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SUMMARY

The multistep sequence leading to leukocyte migration is thought to be locally regulated at the
inflammatory site. Here, we show that broad systemic programs involving long-range signals from
the sympathetic nervous system (SNS) delivered by adrenergic nerves, regulate rhythmic
recruitment of leukocytes in tissues. Constitutive leukocyte adhesion and migration in murine
bone marrow (BM) and skeletal muscle microvasculature fluctuated with circadian peak values at
night. Migratory oscillations, altered by experimental jetlag, were implemented by perivascular
SNS fibers, acting on p-adrenoreceptors expressed on non-hematopoietic cells, and leading to
tissue-specific, differential circadian oscillations in the expression of endothelial cell adhesion
molecules and chemokines. We showed that these rhythms have physiological consequences by
alteration of hematopoietic cell recruitment and overall survival in models of septic shock, sickle
cell vaso-occlusion and BM transplantation. These data provide unique insight in the leukocyte
adhesion cascade and the potential for time-based therapeutics for transplantation and
inflammatory diseases.

Leukocyte recruitment is critical for combating pathogens in the periphery as well as for
bone marrow (BM) repopulation after transplantation. Much progress has been made in the
past two decades in our understanding of the major molecular mechanisms involved in
leukocyte recruitment in response to an inflammatory challenge. Leukocytes initially tether
and roll on endothelial cell P- and E-selectins, allowing signals from chemokines and
endothelial receptors to activate leukocyte integrins to bind to intercellular cell adhesion
molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 (VCAM-1). These high
affinity interactions lead to leukocyte arrest on endothelial cells and subsequently diapedesis
toward an inflammatory site or for engraftment in the BM (Butcher, 1991; Ley et al., 2007;
Muller, 2011; Springer, 1994; Vestweber and Blanks, 1999; Wagner and Frenette, 2008).
This sequential multistep process is regulated by signals /n situ from adhesion receptors and
by soluble factors (e.g. cytokines and chemoattractants), thereby enabling endothelial cells
to serve as gatekeepers at the interface of blood and tissues.
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While leukocyte migration in inflammatory scenarios has been intensely studied, the
regulation of leukocyte trafficking under homeostasis is less understood. Steady-state
migration of hematopoietic stem cells (HSCs) and lymphocytes in lymphoid and non-
lymphoid tissues has been described as part of normal immunosurveillance to maximize
encounters with potential pathogens (Massberg et al., 2007; Sigmundsdottir and Butcher,
2008; von Andrian and Mackay, 2000). It has been assumed that similar surveillance
mechanisms exist for myeloid cells whose migration to tissues exposed to the external
environment (e.g. skin, gut) keeps pathogens at bay. Constitutive, low level expression of
endothelial adhesion molecules likely regulates myeloid cell trafficking because mice
lacking major adhesion pathways are susceptible to spontaneous bacterial infections
(Bullard et al., 1996; Forlow et al., 2002; Frenette et al., 1996). Since leukocytes play key
roles in regenerative processes, one would predict that the organism also possesses broad
“housekeeping” programs to maintain the integrity of all tissues, irrespective of infectious
probabilities.

Circadian rhythms regulate several vital biological processes through internal molecular
clocks (Dibner et al., 2010; Green et al., 2008). Blood leukocyte numbers have long been
known to exhibit circadian oscillations (Haus and Smolensky, 1999) and more recent studies
have revealed that the release of hematopoietic stem and progenitor cells from the BM
follows similar rhythms (Lucas et al., 2008; Mendez-Ferrer et al., 2008). Interestingly,
specific circadian times have been linked with the onset of acute diseases, notably in the
cardio-vascular system (Muller et al., 1985; Willich et al., 1987). Emerging data, in turn,
indicate that chronic perturbations of circadian rhythms promote vascular diseases (Anea et
al., 2009; Brown et al., 2009). Although the mechanisms are still undefined, numerous
studies have demonstrated strong associations between high leukocyte counts and various
ischemic vascular diseases (Coller, 2005; Margolis et al., 2005). Here, we tested the
hypothesis that circadian-controlled neural signals influence leukocyte behavior and the
inflammatory response. We show that leukocyte recruitment to tissues under homeostasis
was not a continuous process, but rather exhibited circadian oscillations, and that these
rhythms, orchestrated by the molecular clock via adrenergic nerves, can impact disease
outcome.

EXPERIMENTAL PROCEDURES

Animals

Reagents

Bmal1™~ (gift from C. A. Bradfield), Adrb2m15kk (gift from G. Karsenty), Berkeley SCD
mice [Tg(Hu-miniLCRa1CyAy8pS) Hba '~ Hbb™'~] (gift from N. Mohandas),
Sele™~Selp™~, FVBIN-Adrb3mM Lol [cam1im1ean) Vavi-creA2Kio)), STOCK
Tg(TIE2GFP)287Sato/J mice (all from Jackson Laboratories), and
ROSA26S0rm2ACTB-Luc)Tyj and the inbred FVB/NJ and C57BL/6-CD45.1/2 congenic
strains (all from the National Cancer Institute) were used in this study. See Extended
Experimental Procedures for references and details. All mice used were males, housed on a
12h-light/dark cycle (lights on/off at 7am/7pm) with food ad libitum. All experimental
procedures were approved by the Animal Care and Use Committees of Albert Einstein
College of Medicine and Mount Sinai School of Medicine.

Details can be found in Extended Experimental Procedures.
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Whole-mount immunofluorescence

Whole-mount immunostaining of cremaster muscle and BM tissues was performed as
previously detailed (Scheiermann et al., 2007). See Extended Experimental Procedures for
details.

