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Abstract

Aging is associated with an increase in basal inflammation in the central nervous system (CNS)
and an overall decline in cognitive function and poorer recovery following injury. Growing
evidence suggests that leukocyte recruitment to the CNS is also increased with normal aging, but
to date, no systematic evaluation of these “age-associated” leukocytes have been performed. In this
work the effect of aging on CNS leukocyte recruitment was examined. Aging was associated with
an increased number of CD45M leukocytes, primarily composed of conventional CD8* T cells.
These results were strain-independent and seen in both sexes. Intravascular labeling and
immunohistology revealed the presence of parenchymal CD8" T cells in several regions of the
brain including the choroid plexus and meninges. These cells had effector memory
(CD44*CD62L") and tissue-resident phenotypes and expressed markers associated with T cell
receptor (TCR) activation. Analysis of TCRvp repertoire usage suggested that entry into the CNS
is likely stochastic rather than antigen-driven. Correlational analyses revealed a positive
association between CD8 T cell numbers and decreased pro-inflammatory function of microglia.
However, the effects of cerebral ischemia and ex-vivo stimulation of these cells dramatically
increased production of tumor necrosis factor (TNF), interferon gamma (IFNy), and monocyte-
chemotactic protein-1 (MCP-1/CCL2). Taken together, we identified a novel population of
resident memory, immunosurveillant CD8 T cells that represent a hallmark of CNS aging and
appear to modify microglia homeostasis under normal conditions, but are primed to potentiate
inflammation and leukocyte recruitment following ischemic injury.
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Introduction

Aging is associated with cognitive decline, a heightened risk of neurodegenerative disease,
and poorer recovery after injury. People aged 80 and over are now the fastest growing
segment of the population, projected to reach 19.4 million in 2030 (1). These statistics
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highlight growing concerns over the burden to the health services. The aging process exerts
profound changes on the nervous and immune systems, which extend into nearly all organ
systems (2—4). Indeed, the relationship between these two systems is bidirectional, and the
concept of the CNS as an immune privileged organ is evolving (5). It is now recognized that
the brain is under constant immune surveillance by resident microglia and trafficking
systemic T lymphocytes recruited by the choroid plexus (6-8). These generally serve a
protective role as a rapid response system to detect damaging agents that disrupt
homeostasis. Although T lymphocytes transit the CNS at low numbers in healthy brain, the
role of these cells and how they change with age is not well understood (9). Recent work has
shown that CD4 effector memory (Tgp) cells with a TCR repertoire specific to CNS antigen
are constitutively present in the epithelial layers of the choroid plexus where, at this interface
between brain and blood, they are poised to act as immunomodulators of aging and
senescence (6, 10). Like neurons, polarized T cells have a multitude of unique functions that
serve important and distinct roles in immunity. For example, Scid mice, which lack
functional T cells, have cognitive deficits compared to wild-type mice, implying that T cells
can influence CNS function (11-13). However little is known regarding the role and identity
of the lymphocytes that traffic throughout the CNS under normal conditions and with aging.

Surveillance is the process whereby the immune system identifies and eliminates
transformed or infected cells before they become cancerous or cause harm (14). Although
little is known concerning the role of aging on immune surveillance in the CNS, the increase
in basal inflammatory levels indicative of the phenomenon known as “inflammaging”
support the notion that the necessity for surveillance may be heightened (15). The low-grade
inflammatory status of the aged CNS may favor immune cell recruitment, but the critical
mediators of this phenomenon and the functional role of the specific cell subtypes entering
the aged brain in steady state remain to be established. Stichel and Luebbert(16) showed a
significant increase in both CD11c* dendritic cells and CD3™ T cells with wide distribution
throughout the brain beginning at middle age and increasing with advanced age. Studies
assessing donor human brain tissue have identified the presence of resident CD8* T cells
enriched in white matter and regions of blood-brain barrier leakiness (17, 18). These
findings indicate that the observed changes in leukocyte recruitment in the aging mouse
brain likely have translational relevance as immune surveillance also occurs in the human
CNS.

In the present study the presence of peripheral leukocytes in the aging CNS was assessed to
determine the functional relevance of these cells to age-related inflammatory signaling. We
evaluated lymphocyte recruitment guidance and response cues and performed a
comprehensive phenotypic analysis of cell subsets found in normal CNS. Lastly, to
determine if there was a functional consequence of these CNS-resident leukocytes we
assessed production of inflammatory mediators after ex-vivo stimulation and in an age-
relevant model of brain injury, experimental stroke.
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Materials and Methods

Mice/Animals

C57BL/6J mice of 8-12 wks (young adult) and 18-22 months (aged) of age were pair-
housed on sawdust bedding in a specific pathogen free facility (light cycle 12/12 h light/
dark). The average weight of the naive, young mice was 29.6 + 2.3 grams and that of aging
mice was 35.7 + 3.2 grams before sacrifice. All experiments were performed using male
C57BL/6J mice unless otherwise stated. Several experiments were performed using BALB/
cByJ mice of 11 wks (young adult) and 21 months (aged) of age to determine strain-
dependence. A cohort of aged C57BL/6J and BALB/cBYyJ females was also included. All
animals had access to chow and water ad /ibitium. Animal procedures were performed in
accordance with NIH guidelines for the care and use of laboratory animals and approved by
the Animal Care Committee of the University of Connecticut Health Center. Ex-vivo studies
were performed by an investigator blinded to age.

Tissue Harvesting

Mice were euthanized, transcardially perfused with 60mL cold, sterile PBS, and the brains
were harvested. The olfactory bulb, brainstem, and cerebellum were removed. The brain was
then divided along the interhemispheric fissure into two hemispheres and then subsequently
rinsed with PBS to remove contaminant cells.

