-expressing cells are the critical cell type
mediating circadian responses to endotoxin challenge.

To determine the role of CXCLS5 in conferring clock control to pulmonary innate immunity,
we studied global CXCL5-knockout mice. We observed an attenuated dawn (Zeitgeber time
0, ZT0) neutrophilic response to nebulized LPS, consistent with our previous results®® (Fig.
4f). Together with the observation that there were no significant time-of-day differences in
expression of other CXCL chemokines (Fig. 4g), our findings suggest that CXCLS5 regulates
pulmonary responses to infection and plays a central role in conferring clock control of
inflammation.

Role of glucocorticoids in the rhythmic regulation of CXCL5

The isolated Cxcl5 proximal promoter did not show intrinsic circadian rhythmicity
(Supplementary Fig. 9a) or respond to BMAL1 and CLOCK either alone or together
(Supplementary Fig. 9b), but it was strongly repressed by dexamethasone-activated GR, in
cells transfected with a GR expression vector 30 (Fig. 5a). We next explored whether
systemic adrenal glucocorticoids activating GR act as a circadian repressor of CXCL5
expression. We assessed circadian variation in pulmonary neutrophilic inflammation in
adrenalectomized mice. The circadian rhythm in circulating corticosterone in these mice was
suppressed but still detectable (Fig. 5b), due to an extra-adrenal source>!. Adrenalectomy
caused loss of thythmic CXCLS5, and pulmonary neutrophilia in response to nebulized LPS
but no general increase in lung inflammation (Fig. 5¢,d). In contrast, intraperitoneal
injection of LPS to adrenalectomised mice caused a significant increase in circulating IL-6
(Supplementary Fig. 10a). Measurement of pulmonary Per2, Bmall and Nrildl expression
revealed similar high-amplitude, time-of-day—dependent changes in both adrenalectomized
and intact animals, indicating that altered pulmonary responses did not arise as a
consequence of internal de-synchronization of the local clock (Supplementary Fig. 10b).

Genome-wide mapping of GR occupancy in relation to chromatin architecture and target
gene transcription has previously revealed binding sites in the proximal CXCLS5 promoter
that overlap with regions of DNasel hypersensitivity, indicating enhancers3?. We identified
strong diurnal regulation of GR binding to the Cxcl5 glucocorticoid response element in
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whole lung of Bmall ffl. cCSP-icre™ mice (Fig. 5e), with augmented binding coincident
with the night-time rise in endogenous corticosterone (Fig. 5b). In Bmall1'; CCSP-icre*/~
mice, GR recruitment to Cxcl5 was reduced and no longer rhythmic (Fig 5e). Acetylation of
lysine 27 on histone H3 (H3/K27Ac) is a robust epigenetic mark of active enhancers3233,
We measured H3/K27Ac to determine enhancer activity and gauge the consequence of GR
recruitment. We found increased H3/K27Ac in targeted mice at both time points, consistent
with the constitutive increase in Cxcl5 gene expression (Fig. 5e). These data are therefore
compatible with a model in which disrupted GR-mediated repression leads to up-regulation

of Cxcl5 mRNA in clock gene-targeted mice.

Extending these observations to a GR-transactivated gene, glutamine synthetase (Glul), we
observed diurnal variation in GR binding, and gene expression in wild-type tissue (Fig. 5f,
Supplementary Figure 11). Histone H3 acetylation followed GR recruitment, as predicted, as
a marker of enhancer activity (Fig. 5f). In Bmall ffl, cCSP-icre™™ mice, we saw reduced
GR enrichment and reduced H3/K27Ac (Fig. 5f) with loss of diurnal Glul expression in
bronchioles but not in other lung structures (Supplementary Figure 11)., Thus, club cell
disruption of Bmall leads to altered dynamics of GR activity specifically in bronchiolar
epithelial cells for both GR-repressed and GR-activated genes. The differences we observed
were not attributable to altered expression of GR in the lung (Supplementary Fig. 12a,b).

