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Abstract

Mitigating effects of aging on human health remains elusive because aging impacts multiple
systems simultaneously, and because experimental animals exhibit critical aging differences
relative to humans. Separation of aging into discrete processes may identify targetable drivers of
pathology, particularly when applied to human-specific features. Gradual homeostatic expansion
of CD8 T cells dominantly alters their function in aging humans but not in mice. Injecting T cells
into athymic mice induces rapid homeostatic expansion, but its relevance to aging remains
uncertain. We hypothesized that homeostatic expansion of T cells injected into T-deficient hosts
models physiologically relevant CD8 T cell aging in young mice, and aimed to analyze age-related
T cell phenotype and tissue pathology in such animals. Indeed, we found that such injection
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conferred uniform age-related phenotype, genotype, and function to mouse CD8 T cells,
heightened age-associated tissue pathology in young athymic hosts, and humanized amyloidosis
after brain injury in secondary wild-type recipients. This validates a model conferring a human-
specific aging feature to mice that identifies targetable drivers of tissue pathology. Similar
examination of independent aging features should promote systematic understanding of aging and
identify additional targets to mitigate its effects on human health.

Keywords

CD8 T cell; Resident memory T cell; Cellular immunity; Homeostatic expansion;
Neurodegeneration; Immune aging

1. Introduction

One of the central unanswered questions in biology is how aging leads to coordinated
dysfunction in multiple tissues throughout the body. Related to this is how aging increases
susceptibility to tissue pathology. The complexity and pervasiveness of aging across multiple
bodily systems underlies this conundrum. In addition, critical aspects of aging differ
substantially between the experimental rodent systems widely used to study them, and
humans. To identify discrete targetable features of age-related tissue pathology, and
relevance to human health, there is thus a critical need to deconvolute aging into separable
components, as well as render it more human-like in experimental rodent systems. Current
health-related aging research focuses on cellular senescence, yet some aspects of aging are
initiated upon sexual maturity, and as such predate the onset of cellular senescence by years
or decades. Examining these earliest age-related processes may reap the most substantial
benefits in any effort to deconvolute aging.

While accumulation of senescent cells is thought to contribute to age-related pathologies,
immune dysfunction, particularly within the cytolytic (CD8) T cell compartment, can occur
completely separate from aging or time-dependent cellular senescence (Zlamy et al., 2016).
Shortly after puberty, an aberrant subpopulation of phenotypically and functionally distinct
memory CD8 T cells begins to progressively accumulate in the circulation, partially in
response to thymic involution (Zlamy et al., 2016; LeMaoult et al., 2000; Messaoudi et al.,
2006). This subpopulation exhibits age-related changes in homing to tissues including brain
in both humans and mice, and expresses markers of resident-memory CD8 T cells (CD8
Trm) (Park and Kupper, 2015; Wakim et al., 2012; Smolders et al., 2013; Ritzel et al., 2016;
Rodriguez-Garcia et al., 2018). In the circulation, age-related CD8 T\ become prominent
by middle age in most individual people, and can promote immune-mediated tissue damage
upon re-stimulation (Clambey et al., 2005, 2008; den Braber et al., 2012; Schwab et al.,
1997). As such, CD8 Tgry accumulation is a prime candidate to coordinate the breakdown of
multiple tissues during aging. Nevertheless, the impact of this phenomenon on tissue
pathology outside the immune system itself is poorly understood, in large part because it is
not easily studied in experimental rodents.

In contrast to humans where they dominantly overtake the T cell pool in aging, the impact of
CD8 Trm expansion in mice is offset by compensatory factors including continual
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production of new T cells by the thymus (Clambey et al., 2005; den Braber et al., 2012).
Hence, expanded CD8 TRM exhibit a relatively minor influence on the mouse T cell pool
even at advanced ages (den Braber et al., 2012). Moreover, and as with most age-related
phenomena, CD8 Trpn accumulation also occurs simultaneously with all other age-related
changes in humans and in mice. Thus, determining its impact on aging pathology is
problematic without models to examine it in isolation. Such models would ideally mimic the
impact of CD8 Tr expansion in humans to be most informative for human health. To
achieve this, we considered the physiological causes of age-related CD8 Try expansion.

Age-related accumulation of CD8 Tgy is dependent on homeostatic expansion. This
ordinarily occurs gradually as production of new CD8 T cells progressively wanes over time,
and existing CD8 T cells begin to expand in response to available antigens, refilling the
depleted T cell niche. Rapid homeostatic expansion of T cells also occurs when T cells are
introduced into hosts that intrinsically lack a full T cell niche (athymic or lymphocyte-
deficient strains), but the relevance of this inducible age-independent phenomena to age-
related CD8 Tr\ expansion and age-related disorders has not been examined. We
hypothesized that homeostatic expansion in T-deficient hosts models physiologically
relevant CD8 T cell aging in young mice, and conducted phenotypic and physiological
studies to test this. Specifically, we examined age-related T cell phenotype in nude hosts
injected with CD8 T cells, as well as examine age-related tissue pathology in such mice,
most notably in brain with and without accompanying injury.

We established that inducible homeostatic expansion of CD8 T cells by injection into
athymic mouse hosts (nude; B6.Foxnl) mimics the molecular, phenotypic, and functional
properties of aberrant age-related CD8 Try With 100 % penetrance. We therefore examined
the resulting homeostatically-induced- or NTgy-bearing mice for evidence of tissue
pathology in skin and brain, and their role in “humanizing” distinct pathological responses
in mice.

Our findings strongly suggest that age-dependent accumulation of CD8 Tgry is accurately
modeled by inducible homeostatic expansion of CD8 T cells in young mice. Additionally,
CD8 Tgw in these mice mediated coordinated damage to multiple tissues including skin and
brain, that were reminiscent of aging. Finally, CD8 Trp elictied human-specific molecular
pathology in response to brain trauma, essentially eliminating a clinical disparity between
mice and humans. Our model represents a reductionist model to study the role of a discrete
component of aging separate from others, that promises to illuminate not only aspects of
age-related immune dysfunction, but targetable drivers of age-related pathology in distinct
tissues such as skin and brain.