Intravital microscopy

BIM determination of leukocyte/vessel wall interactions in murine cremasteric venules,
hemodynamic characteristics, and image analyses were studied as previously detailed
(Chang et al., 2008; Scheiermann et al., 2009). For MFIM, animals were prepared as
previously detailed for the cremaster (Chiang et al., 2007) and the BM (Mazo et al., 1998).
See Extended Experimental Procedures for details.

Surgical denervation techniques

The genitofemoral nerve (Lucio et al., 2001) and the superior cervical ganglion (Alito et al.,
1987; Walton and Buono, 2003) were dissected as described. See Extended Experimental
Procedures for details.

BM transplantation and generation of chimeric mice

Transplantation procedures were carried out using congenic CD45.1/2 mice. Chimeric mice
were generated by i.v. injection of 1x10° donor mice bone marrow nucleated cells into
lethally irradiated (12 Gy, split dose, 3h apart) mice as previously detailed (Katayama et al.,
2006). For survival studies, the recovery of donor mature WBC in peripheral blood and
survival were monitored as indicated. In some experiments, recipient mice were irradiated
with 4 Gy of sublethal irradiation and donor/recipient chimerism in mature peripheral
leukocytes were analyzed by flow cytometry.

Flow cytometry, sorting and Q-PCR

Tissues were harvested from Tie2-GFP animals, minced and digested in type 1V collagenase
(Clostridium histolyticum, Sigma). Single cell suspensions were stained with DAPI and
fluorescence-conjugated antibodies and analyzed by flow cytometry using an LSRII (BD).
Data were analyzed with FlowJo (Tree Star) or FACS Diva 6.1 software. Endothelial cells
were sorted into Q-PCR Dynabead lysis buffer (Invitrogen) and processed with SYBR green
as previously described (Mendez-Ferrer et al., 2008). Details can be found in Extended
Experimental Procedures.

Adoptive transfer of labeled BM cells

BM cells were labeled with carboxyfluorescein succinimidyl ester (CFSE) (Invitrogen) as
per manufacturer’s instructions and injected into non-irradiated recipient mice (at ZT4 and
ZT12). Cells were allowed to circulate for 1h. The trafficking of labeled BM cells was
assessed by MFIM of the BM immediately after 10pg of R6G was injected to visualize BM
sinusoids. In some experiments, BM cells were labeled with VT680 (Visen MEDICAL).
The subsets of adoptively transferred cells in the recipient BM were analyzed by flow
cytometry.

Homing assay of HSPCs

Experiments were performed as previously described (Katayama et al., 2003). See Extended
Experimental Procedures for details.
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B-adrenergic agonist treatment

Isoproterenol, the 3 adrenergic agonist, BRL37344, or the B2 adrenergic agonist,
clenbuterol (5 mg/kg) were injected i.p. for 5 days and an /n vitro homing assay or BM
transplantation was performed 24 hours after the last injection to minimize the direct effect
of the drugs on the injected donor cells.

CXCL12 ELISA
Details can be found in Extended Experimental Procedures.

Induction of light regime

To induce changes in light regime mice were placed in a light cycler (Park Bioservices) with
a 12h-inverted light cycle for 12h (to induce jetlag), a minimum of 2 weeks to completely
establish an inverse light cycle or kept for 3 weeks in complete darkness.

Histopathology
Details can be found in Extended Experimental Procedures.

Statistics
All data are represented as mean £ SEM. Comparisons between two samples were done
using the paired and unpaired Student’s #tests. One-way ANOVA analyses followed by
Tukey’s multiple comparison tests were used for multiple group comparisons. Statistical
analyses were performed with Graph Pad Prism 5. Log-rank analyses were used for Kaplan-
Meier survival curves. *P<0.05, **P<0.01, ***P<0.001.

RESULTS

Hematopoietic cell recruitment in the BM operates under circadian control

Circulating total leukocyte counts oscillate in murine blood, peaking ~5 h after the onset of
light (zeitgebertime, ZT5) and exhibiting a trough at ZT13 (Figure 1A), confirming
previous reports (Haus and Smolensky, 1999). These rhythms are observed for HSCs
(Mendez-Ferrer et al., 2008) as well as all major leukocyte subsets (Figure S1A) but not
erythrocytes and platelets (not shown).

To test whether the recruitment of leukocytes from the blood to tissues also exhibited
circadian preferences, we initially investigated hematopoietic cell recruitment to the BM.
When we assessed the recruitment potential of adoptively transferred BM cells throughout
the day, we observed significant circadian oscillations in homing of total hematopoietic cells
to the BM whose pattern ran in antiphase with that of blood exhibiting a peak at ZT13 and a
trough in the daytime (ZT5) (Figure 1A). Circadian recruitment was observed for Lineage™
Sca-1" c-kit* (LSK) cells (Figure 1B), colony-forming units in culture (CFU-C, Figure 1C),
as well as neutrophils (Figure 1D).

To investigate the sequence of events /n7 vivo, we visualized the interactions between
circulating leukocytes and BM sinusoidal endothelium using multichannel fluorescence
intravital microscopy (MFIM) of the calvarial BM as previously described (Chiang et al.,
2007; Mazo et al., 1998). The number of endogenous rolling leukocytes in BM sinusoids
was increased at ZT13 compared to ZT5 (Figure 1E and F) as was the number of adherent
cells after adoptive transfer (Figure 1G—H and Figure S1B—C). These findings suggested that
the circadian time has a significant impact on the rhythmic recruitment of different
hematopoietic cell populations to the BM.