Bmal 71, CCSP-icre*/~ mice showed the same diurnal variation in hypothalamic-pituitary-
adrenal axis activity, as determined by serum corticosterone, as wild-type mice (Fig. 6a).
This reveals an impact on GR promoter occupancy, consequent to targeting Bmall in club
cells, which is independent of rhythmic adrenal activity. To determine whether differences
in GR recruitment to cis elements in the lung were solely dependent on circadian variation in
corticosterone or whether a local cellular control system was operating, we treated

Bmal 1"V, CCSP-icre™= mice with systemic dexamethasone (DEX) before induction of
pulmonary inflammation. This activated known GR-responsive genes within the lung,
confirming action on target tissue (Supplementary Fig. 13). LPS treatment induced
circadian-gated neutrophilic responses, which was reduced by DEX treatment, irrespective
of challenge time (Fig. 6b). Of 15 cytokines exhibiting sensitivity to DEX, 7 were
responsive at both time points tested (Fig. 6¢ and Supplementary Fig. 14). In contrast, in
Bmal1%l; CCSP-icre*’~ mice, suppression of LPS-induced neutrophilia by DEX was lost
(Fig. 6d), and this was associated with failure to suppress CXCLS5 (Fig. 6e).

DISCUSSION

Neutrophilic pulmonary inflammation is a feature of adult respiratory distress syndrome and
COPD and is an important common feature of severe steroid-resistant asthma34-36, Little is
known of the signals regulating neutrophil trafficking and antibacterial action in the lung.
We show that a local pulmonary clock specific to bronchiolar CCSP-expressing cells
regulates dynamic changes in response to in vivo bacterial challenge. Furthermore, targeting
Bmall in these cells leads to an exaggerated but apparently ineffective neutrophilic
inflammatory response to bacterial infection. This highlights the importance of the
bronchiolar epithelium as part of a cell-specific timing mechanism regulating overall
homeostasis of pulmonary immunological responses.
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Our results show that CXCLS, a club-cell produced neutrophil chemokine, is clock-
controlled, and mediates circadian variation in lung inflammation. In support of this notion,
CXCL5-null mice showed a loss of circadian rhythmic responses to LPS. The specific role
of CXCLY5 is notable, as several members of this chemokine family regulate neutrophil
homeostasis (CXCL1, CXCL2, CXCL5 and CXCL15)2%-37-40  but only CXCL5 was
circadian. CXCLS is also associated with several autoimmune diseases, including
rheumatoid arthritis, that have circadian phenotypes 4!.

Neutrophils are proposed to use chemokines as initial signals to guide localization but then
switch to bacterial-derived signals for final homing*2. If excess CXCLS5 is secreted, this may
impair final neutrophil targeting of bacteria and hence killing. However, the augmented
neutrophilia is predicted to lead to excessive pulmonary damage. Therefore, our results
support a role for the pulmonary circadian clock in tissue homeostasis and responses to
infection. Furthermore, aberrant control of neutrophilic lung inflammation, an important
feature in COPD, may arise as a consequence of disruption of normal circadian function. In
this context, it is notable that cigarette smoke suppresses pulmonary clock gene
expression®344,

Our studies, using whole-lung tissue, reveal strong time-of-day changes in GR occupancy on
Cxcl5. This may indicate an underlying change in chromatin architecture, resulting in
enhancer activation and thereby impaired GR recruitment; alternatively, it may indicate that
impaired GR recruitment, due to altered chromatin architecture, results in loss of GR
enhancer inhibition (or it could be a combination of both mechanisms). Similarly, analysis
of Glul revealed impairment of GR function with less GR recruitment and, on this
transactivation target, consequently reduced H3/K27Ac. Taken together, this implies a
broader dysregulation of GR function in the Bmall-disrupted cells. Furthermore,
adrenalectomy, which removes endogenous glucocorticoid timing signals, also abolished
time-of-day variation in CXCL5 and neutrophil infiltration without de-repressing
neutrophilia. Thus, loss of normal circadian GR function in club cells is dominant over a
rhythmic corticosteroid signal in the phenotype we observed.

Using systemic DEX administration, which models therapeutic intervention to treat human
pulmonary inflammation, we found loss of glucocorticoid responses in CCSP-Bmall =~
mice. This provided further evidence for a local circadian circuit regulating bronchiolar GR
function. Our studies were conducted under tightly matched time-controlled conditions, and
one possibility not tested is whether glucocorticoid treatment shifted the phase of target cells

in addition to the impact on the amplitude of response.

In conclusion, we identify resonance between an oscillating circadian systemic
glucocorticoid signal and locally operating circadian control of GR function to confer clock
control of pulmonary innate immunity. We define a mechanism that couples the circadian
clockwork and bronchiolar GR to pulmonary innate immunity (Fig. 6f). The bronchiolar
club cell, acting through a single neutrophil chemokine, is the final effector pathway. The
efficacy of therapeutically administered glucocorticoids depends on intact clock function in
the airway. Therefore, human conditions of persisting pulmonary neutrophilic inflammation,
which characteristically fail to resolve in response to glucocorticoid therapy (COPD, adult
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respiratory distress syndrome and glucocorticoid-resistant asthma), may share a common
underlying mechanism of clock disruption, either de novo or in response to particular
inflammatory signals.

