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Rationale: The recently discovered meningeal lymphatic vessels (mLVs) have be
proposed to be the missing link between theimmune and the central nervous system. Th
role of mLVs in modulating the neuro-immune response following a traumatic brain injury (TBI
however, has not been analyzed. Parenchymal T lymphocyte in� ltration has been previously
reported as part of secondary events after TBI, suggestive of an adaptive neuro-immu
response. The phenotype of these cells has remained mostly uncharacterized. In this stu
we identi� ed subpopulations of T cells in� ltrating the perilesional areas 30 days post-injury (a
early-chronic time point). Furthermore, we analyzed how the lack of mLVs affects the
magnitude and the type of T cell response in the brain after TBI.

Methods: TBI was induced in K14-VEGFR3-Ig transgenic (TG) mice or in their litterm
controls (WT; wild type), applying a controlled cortical impact (CCI). One month after T
T cells were isolated from cortical areas ipsilateral or contralateral to the trauma and fr
the spleen, then characterized by� ow cytometry. Lesion size in each animal wa
evaluated by MRI.

Results: In both WT and TG-CCI mice, we found a prominent T cell in� ltration in the brain
con� ned to the perilesional cortex and hippocampus. The majority of in� ltrating T cells
were cytotoxic CD8+ expressing a CD44hiCD69+ phenotype, suggesting that these are
effector resident memory T cells. K14-VEGFR3-Ig mice showed a signi� cant reduction of
in� ltrating CD4+ T lymphocytes, suggesting that mLVs could be involved in establishing
proper neuro-immune response. Extension of the lesion (measured as lesion volume fr
MRI) did not differ between the genotypes. Finally, TBI did not relate to alterations
peripheral circulating T cells, as assessed one month after injury.
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Conclusions: Our results are consistent with the hypothesis that mLVs are involved in t
neuro-immune response after TBI. We also de� ned the resident memory CD8+ T cells as
one of the main population activated within the brain after a traumatic injury.
Keywords: controlled cortical impact (CCI), meningeal lymphatic vessels, CD8+ T lymphocytes, resident memory
T cells, Chronic Traumatic Brain injury
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INTRODUCTION

Traumatic brain injury (TBI) is among the top causes of de
and disability in adult life (1, 2). It is estimated that at least 7
million people worldwide incur TBI every year (3). The number
of prevalent cases (as reported for 2016) is above 55 million
patients suffering from a wide range of lifelong physical
psychological invalidities (4).

TBI is de� ned as an alteration in brain function, or oth
evidence of brain pathology, caused by an external force5),
which results in immediate neuronal cell death, diffuse ax
injury, ischemia, and hemorrhage (6). These primary insult
initiate a progressive cascade of secondary injuries, w
include macrophage in� ltration (7), neuro-in� ammation
(microglia and astrocyte activation associated with cyto
production), edema formation, oxidative stress, neuron
necrosis and apoptosis, and white matter atrophy6).
Secondary injuries can progress for years in patients
rodent models of TBI, and cause neurological and psychi
de� cits associated with the pathology (8).

Recruitment of peripheral immune cells, including
lymphocytes, into the brain is among the secondary events
have been described following TBI (9–12). Two distinct waves o
in� ltrating CD3+ T cells have been reported in the injured br
First, a massive in� ltration immediately commences after traum
and peaks 3 days post-injury (dpi) (9). After one month, there i
a late adaptive immune response with a second recruitm
which persists chronically (11). However, the mechanisms a
the consequences of the activation of the adaptive imm
system after TBI are still poorly understood.

A proper immune surveillance of the brain was long dispu
(13), due to the lack of a classical lymphatic system within
central nervous system (CNS). However, recent studies
described the presence of anatomically distinct lymphatic ve
in the meninges surrounding the brain and the spinal co
These meningeal lymphatic vessels (mLVs) preferentially
the cerebrospinal� uid together with cells and macromolecu
into the deep cervical lymph nodes (dcLNs) (14–17). Within
these secondary lymphoid organs, brain-derived antigens
presented to resident T lymphocytes, evoking different cel
fate and immune responses based on the in� ammatory milieu. It
has been demonstrated that dcLNs, together with super� cial
cervical LNs (scLNs), play a speci� c role in neuro-immune
interaction, ensuring the protection of brain cells by promot
a non-cytotoxic immune response (18–20). From this
prospective, mLVs and dcLNs are essential components
putative speci� c CNS lymphatic system, and the mLVs could
essential in the activation of immune responses to brain ins
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The aim of our work is to better characterize the late adap
immune response and to decipher the mechanis
underpinning the activation of T lymphocytes after TBI
focusing on the speci� c role of mLVs in this process. In th
regard, we induced a cerebral contusion in the cortex
transgenic K14-VEGFR3-Ig (TG) mice that completely l
lymphatic vessels in several tissues, including the men
(16, 21, 22). One month after brain injury, in� ltrating T
lymphocytes and circulating peripheral T cell populations
the spleen were phenotyped by� ow cytometry. MRI was used t
evaluate lesion size by comparing TG animals to their wild
(WT) littermates. We determined the persistence of puta
resident memory cells mediating a CD8+ cytotoxic immu
response in the perilesional cortical areas after TBI. We fu
demonstrate that a functional mLVs are important for the neu
immune interaction after TBI, and the lack of mLVs results in
imbalance of the evoked T cell immune response. Our data
show that the TBI-elicited response in the CNS is speci� c, and
that the analysis of the systemic immunity does not re� ect the
immune activation observed within the brain. No difference
MRI cortical lesion were found between the two genotypes
suggest that the brain resident memory T cells, presentin
effector phenotype, are part of the cellular compone
characterizing the secondary injuries after TBI.
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MATERIAL AND METHODS