Immunity. Author manuscript; available in PMC 2013 August 24.
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Rhythmic leukocyte recruitment to skeletal muscle

Oscillations
recruitment

We next aimed to investigate whether circadian oscillations also dictated leukocyte
recruitment to peripheral tissues using the cremasteric muscle as a model to investigate
leukocyte-endothelial cell interactions in real time. Initial investigations by whole-mount
immunofluorescence staining of unstimulated muscle tissues for the pan-leukocyte marker
CD45 and myeloid antigens F4/80 or Gr-1, revealed numerous extravascular CD45* cells
alongside postcapillary venules identified by expression of platelet-endothelial cell adhesion
molecule-1 (PECAM-1), vascular-endothelial cadherin (VE-Cadherin) and ephrin-receptor
B4 (EphB4) (Figure 2A and S2A). Interestingly, extravascular leukocyte numbers exhibited
circadian fluctuations, with CD45*F480* macrophages representing the predominant
leukocyte population in muscle (81% of CD45* cells vs 2% for neutrophils, data not
shown), peaking at ZT13 along postcapillary venules, where leukocyte infiltration mainly
occurs (Figure 2B—C and S2B-C), but not arterioles or capillaries (Figure S2D). Staining for
Ki67 revealed very few positive leukocytes with no detectable circadian rhythm (not shown)
suggesting that the observed leukocyte increase at night was not due to proliferation.

We next quantified leukocyte recruitment in real-time in the exteriorized cremaster muscle
by MFIM after injection of very low doses of fluorescently-conjugated antibodies to identify
leukocyte populations /n vivo (Figure 2D) (Chiang et al., 2007). Under surgically induced
trauma conditions, the numbers of adherent neutrophils and monocytes significantly
increased at night, while lymphocyte numbers remained unchanged (Figure 2E-G) and
overall leukocyte rolling was not affected (not shown). No circadian differences in
hemodynamic parameters such as blood flow or wall shear rates were observed at both time
points in BM or skeletal muscle (Table S1). Thus, even when an inflammatory response is
triggered, the experimental time can influence the recruitment of myeloid cells in trauma-
stimulated tissues. Together, these data argue for analogous mechanisms orchestrating
circadian recruitment to BM and skeletal muscle across a wide range of hematopoietic
lineages and differentiation stages.

of adhesion molecules and chemokines mediate circadian leukocyte

The circadian differences in leukocyte rolling and/or adhesion in the BM and skeletal
muscle suggest substantial diurnal changes in the ability of endothelial cells to recruit
leukocytes. We used transgenic mice expressing GFP under the Tie-2 promoter (Tie2-G1p)
to isolate endothelial cells (Motoike et al., 2000). Whole-mount staining of cremaster muscle
and BM tissues from Tie2- Gfp mice as well as flow cytometry of collagenase IV-digested
tissues using antibodies directed against PECAM-1 and VE-Cadherin confirmed endothelial
GFP expression (Figure S3A-D). We therefore sorted the CD45~ VE-Cadherin* PECAM-1*
GFP* subset for quantitative PCR (Q-PCR) analyses (Figure S3C-D). Interestingly, we
observed significant fluctuations in /camZ expression in sorted cremasteric endothelial cells
with peak and trough values overlapping with those of leukocyte recruitment (Figure 3A).
By contrast, and consistent with the circadian differences observed in adhesion but not
rolling in the muscle (Figure 2E-F and data not shown), there was no difference in the
expression of endothelial selectins (Sefe and Selp), Vcam1, lcamZ2or Cd44 (Figure 3A and
S3E). Immunofluorescence staining of frozen tissue sections corroborated these data at the
protein level (Figure 3B and Figure S3F). We confirmed circadian fluctuations of ICAM-1
on the endothelial cell surface /n vivo by quantifying the numbers of i.v. injected adherent
green or red fluorescent microspheres coated with anti-lICAM-1 or isotype control antibodies
using MFIM (Figure 3C, left). Oscillations were also seen in hematopoietic /cam1~~
radiation chimeras, excluding the potential contribution from ICAM-1-bearing blood
leukocytes (Figure 3C, right). We also investigated circadian expression levels of
chemokines known to be involved in myeloid cell trafficking in cremasteric endothelial cells

Immunity. Author manuscript; available in PMC 2013 August 24.
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by Q-PCR. We detected a clear circadian rhythm for Cc/2 (Figure 3D) but not for other
chemokines tested, including Cc/3, Ccl5, Cxcl1, Cxcl2and Cx3cl1 (Figure S3G). In contrast
to the muscle, BM endothelial cells exhibited circadian differences in P-selectin, E-selectin
and VCAM-1, but not ICAM-1 at both the RNA and protein levels (Figure 3E and S3H).

To investigate the functional relevance of ICAM-1 and CCL2 fluctuations in skeletal muscle
we examined the numbers of extravasated leukocytes in /camI ™~ mice and mice deficient in
the CCL2 receptor (Ccr2”") by whole-mount ex vivo immunofluorescence. Consistent with
our expression results, no circadian rhythm was apparent, demonstrating the critical
requirement of these molecules in this activity (Figure 3F).

To assess the functional relevance of fluctuations in adhesion molecule expression in BM,
we examined the role of P- and E-selectins. MFIM of BM microvessels of Sele™~Selp™~
mice revealed that in these mice circadian oscillations in leukocyte recruitment were ablated
(Figure 3G). In stark contrast and in agreement with the expression data, circadian leukocyte
recruitment to the BM was independent of ICAM-1 since /cam1~'~ mice exhibited no
alterations in circadian oscillations in the BM relative to WT animals (Figure S3I).

Taken together, these data demonstrate that tissue-specific expression of key promigratory
factors fluctuates within endothelial cells of these tissues. Of importance, the differences in
their molecular signature correlate with the oscillations observed in their respective
functions, i.e. adhesion in the cremaster muscle (ICAM-1, CCL2) and both rolling and
adhesion in the BM (endothelial selectins, VCAM-1).