ONLINE METHODS

Transgenic mouse lines

Conditional club cell Bmall-knockout mice (CCSP-Bmall~'~) were generated by breeding
Bmal 1™ mice (Jackson Labs 007668) with CCSP-icre mice, which are an improvement on
the CCSP-Cre 1ine2047. Both lines were on a C57BL/6 background. Tissue expression of
iCre in CCSP-Bmal~~ mice was assessed by RT-PCR (forward primer
AGATGCCAGGACATCAGGAAC CTG; reverse primer
ATCAGCCACACCAGACACAGAGATC). CCSP-Bmal~~ mice were subsequently
crossed onto a PER2-luc background?2. Mice lacking Bmall in cells of a monocyte lineage
(LysM-Bmall~'~) were utilized as described elsewhere’. In studies utilizing conditional
targeted mice, wild-type littermates (Bmall™/fl) were used as control; these mice carried no
copies of the Cre (LysM) or iCre (CCSP). Transgenic and littermate control (C57BL/6) mice
were routinely housed in 12:12 light/dark (L:D) cycles with ad libitum access to food and
water. All experiments were carried out in accordance with the Animals (Scientific
Procedures) Act 1986 (UK) or the Guide for the Care and Use of Laboratory Animals and
with approval of the Children’s Hospital of Philadelphia Institutional Animal Care and Use
Committee (USA). In all studies, male mice were used age 6-24 weeks). Analysis of wheel-
running activity determined behavioral circadian period under different lighting conditions.

Aerosolized lipopolysaccharide

Mice were placed into a Perspex chamber and exposed to aerosolized lipopolysaccharide
(0127:B8; 2 mg/ml) or vehicle (saline) for 20 min. Animals were returned back to their
cages for 5 h (or 2-96 h in time-course studies) before killing (pentobarbital i.p.). For
circadian timed studies, animals were maintained in constant darkness (D:D) 24 h before
and during LPS exposure at CTO, CT6, CT12 or CT18. To assess the effects of
glucocorticoids on the pulmonary inflammatory response, mice were pretreated with
dexamethasone (1 mg per kg body weight, i.p.) 1 h before LPS exposure. After LPS
exposure, the lungs were lavaged using 1 ml BAL fluid (10 mM EDTA and 1% BSA),
instilled and removed via a tracheal cannula. The left lobe of the lung was collected for
RNA analysis. Lavage fluid was centrifuged and the supernatant utilized for cytokine and
chemokine analysis using the Bioplex Suspension Array System (BioRad) or ELISA (R&D
Systems). The pellet was resuspended in fresh BAL fluid to allow quantification of total cell
numbers using a Casy Cell Counter (Schirfe System, Germany), and subsequently cytospins
were produced that were stained with Leishman’s eosin methylene blue (VWR) to enable
detection of macrophages and neutrophils*®. Images were captured (Leica DM2000
microscope and Leica DFC296 camera), and macrophages and neutrophils were counted
from 5 individual fields to determine the relative percentage of each. By combining total cell
counts and relative cell counts, total numbers of macrophages and neutrophils were
calculated.
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Intraperitoneal lipopolysaccharide

Primary cell

Mice (ADX or intact controls) were treated with intraperitoneal LPS (1 mg per kg body
weight, Sigma Aldrich) at CTO, and the concentration of IL-6 in the serum was analyzed by
ELISA (R&D Systems) 4 h later”.

culture

Macrophages were isolated from the bronchoalveolar space of naive mice by lavage with
sterile saline (2 x 1 ml). The retrieved fluid was pooled from 5-10 mice, centrifuged and the
pellet harvested immediately for RNA (RNeasy, Qiagen) or resuspended in RPMI and plated
out for cell culture. After 2 h, nonadherent cells were removed by gentle washing. For
photomultiplier tube (PMT) analysis>, RPMI was replaced by recording medium containing
luciferin (Promega). Club cells were isolated as described previously?, stimulated with LPS
(100 ng/ml, Sigma Aldrich) for 24 h and the supernatant assayed for cytokines (ELISA,
R&D Systems).