Flow cytometry

Blood was drawn by cardiac puncture with heparinized needles. Spleens were removed and
processed by mechanical disruption on a 70um filter screen. Red blood cell lysis was
achieved by three consecutive 10-minute incubations with Tris-ammonium chloride (Stem
Cell Technologies). CNS tissue to be analyzed by flow cytometry was placed in RPMI
(Lonza) medium and mechanically and enzymatically digested in collagenase/dispase (1
mg/mL) and DNAse (10mg/mL; both Roche Diagnostics). The cell suspension was filtered
through a 70um filter. Leukocytes were harvested from the interphase of a 70%/30% Percoll
gradient. Blood and brain leukocytes were washed and blocked with mouse Fc Block
(eBioscience) prior to staining with primary antibody-conjugated flourophores (CD45-
eF450, CD11b-APCeF780, MHCII-FITC, Ly6C-PerCP-Cy5.5, CD3e-APC, and CD4-PE-
Cy7 were purchased from eBioscience), whereas CD8-Bv510, CD69-APC, CD103-PerCP-
Cy5.5, PD-1-PE, CD11a-PE-Cy7, and CD49d-PerCP-Cy5.5 were purchased from
Biolegend. For live/dead cell discrimination, a fixable viability dye, CASE-AF350
(Invitrogen), was diluted at 1:300 from a working stock of 0.3mg/mL. Data were acquired
on a LSRII using FACsDiva 6.0 (BD Biosciences) and analyzed using FlowJo (Treestar
Inc.). No less than 100,000 events were recorded for each sample. Resident microglia were
identified as the CD45/"t CD11b*Ly6C™ population, whereas bone marrow-derived
leukocytes were identified as CD45M. Cell-specific fluorescence minus one (FMO) controls
were used to determine the positivity of each antibody.

For intracellular cytokine staining, a stock solution of brefeldin A (Sigma) was prepared at
20mg/mL in DMSQ, and diluted with PBS to obtain a working solution of 0.5mg/mL. Mice
were euthanized 8 hours after intravenous injection of brefeldin A (250ul). Leukocytes were
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collected as described above, and 1ul of GolgiPlug containing brefeldin A (BD Biosciences)
was added to 800ul complete RPMI. Cells were subsequently stimulated with PBS or Cell
Stimulation Cocktail (eBioscience) containing PMA/ionomycin and incubated for 4 hours at
37°C (5% CO2). Afterward, cells were resuspended in Fc Block, stained for surface antigens
and washed in 100ul of fixation/permeabilization solution (BD Biosciences) for 20 minutes.
Cells were then washed twice in 300ul Permeabilization/Wash buffer (BD Biosciences) and
resuspended in an intracellular antibody cocktail containing TNF-PE-Cy7, CCL2-PE, and
IFNy-PerCP-Cy5.5 and fixed.

For detection of reactive oxygen species, leukocytes were incubated with redox-sensitive
CM-H2DCFDA (5uM; Ex/Em: 495/520) fluorogenic cell-permeant dye (Life Technologies,
Invitrogen). Cells were incubated for 20min at 37°C, washed three times with FACS buffer
(without NaAz), and then stained for surface markers including CASE.

To determine TCRVp usage, we used a mouse v TCR screening panel (BD Pharmingen)
according to the manufacturer’s instructions. Briefly, after collecting blood and tissue
leukocytes each sample was divided into 15 separate FACS tubes and stained for the
antibody cocktail including one of 15 respective TCRvp FITC-conjugated monoclonal
antibodies.

Phagocytic activity of microglia was performed as described by Ritzel et al (2015). Briefly,
fluorescent latex beads (Fluoresbrite Yellow Green (YG) carboxylate microspheres; 1um
diameter; Polysciences) were added to sorted microglia in a final dilution of 1:100 as
described (19). After 1-h incubation at 37°C, the cells were washed three times with FACS
buffer, re-suspended in FACS buffer, stained for surface markers, and fixed in PFA.

ELISA cytokine measurement

Plasma and whole tissue brain chemokine levels were determined by ELISA (Milliplex
Cytokine/Chemokine Assay, EMD Millipore). In brief, mice were euthanized by avertin
injection and blood was collected by cardiac puncture into heparin-coated syringes. Samples
were centrifuged (13,0009 for 10min at 4C) and plasma was collected and stored frozen
(-80C) until assaying. Brain hemispheres were collected and homogenized in ice-cold lysis
buffer containing a protease inhibitor cocktail (Roche Diagnositics). Homogenates were
sonicated and centrifuged at 4C for 15 min at 14,000 rpm, and supernatants were assayed for
total protein using a BCA protein assay kit (Pierce, Thermo scientific). Using a standard
curve, protein concentration was determined and 100ug of each sample was loaded into each
well in duplicate. Samples were assayed according to the manufacturer’s instructions using a
Luminex 200 (Luminex Corporation, Austin, TX, USA) magnetic bead array platform. Inter-
and intra-assay coefficients of variation were than less than 10%.

Intravascular staining and cell isolation

A total of 7ug anti-CD3e-PE was injected i.v. At 4 minutes after injection, the animals were
sacrificed, and perfused with 40mL PBS. Blood was taken by cardiac puncture prior to
perfusion to confirm injection efficiency. The brain hemispheres were harvested within 3
minutes, washed with PBS to remove free antibody, and leukocytes were isolated as
described above. Leukocytes were then stained with CD45-eF450, CD11b-AF700, CD3e-
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APCeF780, CD4-APC, CD8-PerCPCy5.5 and CASE. Co-labeling was used determine the
percentage of peri-vascular/parenchymal (CD3e-PE~/CD3e-APCeF780%) versus
intravascular cells (CD3e-PE*/CD3e-APCeF780%).

Immunohistochemistry

Following PBS perfusion brains were harvested and embedded in an optimal cutting
temperature (OCT) embedding solution and subsequently frozen on dry ice and stored at
—80°C. Brains were sectioned on a cryostat at a thickness of 10 um at a temperature of 17°C.
These sections were mounted on charged slides and stored at —20°C until use. After being
brought to room temperature the sections were fixed with 4% paraformaldehyde (PFA) for
10 minutes, washed and then blocked in 0.1 mol/L phosphate buffer with 0.3% Triton X-100
(Sigma) and 10% donkey serum for one hour. Primary antibodies rat anti-CD8 (Abcam,
1:200), rabbit anti-myelin basic protein (Abcam, 1:200), mouse anti-NeuN (Millipore,
1:200) and rabbit anti-CD3 (Abcam, 1:100) were added and incubated overnight at 4°C.
These sections were washed and secondary antibodies Alexa Flour 488 anti-rat (Invitrogen,
1:1000), Alexa Flour 594 anti-rabbit (Life Technologies, 1:1000), and Alexa Flour 594 anti-
mouse (Invitrogen, 1:1000) as well as conjugated antibodies Texas Red Lycopersicon
Esculentum (Tomato) Lectin (Vector, 1:200), mouse anti-glial fibrillary acidic protein
(GFAP)-Cy3 (Sigma, 1:200) and 4/,6-diamidino-2-phenylindole, dihydrochloride (DAPI,
Invitrogen, 1:1000) were added and incubated at room temperature for one hour, washed and
coverslipped for viewing. Images were acquired with a Zeiss Axiovert microscope (Carl
Zeiss, Oberkochen, Germany) using a X-Cite 120Q fluorescence illumination system
(Lumen Dynamics Group Inc, Mississauga, ON, Canada) and Zeiss image acquisition
software (Zeiss LSM 510).

