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Original Research

Effects of Chronic Diurnal Disruption and Acute
Inflammatory Challenge on Mice with Latent
Murine Gammaherpesvirus Infection

Rita A Trammell' and Linda A Toth?

People who engage in shift work (SW) have increased risk of developing illnesses, including infectious diseases and various
inflammatory conditions. We hypothesized that exposure to repeated cycles of diurnal disruption, mimicking SW, influences vi-
ral clearance, latent viral load, or viral reactivation from latency in mice infected with murine gammaherpesvirus (MuGHYV). To
test this idea, we inoculated BALB/cByJ and C.129S7(B6)-1fng™'™/] (IFNgKO) mice with MuGHYV and housed them under either
a stable light:dark (LD) cycle or one mimicking SW. Compared with BALB/cBy]J mice, IFNgKO mice generally had higher levels
of lytic virus during the 6-wk period after inoculation. In addition, more IFNgKO mice were positive for replicating virus than
were BALB/cBy]J mice. Exposure to SW did not alter these measures consistently. After the virus had entered the latent phase of
infection, mice received either LPS or pyrogen-free saline intraperitoneally. Mice exposed to SW and then injected with LPS dur-
ing latent infection had greater viral loads and more replicating virus in the lung at 7 d after injection than did either mice that
received pyrogen-free saline or those exposed to LD and then treated with LPS. Some cytokine and chemokine concentrations were
changed in lung collected 1 d after but not at 7 d after LPS administration. These findings suggest that exposure to repeated chronic
diurnal disruption and an acute inflammatory challenge during latent MuGHYV infection, in the context of impaired host immune
competence, contribute to enhanced viral reactivity and an increased viral load that might trigger ‘sickness behavior’ symptoms of
infectious disease and perhaps contribute to chronic fatigue syndrome.

Abbreviations: BLI, bioluminescence imaging; EBV, Epstein—Barr virus; LD, light:dark; MuGHYV, murine gammaherpesvirus; PFS,

pyrogen-free saline; SW, shift work

So-called ‘sickness behaviors’ (for example, fatigue, anorexia,
anhedonia, reduced social interaction) have often been linked to
facets of the host response to immune or inflammatory challenge.
During chronic infections or other chronic inflammatory condi-
tions, the continually primed host immune response is likely to
create a powerful and unrelenting stimulus for these debilitating
symptoms in at least some patients. Such symptoms might be me-
diated in part by immune activation or dysfunction, neural-en-
docrine homeostatic imbalance, or both, as produced secondary
to the acute and chronic viral infection.’** Statistical modeling
approaches have indicated how a persistent viral infection could
theoretically lead to a state of chronic humoral and cellular im-
mune activation.? This state was described as a conditional reflex
phenomenon in which persistent or repeated exposure to an anti-
genic stimulus leads to strong reinforcing interactions of Band T
cells, ultimately resulting in sustained immune activation even in
the absence of the initial eliciting stimulus.”

Epstein—Barr virus (EBV) is a ubiquitous human gammaherpes-
virus that causes acute disease, establishes life-long latency, and
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is associated with the common human syndrome of infectious
mononucleosis. Infection with or reactivation of EBV in humans
is often associated with fatigue and excessive sleepiness.'»3036573
Similar findings have been reported for other viral pathogens.
For example, among patients with West Nile Virus infection, both
proinflammatory and antiviral cytokines were significantly high-
er in those reporting fatigue as compared with those not reporting
fatigue.”! Studies demonstrating that antibodies to latent EBV
proteins are elevated in some patients with chronic fatigue have
led to speculation that 1) synthesis of these viral proteins reflects
reactivation of latent virus®## and 2) although host respons-
es to reactivation may abort viral replication, the viral proteins
themselves or the resultant host immune response may trigger
or exacerbate fatigue.? Furthermore, at least a subset of patients
with the condition known as chronic fatigue syndrome appears
to have deficient EBV-specific B- and T-cell memory responses,
suggesting an impaired ability to control early steps of viral re-
activation.”