Primary normal human bronchial epithelial cells

Primary NHBE cells were purchased from Lonza (Walkersville, MD) and cultured as
monolayers in serum-free bronchial epithelium growth medium supplemented with growth
factors (BEGM, Lonza). Subculture reagents (Reagentpack, Lonza) were used according to
the supplier’s instructions. Passage 3 cells were seeded in a 24-well plate (6 x 105 cells/well)
and allowed to attach overnight before synchronization with 50% FBS in BEGM (1 h). Cells
were then treated 22 h after synchronization with 1 ng/ml IL-1p. 2 h later, RNA was
extracted.

RNA analysis

Chemotaxis

RNA was extracted from tissue using Trizol Reagent (tissue) or the RNeasy method (Cells;
Qiagen). After DNase treatment, cDNA was prepared (RNA to cDNA kit, Applied
Biosystems). qPCR was performed using commercial primer/probe mixes (Applied
Biosystems) or primer and probe sets as listed in Supplementary Table 4. Genes encoding -
actin and 36B4 were utilized as housekeeping genes for TAQMAN and SYBR green qPCR,
respectively.

assay

Chemotaxis assays using bone marrow—derived neutrophils were performed using a
modified Boyden chamber with a 5-pum polycarbonate filter (NeuroProbe, USA). Bone
marrow was flushed from femurs and tibias, and neutrophils were negatively selected out
using the EasySep Mouse Neutrophils Enrichment Kit (STEMCELL Technologies). 1.25 x
105 cells were applied to the upper compartment and recombinant mouse CXCLS5 (0.5ng/ml
- Sug/ml) (R&D systems) to the lower compartment. After 45 min, neutrophil migration
across the membrane was quantified using CellTiter Glo (Promega, UK).

Ectopic lung slices

Precision-cut ectopic lung slices (275 um) were prepared?>. After washes to remove residual
agarose, slices were placed onto cell culture inserts (Millicell) within 35-mm dishes
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containing 1 ml recording medium, sealed with a coverslip and placed under a self-
contained Olympus LV200 luminescence microscopy system fitted with a cooled
Hamamatsu C9100-13 EM-CCD camera (Olympus, Japan) as previously described?’.
Individual regions of interest were delineated using ImageJ software (v1.410).

Histology and immunohistochemistry

Lungs were inflated with 4% PFA and fixed overnight before processing and paraffin
embedding. 5-um sections were cut and mounted onto slides. Immunohistochemical staining
was performed using an antibody to GR (1:400, clone M-20, sc-1004, Santa Cruz) and
standard procedures (including 20 minute antigen retrieval with Citrate Buffer pH6.0). After
DAB staining, sections were counterstained with Toludine Blue. H&E staining and
Masson’s trichrome staining of lung sections were carried out using standard protocols.

Corticosterone measurements

Levels of corticosterone in serum samples were measured using enzyme immunoassay as
per kit instructions (ENZO Life Sciences Ltd). Samples were diluted 1:40.

Adrenalectomy

PCR array

Adrenalectomies were performed via a dorsal approach under isoflurane anesthesia.
Incisions (1 cm) were made parallel to the spinal cord, and the muscle was pulled away
before removal of the adrenal glands via blunt dissection. Analgesic was given peri- and
postoperatively. Adrenalectomized (ADX) mice were provided 1% saline as drinking water
to maintain salt balance and were monitored for at least 1 week before additional
procedures. Assessment of successful surgery was achieved by quantifying corticosterone in
serum samples.

A PCR-based array (PAMM 011, SABiosciences) was utilized to detect differences in
expression of inflammatory genes in lung tissue harvested from mice 2 h after aerosolized
LPS challenge. RNA was extracted (Trizol), cleaned up (RNeasy) and the integrity checked
(Agilent 2100 Bioanalyser). The array and analysis was carried out as per kit instructions.

Cxcl5 promoter analysis

Murine Cxcl5 promoter was cloned (—2090 to —43), inserted into an insulated PGL4
vector*? and expressed in RAT1 cells. Stably transfected cells were placed under PMTs, and
transiently transfected cells were treated with LPS (100 ng/ml) in the absence or presence of
DEX (100 nM) or overexpression of the GR, BMAL or CLOCK.

