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Certain components and functions of the immune system, most
notably cytokine production and immune cell migration, are under
circadian regulation. Such regulation suggests that circadian rhythms
may have an effect on disease onset, progression, and resolution. In
the vesicular stomatitis virus (VSV)-induced encephalitis model, the
replication, caudal penetration, and survivability of intranasally
applied VSV depends on both innate and adaptive immune mech-
anisms. In the current study, we investigated the effect of circadian
time of infection on the progression and outcome of VSV-induced
encephalitis and demonstrated a significant decrease in the survival
rate in mice infected at the start of the rest cycle, zeitgeber time
0 (ZT0). The lower survival rate in these mice was associated with
higher levels of circulating chemokine (C-C motif) ligand 2 (CCL2), a
greater number of peripherally derived immune cells accumulating in
the olfactory bulb (OB), and increased production of proinflamma-
tory cytokines, indicating an immune-mediated pathology. We also
found that the acrophase of molecular circadian clock component
REV-ERBax mRNA expression in the OB coincides with the start of the
active cycle, ZT12, when VSV infection results in a more favorable
outcome. This result led us to hypothesize that REV-ERBx may me-
diate the circadian effect on survival following VSV infection. Blocking
REV-ERBa activity before VSV administration resulted in a significant
increase in the expression of CCL2 and decreased survival in mice
infected at the start of the active cycle. These data demonstrate
that REV-ERBa-mediated inhibition of CCL2 expression during vi-
ral-induced encephalitis may have a protective effect.
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ircadian rhythms are daily oscillations of physiological and

behavioral parameters driven by the suprachiasmatic nucleus
(SCN), the “master clock” of the organism, through humoral and
neural outputs (1). At the molecular level, the clock is comprised
of at least three interlocking transcription loops, which regulate
circadian oscillations in gene expression within the cell (1). In the
immune system, intrinsic clocks have been identified in various cell
lineages, including macrophages, lymphocytes, and microglia (1-
3). Direct control of immune gene expression, among them
proinflammatory cytokines, by the clock transcription factors
BMAL and REV-ERBu also has been demonstrated (4-7). Fur-
thermore, some of the functional aspects of immune cells, such as
the rate of phagocytosis, lymphocyte proliferation, and cytolytic
activity, are under circadian control (8-10). The migration of he-
matopoietic progenitors and mature leukocytes also displays daily
variation, which can be particularly consequential to disease out-
comes (1-3, 11, 12).

Monocytes are bone marrow-derived cells characterized by
Ly6¢"/ CCR2" expression, which are recruited to the sites of in-
fection and injury, including those occurring in the CNS (2, 3, 13,
14). These cells have the capacity to differentiate into macrophages
and dendritic cells (DC), perform effector functions such as
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antigen presentation and T-cell stimulation, and produce proin-
flammatory cytokines and chemokines, all directed to contain and
clear infection (8, 9, 13, 15). However, poorly controlled migration
of these cells may result in immune-mediated pathology and tissue
damage, as has been shown for stroke, experimental autoimmune
encephalomyelitis (EAE), and traumatic brain injury (16-18).
Intranasal (i.n.) vesicular stomatitis virus (VSV) infection is a
well-established murine encephalitis model. A single application
of VSV leads to infection and viral replication within sensory
neurons in the neuroepithelium. Within 12-24 h the virus is
transported to the olfactory bulb (OB) via the olfactory nerve,
spreads through deeper layers, and reaches the olfactory ventricle
4 d postinfection (dpi). The virus spreads retrograde via olfactory
circuits and along the ventricular system and reaches the hind-
brain by 8 dpi (19). By 4 dpi VSV infection also leads to the ac-
cumulation of a mixed cellular infiltrate in the OB containing
brain-resident microglia (MG) and dendritic cells (bDC) as well
as CD45"/CD11b"™ and CD45M/CD11b™ cells of peripheral
origin (20). In the current study, we tested the hypothesis that the
immune response to VSV is under circadian control and examined
the molecular and cellular immune mechanisms underlying such
circadian regulation. We observed that the poor survival rate of
mice infected at the beginning of the rest cycle [zeitgeber time
0 (ZTO0)] (hereafter “ZT0 mice) was associated with higher levels
of circulating chemokine (C-C motif) ligand 2 (CCL2), a proin-
flammatory chemokine, and a greater pr_oPortion of infiltrat-
ing CD45"/CD11b" and CD45™/CD11b™ cells, identified as
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Author contributions: K.G. and K.B. designed research; K.G., K.H.H., and M.M. performed
research; K.G., K.H.H., M.M., LN.K,, B.5S.M., and K.B. analyzed data; and K.G., .N.K., B.S.M.,
and K.B. wrote the paper.