Requirements of local adrenergic nerves

Most prior studies have focused on the relevance of humoral factors in synchronizing
circadian rhythms (Dimitrov et al., 2009; Haus, 2007). We have recently described a key
role for local innervation in the circadian release of HSCs from the BM (Mendez-Ferrer et
al., 2008). To assess the function of local innervation in hematopoietic cell recruitment to
tissues, we adopted two surgical approaches to denervate the cremaster muscle and BM. For
the cremaster muscle, we denervated mice unilaterally by microsection of the genitofemoral
nerve (GFNXx) (Lucio et al., 2001) that innervates this tissue (Zempoalteca et al., 2002). For
the BM, we sympathectomized mice by unilateral surgical ablation of the superior cervical
ganglion (SCGx) (Alito et al., 1987), which resulted in ptosis on the denervated side (Figure
S4A) as seen in the Horner’s syndrome (Walton and Buono, 2003). Denervation was
confirmed by whole-mount immunofluorescence staining for the sympathetic nerve marker
tyrosine hydroxylase (TH) (Zhou et al., 1995), which revealed marked reductions in the
number of TH* fibers in the neurectomized sides of the tissues compared to the sham-
operated contralateral sides (Figure 4A-B). Thus, these approaches allowed us to investigate
the role of local innervation in nerve-intact and denervated tissues of the same mouse.

While brightfield intravital microscopy (BIM) studies of the cremasteric microvasculature
revealed no circadian oscillations in leukocyte rolling (Figure 4C), leukocyte adhesion
(Figure 4D) and extravasation (Figure 4E) were significantly elevated at night in
contralateral muscle tissues with no oscillations observed in the denervated side. In addition,
GFNx completely abolished the nightly increase in ICAM-1 expression (Figure S4B),
suggesting that the night surge in ICAM-1 is controlled locally by adrenergic sympathetic
nerve fibers. Adoptively transferred BM cells in SCGx animals exhibited circadian
fluctuations in the numbers of adherent cells in the nerve-intact side, whereas the denervated
side did not show any oscillations (Figure 4F). No circadian differences were observed in
hemodynamic parameters, tissue weight or vascular density in neurectomized animals
(Figure SAC-E and Table S2). Together, these studies demonstrate the importance of local
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innervation for circadian oscillations in hematopoietic cell recruitment to both skeletal
muscle and BM.

Signals from the SNS are transmitted from the brain to peripheral tissues by norepinephrine
through adrenoreceptors (Elenkov et al., 2000). To examine which adrenergic receptors
were important for the circadian regulation of hematopoietic cell trafficking, we adoptively
transferred fluorescently labeled WT BM cells into B2-(Adrb2) or B3-(Adrb3) adrenergic
receptor-deficient recipients. We found that circadian oscillations in cell recruitment to the
BM were significantly reduced in both recipient strains (Figure 4G—H). In addition,
circadian differences in the expression of BM endothelial cell adhesion molecules were
ablated in these mice (Figure S4F-G). Similarly, no circadian oscillations were observed in
numbers of extravascular leukocytes in the cremaster muscle of Adrb2~ or Adrb3!~
animals at steady state (Figure S4H-1) and BM chimeras for both strains revealed the critical
role of non-hematopoietic p2- and p3-adrenoreceptors in circadian leukocyte recruitment to
this tissue (Figure S4J-L). Furthermore, the night surge in ICAM-1 expression was averted
when mice were treated with the B3-adrenoreceptor specific antagonist SR59230A (Figure
S4M). These data clearly indicate that the endothelial oscillations in adhesion molecule
expression require local delivery of adrenaline and signaling through B-adrenoreceptors

Biological relevance of circadian BM recruitment

We next examined whether the circadian regulation of hematopoietic cell recruitment to the
BM could be exploited in the setting of BM transplantation. Injection of lethally irradiated
mice with limiting numbers of BM cells (25,000 cells), led to marked differences in
survival. While most animals transplanted in the morning succumbed to death due to
hematopoietic failure (Figure S5A), all animals survived the procedure when transplanted at
ZT13 (Figure 5A-B). To test whether mimicking enhanced adrenergic tone at night could
emulate this phenotype, we treated mice with the pan-p-adrenergic receptor agonist
isoproterenol, which significantly upregulated expression of P- and E-selectins and
VCAM-1 but not ICAM-1 in irradiated recipients (Figure 5C). After isoproterenol treatment,
the number of recruited donor BM cells and progenitors was significantly increased
compared to control (Figure 5D-E), while this effect was abrogated in Se/p™'~Sele™~ or
anti-VCAM-1-treated animals (Figure 5E-F). Furthermore, survival was markedly improved
in the isoproterenol-treated animals when limiting numbers of BM cells were injected for
transplantation (Figure S5B). To determine whether this effect was dependent on Adrp2 or
Adrp3, we treated mice with specific agonists (clenbuterol or BRL37344, respectively). We
found that only BRL37344 exhibited a similar effect as isoproterenol (Figure 5G, S5A and
data not shown), indicating that p3-adrenergic receptor signaling is sufficient to promote
hematopoietic recruitment to the BM. BRL37344 treatment also enhanced the homing of
long-term repopulating hematopoietic stem cells (LT-HSC) (Figure 5H). Since we
performed bone marrow transplantation 24hr after treatment with isoproterenol or
BRL37344, the enhanced recruitment was likely due an effect on the stroma, rather than on
the infused BM cells. We found no differences in CXCL12 levels between groups at the
time of BMT (Figure S5C-D). These data suggested that transplantation performed at night
or after pharmacological treatment with g3-agonists could potentially reduce the number of
HSPCs needed for successful long-term engraftment.