Mice
Initial breeding pairs of K14-VEGFR3-Ig mice [C57B
6JOlaHsd background (21)] were transferred from the
University of Helsinki, and the colony was further expand
and maintained at University of Eastern Finland (Kuop
Finland). Wild type and transgenic K14-VEGFR3-Ig mice u
in all the experiments were littermates. Genotype screening
routinely con� rmed by polymerase chain reaction analysis of
punch samples. Mixed WT and TG mice were housed
standard laboratory cages (four animals per cage, until sur
in a controlled enriched environment (constant temperatu
22 ± 1°C, humidity 50–60%, lights on 07:00–19:00), with food
and water availablead libitum (23). After TBI induction, mice
were kept two per cage, separated individually by a pie
partition. All animal procedures were approved by the Anim
Ethics Committee of the Provincial Government of South
Finland (ESAVI-2018-008787) and performed in accorda
with the guidelines of the European Community Coun
Directives 2010/63/EU.
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Wojciechowski et al. CD8-Mediated Neuro-Immune Response After TBI
Controlled Cortical Injury Mouse Model of
Traumatic Brain Injury
All surgical procedures were performed aseptically when
possible. Adult, 5 month-old male mice were deeply anesthe
with iso� urane (5% for induction, 1.0–1.5% for maintenance, i
0.5 L/min air; seeSupplementary Table 1), injected with
Carprofen (4 mg/Kg; s.c.) and the heads� xed to a stereotaxi
frame (Kopf, Tujunga, USA). The scalp was shaved and
scrubbed (3x) with Betadine (povidone-iodine 10%) and
ethanol alternately, then local anesthesia of 2% Xylocain ge
applied. After skull exposure, a 5 mm circular craniotomy
manually drilled over the left parieto-temporal cortex, with
posterior edge of the craniotomy apposed to the lambdoid su
and the right edge to the sagittal suture. In order to red
heating during manual craniotomy, the skull was irrigated w
cold 0.9% saline solution. The carved bone was care
removed, without disrupting the underlying dura, and pla
in 1% Betadine solution. Thereafter, the animal was disconn
from iso� urane anesthesia for 5 min [stage 3 plane 1 accordin
Guedel’s classi� cation (24)], and CCI was induced using a
electromagnetic stereotaxic impact actuator (ImpactOne, L
Richmond, VA, USA). The 3 mm blunt tip of the impactor w
adjusted to the center of the exposed dura perpendicular to
brain surface, and the impact was administered at a dep
0.5 mm, speed of 5.0 m/s, and dwell time of 100 ms. The
duration of the craniotomy procedure including anesthe
induction was 35–40 min (Supplementary Table 1). After the
impact, the mouse was reconnected to the iso� urane system an
the skull secured with bone cement (Selectaplus + Palacos
50/50). The scalp was sutured and treated with Cicat
powder (Neomycin + Bacitracin) and Terramycin spr
(Oxytetracycline). The total duration of post-impact surg
was 10 min. The mice were injected i.p. with 1 ml pre-warm
sterile saline (35°C) and allowed to fully recover in an incub
at 32°C. Mice were followed for the subsequent 48 h for any
of illness or distress, in which case Carprofen was administ
Daily examination was performed for general health/morta
and morbidity for the rest of the study. No mortali
was observed.

Craniotomy-related neuroin� ammation has been previous
reported in this model and the craniotomy itself (surgery) can
considered a form of mild brain trauma (25, 26). Moreover, CCI
is a model of penetrating injury, involving dura damage, wh
has a severity that bypasses the possible effect of men
in� ammation related to the craniotomy. The aim of our stud
to characterize the adaptive immunity in response to a mode
TBI. Therefore, we did not analyze how differences in tra
severity (i.e., CCIvs.sham-surgery) can affect the neuro-immu
response. In compliance to the 3R principle, we excluded
sham-operated animals and used naïve mice not exposed
surgical procedure as proper controls.

In Vivo Magnetic Resonance Imaging and
Lesion Volume De � nition
MRI data were acquired 21 days after TBI induction in a
horizontal magnet (Bruker Pharmascan, Ettlingen, Germa
Frontiers in Immunology | www.frontiersin.org 3
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Images were acquired using a four-channel mouse brain su
coil, a 3D T2-weighted Fast Spin-Echo sequence (RA
repetition time 1.5 s, effective echo time 48 ms, 16 echoe
excitation) with 100 µm isotropic resolution (� eld of view
25.6 mm x 128.8 mm x 9.6 mm; acquisition matrix 128 x
x 96). Scans were performed with the mouse under 1.0–1.5%
maintenance iso� urane anesthesia (70/30 N2O/oxygen gas
mixture, 1 L/min). The average acquisition time was 40 m
including anesthesia induction. A pressure sensor was us
monitor the respiratory rate, and respiratory gating was use
minimize motion artifacts.

