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Abstract

Long-term, persistent central nervous system inflammation is commonly seen following brain
infection. Using a murine model of viral encephalitis (murine cytomegalovirus, MCMV) we have
previously shown that post-encephalitic brains are maintained in an inflammatory state consisting
of glial cell reactivity, retention of brain-infiltrating tissue-resident memory CD8* T-cells, and
long-term persistence of antibody-producing cells of the B-lineage. Here, we report that this
neuroinflammation occurs concomitantly with accumulation and retention of immunosuppressive
regulatory T-cells (Tregs), and is exacerbated following their ablation. However, the extent to
which these Tregs function to control neuroimmune activation following MCMV encephalitis is
unknown. In this study, we used Foxp3-diphtheria toxin receptor-GFP (Foxp3-DTR-GFP)
transgenic mice, which upon administration of low-dose diphtheria toxin (DTx) results in the
specific depletion of Tregs, to investigate their function. We found treatment with DTx during the
acute phase of viral brain infection (0 — 4 dpi) resulted in depletion of Tregs from the brain,
exacerbation of encephalitis (i.e., increased presence of CD4* and CD8" T-cells), and chronic
reactive phenotypes of resident glial cells (i.e., elevated MHC class Il as well as PD-L1 levels,
sustained microgliosis, and increased glial fibrillary acidic protein (GFAP) expression on
astrocytes) vs. untreated, infected animals. This chronic proinflammatory environment was
associated with reduced cognitive performance in spatial learning and memory tasks (Barnes
Maze) by convalescent animals. These data demonstrate that chronic glial cell activation,
unremitting post-encephalitic neuroinflammation, and its associated long-term neurological
sequelae in response to viral brain infection are modulated by the immunoregulatory properties of
Tregs.
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Introduction

Long-term, persistent inflammation of the central nervous system (CNS) is commonly seen
following viral brain infection (Neumann 2001). Evidence suggests that even after clearance
of detectable viral antigen and resolution of acute inflammation, the brain does not
immediately return to its pre-infection condition, but rather is maintained for a prolonged
period in a chronic, heightened proinflammatory state. Using well-established herpes
simplex virus (HSV)-1 and murine cytomegalovirus (MCMV) experimental brain infection
models, our previous studies have shown that microglia, identified as CD45MCD11b* cells
residing within the brain, do not acquire reactive phenotypes solely do to innate responses to
viral proteins themselves. Following brain infection, the vast majority of microglia display
chronic reactivity, even in areas distal to viral replication. Rather, glial cells residing within
the brain react to adaptive immune responses and mediators produced by brain-infiltrating T-
cells, including interferon (IFN)-y (Marques et al. 2008; Mutnal et al. 2011). In addition to
viral infection, prolonged activation of resident microglia, along with sustained presence of
brain resident memory T-cells, has been demonstrated in a wide variety of neurodegenerative
diseases, CNS insults, and stroke, reviewed in (Burda and Sofroniew 2014).

Properly regulated neuroimmune responses to infection must strike a balance between
pathogen clearance and an acceptable level of bystander tissue damage. Prolonged immune
responses within the brain following MCMV infection are characterized by persistence of
antibody-producing B-cells, chronic microglial cell activation, and retention of virus-specific
effector-memory CD8* T-cells (Mutnal et al. 2011; Mutnal et al. 2012). Although CD8* T-
cells play a critical role in controlling viral spread during acute brain infection (Cheeran et
al. 2005; Reddehase et al. 1987), the chronic presence of these IFN-y-producing
lymphocytes may be damaging to the brain. In addition to the beneficial, antiviral effects of
turning on proinflammatory neuroimmune responses, suppression of inflammation is equally
critical to limiting tissue damage and preserving neurological function.

Our laboratory has been investigating various processes by which tissue-damaging
inflammatory responses are controlled following viral brain infection. We have recently
shown that both microglial cells and astrocytes possess the ability to suppress post-
encephalitic CD8" T lymphocytes through up-regulation of a ligand for the programmed
death receptor (PD)-1 (i.e., programmed death ligand 1, PD-L1, B7-H1, CD274),
(Schachtele et al. 2014). Additional studies have demonstrated that anti-inflammatory,
interleukin (IL)-10-producing regulatory B-cells (B10) which modulate microglial cell, as
well as T lymphocyte, responses are found within post-encephalitic brains (Mutnal et al.
2014). Cytotoxic CD8* T-cells have been shown responsible for the destruction of healthy
bystander neurons (McPherson et al. 2006). While maintaining a heightened state of
immune readiness following viral infection may promote protection and lead to more rapid
pathogen clearance following re-exposure or reactivation, it is clear that these chronic
responses also need to be well-regulated.

It has been well-established that CD4* regulatory T-cells (Tregs) maintain order during
autoimmune and inflammatory responses, as well as immune responses generated during
viral infection (Lanteri et al. 2009; Suvas et al. 2004; Trandem et al. 2010). In addition,

Glia. Author manuscript; available in PMC 2016 December 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lokensgard et al.

Page 3

Tregs are required to minimize tissue damage in response to viral infection, reviewed in
(\Veiga-Parga et al. 2013), and imbalance or dysfunction caused by depletion of the Treg
population during viral infection has been demonstrated to lead to pathological tissue
damage (Veiga-Parga et al. 2012). In addition, Treg depletion has been demonstrated to
convert non-lethal encephalitis to one of high mortality, without affecting viral clearance
(Anghelina et al. 2009). The presence of these cells has been reported within the brain
following viral encephalitis, where their production of transforming growth factor (TGF)-f
may support the maintenance of CNS-resident CD8* memory T-cells through increased
CD103 expression (Graham et al. 2014). Recently, mouse hepatitis virus (MHV)-specific
Foxp3*CD4* Tregs have been detected within infected brains and been shown to ameliorate
viral encephalitis by repressing effector T-cell function during both priming in the draining
lymph nodes and effector stages (Zhao et al. 2014). These pathogen-specific Tregs were also
demonstrated to diminish microglial cell activation during acute infection, as indicated by
reduced expression of major histocompatibility complex (MHC) class Il at 7 days post-
infection (dpi) (Zhao et al. 2014). However, the full extent by which Tregs interact with
resident brain cells to modulate viral encephalitis remains unknown. In this study, we
investigated contributions of the Treg lymphocyte population in controlling reactive gliosis,
along with post-encephalitic neuroinflammation and long-term neurological sequelae, at
chronic time points post-infection.