Reviewers: L.J.K., University of California, Berkeley; and R.J.N., The Ohio State University
College of Medicine.

The authors declare no conflict of interest.

'"To whom correspondence may be addressed. Email: mcewen@rockefeller.edu or
bulloch@mail.rockefeller.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1520489113/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1520489113


http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1520489113&domain=pdf
mailto:mcewen@rockefeller.edu
mailto:bulloch@mail.rockefeller.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1520489113/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1520489113/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1520489113

L T

/

D\

v
ar

o, g

< 801 - 3 20

1) *

= 604 2 16

S 212

< 404 S % ¥*

(% *k z 81 sxx
4 (=2

20 3 4

o :—- S oL
0 2 4 6 8 10 12 14 0 2 4 6 8 10

Days post-infection (dpi) Days post-infection (dpi)
Fig. 1. Circadian time of infection affects survival following VSV i.n. admin-
istration. Two groups of mice were maintained on opposite light-dark cycles.
For one group of mice VSV infection (LDso dose applied i.n.) was done at the
start of the light cycle (ZT0), and for the other group i.n. VSV application was
done at the start of dark cycle (ZT12). (A) Survival curves are a composite of
three independent experiments [total n = 17 per group, log-rank (Mantel-Cox)
test, P = 0.004]. (B) Disease progression is expressed as the percent of weight
change following VSV infection. Compiled data are expressed as mean + SEM
(total n = 17 per group; Student’s t test, *P < 0.05, **P < 0.01, ***P < 0.001).

proinflammatory monocytes, in the OB. Pretreatment of VSV-
infected mice with a REV-ERBa antagonist (SR8278) resulted in
a significant increase in CCL2 mRNA expression in mice infected
at ZT12 (hereafter “ZT12 mice”) and a decrease in their survival.
These data demonstrate that REV-ERBo—mediated inhibition of
CCL2 expression during viral-induced encephalitis may have
neuroprotective effects and hence improve survival.

Results

Circadian Time of Infection Affects Disease Progression and Survival.
To test the hypothesis that the circadian time of infection im-
pacts VSV-induced encephalitis, two groups of male mice,
maintained on opposing light:dark cycles, were infected either at
the start of the active period (ZT12) or at the end of the active
period (ZTO0). Disease progression (measured by weight loss)
and the mortality rate of the animals were monitored daily for
2 wk following the infection. We found that viral infection at
ZT12 resulted in a 40% mortality rate, as expected with an LDs
dose. The same dose of virus administered at ZT0 led to a 95%
mortality rate (Fig. 14). Consistent with the poor survival rate,
mice infected at ZTO lost a higher percentage of body weight
than mice infected at ZT12, and the differences were most
pronounced during the first 4 dpi (Fig. 1B). These data dem-
onstrate that animals are more susceptible to VSV-induced en-
cephalitis at the end of their active cycle (ZT0) and indicate
circadian/diurnal regulation of the antiviral response.

Immune Response to i.n. VSV Infection Is Initiated in the Periphery.
To examine the inflammatory response elicited by VSV in. ad-
ministration at two circadian time points, we measured circulating
cytokine levels after infection. Two groups of mice were infected
at either ZTO or ZT12, and blood samples were collected 12, 24,
48, 72, or 96 h postinfection (hpi). Control mice were treated with
PBS solution (the vehicle for VSV), and blood samples were
collected 96 h posttreatment. Levels of IFNy, IL-6, and CCL2 in
the blood of VSV-infected mice were elevated significantly at 24
hpi (Fig. 24—C and Table S1). IFNy and IL-6 returned to baseline
(the level in the PBS-treated cohort) at 48 hpi, but CCL2 levels
were sustained and declined only at 72 hpi. Moreover, the mag-
nitude of cytokine increase was different in the two circadian
groups: ZT12 mice had higher levels of IFNy at 24 hpi, and ZT0
mice had higher CCL2 at 48 hpi (Fig. 2 A-C and Table S1).
Moderate but significant changes were detected in the levels of
TNF and IL12p70 following VSV infection, but IL-10 levels were
not affected (Fig. S1 and Table S1). Together these data dem-
onstrate that the systemic immune response to i.n. VSV infection
is very rapid and depends on the circadian time of infection.