T2-weighted images were used to evaluate the extent o
lesion (Figure 5, andSupplementary Figures 4and5). Regions
of interest (ROIs) were outlined for volumetric analysis, avoid
the brain-skull interface and ventricles, throughout the en
extension of the brain (excluding olfactory bulbs a
cerebellum). Lesion was de� ned as cortical/subcortical are
with hyper-intense signal (cystic lesion) and/or signal v
areas (tissue cavity) from T2-weighted images (27, 28).
Volumes of the lesion and of the ipsilateral and contralat
hemispheres were measured using Aedes (http://aedes.uef� ), an
in-house written MatLab program (MathWorks, Natick, MA
The lesion volume and the volumes of ipsilateral a
contralateral healthy hemispheres were calculated from 8
consecutive slices in the coronal plane and adjusted in
sagittal plane (66 slices) and in the axial plane (99 slices)
a volume resolution of 200 x 500 x 100 µm.
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Quanti � cation of Brain Contusion Area
and Brain Atrophy
Measured volumes from MRI analysis were used to quantify
volume of the brain contusion and the brain atrophy,
previously described (29, 30). The relative percentage of infar
volume was calculated using the following formula:

contusion�volume� %ð Þ= �
Vc�– � Vi� – �Vlð Þ

Vc *100

and brain atrophy was determined as:

brain�atrophy� %ð Þ= �
Vi� – �Vcð Þ

Vc *100

whereVc= volume of contralateral hemisphere;Vi = volume
of ipsilateral hemisphere; andVl = measured lesion volume.

Analysis was performed blinded to the study groups.
contusion volume was measured from 22 TBI mice from
following experimental groups: WT–CCI, n = 13; and TG–CCI,
n = 9. Analyses of contusion volume and brain atrop
progression at day 3 and day 14 has been conducted onad hoc
prepared mice: WT–CCI, n = 4; and TG–CCI, n = 4.

Cell Isolation of Leukocytes
Thirty days after TBI induction, mice were anesthetized with
overdose of Avertin (Sigma, St. Louis, MO, USA) th
transcardially perfused with ice-cold heparinized saline (6
6 ml/min). Brains were collected and placed on ice in calc
January 2021 | Volume 11 | Article 559810
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Wojciechowski et al. CD8-Mediated Neuro-Immune Response After TBI
and magnesium-free Hanks Balanced salt solution (HBSS)
25 mM HEPES (both from Sigma).

Based on the analysis of MRI, we de� ned a priori the mean
extension of the lesion and of the perilesional areas for all the
mice. Brains were sliced using a 1 mm scored matrix (Z
Instruments, Pittsburgh, PA, USA): 6 mm thick coronal
encompassing the lesion area was split along the central s
axis into left injured and right uninjured sides. Cortical ar
enclosed between the rhinal and the sagittal sulci, and
corresponding hippocampi, were further isolated, poo
together, and placed in HBSS+HEPES. From the injured s
penetrated cortical areas were visually identi� ed (lesion area
Supplementary Figure 1) and carefully excised along the les
ridge to pick only the perilesional cortex for further puri� cation
of leukocytes.

Brain samples were minced with scissors and then incub
at 37°C on a roller for 30 min in digest buffer containing 1.25
ml Collagenase Type 4 (Worthington, Lakewood, NJ, USA)
100 U/ml DNAseI (Sigma) in DMEM with GlutaMAX (Gibc
Thermo Fisher Scienti� c, Waltham, MA, USA). Samples we
� ltered through a 100 µm cell strainer (Corning, Weisbad
Germany), and centrifuged at 600 x g for 5 min. Myelin de
was removed using Debris Removal Solution (Miltenyi Biot
Bergisch Gladbach, Germany) according to the manufactu’s
protocol. Brie� y, cells were resuspended in ice-cold Dulbec’s
phosphate buffered saline (D-PBS, Sigma) with Debris Rem
Solution, then overlaid with ice-cold D-PBS and centrifuge
2,500 x g for 10 min at 4°C. Supernatant including myelin la
was carefully removed leaving the clear phase and the p
Samples were washed in ice-cold D-PBS, centrifuged at 60
for 10 min at 4°C, and the recovered pellets were stained dir
for � ow cytometry.

Spleens and dcLNs were separately collected in ice-cold H
HEPES and each processed by crushing through a 70 µm
strainer (Corning). dcLNS were washed with ice-cold D-
containing 1% bovine serum albumin (BSA) and 2 m
ethylenediaminetetraacetic acid (EDTA), centrifuged 500 x
10 min and resuspended in RPMI-1640 (all from Sigma). Cru
spleens were washed with ice-cold HBSS+HEPES, centrifug
x g for 5 min before red blood cells were lysed in 1X Pharm
(BD Biosciences, San Jose, CA USA) for 8 min at r
temperature (RT). Lysed cells were washed with HBSS+HE
centrifuged as above, resuspended in RPMI-1640 (Sigma)
counted on a Bürker grid hemocytometer.

Flow Cytometry Staining and Analysis
Spleen cells (500,000 per mouse), and total cells isolated
dcLNs and brain were each stained separately. Cells wer� rst
washed with D-PBS, and centrifuged at 400 x g for 5 min.
supernatant was removed, and then Zombie NIR� xable viability
dye (1:1,000 BioLegend, San Diego, CA, USA) was adde
15 min at RT. Without washing, CD16/32 FcR block (5 µg/
BD Biosciences) was added followed by the appropriate ant
mix. Antibodies used: TCRb PE-Cy7 (1:100 or 1:200 clone H5
597), CD44 PE (1:300 clone IM7) (both BioLegend); CD8a A
R700 (1:150 or 1:200, clone 53-6.7), CD69 BV421 (1:100,
H1.2F3), CD25 BB515 (1:150, clone PC61) (BD Bioscien
Frontiers in Immunology | www.frontiersin.org 4
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CD4 FITC (1:500, clone RM4-5), CD4 eFluor506 (1:5
clone RM4-5), CD8 PerCP eFluor710 (1:300, clone 53-
CD44 APC (1:300 or 1:400, clone IM7), FoxP3 (1:40, c
FJK-16s) (eBioscience Thermo Fisher Scienti� c, Waltham, MA,
USA); CD69 APC (1:20, clone H1.2F3, Miltenyi Biotech).
antibodies were used at titers determined empirically un
experimental conditions.