Circadian rhythms in leukocyte recruitment are entrained by photic cues

Circadian rhythms are entrained by light where photic input is interpreted by
suprachiasmatic nuclei (SCN), the fundamental timekeeper of the mammalian clock (Klein
etal., 1991; Ralph et al., 1990). We thus tested whether alterations in photic input by
induction of an experimental jetlag would be sufficient to modify rhythms in leukocyte
recruitment. Advancing the light regime by 12h after the light phase (Figure 6A) completely

Immunity. Author manuscript; available in PMC 2013 August 24.
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abolished circadian rhythms in leukocyte recruitment to skeletal muscle (Figure 6B), and the
oscillations in endothelial ICAM-1 expression (Figure 6C). Experimental jetlag also
eliminated the increased homing to the BM at night (Figure 6D). To assess further the role
of the molecular clock in the circadian fluctuations of leukocytes, we evaluated the role of
BMAL-1, a key transcription factor required to entrain circadian oscillations (Levi and
Schibler, 2007). We found that circadian oscillations of leukocyte numbers in both blood
and tissues were completely abolished in Bmal1~~ animals kept in constant darkness for
three weeks, in contrast to normal oscillations observed in heterozygous and WT littermates
(Figure 6E-G). These results underscore the importance of light as an environmental cue
required for synchronizing the clock machinery that entrains rhythms in leukocyte
recruitment to tissues.

Circadian time influences leukocyte recruitment in inflammation

To assess whether circadian leukocyte recruitment could alter the inflammatory response,
we injected mice with TNF-a and analyzed cremaster muscle tissues 8h later, either at ZT5
or ZT13. While leukocyte rhythms in blood were significantly blunted after stimulation
(Figure 6l, left), neutrophil infiltration showed a dramatic increase compared to PBS treated
animals (Figure 6H, left and 6J, left). Circadian rhythms in leukocyte recruitment remained
intact in inflammation, with ZT13 showing significantly higher neutrophil infiltration than
ZT5 (Figure 6H, left and 6J, left). In addition, ICAM-1 expression on endothelial cells was
significantly increased after TNF-a-stimulation and exhibited circadian oscillations (Figure
6K, left). We also observed induction of endothelial cell adhesion molecule expression (P-
and E-selectin, VCAM-1 and Cd44) as well as chemokines (Ccl2, Ccl5, Cxcll, Cxcl2) after
TNF-a-stimulation (Figure S6A-H), but no detectable rhythm. /camZ, Ccl3or Cx3cl1 levels
were not altered after inflammation and did not exhibit oscillations (Figure S61-K).

When we induced jetlag and treated mice with TNF-a using the same protocol, circadian
rhythms in WBC counts were inhibited (Figure 61, right) and neutrophil infiltration was
almost completely abolished (Figure 6H, right and 6J, right) while the expression of
endothelial cell adhesion molecules was dramatically reduced compared to controls kept
under a normal light regime (Figure 6K, right and S6A-C). These experiments further
illustrate the significance of circadian time and light in leukocyte recruitment under both
steady-state and inflammatory conditions.

Inflammatory leukocyte recruitment oscillates in sickle cell disease

We next aimed to evaluate the relevance of circadian leukocyte recruitment in inflammation
in models of sickle cell disease (SCD) and septic shock, pathologies in which neutrophil
recruitment has been shown to play a critical role (Frenette and Atweh, 2007; Hewett et al.,
1992; Thomas et al., 1992). SCD mice challenged with a TNF-a.-induced model of vaso-
occlusion (Figure S7A) exhibited significantly increased leukocyte recruitment to the
cremaster muscle when the experiment was performed at night compared to the daytime
(Figure S7B-C). In addition, adherent leukocytes showed marked elevations in Mac-1
integrin activation at night (Figure S7D), a key molecule mediating heterotypic interactions
between activated adherent leukocytes and circulating RBCs (Hidalgo et al., 2009). This
translated to a ~2-fold increase in WBC-RBC interactions (Figure S7E) and a significant
decrease of the mean venular blood flow rates (Figure S7F). Ultimately, the overall survival
of SCD mice was significantly reduced at night. Lethality was due to disseminated
intravascular coagulation as evidenced by microthrombi in the lungs as well as scattered foci
of liver necrosis (Figure S7G-I and data not shown). Importantly, we did not observe
circadian differences in TNF-receptor expression at the investigated time points (Figure
S7J). These data indicate that circadian leukocyte recruitment can exacerbate sickle cell
vaso-occlusion and compromise survival.

Immunity. Author manuscript; available in PMC 2013 August 24.
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Ciradian time governs leukocyte recruitment and survival in septic shock

To gain further insight into the relevance of circadian leukocyte recruitment to vital organs,
we performed adoptive transfer studies using BM harvested from Vavl-Cre; Rosa26-1sl-Luc
mice, expressing luciferase selectively in hematopoietic cells. Consistent with our studies in
the muscle and bone marrow, we observed strong recruitment of adoptively transferred cells
to the liver with a circadian rhythm peaking at night (Figure 7A). These rhythms coincided
with oscillations in endothelial ICAM-1 and VCAM-1 expression (Figure 7B) whereas
expression of endothelial selectins was unchanged (data not shown). To test further the
relevance of these fluctuations, we challenged mice with a lethal dose of endotoxin (LPS) in
the morning or at night. Consistent with our results with TNFa, both adhesion molecule
expression (Figure 7C) and leukocyte recruitment exhibited strong oscillations, with
neutrophil infiltration into liver peaking when LPS was administered at night (Figure 7D-F).
In contrast, diurnal variations in neutrophil recruitment to this tissue were ablated in
Jlcam1™~ animals (Figure 7D—F). Similarly to TNF-receptor expression, we also did not
observe circadian rhythms of TLR4 (the principal receptor for LPS) at these timepoints (not
shown). In line with prior studies (Feigin et al., 1969; Halberg et al., 1960), survival was
greatly reduced when mice were challenged with LPS in the night compared to the morning
(Figure 7G). Mortality was highly dependent on leukocyte recruitment since /cami~~
animals were significantly more resistant to LPS-induced lethality (Xu et al., 1994) (Figure
7H). Additionally, the impaired survival of night-challenged animals was abrogated in
/cam1™~ mice, indicating that oscillating ICAM-1 levels are critical for the observed diurnal
rhythm (Figure 7H). /cam”/~ animals exhibited an intermediate phenotype in survival
compared to WT and /camI~~ mice indicating the functional importance of differences in
ICAM-1 expression observed in this model (Figure S7K). Taken together, these results
demonstrate that circadian rhythms in leukocyte recruitment can directly impact the outcome
of inflammatory diseases.