Middle Cerebral Artery Occlusion (MCAQO) model of ischemic stroke

Cerebral ischemia was induced in aged mice (20 months) by 90 min of reversible middle
cerebral artery occlusion under isoflurane anesthesia as previously described (20). Rectal
temperatures were maintained at approximately 37 °C during surgery and ischemia with an
automated temperature control feedback system. A midline ventral neck incision was made,
and unilateral MCAQ was performed by inserting a 0.23mm silicone-coated suture (Doccol
Corp, Redlands, CA, USA) into the right internal carotid artery 6 mm from the internal
carotid/pterygopalatine artery bifurcation via an external carotid artery stump. Mice were
euthanized at 4 hours after reperfusion and cells were isolated from contralateral (control)
and ipsilateral (ischemic) hemispheres as above. ROS and cytokine production was
measured as above following 2 hours of PMA/ionomycin stimulation at 37C.

Statistical Analyses

Data represents averages of cell counts obtained from one hemisphere of individual mice
within a group. Data from individual experiments are presented as mean £ SEM and
compared with Student’s t-test where appropriate (GraphPad Prism Software Inc, San
Diego, CA, USA). Multiple comparisons were assessed by one-way or two-way ANOVA
analysis with Tukey post-hoc correction. Significant differences between paired comparisons
were conducted with the Holm-Sidak test. Correlation analyses were performed using
Pearson’s correlation. p < 0.05 was considered statistically significant.
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Aging increases the number of peripheral leukocytes in the CNS

To confirm that aging increases leukocyte trafficking in the CNS we quantified the absolute
number of bone marrow-derived cells present in each tissue using the gating strategy shown
in Supplemental Figure 1A. The number of CD45M leukocytes was significantly increased in
the aged brain (Figure 1A). Absolute cell counts revealed a nearly three-fold increase in
peripheral cells in normal aged brain (Figure 1B, p<0.001, N=13/group). Similar increases
were also observed in the aged spinal cord (Supplemental Figure 1B). T cells composed the
majority of these age-associated leukocytes, wherein the CD8 subset was more numerous
than the CD4 subset (Figures 1C—-E, p<0.001). These were identified as conventional TCR
a/B, CD8 a/f T cells (data not shown). CD4:CD8 ratios of circulating T cells were decreased
with age (p<0.001) and significantly lower in the brain compared to blood and spleen
regardless or age (Figure 1E). To determine whether our findings were strain-dependent, we
validated our results in the BALB/cBYJ strain, which also demonstrated greater numbers of
CD8 T cells in their brains with age, with older females exhibiting significantly higher
numbers compared to their age-matched male counterparts (Supplemental Figure 1C and
Supplemental Figures 2A-D). The results show that the CNS is more permissive to CD8 T
lymphocyte trafficking with age.

Age-related chemokine production is associated with enhanced recruitment of CD8 T cells
into the aging brain

To determine whether CD8 T cell recruitment to the aging brain could result from a directed,
homeostatic process rather than a random dispersion into tissues, we examined whole brain
protein expression of chemokines known to be involved T cell migration. CCL5 (RANTES),
CCL11 (Eotaxin), CXCL9 (MIG), and CXCL10 (IP-10) concentrations were all
significantly upregulated in the brain with age by ELISA (Figures 2A-D). Levels of these
chemokines were similarly increased in aged plasma (Figures 2E—H), suggesting that these
gradient levels are accessible to circulating T cells. Surface expression of chemokine
receptors to these respective chemokine ligands was then assessed on both blood and brain
CD8 T cells. An increase in expression of these chemokine receptors was found on blood
CD8 T cells with age (Figures 21-L). Interestingly, CD8 T cells in the aged brain expressed
lower levels of these receptors relative to those in circulation, and levels were comparable to
that found in young blood (Figures 2M-P). These results suggest that the aged brain is a rich
source of chemokine cues that are generally required for active T cell migration. After
reaching the CNS, CD8 T cells down-regulate expression of their chemokine receptors in
order to establish residence.

CD8 T cells are present in perivascular and parenchymal regions throughout the aging

CNS

T cell extravasation across the endothelium involves a series of adhesion events that include
attachment, rolling, and transmigration. Because ICAM-1 expression is reported to be
increased in aged brain vasculature (21, 22), we examined CD8 T cell expression of CD11a
(LFAL) and CD49d (VLA4), adhesion molecules required for T cell entry into peripheral
tissues. Figures 3A-D show that CD11a and CD49d expression were significantly increased
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on circulating CD8 T cells with age (p<0.05 and p<0.01, respectively), and further elevated
on those present in the brain at either age (p<0.001 and p<0.05, respectively). In both
tissues, CD49d-positive CD8 T cells were CD11aM. The vessel capture of T cells implies
subsequent extravasation into perivascular and parenchymal CNS tissue. Using tomato-lectin
immunohistochemistry, we identified the putative presence of CD8 T cells outside of lectin-
positive lumen of vessels (Figure 3E). To confirm that T cells resided in the parenchymal
tissue, and were not adherent to the brain endothelium, we performed an injection labeling
experiment as previously described (23, 24). All circulating and vessel-associated cells
bound to transcardially injected PE-conjugated CD3e antibody, processed for leukocyte
collection, and subsequently stained with APCeF780-conjugated CD3e antibody. Compared
to an injection labeling efficiency of ~98% for all blood CD3e-injected*CD8 T cells, only
7.7+5% of aged brain CD8 T cells were positive for CD3e-injected antibody, suggesting
these cells are located outside of the vascular network and in the parenchyma or perivascular
spaces (Figures 3F-G). Immunohistology revealed the presence of CD3*CD8™ T cells in
circumventricular organs (choroid plexus and meninges) and most gray and white matter
regions (cortex, striatum, corpus collosum) throughout the anterior-posterior axis of the
brain (Figures 3H-I). Further, we found that these cells were often associated with
astrocytes, although the precise nature of this association is unknown (Figure 3J).