Materials and Methods

Ethical statement

This study was carried out in strict accordance with recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was
approved by the Institutional Animal Care and Use Committee (Protocol Number:
1402-31338A) of the University of Minnesota. All surgery was performed under Ketamine
anesthesia and all efforts were made to minimize suffering.

Virus and animals

RM461, a MCMV expressing Escherichia coli B-galactosidase under the control of the
human iel/ie2 promoter/enhancer (Stoddart et al. 1994) was kindly provided by Edward S.
Mocarski (Emory University, Atlanta, GA). The virus was maintained by passage in
weanling female Balb/c mice (Charles River, Wilmington, MA). Salivary gland-passed virus
was then grown in NIH 3T3 cells for 2 passages, which minimized any carry-over of salivary
gland tissue. Infected 3T3 cultures were harvested at 80% to 100% cytopathic effect and
subjected to three freeze—thaw cycles. Cellular debris was removed by centrifugation (1000
x() at 4°C, and the virus was pelleted through a 35% sucrose cushion (in Tris-buffered
saline, 50 mM Tris—HCI, 150 mM NacCl, pH 7.4) at 23,000 xg for 2 h at 4 °C. The pellet was
suspended in Tris-buffered saline containing 10% heat-inactivated fetal bovine serum (FBS).
Viral stock titers were determined on 3T3 cells as 50% tissue culture infective doses
(TCIDsp) per milliliter. Foxp3-GFP (Fontenot et al. 2005), as well as Foxp3-DTR-GFP (Kim
et al. 2007), transgenic mice, each backcrossed over 15 generations onto the C57B/6
background (Ertelt et al. 2011), were kindly provided by Sing Sing Way (Cincinnati
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Children’s Hospital, Cincinnati, OH). Wild type C57B/6 mice were obtained from the
Jackson Laboratories (Bar Harbor, ME).

Intracerebroventricular infection of mice

Infection of mice with MCMV was performed as previously described (Cheeran et al. 2004).
Briefly, female mice (6-8 week old) were anesthetized using a combination of Ketamine and
Xylazine (100 mg and 10 mg/kg body weight, respectively) and immobilized on a small
animal stereotactic instrument equipped with a Cunningham mouse adapter (Stoelting Co.,
Wood Dale, IL). The skin and underlying connective tissue were reflected to expose
reference sutures (sagittal and coronal) on the skull. The sagittal plane was adjusted such
that bregma and lambda were positioned at the same coordinates on the vertical plane.
Virulent, salivary gland-passaged MCMV RM461 (1 x 104 TCIDs units in 10 ul), was
injected into the right lateral ventricle at 0.9 mm lateral, 0.5 mm caudal, and 3.0 mm ventral
to bregma using a Hamilton syringe (10 pl) fitted to a 27 G needle. The injection was
delivered over a period of 3-5 min. The opening in the skull was sealed with bone wax and
the skin was closed using 4-0 silk sutures with a FS-2 needle (Ethicon).

Regulatory T-cell depletion

Transgenic Foxp3-DTR-GFP mice were used to investigate the effects of acute Treg
depletion on chronic neuroinflammation following viral encephalitis. Diphtheria toxin (DTX,
Sigma-Aldrich, St. Louis, MO) stock solution was diluted to a concentration of either 0.5
ng/100ul or 0.1 pug/100ul. On the day prior to intracerebroventricular viral infection, a subset
of mice were given intraperitoneal (ip) injections of DTx (0.5 pg/100ul). Subsequent doses
of 0.1ug/100ul were given at 1 and 4 dpi to maintain Treg depletion throughout the acute
phase of viral infection.

Isolation of brain leukocytes and FACS

Leukocytes were isolated from the brains of control C57B/6 mice as well as MCMV-
infected mice with or without DTx treatment using a previously described procedure with
minor modifications (Cheeran et al. 2007; Ford et al. 1995; Marten et al. 2003). In brief,
whole brains were harvested, pooled (n = 4-6 animals/group/experiment), and minced finely
in RPMI 1640 (2 g/L D-glucose and 10 mM HEPES) and digested in 0.0625% trypsin (in
Ca/Mg-free HBSS) at room temperature for 20 min. Single cell preparations from the brains
were suspended in 30% Percoll and banded on a 70% Percoll cushion at 900 xg at 4°C for
15 min. Brain leukocytes obtained from the 30—70% Percoll interface were collected and
used either for subsequent antibody staining for flow cytometry, or suspended in RPMI for
ex vivo culture experiments. For flow cytometric antibody staining, brain leukocytes were
first treated with Fc block (anti-CD32/CD16 in the form of 2.4G2 hybridoma culture
supernatant with 2% normal rat and 2% normal mouse serum) to inhibit nonspecific Ab
binding and were stained with anti-mouse immune cell surface markers for 45 min at 4°C
(anti-CD45-PE-Cy5, anti-CD11b-APC-CY7, anti-CD4-e450, anti-CD8-AF700, anti-MHC
class II-APC, and anti-PD-1-PE, anti-Ki67-APC, and anti-PD-L1-PE or FITC (eBiosciences,
San Diego, CA). Analysis by flow cytometry was performed. Control isotype Abs were used
for all fluorochrome combinations to assess nonspecific Ab binding. Live leukocytes were
gated using forward scatter and side scatter parameters on a BD FACSCanto flow cytometer
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(BD Biosciences, San Jose, CA). Data was analyzed using FlowJo software (FlowJo,
Ashland, OR).