2. Methods

2.1. Animal subjects

Female C57BL/6, B6.Foxnl mice, and congenic and/or syngeneic knockout strains (Jackson
Labs) were housed in a pathogen—free vivarium under standard conditions on a 12-h

light/12-h dark cycle with food and water ad /ibitum. Recipient animals were 8-10 week-old
female C57BL/6, B6.Foxnl (B6.Cg-Foxni™/J), or B6.Foxnl/AppKO mice; donors were 5—
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8 week-old C57BL/6 or B6.CD45.1-congenic (B6.CD45.1-Cg; B6.SIL-Prorc? PepctiBoyl),
B6.Prf-KO (Perforinl-deficient; C57BL/6-Prf1im1502)), or B6.Ifny-KO (Ifny-deficient;
B6.129S7- /fng"™17%]) females. B6.45-1-congenic, B6.Foxn1/AppKO and B6.Foxn1 mice
were all backcrossed onto wild-type C57BL/6 backgrounds for >14 generations at Jackson
Labs, and are thus syngeneic by their operational criteria. Cell derivation was randomized by
pooling from >5 donors per experiment. Young (8-10 wk) and aged (15 months) male and
female C57BL/6 mice (n = 12 young; n = 7-8 aged) were used. Donor, recipient, and
unmanipulated animals were maintained in a pathogen-free facility under the Cedars-Sinai
Department of Comparative Medicine, with all breeding and genetic screening conducted at
Jackson Laboratories (Bar Harbor, ME).

2.2. Adoptive transfer of CD8 T cells

Splenic CD8* T cells from C57BL/6 J or CD45.1-Cg female mice (5-8 weeks old) were
purified using anti-CD8 immunobeads (Miltenyi Biotech, Sunnyvale, CA). 3 x 106 CD8 T
cells in 50 pl of PBS were injected i.v. into female C57BL/6 J or B6.Foxn1 nude hosts.
Transfer efficiency into B6.Foxn1 hosts was validated by persistence of >5 % CD8* T cells
within splenic lymphocytes 3 weeks after injection. The order of treatments was randomized
by alternating cell and control injections between individual recipients. For all subsequent
analyses, performing investigators were blinded to both group definition and anticipated
outcomes. B6.Foxnl and C57BL/6 are both CD45.2. CD45.1-congenic (B6.SJL-Ptorc?
Pepcb/BoyJ) donors were used when injecting C57BL/6 recipients to discern donor from
other CD8 T cells. Both CD45.1 and CD45.2 (wild-type C57BL/6) donors were used when
injecting B6.Foxn1 recipients, and yielded identical results and trends (not shown).
Phenotype, genotype, and pathological results are all from CD45.1 (C57BL/6) CD8 T cell
donors unless otherwise stated.

2.3. CFSE labeling of lymphocytes

CD8 T cells were labeled with CFSE dye according to manufacturer’s instructions
(CellTrace CFSE Cell Proliferation Kit C34554; Molecular Probes). Briefly, 5-10 u M dye
was used to stain affinity-purified CD8 T cells. To maintain normal cellular physiology and
reduced potential artifacts from overloading, the concentration of dye was kept as low as
feasible. Reagent preparation: a 5 mM CellTrace CFSE stock solution was prepared
immediately prior to use by dissolving the contents of one vial in 18 u L of DMSO
(provided in kit). 2ul of 5 mM stock CFSE solution was added per ml cells (1-2 x 107
cells/mL) for a final working concentration of 10 u M, followed by incubation at 37C for 10
min. Staining was quenched by adding 5 volumes of ice-cold culture media to the cells,
followed by 5 min incubation on ice, and centrifugation. Cells were then washed by
resuspending the pellet in fresh media, repeated two more times for a total of three washes.
Flow cytometric analysis of adoptive transferred CFSE-labeled cells was performed with
488 nm excitation and emission filters appropriate for fluorescein.

2.4, Tissue processing (brain, spleen)

Brains and spleens were harvested from PBS-perfused mice. Brains were sectioned 1 mm to
the right of the longitudinal fissure (midline). For single-cell suspensions, brains were
removed with blood-free surgical instruments, passed through 45 um nylon mesh,
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centrifuged at 600 x g, and pellets retained. 1 mL ultra-pure H20 was added to the pellet,
followed by 20 mL of 2% FBS/PBS within 2 s for additional RBC lysis. Pellets were
centrifuged at 600xg, and pellets resuspended in 10 mL of 2%FBS/PBS, which was
subsequently passed through a 22 G needle 2x, then through a 25 G needle 2x, and finally
through a 30 G needle 2x, with needle changes as necessary. Live lymphocytes were counted
after trypan blue staining for flow cytometry.

For brain cell lysates used in protein studies, right hemispheres were flash frozen in =80 °C
conditions, followed by homogenization in Cell Lysis Buffer (Cell Signaling Technologies,
MA), and centrifugation of nuclei. Cell lysates were separated into Triton soluble, Sarkosyl
soluble and Sarkosy! insoluble fractions using sequential incubations of 10 % (wt/V) salt
sucrose solution and 1 % (wt/v) sarkosyl Salt Sucrose Solution. Left hemispheres fixed in 4
% paraformaldehyde and reserved for immunohistochemical staining. Brain Weight
standardization: Upon removal of whole brain from cranium, cerebellum, brainstem, and
olfactory bulbs were removed prior to weighing on a Mettler balance.