Cells were incubated for 30 min at 4°C. Afterwards, sam
were washed twice in HBSS with 1% FBS and then run
FACSAriaIII (BD Biosciences) equipped with 488 and 633
lasers, or on CytoFLEX S (Beckmann Coulter) equipped
405, 488, 561, and 638 nm lasers, both with stand
con� guration. Compensations were made using OneComp
UltraComp Beads for antibody� uorescence (eBioscien
Thermo Fisher Scienti� c) and ArC amine reactive beads f
viability dye (Molecular Probes, Eugene, Oregon, US
Fluorescent-Minus-One (FMO) controls were made to ens
gating. These control samples contained all antibodies excep
to display� uorescent spreading error of compensated dat
each channel (31). Data were analyzed using FCSExpress
(Denovo Software, Los Angeles, CA, USA) and FlowJo
(Treestar, Portland, OR, USA). The gating strategy used fo
� ow cytometry analysis of brain-isolated immune cells
reported inSupplementary Figure 1.

CD3 Immunohistochemical Staining
Three mice per genotype were injured and sacri� ced 30 days
after TBI for the immunohistochemical (IHC) estimation of
lymphocyte localization in the brain. Mice were transcardi
perfused with ice-cold NaCl 0.9% followed by 4% PFA. Br
were dissected and post-� xed in 4% PFA by immersion for 24
at 4°C. Thereafter, specimens were cryoprotected by incub
in 20% glycerol [in 0.02 M potassium phosphate-buffered s
(KPBS), pH 7.4] for 48 h, frozen in N-pentane (3 min at -60°
and stored at -70°C until sectioning. Frozen coronal sect
were cut 25 µm with a sliding microtome, and collected
solution containing 30% ethylene glycol, 25% glycerol in
M phosphate buffer (PB) and stored at -20°C until furth
processing. Three sections per brain (approx. 700 µm a
encompassing the antero-posterior extension of the lesion),
used to estimate the localization of CD3+ in� ltrating T
lymphocytes by IHC. Floating sections were washed in t
changes of 1X PBS before being incubated for 1 h at R
blocking solution [2% normal goat serum, 1% bovine se
albumin (BSA) 0.1% Triton X-100 and 0.05% Tween20 in P
Sections were incubated overnight at 4°C with rat anti-mo
CD3� (1:500, clone 17A2, eBioscience Thermo Fisher Scien� c)
and mouse anti-GFAP (1:500, Sigma) in staining buffer PBS
1% BSA and 0.05% Triton X-100. After washing 3x with P
sections were incubated with conjugated goat secon
antibody anti-rat Alexa Fluor 647 and anti-mouse Alexa Fl
546- in above staining buffer for 1 h at RT (Respectively 1
and 1:250, both Thermo Fisher Scienti� c). Finally, the section
were washed 3x in PBS and 10 min in 1X PB and mounte
Superfrost Plus slides (Thermo Scienti� c) with Vectashield
containing DAPI (Vector Laboratories, Burlingame, CA, US
Panoramic photomicrographs of the stained sections w
January 2021 | Volume 11 | Article 559810
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Wojciechowski et al. CD8-Mediated Neuro-Immune Response After TBI
captured using 20X objective with a� uorescence microscop
(Zeiss Observer.Z1), and high-resolution Z-stack images
captured using 20X objective with a confocal microscope (Z
LSM710). ZEN 2012 software (Carl Zeiss GmbH) was use
image processing.

Microtubule-Associated Protein 2, NeuN,
and Glial Fibrillary Acidic Protein Staining
and Analysis
Three sections located at bregma level +0,02, -2,06, and
mm (corresponding to the anterior and posterior edges an
the center of the lesion site) were selected from the previo
sliced brains and stained for the Microtubule-Associated Pro
2 (MAP2; neuronal dendrites), the neuronal antigen NeuN,
the Glial Fibrillary Acidic Protein (GFAP; Type III intermedia
� laments in astrocyte). For immuno� uorescence procedur
sections were washed in blocking solution (4% BSA, 0
Triton X-100 in PBS) for 1 h at RT, followed by overnig
incubation at 4°C with the following primary antibodies dilut
in blocking solution: mouse anti-GFAP (1:500, Sigma G38
guinea pig anti-NeuN (1:500, Millipore ABN90), rabbit an
MAP2 (1:300, Abcam ab32454). After washing in PBS, sec
were incubated for 2 h at RT with secondary� uorescent
antibodies in blocking solution: Alexa Fluor 546-conjuga
goat anti mouse (1:250), Alexa Fluor 488-conjugated goat
rabbit (1:250), Alexa Fluor 633-conjugated goat anti guinea
(1:200 all from Invitrogen, Thermo Fisher Scienti� c). Next,
sections were washed in PBS before being mounted onto
slides and coverslipped using Fluoromount-G (Ther
Fisher Scienti� c).

Image acquisition was performed using Zeiss Axio Obse
Z1 microscope, equipped with a Zeiss AxioCam MR R3 cam
mounting a 10x lens to obtain images from whole-brain secti
Magni� cation images of in� ltrating T cells (Figure 1) were
acquired using a Zeiss LSM710 confocal microscope, mou
a 25x LCI plan objective (340 x 340 µm, 21 Z-stack slices/im
20 µm total thickness).