Gammaherpesviruses, including EBV, are highly species-spe-
cific. Murine gammaherpesvirus (MuGHYV) is a natural pathogen
of wild rodents that provides an experimental model for study-
ing the pathophysiology of an EBV-like pathogen in laboratory
mice, which are a permissive host.'*?# The immune response
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of mice to MuGHYV infection has been well described.>®* After
intranasal infection of immune-competent mice with MuGHY,
pulmonary viral titers peak between days 6 through 9, and lytic
virus is cleared from the lung in about 10 to 14 d.”” Like other
herpesviruses, MuGHYV can maintain lifelong latency in its host.
Latent virus is established in lung within days after infection.”
Spleen, lymph nodes, and bone marrow also harbor latent virus,
primarily in B lymphocytes.'*'#%* The number of latently infected
cells peaks at approximately day 14 after infection and then falls
rapidly.® Latent virus persists lifelong under immune control in
various cell types, notably B lymphocytes and macrophages.

Our past work has shown that MuGH V-infected mice develop
sleep perturbations and behavioral fatigue during the acute lytic
phase of the infection; these symptoms resolve as the virus be-
comes latent yet return with exposure to a secondary challenge
(inflammatory challenge, novel social interactions, sleep disrup-
tion). 244667 A growing literature indicates that disruption of sleep
and circadian rhythms in turn disrupts immune and inflamma-
tory responses, increasing risk and exacerbating the severity of
a wide range of health conditions.*>>**% Long-term exposure
to shift work (SW) and jet lag have been associated with health
problems that include cancer and neurologic, gastrointestinal,
metabolic, autoimmune, and cardiovascular disease.!?264043515671
We hypothesized that host immune impairment or exposure to
chronic diurnal disruption would alter viral clearance, latent viral
load, or the initiation or completion of latent virus reactivation in
MuGH V-infected mice. To test this idea, we infected mice with
MuGHY and then exposed them to chronic repeated diurnal dis-
ruption designed to mimic a human SW schedule. During the
latent phase of the infection, we further administered an acute
inflammatory challenge (LPS). We compared 2 strains of mice—
BALB/cBy] and C.12957(B6)-Ifng™'* /] (IFNgKO). Because IFNy
is an important component of host defense during MuGHYV infec-
tion, particularly in BALB/c mice,* we considered IFNgKO mice
with a BALB/cBy] genetic background as likely to be particularly
susceptible to the adverse consequences of viral infection in the
context of concurrent diurnal (SW) and immunologic (LPS) chal-
lenges. Dependent measures in our study included viral clear-
ance, viral load, and inflammatory markers in lung.

Materials and Methods

Mouse procurement and care. Male and female BALB/cBy]
mice (age, 4 to 5 wk) were purchased from the Jackson Laboratory
(Bar Harbor, ME). C.12957(B6)-Ifng™"™ /] (stock number 002286;
IFNgKO) were purchased from the same vendor at the same age
for use as breeder stock. Breeders were maintained under barrier
conditions as trios of one male and 2 females. Offspring were
weaned into same-sex groups and transferred to environmental
chambers for housing during experimental use. BALB/cBy] mice
were housed in environmental chambers on receipt. Chambers
were not light-tight due to a 2-in. opening that permitted cables
to exit the chamber. To avoid variation, room lights remained on
at all times by design, and chamber doors were opened only dur-
ing the light phase. Room light intensity was approximately 175
Ix. Within chambers at cage level with the chamber door closed,
light intensity was approximately 5 to 10 Ix during the dark phase
(chamber internal lighting off) and 125 to 145 Ix during the light
phase (chamber internal lighting on).

Internal chamber temperatures were maintained at 25 + 1 °C.
Mice were housed in standard filter-topped cages (12 in. x 7.5 in.
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x 5 in.; 90 in.? of floor space) on wood-chip bedding (Beta-Chips,
Gateway Supply Company, St Louis, MO). Food (Purina Lab Diet
5008, PMI, St Louis, MO) and tap water (City Light, Water, and
Power, Springfield, IL) were available to the mice at all times.
Light cycles varied with experimental group. Mice were assumed
to be free of standard adventitious pathogens in light of procure-
ment from a reputable vendor and maintenance in areas free of
such organisms, as documented by scheduled testing of sentinel
animals maintained in the same room. All procedures involv-
ing animals were approved in advance by the Laboratory Ani-
mal Care and Use Committee of the Southern Illinois University
School of Medicine.