In addition to proinflammatory cytokines, we measured levels of
circulating corticosterone (CORT), an antiinflammatory hormone
that displays circadian oscillation and mediates synchronization of

Gagnidze et al.

peripheral clocks. CORT levels were measured in blood samples
collected from ZT0 and ZT12 mice under baseline (PBS-treated)
conditions and at 24, 48, 72, or 96 h following VSV infection (Fig.
2D). As expected, CORT levels in PBS-treated control mice were
higher at ZT12 than at ZT0. Following VSV in. administration,
mice infected at ZT12 maintain CORT levels comparable to those
in controls at 24, 48, 72, and 96 hpi. In contrast CORT levels in
mice infected at ZTO are significantly increased at 24 hpi and
return to the basal (PBS-treated) level by 48-72 hpi (Fig. 2D and
Table S1). These data indicate that VSV infection affects CORT
secretion in mice infected at ZTO0 and that this effect may con-
tribute to neuroinflammation and the poor survival of these mice.

VSV administered i.n. travels not only to the brain but also to
the lung, spleen, and cervical lymph nodes (21, 22). Thus, to
characterize the whole-body immune response elicited by the
virus, we examined the circadian regulation of the peripheral
immune response mounted in the lung and spleen. We found
that mRNA levels of the proinflammatory cytokines IL-6, IFNy,
and CCL2 are elevated by 24 hpi in the spleen and lung tissue of
mice infected at ZTO and ZT12 (Fig. S24 and B) and that this
elevation coincides with the rise of inflammatory cytokines in
blood (Fig. 2.A-C). Our data also showed that Toll-like receptor
7 (TLR7), TLRY, and MyD88 mRNA expression is uniquely
induced in the lung but not in the spleen at the same time point
(Fig. S24 and B).

Proinflammatory Monocytes Accumulate in the OB of VSV-Infected
Mice. We next examined whether the circadian time of infection
affects the cellular response to VSV in mice infected at ZTO and
ZT12. As described previously (20), cell populations isolated from
VSV-infected OB contain brain-resident MG (CD45™/CD11b"/
CDl11c¢") and bDC (CD45™/CD11b"/CD11c*) (Fig. 34 and Fig.
S3B). A time-course analysis of VSV infection also revealed that
by 72 hpi two_additional cell populations, CD45"/CD11b" and
CD45"/CD11b™, accumulated in VSV-infected OB (Fig. S3B), and
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Fig. 2. Circadian time of infection affects cytokine and hormone levels
following VSV i.n. administration. Blood samples were collected from ZT0
and ZT12 mice under the control (PBS-treated) condition and at the in-
dicated time points following VSV infection. (A-C) Circulating cytokine levels
were measured using cytometric bead array. Data compiled from two in-
dependent experiments are expressed as mean + SEM (total n = 6 per time
point, two-way ANOVA, Bonferroni’s posttest; *P < 0.05, **P < 0.01, ZT12 vs.
ZT0). (D) Blood CORT levels were measured by RIA. Data compiled from two
independent experiments are expressed as mean + SEM (total n = 6 per time
point; two-way ANOVA, Bonferroni’s posttest, *P < 0.05, **P < 0.01, ZT12 vs.
ZT0; comparison within each circadian group was done using Student’s t test,
#P < 0.05, #P < 0.001 vs. ZTO acrophase).
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the proportion of these cells at 96 hpi was significantly higher in
mice infected at ZT0 than in mice infected at ZT12 (Fig. 34).

To understand better the role of the CD45%/CD11b™ cell pop-
ulations in VSV-induced pathology, we examined the phenotype of
these cells using flow cytometry (Fig. 3 B-D). We found that
CD45"/CD11b" cells Lpreviously shown to be peripherally derived
(20)] are Gr-1", Ly6c™, CCR2¥, F4/80*, CD11c*, and MHC II*.
These cells also express the costimulatory molecules CD86 and
CD80 and markers for specialized DC subsets, CD103 and B220.
These data indicate that CD45"/CD11b™ cells contain proin-
flammatory monocytes as well as effector DC and macrophage
subpopulations. Analysis of the CD45"/CD11b™ population also
revealed the presence of CD11c*, NK1.1%, B220™ cells, which re-
semble IFN-producing killer DCs. Moreover, CD45"/CD11b™
cells contain a Ly6ct subpopulation, indicating a monocytic line-
age. Notably, no phenotypic differences were found among im-
mune cell populations derived from ZT0 and ZT12 mice.