2.5. TCR VB D-Jjoint PCR analysis

Dp to JP rearrangements were analyzed as previously described (Aifantis et al., 1997;
Gértner et al., 1999). Briefly, DJB1 recombination products were detected using the forward
and reverse primers:

DB-5’-Primer

TCRB-D1U-S GAGGAGCAGCTTATCTGGTGGTTT
TCRB-D2U-S GTAGGCACCTGTGGGGAAGAAACT
JB—3’-Primer

TCRB-J1D-A CACAACCCCTCCAGTCAGAAATG
TCRB-J2D-A TGAGAGCTGTCTCCTACTATCGATT

Primers amplifying the IgM constant region, IgM-FWD
(5’CACTAGCCACACCCTTAGCAC3") and IgM-REV

(5’ TGGCCATGGGCTGCCTAGCCCGGGACTT3"), were used as an amplification control.
Brain and spleen genomic DNA was isolated as previously described (LeMaoult et al.,
2000). 1 ug of brain genomic DNA or 10 ng of spleen genomic DNA were used to template
the PCRs containing 1 pM each primer, 0.25 mM each dNTP, 2 mM Mg?2*, 1X PCR buffer
(Invitrogen), 1 U Platinum Tag polymerase in 20 pl total volume. The PCR cycling
conditions were: 5 min at 94 °C followed by 36 cyles of 45 s at 94 °C, 90 s at 65 °C and 150
s at 72 °C followed by a final extension at 72 °C for 10 min. The run-off products were
loaded onto agarose gels for size separation, stained with ethidium bromide, and presence of
individual allele bands quantified by fluorescence intensity scans. For final analysis, equal
amounts of material was loaded onto gels based on equivalent IgM C region PCR product
per sample, which was assumed to reflect comparable cell content. Percentage of individuals
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expressing each allele were compiled from >4 (middle-aged brain only) or >10 (all others)
individual biological replicates per group.

2.6. Western blot

Triton-soluble cell lysates were electrophoretically separated on 12 % Tris—HCI Precast Gels
(Bio-Rad), and blotted onto 0.2 um nitrocellulose. Membranes were blocked with BSA,
incubated in sequential primary and secondary antibody dilutions for 1 h at room
temperature with >3 washes, developed with enhanced chemiluminescence substrate (GE
Healthcare Biosciences; Pittsburgh, PA), and exposed onto Amersham Hyperfilm (GE
Healthcare Biosciences; Pittsburgh, PA).22.88

2.7. ELISA

Supernatant from homogenized brain tissues was used for Triton-soluble AB. Insoluble
pellets from Triton-homogenized brain were resuspended in 10 volumes 5 M Guanidine HCI
4 h to generate Guanidine-soluble AB. Triton- and Guanidine-soluble samples were
subjected to analysis by Soluble and Insoluble A ELISA (Invitrogen, Life Technologies;
Grand Island, NY). Absorbance was read on a SPEC-TRAmax Plus384 microplate reader
(Molecular Devices, Sunnyvale, CA) with data analyzed in Graphpad PRISM (Graphpad
Software; San Diego, CA).

2.8. FFlow cytometry

Purified T cells stained with respective Abs were analyzed by three-color flow cytometry
(FACScan II; BD Biosciences, San Jose, CA) to assess purity. Antibodies were incubated
with whole-spleen single cell suspension in PBS with 5 % FBS, on ice for 30 min, followed
by a wash with the PBS with 5 % FBS. 100,000-300,000 flow events were acquired. Gating
and compensation was set using fluorochrome-and isotype-matched controls on each tissue
and sample type, with gates drawn to exclude >99.9 % of unstained cells for each
fluorochrome, and compensation adjusted to exclude >99.9 % of double-stained cells in
controls. Gates and compensation were maintained as constant for each antibody stain
combination and analysis.

2.9. Antibodies for tissue staining and western blots

Free-floating brain sections (8-14 pm thick) were mounted onto slides and blocked for 1 h at
RT. Sections were incubated at 4 °C overnight with primary antibody in blocking solution
(Dako, CA). Sections were rinsed 4x in PBS, and incubated 90 min in fluorochrome- or
biotin-conjugated secondary antibody (0.01 % in PBS). Sections were washed, coverslipped,
and mounted with ProLongGold anti-fade media with DAPI (Invitrogen). Bright-field and
fluorescent images were obtained using a Zeiss AxiolmagerZ1 with CCD camera (Carl
Zeiss Micro imaging). Image analysis of micrographs was performed with ImageJ (NIH).
Anti-pTau pS199/202 antibody (Invitrogen) was used at 1:50 for IHC and 1:100 for WB,
with PHFs confirmed with Phospho-PHF-tau pSer202+Thr205 Antibody (AT8), used at
1:2000 for WB. Due to marker size, pTau WB signal was normalized to that of p-actin
(clone AC-74, Sigma), with GAPDH used for normalization of all other markers. Anti-
GFAP (Dako) was used at 1:250 for IHC and WB. Anti-NeuN antibody (Chemicon) was
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used at 1:100 for IHC and WB. Anti-Ibal (Wako, Ltd.) was used at 1:200 for IHC. Anti-
CD8 (clones 53-6.72 and 2.43, BD Pharmingen) was used at1:100 for IHC and 1:1000 for
WB, respectively. All secondary antibodies (HRP, Alexa Flour-488, -594, —647; Invitrogen)
were used at 1:200 for IHC and 1:2000 for WB. Multimer generation & use: dextramers of
established epitopes for self/brain antigen (Trp—2—DCT(180_188)/H—2Kb), and/or custom APP
epitopes with predicted affinities <100 nM (NetMHC version 3.4), were manufactured by
Immudex.

2.10. CDS8T cell purification & injection

2.11.

C57BL/6 J or B6.CD45.1-congenic (B6.SIL-Ptorc? PepcbiBoyl) CD8 T cells were purified
by MACS anti-CD8 affinity column, and injected into B6.Foxn1 at 3 x 109, i.v.. For
secondary CD8 T cell transfer, spleens were harvested from NT-B6.Foxn1 donors after in
vivo expansion (3—4 weeks later). Resulting pe-expanded CD8 T cells were similarly
purified by MACS affinity colum, and 6-10 week old female C57BL/6 J recipient mice
injected with 3 x 10 purified cells, i.v.. Presence of donor T cells in C57BL/6 J recipients
was determined 3 and 10 wk later by flow cytometry on blood, and confirmed by Western
blot and IF at 6 and 15 months. Genotypes: C57BL/6 (B6); B6.CD45.1-congenic; B6.Foxnl
(2° donor & recipient); C57BL/6 (recipients).