Chromatin immunoprecipitation

Mouse lung was harvested at CTO or CT12, diced into small pieces, fixed and homogenized.
ChIP assays were performed as per standard protocols>? using anti-GR (3pg/ml, clone M-20,
sc-1004, Santa Cruz) and anti—acetylated H3/K27 (3ug/ml, ab4729, Abcam). DNA
fragmentation was confirmed by agarose gel electrophoresis, with a size distribution of less
than 500 bp. Nonspecific rabbit IgG (Santa Cruz Biotechnology) was used as a control.
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Chromatin was cleaned up using MinElute kit (Qiagen). Real-time quantitative PCR was
performed using primers specific to the glucocorticoid hypersensitive sites on the Cxc/5 and
Glul promoters3Y. Experiments were repeated on three separate occasions.

In situ hybridization

Lung tissue was collected from CCSP-Bmal~'~ and wild-type littermates at CTO and CT12.
The trachea was cannulated postmortem and lungs inflated with 1 ml PBS/OCT compound
medium mixture (1:1). The trachea was tied off, and the lungs and heart were removed en
bloc and snap frozen. Frozen sections (12 um) of lung were mounted onto slides and stored
at —80 °C. The mouse Nridl, Bmall, Cxcl5 and Glul plasmids were prepared by cloning a
fragment of cDNA using the following primers: Glul: forward
GCGACATGTACCTCCATCCT and reverse ACC CGATGCAAGATAAAACG; Cxcl5:
forward TAGAGCCCCAATCTCCACAC and reverse GTGCATTCCGCTTAGCTTTC;
Nrldl: forward AGGGCACAAGCAACATTACC and reverse
CTGAGAGAAGCCCACCAAAG; Bmall: forward GTAGATCAGAGGGCGACA GC and
reverse GGGAGGCGTACTTGTGATGT). cDNA fragments were cloned into pGEMT-easy
vector (Promega), which was linearized using appropriate restriction enzymes, to generate
templates for sense and antisense transcripts. Antisense and sense riboprobes were
synthesized in the presence of [33PJUTP. Probes were hybridized overnight at 60 °C, and
hybridization signals were visualized by film autoradiography. Films were scanned using a
CoolSNAP-Pro camera (Photometrics, Marlow, UK) while on a light box. Signal intensity
was quantified by densitometry analysis of autoradiographs. Optical density (relative units,
RU) within the target region was calculated on each section with a minimum of 3 sections
per animal, 3 or 4 animals per group.

Western blotting

Lung tissue was collected at ZT12 and protein prepared in FastPrep-24 lysing matrix tubes
(MP Biomedicals) then lysed using Radio-Immunoprecipitation Assay (RIPA) buffer
(50mM TricCl pH 7.4, 1% NP40, 0.25% Na-deoxycholate, 150mM NaCl, 1 mM EDTA)
containing protease (Calbiochem, San Diego, CA, USA) and phosphatase inhibitors (Sigma-
Aldrich Corp.). 15ug protein was run on an SDS 8-12% Tris-Glycine gel (Novex, Life
Technologies) then transferred onto a 0.2um nitrocellulose membrane (BioRad) overnight,
blocked with 1% milk and probed for GR (1:1000, clone M-20, sc-1004, Santa Cruz) 25,
Immunoreactivity was visualized using enhanced chemiluminescence (GE Healthcare).

Flow cytometry

Resident cells were isolated from naive lung at CTO and CT12 via lavage with BAL fluid.
After staining with a live/dead marker (Life Technologies #L.10119, 1:1000) in PBS, Fc
receptors were blocked (1:100 anti-CD16/32, eBioscience #14-0161) before application of
the following antibodies in 30 pl FACS buffer (PBS, 1% BSA and 0.1% sodium azide):
CD11b-PerCP-Cy5.5 (1:200, clone M1/70, #45-0112), CD11c-APC (1:400, clone N418,
#17-0114), Ly6G-FITC (1:100, clone RB6-8CS5, #11-5931) and F4/80-PE-Cy7 (1:200, clone
BMS, #25-4801) (all purchased from eBioscience). After washing, cells were resuspended in
50 ul FACS buffer and fixed by addition of an equal volume of 3.6% formaldehyde for 20
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min. Cells were resuspended in FACS buffer, and analysis was carried out on a BD LSR 1T
flow cytometer. Neutrophils were identified as F4/80"CD11b*Ly6G*. Alveolar
macrophages were identified as F4/80*CD11c*CD11bl°.