Real-time RT-PCR

RNA from purified microglia and astrocyte cell cultures, or from brain tissue was extracted
using an RNeasy Mini Kit (Qiagen, Valencia, CA) or TRIzol reagent (Invitrogen, Carlsbad,
CA), respectively. cDNA was synthesized with 0.5 to 1.0 ug of total RNA using Superscript
I11 reverse transcriptase (Invitrogen) and oligo d(T)1,_1g primers (Sigma-Aldrich). PCR was
performed with the SYBR Advantage gPCR master mix (ClonTech, Mountain View, CA).
The PCR conditions for the Mx3000P QPCR System (Stratagene, now Agilent
Technologies, La Jolla, CA) were: 1 denaturation cycle at 95°C for 10 s; 40 amplification
cycles of 950 for 10 s, 600 annealing for 10 s, and elongation at 72°C for 10 s; followed by 1
dissociation cycle. The relative product levels were quantified using the 272ACt method
(Livak and Schmittgen 2001) and were normalized to the housekeeping gene hypoxanthine
phosphoribosyl transferase (HPRT).

Enzyme-linked immunosorbent assay (ELISA)

Homogenized animal brains in DMEM media containing 1% FBS were centrifuged at 4°C
for 15 min to harvest supernatants followed by measurement using a protein assay reagent
(Bio-Rad, Hercules, CA) before being used for ELISA. In brief, 96-well ELISA plates pre-
coated with anti-mouse MHC class Il, GFAP, IFN-g, CXCL10 or MAP-2 antibodies (2
mg/ml) overnight at 4°C were blocked with 1% BSA in PBS for 1h at 37°C. After washing
(PBS with Tween 20), brain supernatants and a series of dilution of MHC class Il, GFAP,
IFN-g, CXCL10 or MAP-2 (as standards) were added to the wells for 2h at 37°C. Then,
anti-MHC class I, GFAP, IFN-g, CXCL10 or MAP-2 detection antibodies were added for
90 min at 37°C followed by addition of secondary antibodies conjugated with horseradish
peroxidase (1:10,000) for 45 min at 37°C. A chromogen substrate K-Blue was added for
color development which was terminated with 1M H,SO4. The plate was read at 450 nm and
MHC class Il, GFAP, IFN-y, CXCL10, or MAP-2 concentrations were extrapolated from
the standard concentration curves.

Immunohistochemistry

Brains were harvested from infected mice that were perfused with serial washes of
phosphate-buffered saline (PBS), 2% sodium nitrate to remove contaminating blood cells,
and 4% paraformaldehyde. Murine brains were subsequently submerged in 4%
paraformaldehyde for 24 h and transferred to 25% sucrose solution for 2 d prior to
sectioning. After blocking (1x PBS, 10% normal goat serum and 0.3% Triton X-100) for 1 h
at room temperature, brain sections (25 um) were incubated overnight at 4°C with the
following primary antibodies: rat anti-mouse MHC class 11 (10ug/mL; eBioscience), rabbit
anti-GFAP (1:1500; DAKO, Carpenteria, CA), rabbit anti-ionized calcium binding adaptor
molecule (Iba)l (2 pg/mL; Wako Chemicals, Richmond, VA), rat anti-mouse CD8 (10
pg/mL; eBioscience), rat anti-mouse CD4 (10 pg/mL; R&D Systems, Minneapolis, MN), rat
anti-Foxp3 (eBioscience), and rabbit anti-mouse MAP-2 (2 ug/mL; EMD Millipore,
Billerica, MA). Brain sections were washed three times with PBS. After washing, secondary
antibody (rhodamine- or FITC-conjugate) was added for 1 h at RT followed by nuclear
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labeling with Hoechst 33342 (1 pg/ml; Chemicon, Temecula, CA) and viewing under a
fluorescent microscope.

Barnes Maze

The Barnes maze is a dry-land maze test for spatial learning and memory consisting of a
circular platform with 40 holes along the perimeter (Med-Associated, St. Albans, Vermont).
During testing, animals received reinforcement to escape from the open platform surface to a
small, dark chamber located under one of the holes called the “target box”. Data were
acquired over 4 d using four trials per day. Latency was defined as the time it took to locate
the target box. For the probe test on d 5, the escape box was covered and the time spent in
each quadrant was compared to time spent in the goal zone (90 sec test), which previously
contained the escape box.

Statistical analysis

Results

For comparison of means of pairs a two-tailed Student’s T-test for paired samples was
applied. For comparison of means of multiple groups, analysis of variance (ANOVA) was
performed followed by Bonferroni-test.

Tregs accumulate within the brain following viral infection

Previous studies using our well-established MCMYV infection model have demonstrated that
both CD4* and CD8* T lymphocytes enter the brain to control viral infection (Cheeran et al.
2004; Cheeran et al. 2005). To determine whether regulatory T-cells are present within the
infiltrating CD4" lymphocyte population, we infected Foxp3-GFP transgenic mice and
examined single cell suspensions of brain tissue using flow cytometry. Brain-infiltrating
CD4* T-cells were first gated on from the CD45*CD11b!°W |eukocyte population and
subsequently analyzed for expression of GFP. Results generated from these studies showed
that Foxp3* Treg cells were detectable within the brain during both acute (7 dpi) and chronic
(30 dpi) phases of infection (Fig. 1A). Immunohistochemical staining for Foxp3 antigen at
7, 14, 24, 30, and 60 dpi confirmed the accumulation of Treg cells within the brain and
demonstrated their presence in various regions: ventricles (choroid plexus), parenchyma, and
meninges (Fig. 1B). Similar immunohistochemical staining using anti-Foxp3 Abs on brain
tissue at 4 dpi showed very few Foxp3™ cells at this early time point, indicating that brain
infiltration by Tregs occurred between 4 and 7 dpi.