Image analysis was performed using ImageJ software.
were manually selected on images taken from each st
section. After background subtraction, the mean gray v
was measured within each ROI (32).

Statistical Analysis
Data Exclusion Criteria
We conducted eight independent experiments, where a tot
n = 16“WT CCI”; n = 12“WT naïve”; n = 13“TG CCI” and n =
10 “TG naïve” mice have been analyzed.

Before statistical analysis, brain-derived samples
checked for their quality, based on total T cell recovery. E
sample has been considered independently, and we evaluat
T cell viability and the total number of T cells recovered. B
samples where T cell viability was below 75% or the total num
of live T cells was below 100 counts werea priori excluded from
the analyses.

Considering two genotypes (WT and TG) and thr
experimental conditions (T cells in� ltrating the brain tissue
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ipsilateral to the lesion– “ipsi”; T cells in� ltrating the tissue
contralateral to the lesion– “contra”, and T cells from naïv
brain tissue– “naïve”), a total of n = 12“WT ipsi”; n = 7 “WT
contra”; n = 5 “WT naïve”; and n = 10“TG ipsi”; n = 7
“TG contra” ; n = 9 “TG naïve” were � nally used for
statistical analyses.

T cell viability >90% was used for the quality requiremen
spleen and dcLN samples. Moreover, we excluded spleen sa
presenting more than 50% of necrotic tissue (de� ned as dark red
non-perfused area in the spleen). Considering two genot
(WT and TG) and two experimental conditions (CCI and naïv
a total of n = 13“WT CCI”; n = 12“WT naïve”; and n = 11“TG
CCI”, n = 9 “TG naïve” spleens were used for subsequ
statistical analyses. Deep cervical lymph nodes have be
analyzed in n = 4“WT CCI” and n = 6“TG CCI” mice.

Statistical Analysis of Brain- and dcLNs-Related
Data
Due to the small amount of T lymphocytes in naïve brains, b
samples were fully acquired on the� ow cytometer, and for eac
population we analyzed both the absolute counts and
percentage referred to the respective parent popula
Statistic models were applied considering the nature of
data (counts or percentages) and the experimental gr
analyzed. A binomial negative regression was applied to a
statistical differences in the counts of total T cells, of CD4+,
of CD8+ cells between the two genotypes or within the s
genotype between independent data. The binomial neg
regression considered both genotype and treatment and
interaction. Because data from ipsi and contralateral brain s
are dependent within the same genotype, a linear mixed m
was used to evaluate the differences in the total number of C
and CD8+ T lymphocytes between“WT ipsi” vs.“WT contra” or
“TG ipsi” vs. “TG contra”. As the data were not normal
distributed (Shapiro-Wilk test p-value < 0.05), statisti
differences between independent data in CD4+ and CD8
cell populations (expressed as percentage of T cells), as we
the percentages of respective subpopulations expressing
and/or CD69 antigens, were analyzed performing the Kru
Wallis test. Dependent data within the same genotype (ips
contra) were analyzed performing the paired samples Wilco
signed ranked test. In all tests, Bonferroni correction was us
adjust p-values in multiple comparison.

Statistical Analysis of Data From Spleen
All data from spleen are expressed as percentage of the p
population. After establishing the normal distribution of the d
(as well as skewness and kurtosis by D’Agostino K-squared test
statistical differences were analyzed performing the Kru
Wallis test or the paired samples Wilcoxon signed ranked
depending on the nature of the data (independent or depend
followed by Bonferroni adjustment.

Statistical Analysis of Magnetic Resonance
Imaging Data
The differences in contusion volume and in brain atrophy w
analyzed performing the Kruskal Wallis test (21 dpi) or usin
January 2021 | Volume 11 | Article 559810
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Wojciechowski et al. CD8-Mediated Neuro-Immune Response After TBI
linear mixed model to evaluate the differences between day
day 14 post-TBI. Correlation between TBI-related tissue loss
infarct volume was analyzed by Pearson linear regression,
checking for normal distribution of data as described above

Statistical analyses were performed using R v3.5.3 soft
computing environment (The R foundation for statistic
computing). All software packages (MASS, psych, agric
multcomp, and lme4) (33–37) were taken from the
Comprehensive R Archive Network mirror sites (CRA
http://CRAN.R-project.org/package=boot). Signi� cance was
accepted at the level of p <0.05.
is
we
the

ral
not
tion

n

of
n

the
RESULTS

T Cells Preferentially In � ltrate the Cortical
Areas Ipsilateral to the Lesion
The presence of in� ltrating T lymphocytes in the parenchyma
a signature of brain lesion. At a chronic time point after TBI,
localized the T cell presence in the area of injury and in o
Frontiers in Immunology | www.frontiersin.org 6
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brain areas not directly affected by the penetrating injury.
this purpose, we stained brain sections of both WT and TG m
at 30 days post-injury (dpi) for the presence of CD3, a spe� c
marker of T lymphocytes. As expected, T cells are present w
the boundaries of the injured area (Figures 1A, B). CD3+ cells
are also spread throughout the cortical parenchyma, bot
proximity to the lesion core (Figure 1C) and in more distal area
ipsilateral to the lesion along the cortical layers. Positiv
immunostaining was also found along the corpus callos
(Figures 1A, B and magni� cation in D), the striatum, the
hippocampus, and the thalamus ipsilateral to the les
(Figure 1A). Dim CD3+ signal was present in the contralate
hemisphere, indistinguishable from non-injured mice (data
shown). There was no evident difference in T cell distribu
between WT and TG mice: unevenly scattered T cells (Figures
1C, E) and T cell clusters (Figure 1D) were both observed withi
the parenchyma, in the perilesional areas.