To examine the subpopulations of effector DCs and macro-
phages, which derive from proinflammatory monocytes, we next
examined CD11c" and CD11c™ subsets within CD45/CD11b cells.
We found that CD45"/CD11b™ cells isolated from ZT12 VSV-
infected mice contained a significantly higher proportion of CD11c¢*
cells and a significantly lower proportion of CD11c™ cells compared
with CD45"/CD11b" cells from ZT0 mice (Fig. S44). No differ-
ence in the numbers of CD11¢* and CD11¢™ cells was found among
other cell subsets in either ZT0 or ZT12 mice. Further phenotyping
of CD45"/CD11b"/CD11c* and CD45"/CD11b"/CD11c™ cells
also revealed that CD11c* cells display a more activated phenotype
and express higher levels of MHC II and the costimulatory mole-
cules CD86 and CD40, as is consistent with the phenotype of
monocyte-derived DCs (Fig. S4B). These data indicate that the
disproportional accumulation of proinflammatory and effector
cells in the OB of VSV-infected mice is influenced by the time
of infection.

VSV Infection Leads to Up-Regulation of Cytokines in the OB 96 hpi.
We next examined whether the time of VSV infection affects the
level of proinflammatory cytokine mRNA expression in the OB
tissue at 12, 24, 48, 72, and 96 hpi. We found that i.n. VSV
inoculation led to up-regulation of all genes examined by 48-72
hpi and reached significantly high levels at 96 hpi (Fig. 4 and
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Fig. 3. Circadian time of infection affects immune cell populations in the
OB of VSV-infected mice. Mice were killed at 96 h following VSV, and OB
tissue was processed for flow cytometry analysis. (A) Cells pregated on live/
singlets/lin~ were analyzed based on the expression of CD45 and CD11b.
Three distinct populations were detected: CD45™/CD11bM, CD45"/CD11b",
and CD45"/CD11b™™. Compiled data are expressed as mean + SEM of the
percent of parent population (n = 50 for each population; Student’s t test,
**P < 0.01, ***P < 0.001, ZT12 vs. ZT0). (B-D) CD45/CD11b cell populations were
phenotyped using flow cytometry. Only data for ZTO group are shown because
no phenotypic differences were found between the ZT0 and ZT12 groups. Data
compiled from two or three independent experiments are expressed as mean +
SEM of geometric mean of fluorescence intensity (MFI) for each antibody (total
n = 4-6 per group.)
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Table S2). At the same time points, mice infected at ZT0 dis-
played significantly higher levels of IL1p, IL-6, TNF, IFNy, and
CCL2 mRNA expression than mice infected at ZT12 (Fig. 4 A-
E). We also found that the expression of various antiviral factors
and pattern-recognition receptors was elevated in the OB of
VSV-infected mice at 96 hpi and that the expression of these
factors and receptors was consistently higher in the OB of ZT0
mice than in the OB of ZT12 mice (Fig. S5 and Table S2). These
data indicate that the circadian time of infection affects the changes
in proinflammatory gene expression induced by VSV inoculation.

Expression of Circadian Clock Genes in the Steady-State OB. To
identify the factors responsible for the circadian effect on VSV-
induced encephalitis, we analyzed the expression of clock genes in
the OB tissue of naive mice. Analysis of mRNA levels at four dif-
ferent time points—ZT0, ZT6, ZT12, and ZT18—revealed that
BMAL, Per2, Cryl, and Rev-ERBo mRNA levels displayed rhyth-
mic changes over the 24-h time period; however CLOCK and
RORa mRNA did not (Fig. 5). Furthermore, significant differences
between ZT0 and ZT12 time points were detected in the transcript
levels of BMAL, Cryl, and Rev-ERBa, with BMAL and Cryl
mRNA displaying a lower expression and Rev-ERBa mRNA
showing higher expression at ZT12 (Fig. 5). Notably, this expression
pattern of REV-ERBa mRNA in the OB tissue appears to be
antiphase with its expression in the SCN (23). However, this pattern
is not surprising in light of evidence that the OB represents a
functional circadian pacemaker that is capable of producing auton-
omous and entrainable rhythms independent of the SCN (24).