Tregs can be depleted from infected brains

Because we determined that Treg cells were present in the brain in response to viral
infection, we went on to examine whether they could be depleted from this tissue using DTx
treatment of infected Foxp3-DTR-GFP animals (i.e., in-vivo Foxp3* cell ablation). In these
experiments, DTx was dissolved in saline and administered by ip injection to Foxp3-DTR-
GFP mice at a dose of 0.5 ug on the day of infection (d 0). Infected animals were then given
a reduced dose of DTx (0.1 pg) at 1 and 4 dpi. (Fig. 2A). When Treg levels were assessed
using flow cytometry, a marked reduction was observed in brain tissue from DTx-treated vs.
untreated animals during acute infection (7 dpi), 0.96 + 0.08% vs. 5.06 + 1.67%,
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respectively (Fig. 2B). The difference in Treg numbers between treatment groups was most
striking during acute infection, as DTx is cleared from the host and Treg numbers rebound
during the chronic phase of infection, 14 and 30 dpi (Fig. 2B). Finally, given the well-
recognized immunosuppressive effects of Treg cells, it is possible that establishment of viral
brain infection was compromised due to more potent neuroimmune responses associated
with Treg-ablation. However, when sections of brain tissue from animals with or without
DTx treatment were examined for B-gal expression from the recombinant viral genome, no
effect of DTx treatment on the ability to establish viral brain infection was observed at 4 dpi
(Fig. 2C).

Elevated accumulation of T lymphocytes in the brain following Treg depletion

We next examined the effect of Treg ablation on brain infiltration and accumulation of T
lymphocytes. In Treg-deficient, MCMV-infected mice, we observed increased numbers of
CD8" and CD4" T-cells within the brain when compared to Treg-sufficient animals. While
Treg ablation had no significant effect on lymphocyte numbers at 7 dpi, robust differences in
both CD8* and CD4* T-cell numbers were observed within the brain at later time points, 14
and 30 dpi (Fig. 3A). These data were confirmed through immunohistochemical staining
which showed markedly elevated numbers of CD4* T-cells in the ventricles and meninges,
as well as elevated CD8" T-cell numbers within the parenchyma of Treg-depleted animals
(Fig. 3B).

In the draining cervical lymph nodes, we found elevated levels of CD4* T-cell proliferation
(as detected using flow cytometry for Ki67) within DTx-treated mice at 7 and 14 dpi (i.e.,
66.7% versus 16.3%, and 49.3% versus 9.79% for CD4* T-cells at 7 and 14 dpi, with and
without DTX, respectively). Similar data were obtained when CD8* T-cells within the lymph
nodes were examined at 7 and 14 dpi (i.e., 38.9% versus 13.3%, and 35.8% versus 7.59% for
CD8™" T-cells at 7 and 14 dpi, with and without DTX, respectively). Interestingly, CD8* T-
cell proliferation in the draining lymph nodes clearly waned by 30 dpi regardless of DTx
treatment (3.13% versus 1.54%, with and without DTX, respectively); while some residual
CD4" T-cell proliferation within the cervical lymph nodes of treated animals may remain at
30 dpi (14.8% versus 2.61% with and without DTX, respectively).

Increased and prolonged microglial cell reactivity with Treg depletion

Previous flow cytometry studies of isolated brain mononuclear cells (BMNCs), along with
specific gating on the microglial cell population (CD45"MCD11b*), showed that these cells
upregulate the activation marker MHC class Il during the acute phase of infection, and
continue to chronically express this protein on their surface (Mutnal et al. 2011). More
recently, we have demonstrated that brain-resident microglia also express PD-L1 (B7-H1)
upon activation, which can suppress post-encephalitic CD8* lymphocytes (Schachtele et al.
2014).

We then went on to examine the expression kinetics of these surrogate markers of reactive
microglia during viral brain infection in Treg-ablated vs. Treg-sufficient animals. While
differences in MHC Il expression during acute infection (7 dpi) were minor, Treg ablation
resulted in increased and prolonged microglia cell reactivity over Treg-sufficient animals at
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14 and 30 dpi (Fig. 4A). Similar elevated and prolonged microglial reactivity was observed
when PD-L1 expression was used as an indicator, although its expression was higher during
acute infection as well (Fig. 4B). In addition to cell percentage, DTx-treated animals also
displayed significantly higher mean fluorescent intensity (MFI) for MHC Il expression at 14
and 30 dpi, but differences in overall MFI were less apparent for PD-L1 expression and they
did not reach statistical significance (Fig.4C and 4D, respectively).

The widespread and prolonged microglial cell reactivity following Treg depletion observed
using flow cytometry was confirmed using immunohistochemistry. In post-encephalitic
brains of MCMV-infected mice (40 dpi), Iba-1 was found to co-localize with MHC class 11
on reactive microglia. In both the meninges and parenchyma, greater staining was observed
following DTx treatment (Fig. 5A). These data were quantified using ELISA for MHC class
Il expression in homogenates of brain tissues at 40 dpi. In these studies, significantly higher
levels of MHC Il protein was detected in homogenates from animals with Treg ablation
compared to Treg-sufficient mice (Fig. 5B). Finally, morphological examination of Iba-1-
stained microglia in infected brain tissues at 24 dpi demonstrated a more reactive phenotype
associated with depletion of Treg cells, including formation of microglial nodules (Fig. 5C).