Experimental design (Figure 1). Mice were assigned at 5 wk of
age to either a stable 12:12-h light:dark (LD) cycle or to a schedule of
repeated phase shifts that were designed to mimic SW (Figure 2).
Thus, on the first day of the “‘work week,” the active (dark) phase
was extended by 8 h. This ‘shifted” cycle was maintained for the
next 4 d. On day 6 (the beginning of the simulated weekend), the
onset of the dark (active) phase was advanced by 8 h, thus return-
ing to the control cycle. After 2 ‘weekend’ days, the cycle began
again. This pattern was continued for the duration of the study
for all mice in the SW groups.

Throughout the study, all animal manipulation (experimental
and husbandry) was performed immediately after light onset. In
addition, all measurements and husbandry activities were per-
formed on the same day of the week for all mice in the study.
The day of the week was selected to coincide with the second
weekend day for SW mice. This day was scheduled by design to
occur on a Friday. In this way, all mice were on the same LD cycle
when caging or experimental manipulations were performed. In
addition, mice were checked daily by opening the chamber door
during the light phase and visually examining the mice through
the cage. Mice were not otherwise disturbed.

At 8 wk of age (after 3 wk of exposure to SW or stable LD con-
ditions), mice were inoculated intranasally under light isoflu-
rane anesthesia with 5000 pfu of virus diluted in 25 uL of sterile
saline. We used M3FL, a recombinant MuGHYV that expresses a
firefly luciferase reporter; this virus was constructed and kindly
provided by Dr Ren Sun (University of California, Los Angeles,
CA.).% Viral stocks were produced and quantified according to
standard procedures.’

The M3FL virus allowed us to use bioluminescence imaging
(BLI) to noninvasively and repetitively monitor in vivo viral rep-
lication in the same animal over time and to evaluate lytic virus
in tissues collected after euthanasia. Viral bioluminescence was
monitored in vivo at weekly intervals for 6 wk, beginning on day
7 after inoculation. On day 48 or 49 after infection (that is, during
the latent stage of infection), mice were injected intraperitone-
ally with either 15 ug of LPS (E.coli O111:B4; Sigma-Aldrich, St.
Louis, MO) in 100 pL of sterile pathogen-free saline (PFS) or with
100 uL of PFS alone. Mice were euthanized 24 h or 7 d after the
injection by exsanguination under isoflurane anesthesia. Lungs
were collected for ex vivo bioluminescence imaging and then
were snap-frozen in liquid nitrogen and stored at —80 °C until
processed further.

BLI. BLI of M3FL in live mice and harvested organs was per-
formed by using the IVIS-100 imaging system (Xenogen, Alam-
eda, CA). Data acquisition and analysis were performed by using
Living Image software version 4 (Xenogen). For in vivo imaging,
mice received an intraperitoneal injection of D-luciferin (150 mg/kg;
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Figure 1. Experimental design. Mice used in this study underwent the schedule of interventions shown here. Approximately 3 wk after assignment to a
test group (LD or SW), mice underwent intranasal administration of M3FL under isoflurane anesthesia. Mice were then monitored weekly for 6 wk by
using bioluminescence imaging. On days 48 to 49, mice were injected intraperitoneally with either LPS or pyrogen-free saline; mice were euthanized 1
d after injection for measurement of lung cytokines and chemokines or at 7 d after injection for harvest and imaging of lung tissue and measurement
of viral load, cytokines, and chemokines.
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Figure 2. Paradigm for diurnal phase shift to mimic shift work. Gray boxes indicate the dark phase. Mice were euthanized (E) immediately before dark
onset at the end of the simulated weekend.

Gold Biotechnology, St Louis, MO.) from a 15 mg/mL stock solu-

subject-height focus, 12.5-cm field of view, 0.2-s exposure time,
tion in sterile Dulbecco PBS. Beginning at 5 min after injection of

medium binning, and 16 f-stop. Overlapping BLI were acquired

substrate, mice were anesthetized with 4% isoflurane mixed with
oxygen and then maintained under 2% isoflurane mixed with
oxygen during imaging. BLI was performed to detect signal on
3 views (dorsal, ventral, and left lateral sides) of each mouse. A
grayscale surface image of each mouse was obtained at a 1.5-cm

at the same field of view with a 5-min exposure time, 1 f-stop,
medium binning, and an open emission filter. For ex vivo imag-
ing of tissues, mice were euthanized 15 min after intraperitoneal
injection of D-luciferin (150 mg/kg). Lung was harvested, and
then bioluminescent and grayscale surface images were acquired
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at the same settings as used for in vivo imaging except that the
field of view was reduced to 5 cm.