Pigmentation analysis

Wild-type (C57BL/6 J female) CD8 T cells were purified by MACS affinity column, and
either these cells (3 x 106) or PBS was injected i.v. into 10 week old B6.Foxn1 female hosts.
Presence of donor T cells was determined 3 and 10 wk after injection by flow cytometry on
blood, and with terminal examination 15 months after injection. Total pigmentation around
face, inguinal regions, and extremities scored on a 0-10 scale with the highest score equal to
the most highly pigmented (typically PBS-injected donors), and the lowest (0) indicating no
visibly discernible pigmentation. Genotypes: C57BL/6 (B6; hosts); B6.Foxn1 (recipients).

2.12. Traumatic brain injury

Ten-week-old wild-type female C57BL/6 mice of similar size were anesthetized with
isoflurane, the left frontoparietal shaved, and individual mice placed in a stereotaxic frame.
Injury directly to the left frontoparietal skull will be delivered using the Impact One
Stereotaxic Impactor (MyNeuroLab, St. Louis, MO) for closed cortical impact with the
following settings: 2-mm piston tip, 3-m/s impact velocity, 30-millisecond dwell time, and
3-mm impact depth. Sham mice were similarly placed into the stereotaxic frame, without
impact delivery. Time to movement from supine to prone was recorded during recovery, and
mice with times >12 min excluded from analysis (typically due to non-recovery).

2.13. Statistical analysis

Quantification and stereological counting procedure for cell numbers or area (pm?2) of
Amyloid beta plaque, GFAP*, lbal* or Perforinl* cells were analyzed in six to eight coronal
sections from each individual, at 150-pm intervals (unless otherwise indicated), covering
900-1200 um of the hippocampal and cortical areas. Specific fluorescence signal was
captured with the same exposure time for each image and optical sections from each field of
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the specimen were imported into NIH Image J and analyzed as above. GraphPad Prism
(version 5.0b; San Diego, CA, USA) was used to analyze the data using ANOVA and T-
Tests with Welch’s correction (no assumption of equal variance). In all histograms, average
+ SEM is depicted.

Sample sizes for PrfKO-CD8 and IfnyKO-CD8 groups were calculated a priorifor each
metric using means and standard deviations of PBS and wt-CD8 groups for anticipated
effect sizes, with alpha 0.05, and >95 confidence. Calculated n plus >1 were then used for
PrfKO-CD8 and 1fn-yKO-CD8 groups.

Pre-determined exclusions included sections or samples with no discernible background
signal, and values within each group >2 standard deviations above or below the mean/group.
Subject numbers and methods of reagent validation are shown in Table S1.

2.14. Study approval

All animal procedures were approved prior to performance by the Cedars-Sinai Institutional
Animal Care and Use Committee.

3. Results

3.1. Uniform induction of “NT” cells in nude mice

CD8 T cells from young (<9 wk) C57BL/B6 (B6) donors, CD45.1-congenic B6, or B6
donors with effector gene knockout (PrfKO or IfngKO) were injected into B6.Foxnl
recipients to examine the role of CD8 T cell pro-inflammatory and lytic function on
homeostatic expansion and related sequelae. Where warranted (i.e., in wild-type B6
recipients injected with CD45.1-congenic CD8 T cells), lymphocytes were gated for donor
surface marker CD45.2 by flow cytometry where appropriate, and evaluated for peripheral
expansion (Fig. 1A, B). B6 CD8 T cells were also injected into young nude hosts lacking the
Amyloid Precursor Protein gene (B6.Foxn1/AppKO) to examine the possible role of App as
a promoters of tissue-specific inflammation in modulating donor cell expansion [Puig et al.,
2017, 2012]. Donor CD8 T cells injected in young B6.Foxn1 recipients (CD8—B6.Foxnl
respectively) expanded within 8 days regardless of donor effector gene knockout and
remained in circulation. Donor CD8 T cells injected into young B6. Foxn1/AppKO also
expanded within 8 days (Fig. 1C). By contrast, CD8 T cells serially transferred from nude
recipients back into wild-type B6 or B6.CD45.2-congenic hosts (CD8—B6.Foxn1—B6) did
not expand (Fig. 1C). As expected, CD8 T cells labeled with the cytoplasmic dye, CFSE,
prior to injection into B6.Foxn1 hosts exhibited the laddered dye dilution and population
enlargement typical of homeostatic expansion within 4 days (Fig. 1D). This early expansion
was delayed, however, in B6.Foxn1/AppKO recipients (Fig. 1D), suggesting that the earliest
phase of homeostatic expansion may be dependent on reactivity to a self App epitope.
Unfortunately, B6.Foxn1/AppKO hosts were about a third the size of either parental strain
and did not survive more than a few weeks, and so did not contribute to further analyses.
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3.2 hiT and aged CD8 T cell phenotype, genotype, function

Analysis of homeostatically-induced donor CD8 T cells (“NT” cells) in B6.Foxn1 hosts by
flow cytometry revealed a surface marker profile identical to CD8 T cells undergoing clonal
expansion in aged mice (CD122N, CD127M, CD44Ni KLRG1M, PNAN, cD8lo, CD103;
Fig. 2A-D) (LeMaoult et al., 2000; Messaoudi et al., 2006; Clambey et al., 2005, 2008;
Messaoudi et al., 2004). A similar phenotype is found on CD8 T cell clonal expansions in
aging humans (Clambey et al., 2005). The T cell markers CD44 and KLRG1 establish that
these homeostatically induced, or “NiT” cells belong to a memory T cell subset associated
with aging (Clambey et al., 2008), while CD103 expression is further characteristic of
resident-memory CD8 T cells, or Try (Mackay et al., 2012; Gebhardt and Mackay, 2012).
Nevertheless, resident-memory T cells normally reside in peripheral non-immune tissues,
although they can migrate into the general circulation as “ex-Trn” (Fonseca et al., 2020).
Since in our model, these cells appear to arise within the circulation, we thus regard them as
“pre-TRM” cells when observed in the general circulation/spleen, but more generally refer
to them as “homeostatically-induced” or “NT cells” in recipient mice, unless they are within
non-immune tissues