Tregs control microgliosis

Our next experiments investigated the effect of Tregs on microglial cell proliferation in
response to viral brain infection. In the first study, BMNCs were isolated from infected
animals; stained with anti-Ki67 antibody, which labels cells that are actively dividing; and
examined by flow cytometry using the specific microglial cell gating strategy (i.e.,
CD45MCD11b*) described above. We found that while microglia from uninfected mice
showed little proliferation, approximately half of the microglial cells isolated from infected
brains were actively dividing during the acute phase of infection (7 dpi), (Fig. 6A).
Interestingly, this proliferation quickly resolved and returned to baseline levels (Fig. 6A). To
investigate the effect of Tregs, we compared microglial cell proliferation in infected Foxp3-
DTR-GFP transgenic mice with or without DTx treatment. While marked differences
between treatment groups were not observed during the acute phase of infection, increased
and sustained reactive microgliosis was observed in Treg-depleted animals at the later time
points tested (14 and 30 dpi) when compared to untreated, infected mice (Fig. 6B). The
overall MFI for Ki67 expression in microglial cells was also elevated at 30 dpi (Fig. 6C).

Increased astrocyte reactivity with Treg depletion

We went on to investigate the effect of Treg ablation on astrocyte reactivity.
Immunohistochemical staining of post-encephalitic brain (40 dpi) sections from Treg-
depleted animals for GFAP displayed more astrocytes with a reactive phenotype in the
cerebral cortex, ventricles, and hippocampus than corresponding sections from Treg-
sufficient mice (Fig. 7A). The kinetics of GFAP mRNA expression were then examined
using real-time RT-PCR. RNA isolated from brain homogenates collected from DTx-treated,
Treg-ablated animals showed elevated and sustained expression of GFAP mRNA when
compared to untreated, Treg-sufficient animals (Fig.7B). These data were confirmed and
quantified at the protein level using ELISA, which showed significantly higher levels of
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GFAP in brain homogenates obtained from animals with Treg ablation compared to Treg-
sufficient mice at 40 dpi (Fig. 7C).

Tregs resolve post-encephalitic neuroinflammation

Having determined that Treg ablation promoted increased chronic reactive gliosis, we
investigated whether it correspondingly prolonged the proinflammatory microenvironment
within brain tissue following infection. In these studies, RNA was isolated from brain
homogenates collected from untreated or DTx-treated, MCMV-infected animals and
examined for expression of proinflammatory mediators by real-time RT-PCR. Results
obtained showed elevated and sustained levels of mMRNA expression for every mediator
tested within the brains of Treg-depleted mice when compared to untreated, Treg-sufficient
animals over the indicated time course (Fig.8A). These MRNA data were confirmed at the
protein level through quantification of IFN-y and CXCL10 using ELISA at 40 dpi (Fig.8B).
Finally, expression of neuronal microtubule-associated protein (MAP)-2, as a surrogate
marker of neurotoxicity, was found to be significantly diminished in the CA1 region of the
hippocampus, as well as cerebral cortex, of animals which were treated for Treg ablation,
quantified using ELISA (Fig. 8C).

Long-term neurological deficits with Treg depletion

Various means by which neuroimmune responses control viral brain infection have been
elucidated, but studies of mechanisms underlying the long-term neurological sequelae
observed following encephalitis have been more limited. We have previously found that T-
cell brain-infiltration and chronic reactive gliosis following experimental herpes encephalitis
in mice (Marques et al. 2008) was associated with deficits in spatial memory using the
Morris water maze (Armien et al. 2010). The Barnes maze is a dry-land maze test, which
also tests spatial learning and memory, in which animals receive reinforcement to escape
from an open platform to a small, dark chamber located under one of the holes called the
target box. Latency to escape is defined as the time it takes for an animal to locate the target
box. Having detected neurotoxicity within the hippocampus, we next examined Foxp3-DTR-
GFP mice with or without Treg ablation for deficiencies in spatial learning and memory
using the Barnes maze. Groups of convalescent animals (n = 9—13/group) at 30 dpi were
tested during 4 d of acquisition using four trials per day. Significant deficiencies in Treg-
depleted mice were seen as early as d 3 of testing when compared to Treg-sufficient or
uninfected animals (Fig. 9A). On test d 5, animals were assessed using a probe test in which
the escape box was covered and the time spent in each quadrant was compared to time spent
in the goal zone which previously contained the escape box. These results demonstrated that
animals which received Treg depletion during acute infection were found to spend
significantly less time in the goal zone than infected, undepleted or uninfected animals (Fig.
9B).

Discussion

Recent studies have demonstrated that Foxp3™* Treg cells accumulate within brains of mice
following infection with neurotropic viruses (Graham et al. 2014; Zhao et al. 2014). Results
reported here show that accumulation and retention of these immunosuppressive cells within
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the brain occurs concomitantly with chronic neuroinflammation observed following brain
infection with MCMV (Mutnal et al. 2011). In addition, it has been reported that clinical
disease during viral infection is more severe following depletion of the Treg population
(Anghelina et al. 2009; Veiga-Parga et al. 2012). Because Tregs are well-known to
negatively regulate the functions of effector T-cells, we extended these findings by showing
that depletion of the Treg population from encephalitic brains not only leads to markedly
elevated T-cell numbers, but prolongs chronic reactive phenotypes of the resident glial cells
themselves.

While treatment of Foxp3-DTR-GFP mice with DTx (0-4 dpi) was found to clearly deplete
Treg cells from the brain, the difference between treatment groups was most striking early
during infection (7 dpi). The use of these transgenic animals is a standard approach for
studying Treg effects /n vivo, but it does produce a drastic, complete depletion of this
important regulatory cell population, which may be a limitation of the model. Treg numbers
within the brain quickly rebounded and were not markedly different by 14 dpi, which likely
represents an effort by the immune system to re-establish proper homeostatic control.
Paradoxically, it has previously been reported that the actual number of Treg cells is often
elevated in target tissues during autoimmune and inflammatory diseases, but the inability of
these tissue-infiltrating Tregs to modulate disease suggests that they may be functionally
compromised, even though they are present in elevated numbers (Cao et al. 2003; Feger et
al. 2007; Korn et al. 2007). Likewise, in this study, although numbers of Treg cells within
the brain recovered by 14 dpi, the inability to suppress chronic glial cell reactivity suggests
that the cells which replete the brains were functionally compromised. Similar findings have
recently been reported using acute DTx depletion of Tregs in an experimental murine model
of West Nile virus (WNV) encephalitis, where Treg numbers within the infected brain
returned to steady state numbers by 20 dpi, yet development of long-term resident memory
T-cell responses was impaired (Graham et al. 2014). While functional compromise of the
Tregs which rebound following acute ablation is probable, it is also possible that the
inflammatory milieu of the infected CNS may render effector T-cells and glial cells resistant
to Treg-mediated suppression despite rebound of cell numbers. Another possible explanation
may simply be a temporal delay between Treg effects and homing of infiltrating T-cells into
the brain, which in turn may lead to more microgliosis and astrocytosis.