We also analyzed the daily variation in the expression of
various immune genes involved in pattern recognition (Fig. S6
A-F), inflammation and antiviral response (Fig. S6 G-L), and
cell migration (Fig. S6 M—Q). We found no significant differ-
ences in the mRNA levels of the examined genes across time
points in the uninfected mice. However, slight time-of-day vari-
ations in the mRNA expression levels of TLR7, IL1p, IFNGB,
IFNARI1 and IFNAR2, CCL2, and CCL3 were detected.

REV-ERBa Mediates the Circadian Effect on Survival Following VSV i.n.
Administration. Differences detected in the expression of REV-
ERBa in the OB tissue between the ZT0 and ZT12 time points
led us to hypothesize that the circadian difference seen in VSV-
induced encephalitis may be mediated by REV-ERBa. To test this
hypothesis, we used a synthetic antagonist for REV-ERBax, SR8278,
to block the activity of the receptor in the OB of VSV-infected
mice. This compound has been shown to alter the mRNA levels of
REV-ERBua target genes in vitro and in vivo and to produce be-
havioral changes in mice following microinfusion into the ventral
midbrain (25, 26). We administered two doses of SR8278 i.n., the
first 4 h before infection and the second concomitant with VSV i.n.
administration. To account for the drug-only effect, we also treated
groups of mice with the SR8278/PBS combination. We found that
blocking REV-ERBu activity in mice infected with VSV at the start
of their active phase (ZT12) significantly reduced the survival rate
compared with vehicle-treated ZT12 mice (Fig. 64). In contrast,
SR8278 treatment had no effect on the survival of VSV-infected
versus vehicle-treated ZT0 mice (Fig. 64). SR8278 had no effect on
the health and survival of PBS-treated mice (Fig. S74).

To explore the molecular mechanism of the effect of REV-ERBa
on VSV-induced mortality, we measured the expression of REV-
ERBua target genes as well as clock genes following treatment with
SR8278 or vehicle. It has been demonstrated that i.n. delivery of
compounds could spread to lung tissue as well as the OB; therefore
we selected these two sites for the analysis (27, 28). Blocking REV-
ERBa activity with SR8278 led to a significant up-regulation of
CCL2 mRNA 12 h posttreatment in the OB tissue of ZT12 mice,
compared with vehicle-treated ZT12 mice (Fig. 6B). No effect on
the mRNA expression of IL-6, BMAL, or any other clock genes was
found in the OBs of either ZT0 or ZT12 mice (Fig. 6B and Fig.
S7B). In contrast, changes in the expression levels of RORa (de-
creased) and IL-6 (increased) mRNA were found in the lung tissue
of ZT0 mice (Fig. S7C). These changes did not affect the survival
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Fig. 4. Circadian time of infection affects gene
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rate of the animals. These data suggest that REV-ERBoa—mediated
circadian effect on CCL2 expression in the OB affects the im-
mune response to VSV-induced encephalitis and the survival of
the animal.

CCL2 Is Expressed in Resident and Infiltrating Cells of the OB. To
identify the cellular source of CCL2 in the OB, we examined the
expression levels of CCL2 mRNA in cell populations isolated
from OB of naive and VSV-infected mice using FACS. We found
that brain-resident MG and bDC both express low levels of CCL2
mRNA in steady state (Fig. 74). VSV infection induces CCL2
mRNA expression at 96 hpi only in bDCs isolated from ZT12
mice. Interestingly, two cell populations that infiltrate the OB of
VSV-infected mice at 96 hpi, CD45"/CD11b™ and CD45"/CD11b™,
display drastically different levels of CCL2 mRNA expression:
Both CD11c¢* and CD1lc™ cells within the CD45"/CD11b™
population express high levels of CCL2 mRNA, and the ex-
pression level is higher in mice infected at ZT12. In contrast,
only the CD45"/CD11b™/CD11c™ cells isolated from ZT0 mice
display CCL2 expression; no CCL2 mRNA was detected in cells
isolated from ZT12 mice (Fig. 7A4).