Age-related expansion decreases clonal diversity of CD8 T cells (LeMaoult et al., 2000;
Schwab et al., 1997; Messaoudi et al., 2004; Ahmed et al., 2009; Degauque et al., 2011,
Morley et al., 1995; Posnett et al., 1994, 2003; Ricalton et al., 1998; Buchholz et al., 2011).
We thus sought to quantify "T clonality. To do this, we analyzed variable region D—J
rearrangements in T Cell Receptor beta gene segments by PCR from brain, as previously
described (Aifantis et al., 1997; Géartner et al., 1999). This methodology provides a measure
of overall clonal diversity T cells without extensive sequencing data from each individual
TCR V region/joint as in TCR spectratyping, by detecting productive TCRp D-J joints.
These DNA recombination events are required for the generation of a productive TCR and
for T cell maturation. The methodology is additionally insensitive to the propensity of
tissue-resident CD8 T cells to undergo apoptosis upon tissue dissociation (Wakim et al.,
2010), as well as to brain autofluorescence that can complicate flow cytometric analysis
(Duong and Han, 2013). We thus determined the proportion of biological replicate brain
samples using each of the detectable 12 D-J joints. Consistent with previous reports, splenic
T cells in wild-type mice aged 12 months showed minimal clonal skewing in TCRV},
whereas those injected into nude recipients exhibited both D1—J1 and D2—J2 clonal
skewing after just 10 weeks (Supplemental Fig. S1). Increasing D1—J1 and D2—J2 clonal
skewing was most evident, however, in brains of middle-aged (6 months) and aged (>12
months) wild-type mice (Fig. 2E-G, Supplemental Fig. S1). These cohorts exhibited
progressive reduction of D—J diversity with age in brain, whereas D—J usage in young
wild-type mouse brain exhibited substantial diversity (Fig. 1E, F). D—J joints in brains of
young N T-bearing nude mice also exhibited reduced diversity similar to that of aged mice
(Fig. 2E), and D—J segment usage in these as well as aged mice were both significantly
different from that in young mice (Fig. 2F, Supplemental Fig. S1). Indeed, D—J segment
usage in brains of young MT-bearing nude hosts was most similar to that in aged wild-type
mice (Fig. 1G).
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TCR VB D—J joint analysis strongly suggested that T reside in brain. We thus examined
presence, phenotype, and antigen reactivity of "IT cells in brain more directly by flow
cytometry and Western blot analysis. CFSE-labeled donor CD8 T cells injected into
B6.Foxnl hosts were found increased in brain parenchyma three days later, confirming rapid
localization of NT cells to brain (Fig. 3A, B). CD8 protein on brain Western blots was also
increased in both nude M recipients 10 weeks after injection, and in aged relative to young
wild-type mice (Fig. 2C), suggesting similar functional localization to brain in " T-bearing
nudes and affected aged mice (Ritzel et al., 2016). Although overall levels of CD8 T cells in
brain appeared similar to wild-type by flow cytometry, this likely reflected sensitivity to
tissue dissociation (Wakim et al., 2010). Qualitatively, however, flow cytometry revealed that
IFNy* and KLRG1* CD8 T cells that retained CD103 expression were significantly
increased in MTgy-bearing nude brains (Fig. 3D). Unexpectedly high apoptosis of
lymphocytes derived from brains of aging mice prohibited direct comparison by flow
cytometry. Nevertheless, multiple studies have documented that resident memory CD8 T
cells in aging tissues including brain and others, express CD103, and up-regulate both
KLRG1 and pro-inflammatory cytokines including IFNy (Ritzel et al., 2016; Clambey et al.,
2008; Onyema et al., 2012; Schenkel et al., 2013). Thus, T cells in nude brain
phenotypically correspond to typical CD8 Trp Within aging tissues. This altered T cell
population was also evident in the periphery, as KLRG1* CD8 T cells reactive to MHC I-
restricted antigens including Tyrosinase-related Protein-2/Dopachrome Tautamerase
(Trp-2/DCT180-188]) and APP[470_478] Were expanded in blood, corroborating host T cell
expansion dynamics in B6.Foxn1/AppKO hosts (Fig. 1D; 3 E, F). Nevertheless, only APP-
reactive CD8 Try Were significantly increased in brain (Fig. 3E, F). Thus, T cells reactive
to two distinct self antigens expanded peripherally in nude hosts, whereas those reactive to
an APP epitope selectively accumulated in brain.

3.3. Skin de-pigmentation in NT -bearing nude mice

Given that a significant portion of T cells were reactive to the brain/skin antigen, Trp-2, it
was notable that "'T-bearing B6.Foxn1 hosts exhibited reduction in pigmentation relative to
PBS-injected controls at 15 months (Fig. 4A-C). Moreover, while brain weight in M-
bearing B6. Foxn1 hosts did not differ significantly from PBS controls, mice exhibiting
decreased pigmentation did exhibit significantly reduced brain weight (Fig. 4D). This
reveals the possibility that T cells elicit coordinated age-related degeneration in multiple
tissues that express their cognate antigens. To further validate this, we further examined an
age-related characteristic in brains of NT-bearing nude mice.