CD8™ effector T-cells are essential for viral clearance following MCMV brain infection. So,
it is possible that the loss of Treg-mediated negative regulation of anti-viral CD8*
lymphocyte responses, occurring following Treg depletion, could affect the establishment of
viral infection. However, our data show that MCMV infection was still established within
the brains of animals receiving DTx treatment, when assessed at 4 dpi. A similar lack of
impact of Treg depletion on viral distribution and clearance has been reported in MHV and
WNV brain infection models (Cervantes-Barragan et al. 2012; Graham et al. 2014). Taken
together, these findings suggest that the elevated long-term glial cell reactivity observed
following Treg depletion was not simply due to altered viral infection.

Although Tregs are best known for their ability to limit immune responses to self-Ags and
prevent autoimmunity, an increasing number of studies have demonstrated that viral
infection promotes the development of pathogen-specific Treg cells (Bedoya et al. 2013;
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Suffia et al. 2006; Zhao et al. 2011). Transfer of bulk Tregs along with effector T-cells has
been reported to result in less severe clinical disease in MHV-infected RAG ™~ animals
(Trandem et al. 2010), but pathogen-specific Tregs were found to be even more potently-
suppressive than bulk Tregs (Zhao et al. 2014). Since in our studies we did not examine Treg
antigen specificity or determine the anatomical location of their development, in this
manuscript we use the term Treg to refer to the Foxp3* CD4* T-cell population with
suppressive activity, rather than using the more-specific terms tTreg or iTreg cells (Abbas et
al. 2013). In humans, but not mice, Foxp3 has also been reported to be expressed in CD4* T-
cells which were found to be hyporesponsive, but not necessarily suppressive (Morgan et al.
2005; Tran et al. 2007; Wang et al. 2007). These findings imply that there may be important
differences between mice and humans regarding Foxp3 as a marker for Tregs.

Elevated, prolonged microglial cell reactivity and microgliosis were observed following Treg
depletion. Two distinct populations of CD45+ mononuclear phagocytes (CD45M and
CD45") can be detected within virus-infected brains (Sedgwick et al. 1991). During
MCMV infection, we have previously demonstrated that the brain-infiltrating CD45"
macrophage population is present within the CNS at early times (3 d), but not late times (30
d) post-infection (Mutnal et al. 2011). It has recently been shown that removal of Treg cells
is associated with a reduction in alternatively activated macrophages at the site of traumatic
injury (Walsh et al. 2014). However, in our MCMV brain infection model, brain-infiltrating
macrophages are completely absent by 30 dpi. Resident microglial cells (i.e., the CD45M
population) are derived from yolk sac progenitors which seed the brain early during
development and represent a cell population which is genetically distinct from bone marrow-
derived macrophages (i.e., CD45M) (Ginhoux et al. 2010; Kierdorf et al. 2013). It is only
these CD45/ cells which can be detected within the brains of sham-, mock- or uninfected
animals. In this study, we specifically gated on the CD45"CD11b" microglial cell
population to assess various markers of cellular activation.

Our previous publications have reported that resting microglia (i.e., CD45MCD11b" cells)
from uninfected murine brains express very low constitutive levels of MHC class Il (<5%).
However, following herpesvirus brain infection (using either HSV-1 or MCMV), MHC class
Il expression is strikingly upregulated on >90% of these cells (Marques et al. 2008; Mutnal
et al. 2011). These data demonstrate the utility of MHC Il expression as a surrogate marker
of microglial cell reactivity in response to proinflammatory conditions. Likewise, a low
basal level of PD-L1 expression is also observed on approximately 20% of microglia from
uninfected mice, but induced expression is detectable on over 90% of the cells within one
week following infection (Magnus et al. 2005; Schachtele et al. 2014). Like MHC 11, these
data demonstrate the utility of PD-L1 expression as a surrogate activation marker. Here, Treg
cell ablation increased the level of prolonged microglial cell reactivity, in response to
infection, as determined through expression of both of these surrogate activation markers. In
addition, Iba-1-staining of microglia in infected brain tissues demonstrated a greater number
of cells with a reactive phenotype following depletion of Tregs. Interestingly, data presented
in Fig. 6 show that brain-resident microglial cells proliferated during the acute phase of viral
infection (7 dpi). While this proliferation quickly returns to baseline in Treg sufficient
animals, sustained reactive microgliosis was observed in Treg-depleted mice.
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Astrocytes were the first glial cells on which MHC I1 was shown to be inducible (Lipp et al.
2007; Shrikant and Benveniste 1996). In comparison to microglia, expression on astrocytes
is slower to develop and less robust, thus deeming them “non-professional” antigen
presenting cells (Vardjan et al. 2012). While few studies have addressed interactions
between Tregs and astrocytes, /n vitro experiments have shown that murine primary
astrocytes polarize CD4* T-cells into Tregs, as well as Th1 subtypes (Beurel et al. 2014).
Like microglia, astrocytes also acquire reactive phenotypes in response to proinflammatory
environments. This phenotype is routinely visualized through immunostaining for GFAP,
and quantified by assessing its expression level. Here, we assessed GFAP mRNA expression
levels using real-time RT-PCR, as well as its protein level using ELISA, and found it to be
significantly higher in animals with Treg ablation compared to Treg sufficient mice. Data
presented here indicate that brain-infiltrating Treg cells also exert suppressive effects on
astrocyte reactivity, astrogliosis, and subsequent glial scaring.