Quantification of luciferase activity. Relative intensities of
bioluminescence were visualized as overlapping pseudocolor
images from violet (least intense) to red (most intense). Gray-
scale photographs and corresponding color images were super-
imposed by using Living Image software (Xenogen). Regions
with signal above background were identified and quantified by
the program, with visual confirmation in a blinded manner. The
software expressed the bioluminescent intensity of each targeted
region in terms of photon flux (photons/s/cm?/steridian), which
reflects lytic or replicating virus." For in vivo imaging, values
of photon flux were obtained with the mouse lying in each of 3
positions (dorsal, ventral, and left lateral recumbent); these values
were summed for analysis. For ex vivo imaging, lung was imaged
only from the dorsal surface.

Viral load. DNA was isolated from the lungs of infected mice
by using DNeasy Blood and Tissue Isolation Kits (Qiagen, Freder-
ick, MD) as described by the manufacturer. Viral load was quan-
tified by real-time PCR as described previously.” Primers and
probes were designed by using Primer Express Software (PE Ap-
plied Biosystems, Foster City, CA) to detect a 70-bp region of the
MHYV68 gB gene: forward primer, 5 GGC CCA AAT TCA ATT
TGC CT 3; reverse primer, 5* CCC TGG ACA ACT CCT CAA
GC 3’; probe, 5" 6-(FAM)-ACA AGC TGA CCA CCA GCG TCA
ACA AC-(TAMRA) 3’, where FAM is a reporter dye and TAMRA
a quencher dye. Each reaction contained 100 ng DNA, TagMan
Universal PCR Master Mix (Applied Biosystems) with 250 nM
primers and 200 nM of FAM-Black Hole Quencher-1-labeled
probe (Integrated DNA Technologies, Coralville, IA). Samples
were subjected to 2 min at 50 °C, 10 min at 95 °C, and 40 cycles of
15 s at 95 °C and 1 min at 60 °C (StepOnePlus Real-Time PCR Sys-
tem, Thermo Fisher Scientific, Waltham, MA). Standard curves
were generated by using known amounts of plasmid containing
the gB PCR fragment mixed with 100 ng DNA from naive lung.
The copy number of viral genomes in the sample was calculated
according to the linear regression of the standard curve generated
from the cycle threshold over log,, copy number. The DNA copy
number was calculated from the molecular weight of the DNA
construct and Avogadro’s number.

Cytokine and chemokine measurement. Snap-frozen right lungs
were homogenized in 10 volumes (w/v) of ice-cold sterile PBS con-
taining Complete Protease Inhibitor Cocktail (Roche, Camarillo,
CA) by using a hand-held polytron homogenizer. Homogenates
were centrifuged at 13,700 x g at 4 °C for 10 min. An aliquot of
supernatant was removed and assayed for protein concentration
(BCA Protein Assay, Pierce Scientific, Rockford, IL). The remain-
ing supernatant was stored in aliquots at —80 °C until analysis

Cytokines and chemokines were measured by using multiplex
bead-based assays as described by the manufacturer (MPXMCY-
TO-70K, EMD Millipore, Billerica, MA) and were analyzed on a
100IS system (Luminex, Madison, WI) with Bio-Plex Manager 5.0
software (BioRad, Hercules, CA). Minimal detectable concentra-
tions (pg/mL) for individual analytes were 2.0 for IL1f, 1.8 for
1L6, 5.3 for MCP1, 5.6 for GCSF, 0.6 for IP10, and 1.4 for KC. The
intraassay percentage coefficient of variance ranged from 5.8%
(MCP1) to 10.4% (IL6); the interassay percentage coefficient of
variance ranged from 4.4% (MCP1) to 10.9% (KC). Samples were
assayed in duplicate, normalized to protein concentrations and
reported as pg/mg protein for lung homogenates.
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Statistics. Data were log-transformed prior to analysis due to
the nonnormal distribution of values.® Descriptive statistics are
expressed throughout as mean + SEM. Comparisons with P val-
ues of less than 0.05 are reported. SPSS Statistics version 22 (IBM,
Armonk, NY) was used for all data analysis.