3.4. Neuroinflammation in NT-bearing nude mice

Increased neuroinflammation is a feature of aging in both mice and humans (Jurgens and
Johnson, 2012; Lourbopoulos et al., 2015). Neuroinflammation is primarily characterized by
proliferation of activated, glial fibrillary acidic protein (GFAP)-positive astrocytes, as well as
Iba-1-positive microglia, and in some cases lymphocytes such as CD8 T cells (Norden et al.,
2016; Cupovic et al., 2016). Given apparent correlation of skin with brain changes in " T-
bearing B6.Foxnl mice, we asked if they also exhibited neuroinflammatory alterations.
Indeed, GFAP* astrocytes appeared elevated in B6.Foxn1 mice 15 months after injection of
CD8 T cells, relative to PBS-injected controls (Fig. 4E, F). This was corroborated by
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forebrain Western blots, which showed significantly elevated GFAP signal relative to
controls (Fig. 4G). This suggested that T cells in B6.Foxn1 mice mediate increased age-
related neuroinflammation relative to age-matched controls. To further examine this
possibility and explore its mechanism, we stained brains of B6.Foxn1 hosts injected with
CD8 T cells from wild-type (wt-CD8 group), Perforin-1-deficient (PrfKO-CD8 group), or
IFNy-deficient donors (IfnyKO-CD8 group) 15 months previously, for CD8 T cells,
astrocytes, and microglia. Brains of age-matched B6.Foxn1 littermates injected at the same
time with PBS were used as controls (PBS group). Numbers of CD8 T cells were
significantly elevated in hippocampus of wt-CD8 group mice (Fig. 5A, B), and these could
occasionally be seen interacting with pTau* neural cells (Fig. 5A, wt-CD8 group inset). CD8
T cell counts were not elevated outside of hippocampus in cortex (Fig. 5B). Cortical and
hippocampal GFAP™ astrocytes (Fig. 5C, D), and activated Ibal*™ microglia (Fig. 5E, F) were
also significantly elevated in wt-CD8 group hippocampus and cortex, relative to PBS
controls. Intriguingly, PrfKO-CD8 group mice exhibited no increase in CD8 T cells in any
region of brain at 15 months, while 1fnyKO-CD8 group mice still exhibited a significant
increase in brain CD8 T cells relative to controls (Fig. 5A). In this context, neither GFAP*
astrocytes nor Ibal* microglia were increased in hippocampus or cortex of PrfKO-CD8 or
IFNyKO-CD8 group mice. This suggests that CD8 T cell persistence in brain and IFN-y
cytokine production are necessary for the increased astrocytic and microglial
neuroinflammation seen in ""T-bearing nude mice.

3.5. T cell impact on age- and injury-related neuropathology in wild-type mice

Despite the qualitative impact of NT cells on tissue defects in nude mice, it remained unclear
whether they could measurably impact tissue pathology in fully immunocompetent wild-
type animals, and whether they functionally imparted greater similarity to human aging
and/or pathology. Single-impact traumatic (TBI) brain injury promotes a distinct
amyloidogenic response in mice and humans (Johnson et al., 2010; Nakagawa et al., 1999,
2000), making it potentially useful in addressing whether uniform promotion of age-related
T cell expansion in mice to the degree it predominates in humans, renders pathological
responses more human-like as well. We thus split mice into sham or TBI groups, and
injected half the mice from each group with CD8 T cells from M T-bearing B6.Foxn1 donors
immediately after TBI (or sham). Peripheral CD8 T cell profiles were analyzed 3 weeks
post-TBI, and markers of T cells, amyloidosis, and related pathology analyzed 10 weeks
post-TBI (Fig. 6a—¢).

At 10 weeks post-TBI, mice given "T cells had higher brain levels of AB1_sq than sham or
TBI mice, with the former exhibiting the reduction in Ap typical of mice (Johnson et al.,
2010) (Fig. 6b). While MT cells in sham mice did not increase levels of AB_s9, CD8 T cells
injected into B6. Foxnl mice without TBI did exhibit such an increase 15 months later. This
suggest that MT cells in wild-type mice may induce AB;_sg accumulation shortly after an
injury occurs, but that B6.Foxn1 do so spontaneously over time. TBI mice injected with NiT
cells also had higher levels of pTau and paired helical filament (PHF), a Tau isoform
associated with neurofibrillary tangles and neurodegeneration (Fig. 6¢). pTau and PHF were
also increased, but to a lesser extent in B6.Foxnl mice 15 months after injection with CD8 T
cells, further supporting neuropathologic similarity between the two strains despite its
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distinct induction. A significant decrease in the neuronal marker, NeuN, was also evident in
wild-type mice receiving both TBI and MT cells, as well in wild-type mice receiving "'T
cells alone, and in B6.Foxn1 mice injected 15 months prior with CD8 T cells (Fig. 6d, e).
This is consistent with limited neuronal loss in normal aging (Pannese, 2011), and as such
supports age-related tissue pathology mediated by MT cells in wild-type, in addition to nude
recipients. Given that AB1_40 and pTau were not significantly increased in the brains of
wild-type mice receiving only MT cells, whereas NeuN loss was, suggests that while N T
cells may be intrinsically capable of damaging neurons to some extent, accompanying
physical injury may be required to induce amyloidosis and tauopathy. Surprisingly, and
despite NT cells” lack of expansion in wild-type hosts, TBI also promoted an early decrease
in the proportion of overall KLRG1* CD8 T cells in the peripheral circulation. Since most of
these cells are not derived from donors, this is consistent with MT cell presence influencing
the retention or migration of related bystander T cells. Although further examination is
required to validate the generality of this change, this is consistent with brain injury
promoting the efflux of potentially destructive NT cells and those of similar phenotypes from
blood into affected tissues (Fig. 6f).

4. Discussion

In summary, we induced rapid homeostatic expansion of CD8 T cells by injection into nude
hosts, which resulted in uniform expansion of aberrant resident memory T cells in young
mice, which we termed “NT” cells. Surface receptors on T cells, including cytokine and
other receptors, as well as specific memory subset markers and binding to PNA lectin, were
consistently altered in a manner similar to age-related CD8 Try populations that dominate
the T cell pool in aged humans exclusively (den Braber et al., 2012). NT genomic DNA in
brain also exhibited similar loss of TCR Vp diversity, restricted usage of VVp D-J joints, and
phenotype identical to brain-resident CD8 T cells that accumulate in aged mice. This
indicates that NT cells faithfully model phenotypic, genotypic, and functional characteristic
of aged CD8 T cells independent of other age-related changes. The advantage of this model
is that it renders a particular aspect of aging whose impact is minimal in mice (den Braber et
al., 2012), more uniform, more similar to humans, and potentially more impactful on
human-specific aspects of pathology. We did not examine other known consequences of age-
related CD8 T cell accumulation in mice, including decreased responses to immunotherapy
or pathogens (Nikolich-Zugich et al., 2012). Nevertheless, our model represents a critical
step toward deconvoluting organismal aging into discrete component processes, while
allowing unambiguous assessment of the role of CD8 T cell aging in tissue pathology and
aging in general.