A shift from the normal anti-inflammatory brain microenvironment to a more pro-
inflammatory state occurs in many diseases of the CNS. We have previously shown that our
MCMYV brain infection model results in chronic neuroinflammation that persists following
viral clearance, and in the absence of detectable viral antigen (Mutnal et al. 2011). We went
on to show that IFN-y secretion by brain-infiltrating T-cells is responsible for long-term
microglial activation and tumor necrosis factor (TNF)-a production (Mutnal et al. 2011).
IFN-7y has also been shown to induce microglia expression of T-cell co-stimulatory
molecules (CD80 & CD86) that are necessary second-signals for glia to functionally activate
T-cells (Aloisi 2001). In addition, synergistic action between TNF-a and IFN-vy in the brain
has been shown to increase nitric oxide-induced neurodegeneration (Blais and Rivest 2004),
emphasizing the importance of minimizing chronic neuroinflammation. Tregs are well
known to modulate microglial cell-produced reactive oxygen species and, correspondingly,
suppress microglia-induced neurotoxicity (Reynolds et al. 2009; Zhao et al. 2012).Here, the
increased proinflammatory brain microenvironment observed following depletion of Tregs
during acute viral infection was associated with heightened neuronal damage when MAP-2
expression was assessed, as a surrogate marker of neurotoxicity. Although the exact
mechanisms by which Tregs down-regulate inflammation remain to be elucidated, these
cells are well-known to produce high levels of IL-10 (McGeachy and Anderton 2005;
Rubtsov et al. 2008), which is well-known to regulate neuroinflammation. If not carefully
managed, this extended inflammation of the brain can lead to secondary neuronal injury and
resultant neurocognitive dysfunction.

Overactive, persistent immune activation can be detrimental to sensitive neuronal cells
resulting in focal neuropathology and, correspondingly, behavioral deficits (Armien et al.
2010). Reactive microglial cells have been linked to synaptic dysfunction and loss, which
has been shown to affect learning and memory, reviewed in (Morris et al. 2013).
Picornavirus-induced memory deficits have been correlated to the level of hippocampal
damage following experimental encephalitis (Buenz et al. 2006). Additionally, the
immunoregulatory properties of Treg cells which recognize CNS antigens have also been
linked to neurogenesis, learning, and memory in immunodeficient animals (Kipnis et al.
2004; Ziv et al. 2006). Here, we report that MCMV infection-induced, long-term
neurological deficits in spatial learning and memory following Treg depletion are associated
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with chronic reactive gliosis. Taken together, impaired neural, cognitive, and behavioral
functioning is commonly seen in patients recovering from infection-induced
neuroinflammation. We anticipate that studies using murine models, like those presented
here, will provide critical insights into the central role of Tregs in modulating these
disorders.
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Main Points

Elevated levels of encephalitic T lymphocytes are present following
regulatory T-cell depletion during acute viral brain infection.

Chronic microglial cell and astrocyte reactivity are observed subsequent to
regulatory T-cell ablation.

Unremitting neuroinflammation following regulatory T-cell depletion is
associated with reduced cognitive performance by convalescent animals.
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Figure 1. Tregs accumulate in post-encephalitic brains following viral infection
(A) Brain tissue from MCMV-infected, Foxp3-GFP transgenic mice was collected at 7 and

30 dpi. Brain-infiltrating leukocytes were isolated and stained for flow cytometry. CD4* T-
cells were gated on from the CD45*CD11b!W leukocyte population for analysis of Foxp3-
GFP expression. Infected wild-type C57B/6 animals (7 dpi) were included as a gating
control. Contour plots shown are representative of two separate experiments using three
animals/time point. (B) Flow cytometry data were confirmed using immunohistochemical

staining for Foxp3, which demonstrated presence of T regu
parenchyma, and meninges of infected mice at 24 dpi.
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Figure 2. DTx treatment depletes Tregs from the brain but still allows establishment of viral
infection

(A) Foxp3-DTR-GFP transgenic mice were injected with diphtheria toxin (DTx) at 0 (0.5
1g), 1 (0.1 pg), and 4 (0.1 pg) dpi to deplete Treg cells during the acute phase of viral brain
infection. (B) To quantify Treg depletion from the brain, leukocytes were isolated from
untreated (-DTx) as well as DTx-treated (+DTx), MCMV-infected mice and stained for flow
cytometry to detect Foxp3-GFP expression within the CD4* subpopulation of brain-
infiltrating T lymphocytes (CD45*CD11b!°W). Pooled data are presented as mean + SEM of
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two separate experiments using six animals per treatment group/time point. (C)
Establishment of viral brain infection with or without DTx treatment was confirmed using
X-gal (blue) staining to detect p-gal expression from the recombinant MCMV viral genome
at 4 dpi.
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Figure 3. Elevated levels of encephalitic T-cells within infected brains of animals following acute
Treg depletion
(A) Absolute numbers of CD8* and CD4™* T-cells were calculated based on flow cytometric

analysis of these populations isolated from the brains of MCMV-infected mice with or
without DTx treatment during the acute phase of infection (as described in Figure 2).
Lymphocyte numbers within the brain were determined at 7, 14, and 30 dpi. Pooled data are
presented as mean £ SEM of two experiments using six animals per treatment group/time
point. (B) Immunohistochemical staining for CD4* (blue) and CD8" (red) T lymphocytes
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within the ventricles, parenchyma, and meninges of infected animals at 24 dpi with (+DTx)
or without (-DTx) DTx treatment. **P < 0.01 vs. -DTx.
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Figure 4. Elevated chronic microglial cell reactivity following Treg depletion during acute
infection