Age-related, CNS-resident CD8 T cells have memory/effector phenotype and expression
markers of T cell-receptor activation

The trafficking of T cells into CNS tissues is thought to occur following antigenic
presentation in draining lymph nodes by professional antigen-presenting cells. Antigen-
experienced memory T cell subsets are defined by CD44*CD62L* (Central Memory, Tcm)
and CD44*CD62L" (Effector Memory, Tgp) expression, whereas naive T cells are largely
negative for the activation marker CD44 (25). Applying this paradigm to CD8 T cells in the
aging brain we found that the vast majority (87+4%) of all CNS-resident CD8 T cells have
an effector memory phenotype, compared to just 9+4% of CD8 T cells in blood (Figures
4A-B). A similar percentage of T cells with effector memory phenotype were observed in
young brains, despite the fact that T cells were found in significantly lower abundance. To
determine the general activation state of CNS-resident CD8 Tgp cells we probed these cells
with known markers of T cell activation. The early activation and tissue-retention marker,
CD69, was highly upregulated on CNS-resident CD8 T cells compared to those in the blood
(Figure 4C, N=5/group, p<0.001). Expression of programmed death-1 (PD-1) receptor,
which is upregulated on activated T cells, was also dramatically increased on nearly all
CNS-resident T cells compared CD8 T cells in aged blood (Figure 4D, N=5/group,
p<0.0001), implying the presence of widespread T cell activation in the aged brain.
Expression of the resident memory marker alpha E integrin CD103 was also found on a
significant fraction of these cells (Figure 4E). To determine if CNS-resident memory CD8 T
cells were responding to antigenic signals present in the aging CNS, CD8 T cells in the
blood and brain were screened for TCRvp usage to determine T cell clonality in tertiary
tissues. No differences in TCRv[ usage between CNS-resident CD8 T cells and their blood
counterparts were found for any of the 15 TCRvJ3 families (Figure 4F). Based on the absence
of major clonal expansions in the CNS, these results suggest that CD8 T cell entry into the
aged brain is largely stochastic, rather than antigen-driven. The following data suggest that
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the increased trafficking of these cells into the CNS is a stochastic process, whereby a pool
of activated, antigen-experienced memory effector CD8 T cells are constitutively present
throughout adult life in the CNS.

Increased immune surveillance by CD8 T cells in the aging brain is associated with
microglial function

We investigated the functional role of CNS-resident CD8 T cells by correlating the absolute
number in each brain with the activation status of microglia in that brain. Correlation
analyses revealed that aged brains with greater numbers of CNS-resident CD8 T cells had
significantly more microglia (Figure 5A, p<0.05), indicating that these cells may either
promote microglia survival or alternatively, increase activation-induced proliferation. Brains
that contained large numbers of CNS-resident CD8 T cells, however, were also associated
with smaller sized microglia relative to brains with fewer CD8 T cells (Figure 5D, p<0.05),
indicative of a more ramified, resting morphology. Functionally, higher numbers of T cells
were associated with increased microglia phagocytosis (Figures 5E-F, p<0.001) and
decreased TNF production (Figures 5B—C, p<0.05). These data suggest that the increased
presence of CD8 T cells in the aged CNS is positively associated with an anti-inflammatory
microglia phenotype in the aged brain.

Basal and stimulus-driven production of cytokines and chemokines following ischemic

stroke

T cells are polarized to effector memory cells following TCR reactivation to selected
antigenic stimuli. The effector function of these cells is largely specified by cytokine
production. An Jin vivo brefeldin protocol was used to measure cytokine production in CNS-
specific CD8 T cells as in (26). Cytokines commonly associated with CD8 T cell pro-
inflammatory responses (TNF and IFNy) were basally produced at significant levels (Figures
6A-C), whereas granzyme B or perforin were not expressed under any conditions (data not
shown). Both the number and relative expression level of TNF and IFNy were significantly
increased after stimulation in CNS-resident CD8 T cells compared to those in blood (Figures
6D-E, p<0.001). CCL2 production by CNS-resident CD8 T cells was significantly higher
after stimulation compared to those in the blood (Figure 6F, p<0.001). These data suggest
that CNS-resident T cells in the aged CNS are a rich source of pro-inflammatory cytokines,
likely contributing to the steady increase in overall levels of inflammation that occurs with
advanced age. Next we determined whether these cells were similarly responsive to stimuli
in an age-relevant model of brain injury. We tested this in an experimental model of
ischemic stroke, as this is a disease that mainly affects the aging population. Cytokine
production was assessed at 4 hours post-reperfusion following 90 minutes of occlusion.
Reactive oxygen species generation was significantly increased in CD8 T cells subjected to
ischemia compared to those in the control contralateral hemisphere, as evidenced by CM-
H2DCFDA staining (Figures 6G-H, p<0.05). The percentage of TNF- and CCL2-positive
CD8 T cells was also increased in ischemic hemisphere compared to control (Figures 61-L,
p<0.05 and p<0.01, respectively). These data suggest that activated CNS-resident CD8 T
cells contribute to the age-related exacerbation of acute ischemic brain injury by amplifying
production of pro-inflammatory cytokines and promoting recruitment of peripheral
leukocytes.
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Discussion

This work has identified a novel population of immune surveillant CD8 T cells in the aging
CNS that may have opposing roles in health and disease. This adds to previous studies
demonstrating that immune privilege in the aging CNS is compromised. The aged brain is
more permissive to T cell entry, which has functional consequences, especially after injury.
We base this observation on several criteria: 1) increased brain production of T cell
chemokine cues, 2) enhanced expression of adhesion molecules, 3) higher levels of
extravasation into perivascular and parenchymal regions, 4) activated tissue-resident and
effector memory phenotypes, 5) presence alters microglia function, and 6) primed to elicit
strong cytokine and chemokine responses after sterile brain injury. These cells have a
phenotype indicative of resident memory cells (CD44" CD62L~ CD11a* CD69*
CD103*7). This is the first study to identify this specific population of “age-associated”
CNS-resident memory CD8 T cells and evaluate their influence on the neuroimmunological
landscape.