Streptococcus pneumonia infection

IgM ELISA

Mice were infected at ZTO (C57BL/6 only) or ZT12 (C57BL/6 and CCSP-Bmall~'") with
Streptococcus pneumoniae (serotype 2), strain D39 (National Collection of Type Cultures
[NCTC] 7466), intranasally (2 x 10* CFU per mouse) under isoflurane anesthesia. Animals
were killed 8, 24 or 48 h later via terminal anesthesia. Blood was collected from the femoral
artery (into 1:20 heparin), and the lungs were lavaged with BAL fluid and then dissected
out. The BAL fluid was spun (300g, 5 min) to isolate cellular infiltrates. A lung tissue
homogenate was prepared by digesting minced tissue in a solution of 0.154 mg/ml
collagenase I and II (Liberase TM, Roche #05401127001) and 50 pg/ml DNase I (Roche
#11284932001). After 30 min at 37 °C, the reaction was stopped with EDTA, and the digest
passed through a 70 uM filter. Whole blood and lung homogenate were plated out on
Columbia blood-agar plates in serial dilution overnight at 37°C and CFUs counted the next
day. After red blood cell lysis (in 0.15 M ammonium chloride, 1 M potassium hydrogen
carbonate, and 0.01lmM EDTA, pH 7.2), BAL cells were counted, and flow cytometry was
used to quantify neutrophil numbers (as above).

IgM levels in BAL samples were quantified using an ELISA kit for mouse IgM as per kit
instructions (Immunology Consultants Laboratory Inc, USA) using blood free BAL samples
diluted 1:2 with the provided diluent.

Myeloperoxidase (MPO) assay

Lung tissue was homogenized in 5 mM potassium phosphate buffer. After centrifugation
(16,000g, 30 min 4 °C), the pellet was resuspended in extraction buffer (50 mM potassium
phosphate, 0.5% hexadecyl trimethylammonium bromide) at a concentration of 800 pg
protein/ml. The sample was freeze-thawed thrice, and after centrifugation (13,000g, 15 min,
4 °C), the supernatant was diluted 1 in 10. This was then assayed for MPO activity by
measuring the change in optical density at 460 nm using kinetic readings over 3 min. MPO
activity is expressed as an arbitrary unit (MPO units; change in absorbance over 60 s) made
relative to protein concentrations.

Statistical analyses

Values are expressed as mean + s.e.m. unless otherwise stated. Data were analyzed using
SPSS 16.0 or GraphPad Prism 5.0. Parametric statistical analyses were applied when data
showed normal distribution, otherwise non-parametric tests were utilized. ***P <0.005,
**P <0.01, *P <0.05. gPCR data are expressed relative to the housekeeping gene encoding
B-actin (or 36B4) and relative to a control sample, as stated. PMT recordings were
normalized to a rolling average before plotting as a function of time; period analysis was
carried out using RAP software®!; and Cosinor analysis was carried out using Cosinor.exe
v2.3 (R. Refinetti).
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Statistical estimates are based on achieving a statistical significance (based on achieving
80% power with an estimated 30-50% magnitude of effect.

All animals were randomized to treatment and control groups and investigators were blinded
to genotype and treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The pulmonary inflammatory response to LPS administration is gated by the circadian

clock. (a) Staining of cytospins of BAL fluid from LPS-treated C57B1/6 mice. Scale bar,
100 um. (b) Total cell counts in BAL samples collected after LPS challenge at CTO (n = 6),
CT6 (n=7) CT12 (n=8) and CT18 (n = 6) or vehicle (n = 4/time point), two-way analysis
of variance (ANOVA) and post hoc Bonferroni) (c) Neutrophil and (d) macrophage numbers
in the same samples (one-way ANOVA and post hoc Bonferroni) (€) Cytokine levels in
these BAL samples were compared between time points using one-way ANOVA and post
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hoc Bonferroni) § significantly different from CT6 (P 0.05); T significantly different from
CT12 (P 90.05); ¥ significantly different from CT18 (P €0.05).; G-CSF, granulocyte colony—
stimulating factor. (f) Bacterial load in the lung and blood, and neutrophil counts in BAL,
48h after infection of C57B1/6 mice with S. pneumoniae (n = 8/time point) at dawn (ZTO0)
and dusk (ZT12) (median values marked, Mann-Whitney U-test). Data are expressed as
mean * s.e.m and *P <0.05, **P <0.01, ***P <0.005.
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Figure 2.