Mononuclear cells were extracted from brains of untreated and DTx-treated mice infected
with MCMV (7, 14, and 30 dpi). Microglia were first identified as CD45MCD11b* cells and
subsequently stained for surface indicators of reactive cells using antibodies against (A)
MHC class Il (APC-conjugated) and (B) PD-L1 (PE-conjugated). Isotype antibody control =
filled grey line. Flow plots are representative of two separate experiments using three
animals per group/experiment. (C) Data presented show MFI of MHC Il binding and (D)
PD-L1 binding from treated (+DTx) and untreated (-DTXx) infected animals at the indicated
time points. **P < 0.01 vs. -DTx. *P <0.05 vs. -DTXx.
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Figure 5. Immunohistochemical staining of chronic reactive microglia
Microglia chronically express MHC Class Il and PD-L1 following MCMYV brain infection.

(A) Infected Foxp3-DTR-GFP transgenic mice with (+DTx) and without (-DTx) DTx
treatment were perfused and brains were cryosectioned for immunohistochemistry. Co-
labeling of MHC |1 (green), as an indicator of cell reactivity, and the microglial cell marker
Iba-1 (red) was observed in the meninges and brain parenchyma at 40 dpi. (B) Elevated
MHC Class Il protein levels in chronically-infected brains with or without Treg depletion
(xDTx) were quantified using ELISA. Pooled data presented are derived from three to nine
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animals/group at 40 dpi. (C) Brain sections from infected animals £DTx treatment stained
for Iba-1 at 24 dpi displayed microglial nodules with reactive morphology (white arrow).
**P < 0,01 vs. uninfected. TP < 0.01 vs. MCMV.
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Figure 6. Treg cells control microgliosis during viral brain infection
(A) Flow cytometry was used to analyze microglia (i.e., C45"™CD11b*) from Foxp3-GFP

animals for active cell division in response to infection using anti-Ki67 (APC-conjugated),
which labels dividing cells. Representative contour plot shows the kinetics of microgliosis.
(B) Microgliosis during brain infection of Foxp3-DTR-GFP transgenic mice was compared
in the presence (-DTx) and absence (+DTx) of regulatory T-cells (red line and indicated
percentage). Isotype antibody control = filled grey line. Histograms presented are
representative of two separate experiments using three infected animals per group/
experiment. (C) Data presented show MFI for Ki67 expression from treated (+DTx) and
untreated (—-DTx) infected animals at the indicated time points post-infection. *P < 0.05 vs.
untreated

Glia. Author manuscript; available in PMC 2016 December 04.

Days post infection




1duosnuey Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuey Joyiny

Lokensgard et al.

- ek

mRNA expression (fold change) w

o N

o N A O ©

-O== - DTx GFAP
—— +DTx

h a

-

Leasssdessabossatlessatlossnbossa bl

GFAP (ng/mg protein)
w

.‘N
‘\O---—--O 2
0 7 14 30 1
days post infection
0

DTx - + -
MCMV = -

+
+

Figure 7. Elevated chronic astrogliosis subsequent to acute Treg depletion
(A) IHC staining of brain sections obtained from MCMV-infected Foxp3-DTR-GFP

transgenic mice with (+DTXx) or without (-DTx) DTx treatment for expression of GFAP at
40 dpi. (B) Brain homogenates were collected from uninfected or untreated and DTx-treated
animals; and cDNA was synthesized from 1.0 pg of total RNA. Fold change in GFAP
mRNA expression relative to uninfected animals was quantified using the 224Ct method
and normalized to the housekeeping gene HPRT. Data shown are representative of two
experiments using three animals/time point/experiment. (C) Differences in GFAP protein
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levels in brains with or without infection and Treg depletion (xDTx) were quantified at 40
dpi using ELISA. Pooled data presented are derived from three to nine animals/group. *P <
0.05 vs. untreated uninfected. TP < 0.01 vs. MCMV.
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Figure 8. Delayed remission of post-encephalitic neuroinflammation following Treg depletion
(A) Brain tissue homogenates were collected from uninfected or DTx-treated and untreated

mice infected with MCMV for expression analysis of the pro-inflammatory mediators IFN-
¥, TNF-a, CCR2, CCL2, CXCL10, and inducible nitric oxide synthase (iNOS) at the
indicated time points post-infection. Fold change in mMRNA levels relative to uninfected
animals was quantified using the 2-22Ct method and normalized to the housekeeping gene
HPRT. Data shown are representative of two experiments using three animals/time point/
experiment. (B) Differences in IFN-y and CXCL10 protein levels in brains with or without
infection and Treg depletion (xDTx) were quantified at 40 dpi using ELISA. Data presented
are derived from three to nine animals/group. (C) Expression of neuronal MAP2 was
quantified in infected brains with or without DTx treatment using ELISA at 40 dpi (n =3 to
9 mice per group). TTP < 0.01 vs. MCMV. *P < 0.05 vs. untreated.
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Figure 9. Long-term neurological sequelae following Treg depletion during acute infection
(A) Convalescent Foxp3-DTR-GFP transgenic mice with (MCMV +DTX, pink ling, n = 13)

and without DTx treatment (MCMV, blue line, n = 9), along with uninfected controls
(Uninfected, green line, n = 9), were tested for deficiencies in spatial learning and memory
using a Barnes Maze at 30 dpi. The time needed to move to the hole with an escape box on
each day of testing was recorded as latency to escape (sec). (B) Following 4 d of acquisition
using four trials per d (i.e., on d 5), the escape box was covered and the time spent in each
guadrant was compared to time spent in the goal zone (90 sec test), which previously
contained the escape box. **P < 0.01 vs. MCMV. TTP < 0.01 vs. goal zone of each respective

group.
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