Next, we quanti� ed and characterized the populations
in� ltrating T lymphocytes using� ow cytometry, focusing o
the neo-cortical areas (cortices and hippocampi), excluding
FIGURE 1 | Localization of CD3+ T cells in the perilesional cortices. Representative images of brain sections from CCI mice stained for anti-CD3e (T lymphocytes;
white) and anti-GFAP (astrocytes; red), 30 dpi(A, B). The lesion edges in each section are marked with a segmented yellow line. T cells are present within the lesio
(star in A and B), in the perilesional cortex (box in A and B, and panel C) and in the corpus callosum (yellow arrow heads in A). CD3+ cells were also observed in the
striatum (white arrow in A) and in the thalamus (white arrow head in A). Both scattered cells and presumably-encephalitogenic clusters of T cells (panel D) were
found within the parenchyma. Panels(C) represent a magni� cation of the area depicted within the white boxes in A. Panels(D, E) represent a magni� cation of the
areas depicted within the white box in B. CD3e: white; GFAP: red; DAPI: blue. (A and B, scale bar = 500 µm; C-E, scale bar = 50 µm).
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Wojciechowski et al. CD8-Mediated Neuro-Immune Response After TBI
lesion area, which is characterized by a dysregulated entra
immune cells (38).

Thirty days after brain trauma induction in TG and litterma
WT mice, leukocytes were puri� ed separately from th
perilesional and the contralateral cortices (or from the co
of both WT and TG naïve mice). T cells were identi� ed by
staining for T cell receptor (TCRb) and the presence of the c
receptors CD4 and CD8. Live T cell counts per experime
condition is reported inFigure 2. A signi� cant ~10-fold increas
of in� ltrating T cells was found in both WT (median = 1,449; Q
Q1 = 1,692) and TG (median = 1,741; Q3-Q1 = 892) mo
brains in the perilesional cortices, compared to correspon
naïve non-injured mice (WT naïve: median = 242; Q3-Q1 = 1
TG naïve: median = 197; Q3-Q1 = 66; for statistical analysis
Figure 2C). In the cortices contralateral to the lesion, the num
of TCRb+ cells did not different from naïve brains (WT cont
Frontiers in Immunology | www.frontiersin.org 7
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median = 201; Q3-Q1 = 84; TG naïve: median = 239; Q3-Q
155; for statistical analysis, seeFigure 2C). No genotype-relate
differences were observed (Figure 2A).

Perilesional-In � ltrating T Cells Have a
Predominant CD8+ Phenotype, and the
Constitutive Lack of mLVs Is Associated
with a Depressed CD4-Mediated T Cell
Response
We next analyzed the CD4:CD8 ratio within the in� ltrating T
cells (Figure 2B) and found a prevalence of CD8+ T cells in
the experimental conditions, regardless of the presence of
injury. However, limited to the perilesional cortex of TG mi
we detected a signi� cant skew of the CD4:CD8 ratio towar
CD8+ cells (CD4:CD8 ratio TG ipsi = 0.097 ± 0.053; WT ips
0.350 ± 0.197; ChiSq: 8.836, mean ranks: 5.50/13.27, p = 8
n

A B

C

FIGURE 2 | T cell brain in� ltration is con� ned to the perilesional cortices, 30 dpi. Box plot representing the number of in� ltrating T cells, de� ned by expression of
TCRb (A) and stacked bargram representing the percentage of CD4+ and CD8+ T cells(B) in the brain of WT and TG mice, as analyzed in the perilesional and
contralateral cortices (ipsi and contra, respectively; WT ipsi, n = 12; WT contra, n = 7; TG ipsi, n = 10; TG contra, n = 7), or in intact cortices from respective naïve
mice (WT naïve, n = 5, TG naïve, n = 9). Independently from the genotype, a signi� cant in� ltration of TCRb+ T cells was observed in the perilesional areas but not in
the contralateral hemispheres (comparable to naïve non-injured brains). The majority of brain-in� ltrating T cells presented a CD8 phenotype. In the TG CCI mice,
there was a signi� cant skew of CD4/CD8 ratio towards CD8+ T cells. Table(C) summarizes the results of the statistical analysis in T cell counts between the
experimental groups. In(A) boxes represent the 25–75% value range, including the median value, indicated with the line. Whiskers represent 1.5x standard deviatio
(SD).� indicates the mean value. In the stacked bargram, data are presented as mean ± standard error of the mean (s.e.m.). A binomial negative regression or a
linear mixed model was applied to assess statistical differences in the counts of total T cells. The Kruskal Wallis test or the paired samples Wilcoxonsigned ranked
test was used for the analysis of CD4 and CD8 frequency distribution.j p < 0.05 and jjj p < 0.001 vs. TG ipsi. *p < 0.05 and ***p < 0.001 vs. WT ipsi. In all tests,
Bonferroni correction was used to adjust p-values in multiple comparisons.
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Wojciechowski et al. CD8-Mediated Neuro-Immune Response After TBI
while the ratio in the contralateral cortex did not differ betwe
the two genotypes (CD4:CD8 ratio TG contra = 0.221 ± 0.
WT contra = 0.456 ± 0.212; ChiSq: 2.469, mean ranks: 5.43
p = 0.120). To better understand how the lack of mLVs affect
T cell-mediated neuro-immune response, we analyzed bot
absolute numbers of CD4 and CD8 subpopulations and t
relative frequency. Data analysis shows a reduction of the
number of CD4+ T cells in� ltrating the perilesional cortices
TG (median = 106; Q3-Q1 = 156) compared to WT m
(median = 245; Q3-Q1 = 218; ex. coef.: -0.82, p = 0.033
ipsi vs. WT ipsi) (Figure 3A). No differences were observed
the absolute number of in� ltrating CD8+ T cells between th
Frontiers in Immunology | www.frontiersin.org 8
7;
83,
e
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genotypes (Figure 3B). Despite no differences in absolu
numbers of both CD4 and CD8 populations in th
contralateral cortices of injured WT and TG mice, we foun
signi� cant reduction in the frequency of CD4+ T cells
transgenic mice (TG contra = 12.04 ± 8.47%; WT contr
23.59 ± 9.52% of T cells; ChiSq: 3.931, mean ranks: 5.29/9.7
0.042) and a relative increase in the frequency of CD8+ T
(Figures 3C, D), indicating a speci� c impairment in the CD4-
mediated neuro-immune response. As mLVs are involved in
drainage of solutes from the interstitial and cerebro-spinal� uids
mainly to the dcLNs (15, 16), we hypothesized that mLV
absence in TG mice can affect the priming of the evo
l