For an organ that has long been described as immune-privileged and devoid of any blood-
borne leukocytes, the brain’s relationship to the immune system is now being revised with
the advent of a meningeal-lymphatic system and growing recognition that T cells
constitutively traffic throughout the CNS (27). Compared to many widely used experimental
models of CNS injury, the number of the T cells in the normal aging brain is relatively small,
yet emerging data suggests that interfering with this steady-state trafficking of T cells
through the meningeal-lymphatic pathway results in significant cognitive impairment (12).
Moreover, recent findings suggest that the recovery of resident memory CD8 T cells from
non-lymphoid tissues is significantly underestimated as many cells are either killed or
discarded during the lengthy tissue processing procedure (28). The nearly three-fold increase
in CNS-resident CD8 T cells of old mice highlights the role of aging on neuroinflammatory
activity and the greater need for immune surveillance.

Despite the fact the other CD45Mi leukocyte populations do not prominently increase in the
brain with age, the question arises as to whether T cell recruitment is gradually increased
over time, or if there is a critical period in which the brain is more permissive to these
lymphocytes. While the recent identification of a CNS lymphatic route implies that T cell
trafficking is a constitutive, homeostatic process, the presence of CD8 T cells in the young
brain suggests that this process begins early. Although our study was limited to two
timepoints, earlier work by Stichel and Luebertt demonstrated that CD3* T cells accumulate
in the several CNS regions with chronological age (16), consistent with the age-related
increase of these cells in other peripheral tissues (29-33). These findings support the notion
of ‘inflammaging’, which describes the gradual increase in basal inflammatory processes
with age (15). In addition to the elevated production of inflammatory mediators, this
definition may be extended to account for age-related increases in thymic atrophy, memory
conversion, TCR repertoire shrinkage, and migration into hon-lymphoid tissues.

Our decision to refer to these cells as ‘“CNS-resident” CD8 T cells is based on several
criteria; including the simple fact these cells are present (or reside) in CNS tissue and have a
phenotype resembling that of known resident memory T cell populations (34). Among these,
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they exhibit diminished expression of chemokine receptors such as CCR7 required for
lymph node homing (18). Because CD8 T cells of similar phenotype and function are rarely
found in blood circulation or layover lymphoid sites, we assume these to be features of those
present in non-lymphoid tissues. The distinction between ‘resident’ and ‘trafficking’ T cells
is an important one and some have attempted to address this question using parabiosis and
adoptive transfer experiments following the generation of memory in infection models, but
studies on normal aging are lacking (35-38). Nonetheless, these studies suggest that egress
from the CNS is minimal or slow, supporting the idea of long-term retention, or residency.
Although the initial migration and entry into tissues may be antigen-driven, resident memory
CD8 T cells can persist in the absence of antigens whilst maintaining impressive effector
functions (36, 39-44). Seminal work by the Lefrancois group has demonstrated that newly
generated memory CD8 T cells migrate to non-lymphoid tissues regardless of site of
activation or tissue of origin (28, 35, 45). Regardless of antigen-specificity, the CNS niche
provides signals that are likely distinct from all other tissues (e.g., adipose, liver, lung, etc.),
priming them to respond and function in ways that are adapted (or specific) to this unique
environment. In support of this notion, the Bevan laboratory has shown that CNS-resident
CD8 T cells require local niche signals for their maintenance and survival (36). However,
residence may only be temporary, and we cannot rule out the possibility that these cells shift
their phenotype as they transit out of the CNS and back into circulation. Future studies
employing cell-tracking approaches might serve to elucidate the migratory path of this rather
reclusive lymphocyte population.

While T cell trafficking through the healthy CNS likely reflects a constitutive requirement
for immune surveillance, factors associated with chronic stress may modulate this regulated
process. Our observation that brain-related chemokine production is increased with age
suggests possible involvement in facilitating T cell migration to the CNS. Moreover, the age-
related increase in chemokine receptor expression on circulating CD8 T cells as noted in this
study may further enhance this migration. Although speculative, this thinking is premised on
several studies in which blocking these particular chemokines (i.e., CCL5, CCL11, CXCLY9,
and CXCL10) interfered with the normal migration of T cells into the injured CNS (46-55).
The cellular source of these chemokines was not assessed in this study, although glial cells
are known to be major producers of these signals. For example, astrocyte-secreted CXCL10
promotes the recruitment and entry of lymphocytes into the CNS, and worsens acute spinal
cord demyelination in EAE (56, 57). Indeed, there is a growing appreciation for astrocyte-T
cell interactions (58—60). The impact of CNS-resident CD8 T cells on astrocyte functions in
aged brains remains to be shown. Although aged astrocytes exhibit signs of a senescence-
associated phenotype (SASP) with age (61-63) and produce chemokines in response to
amyloid-$ peptides (64), the role of astrocytes as mediators of T cell recruitment in the aging
brain is not understood.

The inverted CD4:CD8 ratios in the young and aged brain implied there was a CD8 T cell-
specific pathway in the CNS that warranted further investigation. These findings stand in
stark contrast to that found in the choroid plexus, meninges, and cerebrospinal fluid, which
suggest CD4 T cells are the predominate subset (6, 10, 65). The relatively low number of
CDA4 T cells residing in brain parenchyma hindered our attempts to make reliable
quantitative assessments of this population, yet much of our unpublished findings suggest
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that these cells exhibit many of the same features as CNS-resident CD8 T cells, despite
having a markedly diminished capacity for stimulus-driven cytokine production. The general
absence of CD4 T cells from the CNS parenchyma and preferential localization in portal
sites of CNS entry and egress is likely indicative of their homeostatic role, yet our current
understanding of these cells is still in its infancy.