Cytokine and chemokine concentrations that were below the
assay limits of detection were assigned the minimal detectable
concentration for purposes of statistical analysis. Concentrations
measured in lung tissue collected at 24 h or 7 d after LPS or PFS
administration were analyzed separately by using preplanned
independent ¢ tests. Three comparisons were made: LD and SW
groups after saline administration, LD mice after saline or LPS
administration, and SW mice after saline or LPS administration.

BLI data from harvested lung tissue and PCR viral load data
in the lung were compared by using one-factor ANOVA. When
significant effects were detected, preplanned independent ¢ tests
were used for follow-up. In vivo BLI data in each organ were ana-
lyzed by using 3-factor ANOVA (mouse strain [BALB/cBy] or
IFNgKO], treatment [PFS or LPS], and light cycle [SW or LD])
to test the overall model at each time point. Step-down 2-factor
ANOVA was then used to determine effects of treatment and light
cycle within each mouse strain and within sex. When significant
effects of mouse strain, sex, treatment, or light cycle or significant
interactions were detected, specific comparisons were performed
by using one-factor ANOVA with Tukey follow-up to identify sig-
nificant differences between groups. Proportions of mice show-
ing replicating virus (that is, any degree of bioluminescence) in a
given organ were compared by using the Pearson chi square test.

Results

Clearance of lytic virus. Female BALB/cBy]J and IFNgKO mice
that were exposed to either LD or SW beginning at 3 wk before
viral inoculation were evaluated for viral replication and dissemi-
nation by weekly BLI for 6 wk beginning at 1 wk after inoculation.
Lytic viral load was quantified in 6 tissues (nares, lung, cervical
lymph nodes, spleen, vaginal region, and joints) as photon flux
(Figure 3, left panel). In addition, the proportion of mice showing
the presence of lytic virus in each tissue at each time point was
reported (Figure 3, right panel).

In both strains of mice, lytic viral load in each organ and the
proportion of mice affected peaked in nares and lung at 1 wk, in
cervical lymph nodes and spleen at 2 wk, and in vaginal area at
3 wk after inoculation. By 6 wk after inoculation, lytic virus had
been cleared from all infected organs, on the basis of absence of
bioluminescence, with the exception of various joints in some
mice, which remained positive at that time. IFNgKO mice in gen-
eral had a significantly (P < 0.05) higher peak lytic viral load and
a greater proportion of mice affected than did BALB/cBy] mice
exposed to the same conditions (Figure 3), but these measures
were not significantly affected by exposure to SW. IFNgKO mice
showed no significant differences in viral clearance or proportion
of mice affected as a function of sex under either LD or SW condi-
tions (data not shown).

Lung response to secondary inflammatory challenge. On day 48
or 49 after viral inoculation (that is, during latent viral infection),
BALB/cBy]J and IFNgKO mice received intraperitoneal injections
of LPS or an equivalent volume of PFS; 7 days later, mice received
an injection of D-luciferin and were euthanized by anesthetic
overdose 15 min later. Lungs were removed for BLI. Three-factor
ANOVA revealed that treatment with LPS significantly increased
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Figure 3. Time course for replicating virus in M3FL-infected female BALB/cBy] and IFNgKO mice exposed to stable light:dark (LD) or simulated shift
work (SW) conditions. Photon flux (left panels; photons/s/cm?/steridian) and the proportion of mice with detectable replicating virus (right panels)
were evaluated weekly after intranasal inoculation of BALB/cBy] mice (black symbols and lines) and INFgKO mice (red symbols and lines) with M3FL
(n = 20 mice per group [the 4 groups were BALB/cByJ+LD; BALB/cByJ+SW; IENgKO+LD; and IFNgKO+SW]). Open symbols show data from mice
maintained on stable LD cycles, whereas filled symbols show mice maintained on simulated SW. Six tissues were analyzed: nares, cervical lymph
nodes, lung, spleen, vagina, and joints. Intensity data were analyzed by using one-factor ANOVA at each time point. The proportion of mice with de-
tectable replicating virus was analyzed by using Pearson y? tests. For all analyses, P < 0.05 was considered to represent a statistically significant effect,
as follows: a, IFNgKO-SW > IFNgKO-LD; b, IFNgKO-SW > BALB/cByJ-SW; ¢, IFNgKO-LD > BALB/cBy]J-LD.