The expression pattern of CCR2 mRNA in the sorted cell
populations (Fig. 7B) was in agreement with our flow cytometry
data (Fig. 3B): (i) the CD45™/CD11b"™ population expresses low
levels of CCR2 in steady state and following VSV challenge, and
(@) both CDI1lc* and CDI1lc™ subpopulations of CD45"/
CD11b™ and CD45"/CD11b™ cells express high levels of CCR2
96 h following VSV. Interestingly, differences were observed in
the levels of CCR2 mRNA in the CD45"/CD11b™ cell sub-
population isolated from ZT0 and ZT12 mice; however these
differences were not reflected in the cell-surface expression of
CCR?2 as seen by flow cytometry (Fig. S4B).
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Fig. 5. Expression of circadian clock genes in the OB tissue of naive mice. Total
RNA was isolated from OB tissue at the indicated time points. Transcript levels for
circadian clock genes were measured by gPCR. Data compiled from three in-
dependent experiments are expressed as mean + SEM (total n = 6 per time point;
one-way ANOVA, Bonferroni’s posttest, *P < 0.05, **P < 0.01, ***P < 0.001 vs.
ZT0; MP < 0.01, AP < 0.001 vs. ZT6; *#P < 0.01, #*P < 0.001 vs. ZT12).
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time point; two-way ANOVA, Bonferroni’s posttest,
*P < 0.05, **P < 0.01, ***P < 0.001, ZTO vs. ZT12).

To confirm further the source of CCL2 in the VSV-infected OB,
we examined the expression of CCL2 in OB tissue obtained from
control and VSV-treated mice. Double immunolabeling for CCL2
and cell markers for MG (Ibal) (Fig. S84), astroglia (GFAP) (Fig.
S8B), and neurons (TUJ-1) (Fig. S8C) was performed. We found
that both Ibal* MG and GFAP* astrocytes express CCL2 at 96 h
following VSV i.n. administration. Moreover, in the CD11c-EYFP
transgenic mouse OB we also detected colocalization of CCL2
with EYFP" bDCs (Fig. S84). Little or no CCL2 expression was
detected in mitral cells of the OB, but diffuse labeling of CCL2 was
evident in the granule cell layer of the OB (Fig. S8C).

Discussion

Our results demonstrate that the circadian time of infection has
a significant effect on the development and resolution of VSV-
induced encephalitis. Specifically, we found that viral inoculation
applied at the end of the active cycle (ZT0) leads to poor survival
and is associated with a higher level of circulating CCL2 and a
higher proportion of CD45"/CD11b" and CD45"/CD11b™ cells
(identified as inflammatory monocytes) in the OB. We also have
demonstrated that relieving REV-ERBa-mediated inhibition of
CCL2 mRNA expression using receptor antagonist treatment
during virus-induced encephalitis results in decreased survival.

The circadian effect on immune response has been demonstrated
in number of infection models, including LPS-induced inflammation,
pneumococcal infection, and cecal ligation puncture (CLP)-induced
sepsis (1, 4, 12, 14). It is noteworthy that the acrophase of the cir-
cadian effect in each of these experimental models falls at different
times in the daily cycle, suggesting differential underlying mecha-
nisms. For example, clearance of Streptococcus pneumoniae from the
lung depends on the circadian variation in the expression of CXCLS5
and subsequent neutrophil recruitment (12), whereas circadian ex-
pression of TLRY in mouse spleen determines the severity of re-
sponse in CLP-induced sepsis (4).

Cytokines, chemokines, and hormones, which are critical regu-
lators of immune function, also display circadian oscillation. For
example, the induction of IL-6, IL-12 (p40), CCL2, and CCLS in
circulation and peritoneal exudate cells is far greater in mice chal-
lenged with LPS at ZT12 than at ZT0 (7). In our study, we also
found that the VSV-induced increase in circulating inflammatory
cytokines depends on the time of infection, with IFNy and IL-6
levels being higher in mice infected at ZT12 and the level of CCL2
being higher and more sustained in mice infected at ZTO. It is
noteworthy that we have not identified the specific source of the
circulating cytokines following VSV challenge. However, we found
the up-regulation of proinflammatory cytokine mRNA in the spleen
and lung tissues of infected mice at the same time point (24 hpi) as
increases in blood cytokine levels, suggesting that spleen and/or lung
immune cells may be the source of circulating “alert” cytokines at
this early stage of infection. These data are in agreement with a
previous report that the infectious VSV is transiently present in lungs
and spleens at 24 hpi (21) and may be able to initiate peripheral
immune responses.