CD8 T cells have received comparably less attention than their CD4 counterparts with
respect to aging and CNS disease. This is partly due to their narrowly defined role in anti-
viral responses. Yet, emerging data suggests that CD8 T cells may play more diverse roles in
disease settings. Mounting evidence supports a role for CD8-mediated immune surveillance
in peripheral tissues as part of the body’s normal defense against cancer and viral infection
(14). The prevalence of pathogenic and oncogenic insults increases with age, triggering the
induction of intrinsic defense mechanisms such as cell death signaling and senescence.
Naturally extrinsic mechanisms evolved that alert the immune system to eliminate these
aberrant cells to prevent further bystander damage. One mechanism through which this
occurs is via immune surveillance by tissue-patrolling CD8 T cells. These cells eliminate
unhealthy cells that increase presentation of non-self peptide. Although expression of MHC
class | protein increases in the brain with age, the role of immune surveillance in aging
individuals and like-wise the effect of aging on the efficacy of immune surveillance is
understudied and warrants further investigation.

Because endothelial-ICAM expression has been shown to be elevated with age (22), we
evaluated if these cells were simply adherent to the vasculature. The majority of CNS-
resident CD8 T cells were not associated with the vascular lumen as these cells were largely
found extravasated beyond the vascular lumen into many parenchymal regions across the
CNS. CD8 T cell-astrocyte interactions have also received growing attention (60, 66).
Functional evidence that CD8 T cells are prime candidates for a role in CNS immune
surveillance is based on the exquisitely specific destruction of transgenic astrocytes
expressing MHCI-restricted hemagglutinin (67). OVA-expressing oligodendrocytes elicit the
proliferation and effector memory conversion of responding OT-1 T cells in healthy mice
without infiltrating the CNS, indicating that antigen sampling is performed by CD8 T cells
under steady state conditions (68). Interestingly, the authors found that neuroinflammation
augmented the level of antigen sampling and led to the accumulation of OT-1 T cells in the
inflamed brain. Thus, it is increasingly evident that CD8 T cells have the capacity to mediate
responses against CNS antigens (69). While the age-related increase in neuroinflammation
likely promotes the recruitment of immune surveillant CD8 T cells, how they impact CNS
function is poorly understood. Tissue-resident memory CD8 T cells (Trn) provide superior
protection against viral reactivation compared to the circulating memory T cell pool, but
become dependent on the local milieu for function and survival (36, 42, 70). The increased
presence of these cells in the aged CNS may reflect an evolutionary need to generate a rapid
response to control senescent transformation of cells and/or prevent reactivation of latent
neurotropic viruses.

The role of immunosurveillance as a defense mechanism that safeguards the functional
integrity of tissues implies that it is an adaptive response to an environment under constant
insult. Normal aging is associated with deficits in microglia phagocytosis and increased
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expression pro-inflammatory mediators (19). We demonstrated that the increased presence
of CNS-resident CD8 T cells in older brains was associated with an attenuation of TNF
production and enhanced phagocytic activity by microglia. Although causality cannot be
proven, the effects of CD8 T cells on microglia need not occur via direct cell-cell
interaction. While T cells are generally associated with CNS injury, other work has shown
that T cells can enter the brain and not cause glial pathology (71), with T regulatory subsets
showing potent neuroprotection and anti-inflammatory activity (72-75). Furthermore,
emerging data indicates that T cells may function to support learning and memory under
normal physiological conditions (11). It is possible that by eliminating nearby senescent
cells CD8 T cells serve to attenuate age-related neuroinflammation, thereby indirectly
preventing the chronic activation of microglia.

Given the lack of stereotypical anti-viral responses and recent evidence showing clonal
expansion of CNS antigen-specific CD4 T cells in the choroid plexus of aged mice, we
hypothesized that CNS-resident CD8 T cell activation is similarly induced by CNS antigen.
However, we report relatively little clonal expansion of TCRvp subsets in the aged CNS as
evidenced by equilibrium in TCRvp usage between those in the CNS and blood. Thus, our
data argue that their migration into the CNS is stochastic and not antigen-driven. Consistent
with our findings, studies using OVA-specific T cells have shown that CNS-irrelevant T cells
recognizing non-mammalian antigen also have the capacity to enter the CNS (71). Novel
transgenic approaches designed to probe the efficiency of CNS immune surveillance have
shown that antigen-containing microglia and astrocytes, which are normally confined within
the CNS barrier, are routinely surveyed by naive and antigen-specific CD8 T cells, resulting
in the exquisitely-specific destruction of these cells (38, 67, 76, 77). Interestingly, the
elimination of these antigen-containing glia occurred in the absence of any bystander
damage, implying that the mechanisms underlying CD8 T cell surveillance are wired to
protect the brain from foreign cells in a remarkably effective manner. Thus, it is not
unreasonable to assume that the elimination of abnormal or senescent cells is a routine
occurrence in the healthy brain, increasing with age and stress. Taken together, the
consensus understanding is that the CNS provides a niche that maintains both antigen-
specific and non-specific effector memory CD8 T cells (78-80). Further, these works
support the notion of an immune surveillant pathway in the CNS that maintains not only the
acute steady state trafficking of CD8 T cells, but their long-term maintenance as well.
Surveillance also occurs at CNS drainage sites, as intracranial injection of OVA peptide
results in T cell priming in peripheral lymphoid organs and the subsequent infiltration and
persistence of OT-1 T cells into the brain (36, 80, 81). Because the age-related accumulation
of CD8 memory cells described in our study represent a naturally occurring population of
CNS-resident T cells, it may stand as a useful model for understanding the biology of tissue-
resident memory and immune surveillance. Taken together, the migration of effector
memory CD8 T cells into the aged CNS does not require stimulation by CNS antigen,
although deeper sequencing of the T cell receptor repertoire might be a useful approach in
determining the antigenic specificity of these cells.