Targeted ablation of Bmall in CCSP expressing cells disrupts circadian rhythmicity in
whole lung. (a) Schematic illustrating the region surrounding the basic helix-loop-helix
(bHLH) domain of the mouse Bmall locus, the conditional floxed allele and the disrupted
allele. (b) Expression of iCre (and the housekeeping gene Gapdh) in tissues harvested from
CCSP-Bmal™~ (Bmallﬂ/ ﬂ; CCSP-icret 7) mice (Cm, cerebrum; Clm, cerebellum; Gt, gut;
Lg, lung; Ht, heart; Ut, uterus; Li, liver; Bl, bladder; Ki, kidney; Tr, trachea). (c,d) Ectopic
lung slices from Bmall/!!; CCSP-icre*~ (CCSP-Bmal~~) or CCSP-icre negative littermate
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controls (wildtype) on a Per2-luc background were placed under a bioluminescence camera.
Scale bars, 500 um. (e,f) Bioluminescence intensity from bronchioles quantified and plotted
as a function of time. Data are representative of 3 independent trials. (g, h) Quantification of
clock genes Bmall and Nridl (rev-erb ) expression in the bronchioles of lungs at CTO
(n=4/genotype) and CT12 (n=3/genotype) (scale bar, 5 mm, two-way ANOVA and post hoc
Bonferroni. Data are expressed as mean + s.e.m and *P <0.05, **P <0.01, ***P <0.005.
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Loss of the club cell clock results in enhanced neutrophil responses to LPS. (a) Neutrophil

recruitment after aerosolized LPS challenge in CCSP-Bmal~'~ and wild-type littermates at
CTO (n=8/genotype) and CT12 (n=8 wild-type, n=10 CCSP-Bmal~~) (two-way ANOVA
and post hoc Bonferroni; scale bar, 100 pum). (b) IgM levels in BAL fluid after saline (n = 6/
genotype) or LPS exposure (n=11 CCSP-Bmal~'~, n = 9 wild-type littermates) (two-way

ANOVA and post hoc Bonferroni). (C) Myeloperoxidase (MPO) activity levels in lung tissue
from CCSP-Bmal~'~ (n = 10) and wild-type littermates (n = 8) mice challenged with LPS at
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CT12. (d) Confirmation of a quantitative PCR (qPCR) array, measuring transcription of
Cxcl5, Ccl20 and Ccl8 in CCSP-Bmal™~ (n = 12) and wild-type littermate (n = 7) lung
tissue 2 h after LPS challenge, qPCR data normalized to wild-type littermate controls and
values expressed as relative quantification (RQ) to wild-type levels, Student’s ¢-test). (€)
Diurnal variation in LPS-induced cytokine secretion in CCSP-Bmal™~ mice (n=8atCTO, n
=10 at CT12) and wild-type littermates (n = 7/time point) (two-way ANOVA and post hoc
Bonferroni; genotype differences ***P <0.005, time-of-day differences 1P <0.05 and {{P
<0.01,). (f) Quantification of BAL neutrophils at timed intervals after aerosolized LPS at
ZT4 in CCSP-Bmal™'~ mice (Oh: n = 3 and 2h-96h: n = 4) and wild-type littermates (Oh—10h:
n =4 and 24-96h: n=5); two-way ANOVA and post hoc Bonferroni). (g) H&E staining of
histological sections of lung collected 10h after LPS illustrating neutrophil infiltration
(arrow) (representative of n = 4; scale bar, 100 um). (h) Cxcl5 transcript and CXCL5 protein
levels in LPS-stimulated lungs from CCSP-Bmal™~ mice (Oh: n = 3 and 2h-24h: n = 4)) and
wild-type litttermates (n = 4); qPCR data normalized to wild-type naive lung; two-way
ANOVA and post hoc Bonferroni). (i) Bacterial load in the lung and blood, and neutrophil
counts in BAL after infection with S. pneumonia in CCSP-Bmal™’~ mice (8h—24h: n=9;
48h: n = 19) and wild-type littermates (8h: n = 8; 24h: n = 10; and 48h: n = 14), (median
values marked, Mann-Whitney U-test). (j) CXCLS5 levels in BAL fluid from naive, and 24h
post bacterial infection in CCSP-Bmal™~ mice (naive: n = 4 and infected: n = 6) and wild-
type littermates (n = 5), two-way ANOVA and post hoc Bonferonni). Data are expressed as
mean * s.e.m and *P <0.05, **P <0.01, ***P <0.005.
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Figure4.