photon flux in lung (P = 0.002; Figure 4, top panels), with no sig-
nificant effects of strain or light cycle. Follow-up independent ¢
tests within strains revealed that LPS, as compared with PFS, in-
duced a significant increase in lytic virus as measured by photon
flux in SW mice but not in LD mice (P = 0.011 for both strains).
Viral load was measured in lungs collected at 7 d after LPS or
PFS administration (Figure 4, bottom panels). Three-factor ANO-
VA (light cycle, treatment, and strain) revealed significant effects
of all 3 factors on lung viral load (P < 0.001 for each). Follow-up
independent t tests within strain revealed that among BALB/cByJ
mice exposed to SW, LPS treatment was associated with a signifi-
cantly greater (P = 0.001) total lung viral load. In contrast, total
lung viral load was not significantly altered in LD mice treated
with LPS (Figure 4, bottom panels). Among IFNgKO mice, those
exposed to SW had significantly greater viral loads after PFS than
did LD mice after PFS (P = 0.021). Both LD and SW mice treated
with LPS had significantly greater viral loads than did the coun-
terpart LD and SW mice treated with PFS (P = 0.004 and 0.032
for LD and SW mice, respectively). Viral load showed a trend (P

= 0.054) toward a statistically significant difference between SW
and LD IFNgKO mice at 7 d after administration of LPS.

Lungs were collected from IFNgKO mice at 24 h or 7 d after
intraperitoneal administration of LPS or PFS for measurement
of cytokine and chemokine concentrations. As compared with
LD mice that received PFS, SW mice that received PFS showed
significantly lower concentrations of several lung cytokines and
chemokine concentration at the 24-h time point. At the 24 h time
point, treatment with LPS resulted in significantly higher concen-
trations of GCSF, IP10, KC, and MCP1 than did treatment with
PFS (Figure 5, left panel; P < 0.05 for all). In contrast, the con-
centrations of these substances did not differ between PFS- and
LPS-treated mice at 7 d after LPS administration (Figure 5, right
panel). A comparison of values obtained from male and female
mice of both strains at 24 h after administration of LPS or PFS
revealed no significant effects of sex (data not shown).
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Figure 4. Effect of LPS administration on lung viral load in M3FL-in-
fected BALB/cBy] and IFNgKO mice exposed to stable LD or simulated
SW conditions. On day 7 after intraperitoneal administration of LPS (15
ug) or an equivalent volume of PES, female BALB/cBy] and IFNgKO
mice with latent M3FL infection were intraperitoneally injected with D-
luciferin (150 mg/kg), followed 15 min later by euthanasia. Lung tissue
was collected and immediately imaged by BLI to quantify the replicat-
ing viral load (top panel). Lung tissue was then frozen and later assayed
for total lung viral load by using real-time PCR analysis.

Discussion

This study was designed to determine whether chronically re-
peated diurnal disruption, mimicking SW, altered viral clearance,
influenced the level of latent virus, or exacerbated the response to
a secondary inflammatory challenge (LPS), potentially promot-
ing viral or immunologic reactivation and thereby contributing
to persistent long-term susceptibility to fatigue. We tested the
hypotheses that diurnal disruption of mice with MuGHYV infec-
tion increases replicating virus titers or delays clearance of virus
during acute infection or promotes reactivation of latent virus in
mice exposed to LPS. We compared 2 strains of mice—genetically
replete BALB/cByJ] mice and IFNYy-deficient BALB/cBy]J mice—in
light of the hypothesis that the immune-impaired IFNgKO mice
are less able to clear active virus or control latent virus and there-
fore are more susceptible to SW-related influences on viral clear-
ance and reactivation. IFNy is an important effector mechanism
in the clearance of MuGHYV; wild-type BALB/C mice can clear
infectious MuGHYV from the lungs even after high-dose infection,
whereas BALB/C mice that lack IFNy have increased viral titers
in the lungs on day 10 after infection, as do wild-type BALB/C
mice given IFNYy blocking antibody.” Furthermore, explanted
peritoneal cells from infected mice that are deficient in IFNy or the
IFNY receptor reactivate more efficiently than do cells collected
from IFNYy-replete mice.®! In addition, treatment with IFNy inhib-
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its reactivation of MuGHYV from latently infected wild-type peri-
toneal cells, and depletion of IFNYy from wild-type mice increases
the efficiency of reactivation of explanted peritoneal cells.®!