We demonstrated that upon activation by either PMA/ionomycin stimulation or ischemic
brain injury, CNS-resident CD8 T cells in aged brains are prone to elicit highly volatile
responses that include the enhanced production of reactive oxygen species, TNF, and IFNvy,
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as well several chemokines involved in granulocyte recruitment. These cells may therefore
predispose the aged brain to overreact to stimuli, further exaggerating the inflammatory
response and altering the context of injury via the recruitment of injury-causing neutrophils.
This is in contrast to that of the infiltrating CD8 T cell population, which is involved in the
delayed response to ischemia during the recovery period. Indeed, the inflammatory milieu
and leukocyte response in the ischemic brain is dramatically different in older mice (82-86).
Furthermore, these exaggerated immune responses are tightly linked to worse outcomes in
aged mice (33, 87). Whether stroke-induced activation of CNS-resident CD8 T cells results
in the biased recruitment of neutrophils in the aged brain by producing elevated levels of
chemokines is not known, but would provide an alternative explanation for differences in the
kinetics of leukocyte infiltration with age. Moreover, given their role in promoting leukocyte
recruitment, CNS-resident CD8 T cells may represent important therapeutic targets in the
acute period following stroke.

Although rarely described, age-related CNS-resident CD8 T cells have now been observed
in multiple mouse strains and even humans, implying that augmented immune surveillance
of the CNS is a conserved adaptation to aging (17, 18, 88). Older BALB/cByJ and
C57BL/6J males exhibited similar CNS leukocyte compositions. Interestingly, aged female
BALB/cByJ had higher frequencies of CD4 T cells, consistent with the Th2 bias of this
particular strain and sex (89, 90). We also noted significant sex differences in the number of
CNS-resident T cells in aged mice, with females having roughly twice as many as males.
Although sex differences in activation status were not examined, the large number of injury-
responsive CNS-resident T cells present in the aged female brain suggests that they are
predisposed to greater inflammatory activity and worse outcomes following stroke. Indeed,
clinical data and past work from our laboratory has shown that aged females exhibit greater
acute injury after ischemic stroke compared to aged males (83, 91). Moreover, this sexually
dimorphism in immune surveillance may partially explain why autoimmune and anti-viral
responses are ostensibly stronger in females or why the diagnosis of malignant brain tumors
is twice as likely in males and results in greater cognitive impairment and mortality
compared to females (92-97). Whether ovarian hormones mediate this sex effect is not
known, as aged female mice are post-menopausal and young females were not examined in
this study. However, our previous work suggests that T cell numbers in the injured brain
negatively correlate with circulating estradiol levels in aging females, suggesting that
estrogen may normally suppress T cell trafficking into the brain (33). Understanding the
biological consequences of these sex differences remains an area rife for exploration.

Although little is known about naturally occurring populations of tissue-resident T cells in
non-lymphoid tissues like the CNS, they are believed to be an important part of adaptive
immune memory and immune surveillance by rapidly addressing and clearing infected and
transformed cells (38). However, the pathological accumulation of these cells can drive
disease progression in these tissues, highlighting the dual nature of these cells (98). The
absolute number of these cells obtained from the aged brain prohibits their utility in adoptive
transfer experiments. Nevertheless, our findings suggest that resident memory CD8 T cells
are poised to influence CNS function by direct interaction with aged glial cells. This data
suggests that the working definition of ‘inflamm-aging’ in the CNS should include the
increased level of immune surveillance by CD8 T cells. These T cells may be included with
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other cell types known to have the senescence-associated secretory phenotype (61, 99-102).
Senescent cells promote tumor progression through the release of pro-inflammatory
molecules and are relatively more vulnerable to transformation due to the age-related
accumulation of DNA mutations. Thus, senescence surveillance is believed to be critical for
tumor suppression(14, 99, 103-105). Resident microglial function is influenced by the
increased presence of these cells. However, the beneficial role for CD8 T cells in
suppressing the pro-inflammatory activity of microglia under normal conditions is in
contrast to their exaggerated response to stimuli resulting in the elevated production of pro-
inflammatory cytokines and chemokine signals that favor recruitment of granulocytes.
Interestingly, memory T cells are known to accumulate in several tertiary tissues with
advanced age. Moreover, the age-related increase in the number of these tissue-resident cells
may likely predispose older mice to worse outcomes and account for age-related differences
in inflammation following traumatic injuries such as ischemic stroke. Future studies are
needed to determine whether these interactions can be experimentally manipulated to better
understand their functional role in normal aging.

Although it has long been presumed that T cells visit non-lymphoid tissues like the brain,
many believed these cells to circulate back to the lymph nodes. Emerging data suggests that
some T cells functionally adapt to these environments and reside in peripheral tissues
forever (106, 107). While resident memory CD8 T cells have superior effector functions and
provide frontline protection against infection and tumor development, the effects of aging on
the distribution and function of these cells in otherwise healthy mice are largely unknown. In
this study we have shown that aging increases the recruitment of CD8 T cells to the CNS.
Here these effector memory cells establish residence and stand poised to react to
inflammatory stimuli in the wake of sterile injury. By potentiating the neuroinflammatory
response to stroke, we demonstrated that the age-related increase in the level of immune
surveillance by CD8 T cells may have unintended consequences that could profoundly alter
the course of injury in aged mice.
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Figure 1. CNSrecruitment of CD8 T cellsincreases with age
A representative dot plot depicts an increase in CD45M peripheral leukocytes in one aged

brain hemisphere compared to young (A). The absolute number of CD45M peripheral
leukocytes present in the young and aged brain is quantified (B; N=13/group). The number
of cells within the CD45" population is displayed by subset (C; N=13/group). A
representative dot plot shows T cell subsets in the aged brain (D). The CD4:CD8 ratio of T
cells is quantified for blood, spleen, and brain in young and aged mice (E; N=10-26/group).
Data is representative of the average of individual mice within a group. Error bars show
mean SEM. Abbreviation: SEM standard error of mean. *p<0.05; **p<0.01; ***p<0.001
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Figure 2. Age-related changesin chemokine production and chemokine receptor expression in
thebrain
Whole brain protein concentrations of CCL5 (A), CCL11 (B), CXCL9 (C), and CXCL10

(D) are quantified in young and aged mice. Plasma concentrations of these respective
chemokines (E, F, G, and H) are quantified. Representative histograms show higher
expression of CCR5 (1), CCR3 (J), CCR6 (K), and CXCR3 (L) on circulating CD8 T cells
with age, and down-regulation on CD8 T cells present in the aged brain. Young blood
(dotted gray), aged blood (solid gray), and aged brain (solid black) CD8 T cells are depicted.
The mean fluorescence intensity for each of the respective chemokine receptors was
quantified (M, N, O, and P; N=5/group). Cell-specific FMO controls were used to determine
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positive gating (shaded gray). Error bars show mean SEM. Abbreviation: SEM standard
error of mean, MFI mean fluorescence intensity. *p<0.05; **p<0.01; ***p<0.001
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Choroid Plexus