DISCUSSION

Here, we show that the emigration of leukocytes to tissues is regulated by signals from the
autonomic nervous system where the peak recruitment occurs at night in rodents, during a
period of activity. Circadian hematopoietic cell recruitment is synchronized by the
molecular clock via sympathetic nerves, which induce through p-adrenoreceptors
oscillations in endothelial cell expression of ICAM-1 and CCL2 in skeletal muscle and
endothelial selectins, VCAM-1 as well as CXCL12 (Mendez-Ferrer et al., 2008) in the BM.
In addition, our data suggest that rhythmic leukocyte recruitment is not restricted to these
tissues but occurs in many vital organs. The difference in the molecular signature of
circadian expression of endothelial cell adhesion molecules and chemokines in tissues is
likely responsible for the diurnal preference in hematopoietic cell populations recruited to
various organs.

Changes in the light cycle, a major zeitgeber for circadian rhythms (Golombek and
Rosenstein, 2010), were sufficient to ablate oscillations in hematopoietic cell recruitment.
This finding, along with the involvement of BMAL-1, strongly indicates bona fide circadian
rhythms and suggests their central orchestration by the molecular clock (Dibner et al., 2010;
Green et al., 2008). Additionally, the surprising anti-inflammatory effect seen after acute
jetlag suggests a potent and broad interference of light in the normally rhythmically
generated inflammatory response. It is possible that chronic jetlag may perturb circadian
immune-surveillance mechanisms and contribute to the higher incidence of cancer in shift
workers (Filipski et al., 2004). How jetlag exerts these broad changes in the inflammatory
response should be the subject of future investigations.
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Most prior studies on the regulation of circadian rhythms have focused on the involvement
of humoral factors, notably of glucocorticoid (GC) levels, which peak at night in mice and
reach trough values during the day (Dickmeis, 2009). Since GCs exhibit anti-inflammatory
properties, we would expect that GC hormones might antagonize the rhythms described
herein which depend on local innervation. It is possible however, that neural and hormonal
pathways complement each other to fine tune the physiological and inflammatory responses
(Elenkov et al., 2000). Thus, higher levels of GCs at night in mice may in fact keep the night
surge in leukocyte infiltration in check.

Although catecholamine treatment of donor progenitors /77 vitro enhanced their engraftment
ability through the B2-adrenoreceptor (Spiegel et al., 2007), we have excluded a role for
adrenergic receptors on transplantable hematopoietic cells in our studies using radiation
chimeras and adoptive transfer experiments. Therefore, endothelial cells in BM and skeletal
muscle, which can express both the B2- and p3-receptors (Steinle et al., 2003), likely
represent a logical cellular target since they also express the necessary adhesion molecules
to mediate hematopoietic cell/endothelial cell interactions. Our results indicate that BM
transplantation performed after stimulation with f3-adrenergic agonists in the recipient may
improve clinical outcomes through enhanced engraftment efficiency. Since adrenergic
stimulation can also induce the mobilization of HSPCs (Mendez-Ferrer et al., 2008), it
remains unclear as to how the cells targeted by adrenergic signals interpret these signals at
different times. The fact that the same adrenergic receptors can lead to distinct adhesion
molecule expression in different vascular beds, suggests tissue-specific signaling responses
that remain undefined. The present findings are consistent with previous studies in which
circadian oscillations of BM CXCL12 with trough expression levels of the chemokine
occurring in the morning were associated with the peak of HSC egress (Mendez-Ferrer et
al., 2008). It is likely that the nightly increase of CXCL12 in the BM cooperates with
endothelial upregulation of adhesion molecules for maximal hematopoietic cell homing in
the evening. In the bone marrow, B3-adrenoreceptor expression is enriched in rare Nestin*
perivascular mesenchymal stem cells, which express high amounts of CXCL12 and are
targeted by the SNS in the stem cell niche (Mendez-Ferrer et al., 2010). How microvascular
pericytes collaborate with endothelial cells to entrain rhythms in extramedullary tissues will
be the subject of future studies in the laboratory.

The rhythmic pattern of leukocyte recruitment may have evolved for the benefit of having
readily available tissue phagocytes to enhance the response to pathogens during the period
of activity, when injuries and encounters with microorganisms are more likely to occur.
Although macrophages represent the major leukocyte subset oscillating under homeostasis,
we show that neutrophil recruitment after trauma or in the setting of inflammatory diseases
is significantly influenced by endogenous rhythms of endothelial cell adhesion. It is
conceivable that the diurnal clearance of senescent neutrophils by the BM and liver is
mediated by these circadian mechanisms. Whether the HSPC pool is rejuvenated by diurnal
migratory incentives is possible. We have presented clear evidence, however, that circadian
timing can influence the engraftment efficiency when HSPC counts are sub-optimal,
demonstrating the significance of circadian hematopoietic cell recruitment to the BM. As
such, given the inverted rhythms between rodents and humans (Lucas et al., 2008), we
would predict that human hematopoietic stem cell transplantation is optimal early in the
morning, rather than later in the day.