It must be noted that our experimental paradigm, which required
having the measures for time-course experiments taken 12 h out of
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Fig. 6. Inactivation of REV-ERBa during VSV i.n. administration leads to poor
survival. Two groups of mice were treated i.n. with either SR8278 (20 ng) or
with vehicle solution administered twice: 4 h before and concomitant with VSV
infection. (A) Survival curves are a composite of two independent experiments
[total n = 13 per group; log-rank (Mantel-Cox) test, *P = 0.047 for ZT12-vehicle
vs. ZT12-SR8278). (B) Total RNA was isolated from OB tissue of SR8278- or ve-
hicle-treated mice 12 h after VSV i.n. administration. Transcript levels for CCL2
and IL-6 were measured by qPCR. Data compiled from two independent ex-
periments are expressed as mean + SEM (total n = 5 per time point; two-way
ANOVA, Bonferroni's posttest, *P < 0.05, ZT12-vehicle vs. ZT12-SR8278).

phase between groups, may have impacted data interpretation in
cases where parameters showed circadian fluctuations. However,
most measures taken (circulated cytokines, mRNA levels, cell
numbers) displayed differences between two circadian groups only
at specific time points (being comparable at all other time points),
allowing us to conclude that circadian variation at the time of sample
collection was not a significant factor for data interpretation.

Reciprocal regulation between cytokines and glucocorticoids
has been described in various infection models: Pathogen-induced
cytokines increase CORT production, which through a negative
feedback loop down-regulates cytokine levels and attenuates in-
flammation (29, 30). We found that CORT levels are differentially
affected by VSV, depending on the time of infection. In mice
infected at the end of the active cycle (ZT0, the nadir of CORT),
we observed an increase in the blood CORT levels coinciding with
an increase in circulating cytokines at 24 hpi. In contrast, mice
infected at the start of the active cycle (ZT12, the acrophase of
CORT) maintained stable CORT levels for the following 96 hpi
(measured daily at ZT12). Thus, CORT, acting through the glu-
cocorticoid receptor and antagonizing NF-kB, may limit cytokine
expression in ZT12 mice (31). It has been long recognized that
acute stress and the associated surge in glucocorticoid levels result
in a decrease in blood monocyte numbers (32) and have a pro-
tective effect during immune challenge (33). Our data showing a
lower proportion of monocytes accumulating in the OB and better
survival of mice infected at the peak of endogenous CORT at
ZT12 are in accordance with these previous findings.

Monocyte infiltration is an important step in the defense against
pathogens. However, uncontrolled accumulation of these cells at
the site of infection, particularly in the CNS, may lead to immune-
mediated pathology and irreparable tissue damage as seen in viral
encephalitis models, stroke, traumatic brain injury, and EAE (13,
16-18, 34). In the current study we identified the CD45"/CD11b"/
Ly6c"/CCR2" cell population accumulating in the OB following
VSV infection as proinflammatory monocytes. Notably, greater
numbers of these cells and higher levels of proinflammatory cy-
tokines, characteristics of an overactive immune response, were
detected in the OB of mice infected at the end of the active cycle
(ZT0), and these mice also were more susceptible to virus-induced
mortality. At the same time, the amounts of virus present in the
OB of mice infected with VSV at either ZT0 or ZT12 did not
differ (Fig. S9). These data point to circadian regulation of
monocyte trafficking into the brain and the critical role these
cells may play in immune-mediated pathology.
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The chemokine ligand CCL2 and its receptor CCR2 are the
critical signaling factors that mediate monocyte egress from bone
marrow and recruitment to the site of infection (14, 35). Interfering
with CCR2-CCL2 signaling by means of genetic modification or
pharmacological agents has a protective effect in a number of in-
flammatory conditions in both the periphery and the CNS (13, 14,
16). Previously, BMAL was shown to regulate CCL2 expression in
Ly6c™ monocytes, and REV-ERBa was implicated in the regulation
of CCL2 expression in peritoneal macrophages (5, 8, 11). We
found that VSV-induced up-regulation of CCL2 is under circadian
control, with mice infected at ZTO displaying higher levels of
CCL2 in circulation and in the OB tissue. To identify the factor(s)
involved in the circadian regulation of CCL2, we focused on REV-
ERBa for two reasons: (i) REV-ERBu has been shown to regulate
the expression of two critical proinflammatory factors, CCL2 and
IL-6 (5, 6), and (ii) we have found that the acrophase of REV-
ERBo mRNA expression in the OB is at ZT12 and coincides with
the acrophase of survival following VSV infection.