A B

DC

FIGURE 3 | The number of CD4+ but not of CD8+ T cells is reduced in the brain of K14-VEGFR3-Ig mice after TBI. Box plots representing the number and
frequency of CD4+ T cells (A, C, respectively) and CD8+ T cells (B, D, respectively), in the brain of WT and TG mice, as analyzed in the perilesional and contralatera
cortices (WT ipsi, n = 12; WT contra, n = 7; TG ipsi, n = 10; TG contra, n = 7), or in intact cortices from naïve mice (WT naïve, n = 5, TG naïve, n = 9). A drastic
reduction in the number of CD4+ T cells was found in TG mice after injury. A binomial negative regression or a linear mixed model was applied to assess statistical
differences in the counts of CD4+ and CD8+ T cells. The Kruskal Wallis test or the paired samples Wilcoxon signed ranked test was used for the analysis of
frequency distribution. *p < 0.05; **p < 0.01 and ***p < 0.001 vs. WT ipsi.j p < 0.05; jj p < 0.01 and jjj p < 0.001 vs. TG ipsi.#p < 0.05 vs. WT contra. In all tests,
Bonferroni correction was used to adjust p-values in multiple comparisons.
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Wojciechowski et al. CD8-Mediated Neuro-Immune Response After TBI
neuro-immune response. The analysis of the T
subpopulations in the dcLNs indeed revealed a mar
difference between the two genotypes. As expected, we fo
signi� cantly lower number of T cells in the dcLNs of the TG-C
mice (median = 73,542; Q3-Q1 = 21,342) compared to their W
CCI littermates (median = 220,434; Q3-Q1 = 88,745; p = 0.0
However, TG-CCI mice had a higher frequency of CD4+ T c
(TG CCI = 63.98 ± 5.67%; WT CCI = 51.40 ± 1.93% of T c
ChiSq: 6.545, mean ranks: 7.50/2.50, p = 0.00
(Supplementary Figure 3). Within the CD4+ T cell
subpopulation in the TG mice, cells have predominantl
CD44hiCD69+ phenotype, while in the WT mice th
predominant population is CD44intCD69- (Supplementary
Figure 3). No differences were found in the frequency of Tre

Different subpopulations of CD8+ and CD4+ T cells ex
with speci� c and opposing functions: we characterized both
CD8+ and CD4+ subpopulations in the brain for the surf
expression of the antigens CD44 (a memory and activa
marker) (39, 40) and CD69 (an activation and tissue retenti
marker) (41). In the perilesional cortex of both WT and TG mic
CD8+ T cells had a predominant CD44hiCD69+ phenotype
(69.78 ± 22.85% and 72.05 ± 19.95% of CD8+ T cells, in
ipsi and TG ipsi, respectively) (Figures 4A, C, D). In the mouse
the expression of CD69 together with high levels of CD44 d� ne
a speci� c subpopulation of T cells called mature resid
memory T cells (TRM) (42–44), which are generated an
persist in the tissue at the site of a primary infection (43, 45)
and provide a� rst and powerful line of adaptive cellular defen

The second-highest expressed CD8+ subpopula
(representing 27.07 ± 26.10% in WT and 25.24 ± 18.85
TG mice) presented a CD44hiCD69- phenotype, characteristic
effector memory T cells (43). The presence of other CD8
subpopulations among perilesional in� ltrating T cells was
negligible. No genotype-related difference was found (Figures
4C, D andSupplementary Table 2).

Among CD4+ perilesional in� ltrating T cells, we found
similar frequency of CD44 and CD69 expressions, with a s
prevalence of CD44hiCD69+ over CD44hiCD69- T lymphocytes
(Figures 4B, E, F) in both genotypes. The overall frequen
distribution of the different subpopulations was identi
between the two genotypes (Figures 4E, Fand Supplementary
Table 2).