We postulate that the diurnal mechanisms of keeping neutrophil numbers in check may
affect cardiovascular diseases — which are influenced by circadian time — as their levels are
known to correlate positively with the degree of severity (Coller, 2005; Muller et al., 1985).
When exaggerated, these mechanisms may exert detrimental effects. Indeed, in models of
TNF-a-induced vaso-occlusion in SCD mice and LPS-induced lethality, we have found that
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circadian rhythms modulate the robustness of the inflammatory response with implications
on survival. While we recognize potential mechanistic differences between atherosclerosis
and inflammatory models studied herein, these data are in line with prior studies that have
shown persistent oscillations in the susceptibility of mice to bacterial infection and
inflammatory leukocyte trafficking (Castanon-Cervantes et al., 2010; Feigin et al., 1969;
Gibbs et al., 2011; Halberg et al., 1960; House et al., 1997; Keller et al., 2009; Liu et al.,
2006; Shackelford and Feigin, 1973; Silver et al., 2012). Sensitivity to inflammatory stimuli
at times of higher SNS tone likely interacts at multiple levels encompassing local neural
input as we describe herein, endogenous rhythms within tissues as well as interactions with
humoral factors and the parasympathetic nervous system.

Given the reported critical role of blood leukocytes in ischemic vascular diseases, the
present results argue that circadian leukocyte adhesion or an exaggeration thereof might
contribute to triggering acute vascular diseases in the morning. Our own as well as published
studies have clearly shown that leukocyte recruitment promotes LPS-induced lethality (Xu
et al., 1994) and SCD vaso-occlusion (Hidalgo et al., 2009; Turhan et al., 2002), which led
us to evaluate experimentally the effect of circadian time in inflammatory diseases. Our
results provide the proof-of-principle that time-dependent differences in leukocyte
recruitment translate into significant changes in survival. Thus, a better understanding of
rhythms in leukocyte migration will allow the design of targeted chronotherapy that may
lead to meaningful clinical impact on disease outcome.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Circadian oscillations of hematopoietic cell recruitment to the bone marrow

(A) Time course of homed adoptively transferred BM cells (red) and corresponding WBC
numbers in blood (x103/ul, black). Light and dark cycles are indicated by white and black
bars, respectively. n = 4-15. (B) Quantification of homing of donor LSK cells (x103) 3h
after 5x10% BM cells were transferred to recipients. n = 8-9. (C-D) Circadian oscillations in
homing of colony-forming units in culture (CFU-C) (in %) (C) and neutrophils (x104) (D). n
= 9-14. (E-F) Quantifications of absolute numbers of rolling leukocytes in BM sinusoids
(E) and the rolling flux fraction (F). n = 33-43 vessels from 8-9 mice per group. (G-H) /n
vivo images (G) and quantification (H) of fluorescently labeled adherent BM cells (green)
after adoptive transfer. BM sinusoids were identified with rhodamine 6G (red). n = 60 areas
from 7 mice per group. *P<0.05, **P<0.01, ***P<0.001. Scale bar: 50 pm. See also Figure
S1 and Table S1.
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Figure 2. Circadian oscillations of leukocyte recruitment to skeletal muscle

(A-C) Ex vivoimages (A) and quantifications (B-C) of extravasated CD45" and F4/80*
leukocytes situated around postcapillary venules as analyzed by whole-mount
immunofluorescence staining of cremaster muscle tissues. n = 6. (D-G) Adherent leukocyte
subsets as determined by multichannel fluorescent intravital microscopy. (D) /n vivo images
showing antibody-stained adherent leukocytes. Adherent neutrophils, n (E), monocytes,
arrows, m (F) and lymphocytes (G). n = 142-148 vessels quantified from 7 mice per group.
*P<0.05, **P<0.01, ***P<0.001. Scale bars, A: 50 pm, D: 10 um. See also Figure S2 and
Table S1.
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Figure 3. Oscillations of promigratory factors mediate cir cadian leukocyte recr uitment
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(A) Q-PCR analysis of sorted cremasteric endothelial cells (ECs) for P-selectin (Se/p), E-

selectin (Sele), Vcaml1 and /caml1. n = 12-16. (B) Quantification of ICAM-1 protein

expression in muscle by confocal immunofluorescence imaging of frozen sections. n = 9.
(C) MFIM quantification of specific (anti-ICAM-1-coated) vs. non-specific (IgG-coated)
fluorescent microsphere adhesion in the cremasteric microvasculature in WT and

hematopoietic /cam1™-/WT BM chimeras. n = 5-6. (D) Q-PCR analysis of sorted

cremasteric endothelial cells for Cc/2 n = 6. (E) Q-PCR of sorted BM endothelial cells. n =

6—7. (F) Numbers of extravasated CD45" leukocytes as analyzed by whole-mount
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immunofluorescence staining of cremaster muscle tissues in WT control, /cam1™~ and
CcrZ”~ animals. n = 6-7. (G) Quantification of adherent fluorescently labeled cells to BM
sinusoids in WT and Selp™~Sele™~ mice after adoptive transfer. n = 31-75 areas from 4-8
mice per group. *P<0.05, **P<0.01, ***P<0.001. See also Figure S3.
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Figure 4. Requirements of local adrenergic nerves
(A-F) Unilateral surgical denervation of the genitofemoral nerve (GFNXx) or the superior
cervical ganglion (SCGx). (A-B) Images of TH* fibers (red) and associated vessels
(PECAM-1, blue) in cremaster muscle (A) or calvarium (B) 4 weeks after GFNx or SCGx of
the contralateral control and operated sides. (C-E) BIM microscopy of exteriorized
cremaster muscle tissues quantifying rolling (C), adhesion (D) and transmigration (E) after
GFNXx. n = 28-40 vessels from 3-4 mice per group. (F-H) Quantification of adherent
fluorescently labeled cells to BM sinusoids after SCGx (F) or in Adrb2™~ (G) or Adrb3™~
(H) mice after adoptive transfer. n = 28-45 vessels from 5-6 mice per group. *P<0.05,
***P<0.001. Scale bars: 100 pm. See also Figure S4 and Table S2.
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Figure5. p-adrenergic stimulation enhances hematopoietic progenitor reconstitution after