BMALI1 regulates CXCLS5 expression in CCSP positive cells. (a) Secretion of CXCLI1,
CXCLS5 and TNF-a by cultured mouse club cells (representative of 3 independent trials). (b)

Expression of Cxcll, Cxcl2 and Cxcl5 by primary human normal bronchial epithelial cells in

response to IL-1f stimulation (values normalized to expression levels in unstimulated

epithelial cells, n = 3). (C) Localization of Cxcl5 expression in the lungs of CCSP-Bmal~~
and wild-type littermates at CTO (n = 4) and CT12 (n = 3); two-way ANOVA and post hoc
Bonferroni; arrowheads mark bronchioles where expression is low; scale bar, 5 mm). (d)

Expression of Cxcl5 mRNA over circadian time in lung from CCSP-Bmal~'~ mice (n = 4)

and wild-type littermates (n = 4), normalized to wild-type littermate value at CTO. (e)

Circulating levels of CXCLS5 in plasma determined at two opposing time points by ELISA in
CCSP-Bmal™= (CTO: n =3 and CT12: n = 4) and wild-type littermates (CTO: n = 4 and
CT12: n =5). (f,g) Neutrophil counts and chemokine levels in BAL from Cxcl5~~ mice

exposed to LPS at two opposing time points, n = 3, one-way ANOVA and post hoc

Bonferroni. Data are expressed as mean + s.e.m and *P <0.05, **P <0.01, ***P <0.005.
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Figure5.

Endogenous glucocorticoid rhythms regulate rhythmic repression of Cxcl5. (a) The effects
of LPS, glucocorticoids and GR over-expression on activity of the Cxcl5-luciferase
promoter in RAT-1 cells, as assessed by luciferase activity (representative of 4 independent
trials). (b) Concentration of circulating glucocorticoids (Cort) in intact (n = 5/time point)
and adrenalectomized (ADX, n = 8/time point) C57B1/6 mice across the circadian day;
dotted line represents lower limit of detection. (C) LPS-induced neutrophilia in ADX mice
(CTO: n=11; CT12: n = 13) and intact counterparts (n = 12) (scale bar, 100 um Student’s #-
test with Bonferroni correction for multiple comparisons) (d) LPS induced CXCL5
production in ADX mice (CTO: n = 6; CT12: n = 7) and intact counterparts (CTO: n = 6;
CT12: n =5). (&f) Chromatin immunoprecipitation (ChIP) analysis in CCSP-Bmall~~ and
littermate controls (WT) of GR binding and H3/K27Ac at CT0 and CT12 to a hypersensitive
region on the Cxcl5 promoter (€) and the Glul promoter (f) (n = 3; two-way ANOVA and
post hoc Bonferroni). Data are expressed as mean + s.e.m and *P <0.05, **P <0.01, ***P <
0.005.
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Figure®6.

Anti-inflammatory effects of glucocorticoids depend on a bronchiolar clock. &) Endogenous
circadian rhythms of circulating corticosterone in CCSP-Bmal~~ mice (CTO: n = 11; CT12:
n = 10) and wild-type littermates (CTO: n = 10; CT12: n = 11). (b) Effects of pretreatment
with DEX (1 mg per kg body weight) on pulmonary neutrophilia in C57B1/6 mice across the
circadian day (n = 6 per time point; two-way ANOVA, post hoc Bonferonni;). (C) Venn
diagram illustrating the numbers of cytokines significantly repressed by DEX at ZT0
(yellow), ZT12 (gray) or both, n = 6 per time point. (d,6) BAL neutrophil numbers after
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indicated treatments in CCSP-Bmal™'~ (LPS: n = 6; + DEX: n = 7) and littermate (WT)
controls (LPS: n = 3; + DEX: n = 6).; Student’s #test; *P <0.05) (d) and local cytokine and
chemokine production in the same study; one-way ANOVA and post hoc Bonferroni (€). (f)
Schematic illustrating how a local bronchiolar clock and circulating rhythmic
glucocorticoids regulate the response to timed endotoxin and bacterial challenge. In the
normal state, CXCLS is regulated by interaction of a local circadian bronchiolar clock and
systemic repressive glucocorticoid signals of adrenal origin, resulting in clock-regulated
responses to endotoxin and bacterial infection (1). Ablation of Bmall in the epithelial club
cells leads to disrupted GR signaling, non-rhythmic expression of CXCL5 and neutrophilia,
despite a persistent glucocorticoid rhythm (2). In this state, neutrophil chemotaxis may be
impaired, leading to reduced efficiency of bacterial clearance. In adrenalectomized mice,
loss of the rhythmic repressive adrenal signal leads to loss of circadian gating of CXCL5 and
an increased neutrophilic response to endotoxin (3). Data are expressed as mean * s.e.m and
*P <0.05, **P <0.01, ***P <0.005.
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