Figure 3. Extravasation of CD8 T cellsishigher intothe aged brain
Representative histograms depict the relative expression of the adhesion molecules CD11a

(A) and CD49d (C) on CD8 T cells from the blood (red) a

nd brain (blue) of young (dotted)

and aged (solid) mice. Quantification of the mean fluorescence intensity of CD11a* (B;
N=5-6/group) and percentage of CD49d* (D; N=9-10/group) CD8 T cells is shown.
Immunohistochemistry shows the presence of CD8-positive cells (green) outside of lectin-
positive (red) blood vessels (E). A representative dot plot from the Intravascular labeling

experiment shows the absence of injected-CD3* antibody
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(F; N= 8/group). The percentage of intravascular-labeled CD3* CD8 T cells was quantified
(G) in the aged brain and blood (for positive control). Representative 10um-thick brain tissue
sections illustrating the presence of CD3*CD8* T cells in the aged brain, meninges, and
choroid plexus (H; scale bar = 10um). CD8+ T cells were found throughout the anterior-
posterior axis of the brain, including the striatum, cortex, and corpus collosum (1) and in
association with activated astrocytes (J). Cell-specific FMO controls were used to determine
positive gating (shaded gray). Error bars show mean SEM. Abbreviation: SEM standard
error of mean, DAPI 4/,6-diamidino-2-phenylindole, MBP myelin basic protein, NeuN
neuronal nuclei, GFAP glial fibrillary acidic protein. *p<0.05; **p<0.01; ***p<0.001
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Figure4. CNS-resident CD8 T cells stochastically migrateinto the brain and have tissue-resident
and effector memory phenotypes
A representative dot plot shows effector memory phenotype of CD8 T cells in the aged brain

and central memory phenotype of CD8 T cells in the aged blood (A). The percentage of
CD8 T cells with effector memory phenotype (CD44MNCD62!°) was quantified (B).
Representative histograms (N= 5-6/group) depict significant expression of the activation
markers CD69 (C) and PD-1 (D) in the brain (solid black) relative to blood (solid gray), as
well as the resident memory marker CD103 (E). A mouse v3 TCR screening panel
containing 15 FITC-conjugated monoclonal antibodies was used to assess TCR vf usage in
CD8 T cells from the blood and brain of aged mice. The mean percentage for each of the 15
subfamilies of T cell receptor v is displayed (F). No differences were found between groups
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(N=11/group). Cell-specific FMO controls were used to determine positive gating (shaded
gray). Error bars show mean SEM. Abbreviation: SEM standard error of mean. *p<0.05;
**p<0.01; ***p<0.001
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Figure 5. Positive correlation between the number of CNS-resident CD8 T cells and healthy

microglia functionsin the aged brain

Correlation analysis between CD8 T cell count and microglia (CD45"CD11b*Ly6C™) count
(A; p=0.0125 and r=0.534), percentage TNF-positive (C, p=0.0105 and r=-0.7616), forward
scatter/cell size (D; p=0.0421 and r=-0.5488), and percentage bead-positive phagocytic (F;
p=0.0003 and r=0.6945). Representative dot plots are shown for microglia TNF production
(B) and bead assay (E). For all experiments, N= 10-22/group. Age-matched, cell-specific
FMO controls were used to determine positive gating. Abbreviation: TNF tumor necrosis

factor.
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Figure 6. Acute stimulation of CD8 T cellsby PMA/ionomycin and in an age-relevant model of
cerebral ischemia

Representative histograms show CD8 T cell expression of TNF (A), IFNy (B), and CCL2
(C) in blood (solid black) and brain (solid gray) and after stimulation (dotted). The
respective mean fluorescence intensities (D, E, F) were quantified (N= 4-10/group). Aged
mice were subject to 90 minutes of occlusion followed by 2 hours of reperfusion and 1 hour
ex-vivo stimulation by PMA/ionomycin. CD8 T cells from the ischemic hemisphere
(ipsilateral) were compared to those in the contralateral hemisphere for internal control (N=
4-6/group). A representative zebra plot shows reactive oxygen species levels in CD8 T cells
after stroke as measured by CM-H2DCFDA (G) and quantification of mean fluorescence
intensity (H). A representative dot plot shows intracellular production of TNF (1) and the
percentages quantified (J). A representative dot plot depicts a stroke-induced increase in
CCL2 production by CD8 T cells in the aged brain (K). The percentages were quantified
(L). Cell-specific FMO controls were used to determine positive gating (shaded gray). Error
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bars show mean SEM. Abbreviation: SEM standard error of mean, SSC side scatter
intensity, MFI mean fluorescence intensity, a.u.i. arbitrary units of intensity CM-H2DCFDA
5-(and-6)-chloromethyl-2’,7’-dichlorodihydrofluorescein diacetate, acetyl ester, TNF tumor
necrosis factor, IFNy interferon gamma, CCL2 monocyte chemoattractant protein-1.
*p<0.05; **p<0.01; ***p<0.001

J Immunol. Author manuscript; available in PMC 2017 April 15.



	Abstract
	Introduction
	Materials and Methods
	Mice/Animals
	Tissue Harvesting
	Flow cytometry
	ELISA cytokine measurement
	Intravascular staining and cell isolation
	Immunohistochemistry
	Middle Cerebral Artery Occlusion (MCAO) model of ischemic stroke
	Statistical Analyses

	Results
	Aging increases the number of peripheral leukocytes in the CNS
	Age-related chemokine production is associated with enhanced recruitment of CD8 T cells into the aging brain
	CD8 T cells are present in perivascular and parenchymal regions throughout the aging CNS
	Age-related, CNS-resident CD8 T cells have memory/effector phenotype and expression markers of T cell-receptor activation
	Increased immune surveillance by CD8 T cells in the aging brain is associated with microglial function
	Basal and stimulus-driven production of cytokines and chemokines following ischemic stroke

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6