transplantation

(A) Survival curves after circadian BM transplantation with limiting numbers of BM cells
(2.5%10%) into lethally irradiated recipients. n = 10. (B) Representative H&E micrographs 30
days after circadian BMT. (C) Flow cytometric analysis of endothelial cell adhesion
molecule expression after PBS or isoproterenol (iso) treatment in recipients. n = 5. (D)
Quantification of donor BM cells that homed to the BM of recipients treated with PBS or
isoproterenol. n = 10. (E-F) Quantification of donor CFU-Cs that homed to the BM of
recipients treated with PBS or isoproterenol in WT or Se/o™~Sele™~ mice (E) or after
treatment with an isotype (isot.) or anti-VCAM-1 blocking antibody (F). n = 4-9. (G)
Survival curves after transplantation with limiting numbers of BM cells (2.5x10%) into
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lethally irradiated recipients pre-treated with PBS or BRL37344. n = 18-20. (H) Effect of

BRL37344 on homing of long-term repopulating HSCs. n = 6. *P<0.05, **P<0.01,
***pP<(.001. Scale bar: 100 um. See also Figure S5.

Immunity. Author manuscript; available in PMC 2013 August 24.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Scheiermann et al.

Page 22
) ZT5 ZT13 CT5 CT13
A normal light 1 1 1
\ || |
2 84 kxx C ;ES. 8- *** °
< : [} © H °
0 =g 20
% = B 5 o 61 8 % 64 °®
23 =2 = ¢
ge 5%° 224l B o
g X £ St |9 e
T 0 24 © Q 21 23, ——
s S & 28
o <20 S0 - L
ZT5 13 CT5 13 ZT5 13 CT5 13 ZT5 13 CT5 13
normal light' jetlag normal light jetlag normal light' jetlag
10.01 F o T #x% 6
Q ...... /(Ei\
2 ) 61 29 *%
5 7.5 & 5] Q® P
Q £ G 44 i
o 8 5 s o °
8 5.0 23 7] T8 [o o2
g 22 3 55 |o® ‘e .
ko] n O d 5 2
o g 19 <2 |o ®
o > Jae)
! 3 |
0o ZT5 13 5 13 ; ZT5 13 5 13 g ZT5 13 5 13
Bmal1***-. Bmal1” Bmal1***-| Bmal1 Bmal1*+*- Bmal1”
normal light+TNFa jetlag+TNFa

107_ J 700;
2 s-l ., 6001
3 £ 500
© 61 5 )
& 3 400
2 4 8300
3 T 2001
8 21 O
2 1007
0- 0 0

"513 513 5 135 13

PBS ' TNF PBS' TNF
normal light (ZT) jetlag (CT)

5 13/ 5 1315 13/ 5 13

PBS ' TNF PBS' TNF
normal light (ZT) jetlag (CT)

5 13] 5 135 13]5 13

PBS ' TNF PBS' TNF
normal light (ZT) jetlag (CT)

Figure 6. Circadian rhythmsin leukocyte recruitment are entrained by photic cues

(A) Light regime under normal and jetlag conditions as entrained using a light cycler. (B)
Quantification of extravasated CD45* leukocytes in the cremaster muscle as analyzed by
whole-mount immunofluorescence staining in mice under normal light and jetlag conditions.
n = 3-6. (C) Quantification of specific vs. non-specific sphere adhesion in hematopoietic
Icam1™~IWT BM chimeras under normal light and jetlag conditions. n = 5-6. (D)
Quantification of adherent fluorescently labeled cells to BM sinusoids in mice under normal
light and jetlag conditions. n = 46-61 areas quantified from 4-5 mice per group. (E-G)
Circadian oscillations in BmalI~~ mice and control littermates after 3 weeks of constant
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darkness. (E) Blood leukocyte counts (x103/ul). n = 4-8. (F) Numbers of extravasated
CD45™" leukocytes as analyzed by whole-mount immunofluorescence staining of cremaster
muscle tissues. n = 24-30 vessels from 4 mice per group. (G) Numbers of adherent
fluorescently labeled cells to BM sinusoids after adoptive transfer. n = 22-31 areas
quantified from 3 mice per group. (H-J) Representative images (PBS in insets) (H), blood
leukocyte counts (x103/ul) (1) and quantification of TNFa-induced neutrophil infiltration in
sections of the cremaster muscle (J) under normal light and jetlag conditions. n = 3-9. (K)
Quantification of ICAM-1 protein expression in frozen sections harvested from the same
mice. *P<0.05, **P<0.01, ***P<0.001. Scale bar: 50 pm. See also Figure S6.
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Figure 7. Circadian time influences leukocyte recr uitment in septic shock

(A) Bioluminescence imaging and quantifications of harvested liver after adoptive transfer
of Vav-Cre:luciferase-expressing BM cells to recipients at ZT5 or ZT13. n=7. (B-C)
Quantification of endothelial cell adhesion molecule expression levels in liver at steady state
(B) and after 12h stimulation with LPS (C) by immunofluorescence confocal imaging of
frozen tissue sections. n = 4-7. (D) Quantification of LPS-induced neutrophil infiltration in
frozen liver sections of WT or /cam1™~animals. n = 6. (E-F) Representative images of
neutrophil infiltration in liver sections as assessed by immunofluorescence confocal imaging
(E) and H&E staining (F) showing neutrophils clusters (arrows). (G-H) Survival curves of
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WT (G) and /cam1~~ (H) animals after LPS-induced septic shock. n = 7-17. *P<0.05,
**P<(0.01. Scale bars: 50 um. See also Figure S7.
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