Using a REV-ERBa antagonist 4 h before and concomitantly
with VSV i.n. administration led to decreased survival of ZT12
mice and was accompanied by the increased production of CCL2
mRNA in the OB. At present we cannot exclude the possibility
that SR8278 also may have effects elsewhere in the brain that
then could feed back or forward to the OB. Surprisingly, we did
not find that the REV-ERBa antagonist had an effect on the
survival or OB gene expression in ZT0 animals, although we did
detect increased expression of IL-6 mRNA and decreased ex-
pression of RORa mRNA in the lung tissue of SR8278-treated
ZTO0 mice. We hypothesize that the efficiency of antagonist ac-
tion may depend on the level of REV-ERBa expression at the
time of treatment; hence the lack of response in the OB of ZT0
animals may be caused by a low level of REV-ERBu expression
at the time of treatment.

Together these data suggest that (i) the effect of blocking
REV-ERB activity depends on circadian/diurnal fluctuation in
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its expression level, and (ii) REV-ERBo—mediated regulation of
CCL2 expression affects VSV-induced neuroinflammation, pos-
sibly through monocyte migration. Thus, this study reveals a previ-
ously unidentified physiological regulatory mechanism underlying
disease progression and survival in virus-induced encephalitis
and a potential target for therapeutic amelioration of similar
viral CNS infections.

Materials and Methods

Mouse Models. All experimental procedures were approved by The Rockefeller
University Animal Care and Use Committee. Male, wild-type, 6- to 7-wk-old
C57BL/6 or CD11c/eyfp transgenic mice (on the C57BL/6 background) were used
interchangeably for all experiments. Animals were either bred in The Rock-
efeller University facilities or purchased from The Jackson Laboratory.

Viral Infection Model. Wild-type VSV, Indiana Serotype (ATCC VR-158) was
used in all experiments. Virus purification and the VSV LDs (7,000 pfu) fori.n.
administration were determined in 5- to 7-wk-old male mice as described
previously (20). For intranasal infection model see S/ Materials and Methods.

Cytokine Profiling and CORT RIA. VSV-infected animals were killed by rapid
decapitation at the indicated time points postinfection. PBS-treated control
mice were killed 96 h posttreatment. Cytokines were measured in plasma
samples using a BD Cytometric Bead Array Mouse Inflammatory Cytokine Kit
(BD Bioscience) according to the manufacturer’s protocol and were analyzed
immediately on a LSR-Il flow cytometer. CORT levels were measured in the
plasma of PBS- and VSV-treated animals using the Corticosterone Double
Antibody RIA Kit (MP Biomedicals) according to the manufacturer’s in-
structions and were read on a Cobra Il Auto-Gamma Counter (Perkin-Elmer).
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Quantitative PCR. TagMan gene-expression assays were used to measure
mRNA levels for genes of interest. Eukaryotic 185 rRNA or GAPDH (both from
Life Technologies) was used as an internal control. The samples were run on
a LightCycler480 real-time PCR thermal cycler (Roche), and the relative ratio
of the expression of each gene was calculated using the 24 method (36).
For tissue collection, RNA isolation, and cDNA synthesis, see S| Materials
and Methods.

Flow Cytometry and FACS. Virally challenged mice were killed 96 hpi by rapid
decapitation, and single-cell suspensions were obtained by digestion with
collagenase D (Roche), dispase Il (Roche), and DNase | (Life Technologies) and
repeated trituration using a GentleMACS Dissociator (Miltenyi Biotec). For
antibodies and the staining procedure, see S/ Materials and Methods.

Antagonist Treatment. Mice adjusted to opposite light-dark cycles were
treated with the REV-ERBa antagonist SR8278 (Tocris) or vehicle solution in
conjunction with VSV. Animal health and survival were monitored daily for
15 d. For gene-expression analysis, mice were killed 12 h after VSV i.n. ad-
ministration or the last SR8278 treatment. Tissue was extracted and pro-
cessed for RNA isolation. For detailed treatment procedures and doses used,
see S| Materials and Methods.

See S/ Materials and Methods for additional details on the mouse models,
antibodies, quantitative PCR (qPCR), immunofluorescence, and the statistics
used in this article.
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