Our findings can be summarized as follows. First, in both
strains of mice, the proportion of mice affected and the lytic viral
load in each organ peaked in nares and lung at 1 wk, in cervi-
cal lymph nodes and spleen at 2 wk, and in vagina at 3 wk after
inoculation, and lytic virus was cleared from all infected organs,
with the exception of some joints in IFNgKO mice. IFNgKO mice,
in general, had a higher peak lytic viral load and a greater propor-
tion of mice affected than did BALB/cBy] mice exposed to the
same conditions. Neither mouse sex nor exposure to SW affected
these measures. Second, at 7 d after injection, LPS administration,
as compared with PFS, was associated with a higher level of lytic
virus in lung, quantified by BLI, in SW mice but not in LD mice.
Third, BALB/cBy] mice exposed to SW and LPS treatment had
a significantly higher total lung viral load at 7 d after challenge,
whereas total lung viral load was not significantly altered in LD
mice treated with LPS. Among IFNgKO mice, SW mice given PFS
had greater viral loads than did LD mice treated with PFS. Both
LD and SW mice treated with LPS respectively had greater viral
loads than did LD and SW mice treated with saline. Fourth, at the
24-h time point after treatment, LPS administration was associ-
ated with higher concentrations of GCSF, IP10, KC, and MCP1
than was administration of PFS. In contrast, concentrations of
these substances were not significantly different in PFS- and LPS-
treated mice at 7 d after LPS administration and were not altered
after exposure to SW or LD. These findings suggest that exposure
to diurnal disruption in association with an inflammatory chal-
lenge can precipitate reactivation of latent virus and an increase in
viral load, thereby perhaps triggering the development of fatigue
and perhaps other symptoms of infectious disease.

Our data on MuGHYV clearance in IFN-replete and -deficient
mice confirm and extend previous findings regarding the role
of IFNy in promoting viral clearance and reducing viral load.*"*
The data present a complete in vivo time course of viral clearance
across multiple organ systems, showing higher peak titers but
not delayed clearance as a function of IFNYy deficiency. However,
others have reported a slight delay in viral clearance in IFNgKO
BALB/ cBy]J mice.* Exposure to simulated SW did not affect viral
clearance, although SW was associated with higher peak titers
in some tissues at some time points. We conclude that despite
the many known physiologic and immunologic repercussions
of short- and long-term sleep disruption,** the specific circadian
disruption we imposed did not physiologically or clinically com-
promise the host’s ability to control the acute infection.

Our study also confirmed the previously reported nasal, cervi-
cal lymph node, and vaginal distribution of lytic virus in female
mice.”* We further observed persistent lytic infection in the joints
of some IFNgKO mice (Figure 3). Joint involvement has also been
reported to occur during EBV and cytomegalovirus infections
in some human patients, in association with inflammation and
pain.’®#% Studies of male C57BL/6] mice found that weekly 12-h
phase shifts for 22 wk were associated with osteoarthritic changes
at several locations, most notably the knee joint.*** In our study,
mice with affected joints showed no overt signs of joint inflamma-
tion or pain, although BLI detected lytic infection in some joints
for as long as 6 wk after inoculation.