Validating the model’s potential to identify targetable drivers of age-related tissue pathology,
hiT_pearing nude mice showed enhanced age-related pathology in skin and brain, specifically
depigmentation and neuroinflammation (Jurgens and Johnson, 2012; Lourbopoulos et al.,
2015; Armenta et al., 2019; Rheins et al., 1986). Enhanced neuroinflammation in particular
was found to require sustained presence of CD8 T cells in brain, as well as their fully intact
pro-inflammatory function, as genetic knockout of the Perforin-1 gene in donor T cells
eliminated their sustained presence in brain, while knockout of the IFN-y gene in donor T
cells did not. Nevertheless, both knockouts reduced neuroinflammation to control levels
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after CD8 T cell injection. Moreover, brain localization of " T cells appeared related to their
reactivity to brain antigens, and APP 470_47g) in particular. Thus, isolating this single age-
related process, allowed us to identify targetable drivers of age-related tissue pathology,
albeit in a manipulated experimental system. Our model nevertheless provided novel insight
into the involvement of cytolytic T cells and their effector functions in age-related damage to
multiple non-immune tissues. This is remarkable, as waning immune function is widely
accepted to impact general health during aging, but has been implicated only in a limited
way to age-related disorders in individual tissues such as heart (Ramos et al., 2017). Our
findings thus reveal the possibility that general inhibition of T cell activity, inhibition of pro-
inflammatory CD8 T cell effectors such as Perforin-1 and IFN+y, and/or modulation of
antigen-specific T cell reactivity could conceivably prevent, treat, or reverse age-related
pathologies in multiple, ostensibly non-immune tissues. Such intervention would represent
an altogether novel approach to mitigate the effects of aging via adaptive immunotherapy.

Importantly, the impact of "T cells was demonstrable in wild-type mice, where they not only
enhanced neuropathology after brain injury (TBI), but strikingly rendered the amyloid
response to it closer to that in humans (Johnson et al., 2010; Nakagawa et al., 1999, 2000)
Specifically, reintroduction of T cells initially generated in nude mice into wild-type hosts
led to increased beta-amyloid (Ap1-40), accumulation of phosphorylated and pre-
aggregated Tau (PHF), and loss of the neuronal marker, NeuN, 10 weeks after traumatic
brain injury (TBI). The amyloid response in particular was distinct from the beta-amyloid
decrease normally seen in rodents after single-impact TBI, and more similar to the sustained
amyloid increase reported in human TBI patients (Johnson et al., 2010; Scott et al., 2016).
Intriguingly, amyloid and tau pathology also arose sporadically in "T-bearing nude mice
over the course of this experiment. This raises the possibility that "'T cell introduction may
confer sporadic neuropathology relevant to human disorders such as Alzheimer’s disease
(AD) in this mouse strain. In this context, genetic mutations that guarantee AD in humans
fail to recreate its most foundational features in transgenic rodent models. This renders much
of AD pathology human-specific. It will thus be interesting to determine whether the ability
of "IT cells to “humanize” a post TBI amyloid response extends to AD pathology more
generally, in either genetically-induced or sporadic models.

The pathologies observed in NT-bearing nude hosts appeared related to their antigenic
reactivity, with recognition of epitopes on skin and brain antigens accompanied by
detriments in both tissues. It is conceivable that "'T or age-related counterparts reactive to
distinct tissue antigens may damage other areas of the brain or body. CD8 T cell dysfunction
in general may thus be relevant to age-related disorders in distinct tissues, and perhaps to the
widespread tissue degeneration observed during aging itself. Systematic elucidation of the
full range of tissue antigens recognized by NT cells in the context of our model may
therefore help clarify the impact of cellular immune dysfunction on aging in general, and
identify additional drivers of age-related tissue pathology whose targeting may mitigate the
impact of aging on human health.
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Fig. 1. Expansion of donor CD8 T cellsin mouse recipients.
Purified CD8 T cells from female C57BL/6, B6.CD45.1-congenic (B6 recipients only;

CD8—B6), or congenic effector knockout hosts (Perforin-1- or Ifny-deficient), or from
previously injected B6.Foxnl1 donors, were injected into 8-10 week-old female C57BL/6 J,
B6. Foxnl, or B6.Foxn1/AppKO, recipients as indicated (A). Blood was analyzed by flow
cytometry 5-8 days later using the gating and antibodies to T cell markers as shown (B),
with % CD3e*CD8™ in gated donor cells compiled in (C), where “% donor T cells” refers to
the percent donor T cells within gated recipient lymphocytes. Note that both B6.Foxn1 mice
and C57BL/6 are CD45.2. Fig. 1B depicts lymphocytes from CD45.2* donors in CD45.2*
B6.Foxnl, and thus contains plentiful non-T lymphocytes. B6.Foxnl mice were crossed to
B6.App-knockout mice, homozygous double-mutants (B6.Foxn1/AppKO) verified by PCR
and phenotype at Jackson Laboratories (Bar Harbor, MN). Purified CD8 T cells were labeled
with CFSE, and their expansion assessed by CFSE dilution in B6.Foxnl and B6.Foxnl1/
AppKO female recipients (D; n = 3 B6.Foxnl & n =5 B6.Foxn1l/AppKO; *P <0.04, ***P <
0.00001 by 2-tailed T-test in >3 independent tests for all markers).
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Fig. 2. Agerelated hiT cell phenotype in young mice.
Representative flow cytometry analysis of age-related markers on splenic CD8 T cells from