We assessed mice at 1- and 7-d intervals after administration
of the toll-like receptor 4 ligand LPS; others have determined
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Figure 5. Effect of LPS administration on lung cytokine and chemokine concentrations in IFNgKO mice with latent M3FL infection. Female IFNgKO
mice with latent M3FL infection were euthanized either 1 d or 7 d after intraperitoneal administration of LPS (15 pg) or an equivalent volume of PFS.
Lung was collected and immediately frozen for subsequent assay of a panel of cytokines and chemokines by multiplex bead-based assays. *, P < 0.01;

1,0.05< P <0.1 (trend).

that the 7-d time point is associated with viral reactivation af-
ter LPS challenge in C57BL/6] mice.”? On day 7 after treatment,
SW mice with latent viral infection and given LPS had greater
viral loads (according to both BLI and real-time PCR analysis)
than did SW mice given PFS, indicating that exposure to SW
increased susceptibility to LPS-induced viral reactivation. At 24
h after LPS administration, concentrations of some cytokines and
chemokines in lung were markedly elevated relative to those in
PFS-treated mice, but those effects had dissipated by day 7 (Fig-
ure 5). Significant decreases and trends toward reduction were
observed for some analytes at 24 h after PFS administration in
SW- compared with LD-exposed mice. This observation suggests
that exposure to simulated SW was associated with a blunting of
the host innate response to this microbial challenge. This obser-
vation, together with our previous report of prolonged effects of
LPS on temperature, locomotor activity, and sleep in MuGHV-
infected C57BL/ 6] mice,* suggests that intermediate time points
of 3 to 4 d after LPS administration might have revealed pro-
longed effects on lung cytokine and chemokine concentrations
in MuGHV-infected mice. Additional studies are needed to test
this hypothesis.

Although we did not measure sleep in the current study, others
have documented that repeated diurnal disruption causes both
sleep loss and altered inflammatory responses to LPS in mice.”!!
In people, SW is associated with loss of sleep, increased sleepi-
ness, and an increased likelihood of the occurrence of involun-
tary sleep.*® Like circadian disruption, inadequate sleep has
long been associated with increased risk of disease. Consider-
able evidence indicates that sleep loss, like circadian disruption,
is associated with significant perturbation of host immune and
inflammatory responses,®*43357476 which likely contribute to
enhanced risk, a suboptimal host response to challenge, and pro-
longed recuperation. In fact, some studies have directly assessed
the effect of short sleep duration on susceptibility to infectious
challenge and response to immunization in people, generally
finding that poor or limited sleep is associated with increased
risk and poor responses.****5+ Therefore, both sleep loss and cir-
cadian disruption, as well as related metabolic and immunologic
perturbations, likely contribute to the results we report.

People experiencing viral infections often develop a variety
of symptoms that include malaise and fatigue. Generally these
symptoms resolve as the person recovers. However, some people
continue to experience fatigue long after the infection apparently

451

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-27



Vol 66, No 6
Comparative Medicine
December 2016

resolves. For example, among 140 patients with a history of West
Nile virus infection, 31% reported fatigue that lasted for more
than 6 mo after infection, with an average duration of 5 y.* Some
patients with postinfective fatigue may be diagnosed as having a
condition called chronic fatigue syndrome, recently renamed Sys-
temic Exertion Intolerance Disease by the Institute of Medicine
(http:/ /www.iom.edu/Reports/2015/ME-CFS.aspx). In many
cases, this illness begins after the patient experiences a flu-like
condition. For example, adolescents and young adults who have
had mononucleosis can develop fatigue that lasts for a year or
more after other symptoms resolve,*>** with women being more
likely than men to develop fatigue. We and others have hypoth-
esized that chronic fatigue occurs because the patient’s immune
system remains primed or activated even after the acute infection
is gone; this residual activation primes the immune system for
overreaction to other mild challenges like a minor bacterial infec-
tion, exercise, or sleep loss. For example, in patients with chronic
fatigue syndrome, over-exercising can intensify symptoms, and
some patients experience profound fatigue after even moderate
exercise.”®”® Although the etiology of chronic fatigue syndrome
is uncertain and likely viable among patients, a substantial body
of evidence suggests an infectious trigger in at least some patient
populations.”# 75

In conclusion, our data show that chronic exposure to simulated
SW in association with an acute inflammatory challenge (LPS) can
reactivate latent virus and increase total viral load in lung of
immune-impaired MuGHV-infected mice. Such reactivation might
contribute to the associated development of secondary symptoms
of infectious disease. The findings offer additional support for the
adverse effects of chronic exposure to diurnal disorganization on
health. Our study further indicates that the development of these
outcomes in a host animal are likely multifactorial in etiology.
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