young (< 10 weeks) and old (> 12 months) C57BL/6 (B6), and young (6 weeks) B6.Foxnl
recipients of i.v. CD8 T cells (CD8—B6.Foxnl) 3-5 weeks after injection (A). Antibody
combinations used were: CD3 PEcy5, CD8 PE, CD4 FITC (control, not shown); CD8
PECy5, CD122 FITC, CD127 PE, CD45.2 PacBlue (top panel); CD8 FITC, CD44 PE,
KLRG1 Biotin/SACy, CD45.2 PacBlue (2nd panel); CD8 FITC, PNA APC (3rd panel);
CD8 PacBlue, CD103 FITC (4th panel). Percentage of lymphocytes (B) and mean
fluorescence intensity (C, D) from flow cytometry compiled from n >6 mice/group. T cell
receptor (TCR) gene segment usage and diversity in nude mice harboring " Tgp.
Proportions of mice with “diverse” TCRVB D—J gene segment usage (>3 segments/brain)
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and specific D—J segments within brains of young (<10 weeks), middle-aged (6 months),
and old (> 12 months) B6 mice, reveals an age-dependent pattern of progressively decreased
diversity and increased usage of particular D—J segments (i.e., clonality; E, F). D—J
diversity and segment usage was significantly correlated only between old B6 and young
CD8—B6.Foxn1 brain; colors for specific D-J joints are derived from E & F (G). Schematic
of forward (right-facing arowhead) and reverse (left-facing arrowhead) TCRp locus D1-J1
and D2-J2 primers is depicted beneath E-F. Additional detail and representative gels are
provided in Supplemental Fig. S1.*P <0.05, **P <0.01, ***P <0.005 by 2-sided T-test
relative to B6 for flow cytometric markers, and by Pearson’s correlations in n >10 mice/
group for PCR compilations.

Mech Ageing Dev. Author manuscript; available in PMC 2020 October 16.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Panwar et al.

. Brain WB
Brain b C d T
e Tkoa 1 3.0
= 100 — @
5 75 - 2 2548 H
£ g
» £ 20
- 50 — 3 *
! E ysd®
& >
+ 37— £
» g 10
w ‘z’ 4] R
- S 2 = 0.5 Pg N
2 s 2
20— 2 [ 1.3 I
v -~~~ g
x

Y ® ° &
0\ o L) Q° &
> e'-‘o* R S
NPT o
Q©
e f
Control BS CDB8 > B6.Foxn1 9 ARFeSpec
™ 106 15 & Tmp-2/DCT-spec
.
:é . 43 10 18 33 3 "
&
I3
g 8 =
a 2y £ L
% . ]
< SRR - :
33| bt % 34 Control B6 | CD8 > B6.Foxn1 Control B6 | CDB > B6.Foxn1
T B S B ST S

Brain MHC-l dext+KLRG1+

Spleen MHC-| dext+KLRG1+

KLRG1

Fig. 3. Brain CD8 T cell phenotype after transfer into nude mice.
Light scatter and gating of brain lymphocytes and CD8 T cells in B6.Foxn1 recipients (A).

Percentage and phenotype of CFSE* CD8 T cells within brain lymphocytes in B6.Foxn1
recipients 3 days (B). Western blot of CD8a (antibody clone 2.43; (C) in dissected brain
hippocampus of young (<5 months) C57BL6 (B6) and B6.Foxn1 hosts with and without
adoptive transfer of CD8 T cells from young (6-8 wk) B6 donors 10 weeks prior. 1:100 Spl
= 6-10 week-old female C57BL/6 splenocyte lysate, diluted 1:100 relative to brain, and
subjected to identical analysis. Phenotype of brain-resident CD8 T cells, compiled from >5
wild-type B6 or CD8 T cell-injected B6.Foxn1 mice, injected 10 weeks prior (D). Increased
staining with pMHC | multimers (custom dextramers synthesized by Immudex USA,
Fairfax, VA) to Trp-2-DCT (180-188)/H-2KP and APP47_47g)/H-2DP epitopes on KLRG1*
CD8 T cells in B6.Foxn1 brain (E, F) and spleen (F), 10 weeks after injection (*P <0.05 by
2-sided T-test in >3 independent tests; n > 6 for all analyses, with significance relative to
PBS group).
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Fig. 4. Age-related skin and brain pathology in hiTRM-bearing nude mice.
Residual pigmentation 15 months after cell or control PBS injection was quantified on a 1—

10 scale, with 10 equal to the highest pigmentation, 5 equivalent to roughly % the maximum
level pigmentation by affected area, 2.5 equivalent to roughly ¥ the maximum level, etc.
Most mice receiving CD8 T cells (harboring M Tg) exhibited visibly reduced pigmentation
(A, B), and significantly lower pigmentation scores (C). Mice with pigmentation scores <9
(“pale™) also exhibited significantly lower brain weight than those with higher pigmentation
(“normal”; D). Hippocampal brain sections of PBS- or CD8 T cell-injected B6.Foxn1 hosts
were stained for GFAP* astrocytes 15 months after injection, (E, F), and Western blots
performed on forebrains from the same groups and time points, with GFAP signal quantified
relative to control GAPDH (G). *P <0.05, **P <0.01, ***P <0.005 by 2-sided T-test in >3
independent tests for all analyses relative to PBS group, except brain weight, for which 1-

sided T-tests were performed.
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Fig. 5. Mechanistic requirements of neuroinflammation in hiTR|\,|-be»aring nude mice.
Brain was co-stained for CD8 and pTau (inset) (A), and quantified within hippocampal and

cortical brain sections from B6.Foxn1 recipients 15 months after injection of wild-type,
IfnyKO or PrfKO CD8 T cells, or PBS. CD8" cells, though mostly solitary, were
occasionally seen interacting with pTau™ neurons as in A (inset). Group data are compiled in
(B). Images and compilations of GFAP* astrocytes (C, D), and lbal* microglia (E, F). *P <
0.05, **P <0.01, ***P <0.005 by 2-sided T-test in >3 independent tests for all analyses,
relative to PBS group.
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Fig. 6. Synergy between hiT cellsand brain injury in wild-type mice.

Pre-prepared NT cells were injected into 10-wk wild-type (B6) brain- (TBI) or sham-injured
females. Mice were bled on 1 day and 3 weeks after "'T cell injection, and sacrificed at 10
wk (A). Forebrain ELISA of Triton-soluble mouse Ap1-40 (A), pTau/PHF (B), and NeuN

Western blot signal (C), in B6 recipients (n = 6/: “+” above pTau bands
recipients), with pTau and NeuN trends confirmed by tissue IF staining

=hiT cell
(D). Flow cytometric

analysis of CFSE* T cells performed 1 day after cell injection (F). Note that the endpoint
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of analysis of the B6.Foxn1 groups is 15 months post-injection (control or CD8 T cell). *P <
0.05, ***p <0.005, in two-sided 7-test.
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