K14-VEGFR3-Ig Mice Present a Different
Temporal Pro � le of the T Cell-Mediated
Neuroimmune Response After Traumatic
Brain Injury
To con� rm that the elicited neuro-immune response
speci� cally affected in the K14-VEGFR3-Ig mice, we analy
in two different cohort of mice the phenotype of the bra
in� ltrating T cells at 3 and 60 dpi. As previously reported (7, 9–
11, 46), T cell in� ltration peaks at 3 dpi: however, this time fram
is not compatible with the priming of the adaptive immu
response, and the in� ltration of T cells is function of the
circulating compartment. At this time point, in ou
experimental preparations, we did not observe a signi� cant
Frontiers in Immunology | www.frontiersin.org 9
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increase in the number of TCRb+ cells in� ltrating the
perilesional areas in either of the genotypes (WT ipsi medi
331.5, Q3-Q1 = 409; WT contra median = 99, Q3-Q1 = 53.5
ipsi median = 397, Q3-Q1 = 302; and TG contra median =
Q3-Q1 = 27) (Figure 5A). This could be explained by the fa
that, at 3 dpi, T cells mainly enter the brain and accumulat
the area of lesion (removed in our preparation), where the blo
brain barrier (BBB) is damaged. Moreover, analysis of the C
CD8 ratio within the in� ltrating T cells (Figure 5B), did not
reveal any difference between WT and TG mice (CD4:CD8
TG ipsi = 1.032 ± 0.323; WT ipsi = 0.964 ± 0.198; ChiSq:
mean ranks: 4.66/3.50, p = 0.530), thus suggesting that T ce
dpi are recruited independently of the mLVs-dcLNs circ
activation. Next, we characterized the T cell in� ltration at 60
dpi chronic time point, to evaluate the progression of the neu
immune response in the two genotypes. Presence of TCRb+ T
cells in both the genotypes was higher in the perilesional a
(WT ipsi median = 625; Q3-Q1 = 291; TG-ipsi median = 64
Q3-Q1 = 497.5), compared to the contralateral cortices (W
contra median = 227; Q3-Q1 = 77, p = 0.014 vs. WT-ipsi;
contra median = 163; Q3-Q1 = 69.5, p = 0.062 vs. TG-ipsi)
observed at 30 dpi, we found a prevalence of CD8+ T cells am
the in� ltrating lymphocytes, however no genotype or les
effect was observed from the analysis of CD4:CD8 ratio (C
CD8 ratio TG ipsi = 0.220 ± 0.184 WT ipsi = 0.379 ± 0.254;
contra = 0.218 ± 0.058; WT contra = 0.443 ± 0.162). Analys
CD4+ and CD8+ subpopulations, revealed fundamental cha
in subpopulation frequencies between the two genotypes. Am
CD8+ T cells, CD44hiCD69+ phenotype was prevalent in W
ipsi, while the CD44negCD69+ phenotype was prevalent
TG ipsi (CD44hiCD69+: 60.58 ± 11.26% and 34.75 ± 8.00%
WT ipsi and TG ipsi respectively, p = 0.009; CD44negCD69+:
28.53 ± 14.01% and 53.10 ± 7.27% in WT ipsi and TG
respectively, p = 0.004). These data suggest an activation of
mediated neuro-immune response in the perilesional are
K14-VEGFR3-Ig mice, while cytotoxic cells resident in
injured brain of WT mice conserve a memory phenoty
Within CD4+ population, most of the cells in both th
genotypes presented a CD44negCD69- phenotype. However,
TG mice we observed a tendency towards a frequency inc
in the CD44negCD69+ subpopulation (6.44 ± 11.91% a
23.98 ± 10.90% in WT ipsi and TG ipsi respectively,
0.052), supporting the hypothesis of a speci� c activation of
the neuro-immune response in the K14-VEGFR3-Ig mice
60 dpi.

Cortical Lesion is Similar in K14-VEGFR3-
Ig Mice and in Their Wild Type Littermates
Analyses of MRI images acquired 21 days after TBI induc
revealed a T2 intensity increase in the ipsilateral hemisphere
increase of T2 intensity was observed in parietal-temp
cortices, mainly involving the somatosensory and vis
cortices (Figure 6A), expanding in a few cases to t
underlying hippocampus (Supplementary Figures 5C, D). No
signi� cant change of T2 intensity was found between the
genotypes. In the WT CCI group the contusion volume w
January 2021 | Volume 11 | Article 559810
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Wojciechowski et al. CD8-Mediated Neuro-Immune Response After TBI
4.53 ± 1.33%, and 4.09 ± 2.00% in the TG CCI animals (C
0.579, mean ranks: 8.71/10.75, p = 0.463) (Figure 6B). Relative
brain atrophy was 2.42 ± 1.09% in WT CCI mice and 2.0
1.26% in TG CCI mice (ChiSq: 1.400, mean ranks: 8.00/1
p = 0.248) (Figure 6C). Correlation between contusion volum
and relative brain swelling was compared in transformed
analyzed by linear regression. When considering the indivi
values independent of the genotype, the contusion volume v
signi� cantly correlated with the values of relative brain atro
Frontiers in Immunology | www.frontiersin.org 10
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(r = 0.57; p = 0.023) (Figure 6D). No signi� cant correlation was
found between the contusion volume and the mean value o
brain atrophy in both the TG CCI group (r = 0.74; p = 0.06
and in the WT CCI mice (r = 0.37; p = 0.331). No difference
lesion progression between WT-CCI and TG-CCI mice h
been found from the analysis of T2 MR Images acquired at 3
14 days post-injury (Supplementary Figures 5A, B).

It must be noted that we have identi� ed the lesion size as th
hyper-intense signal in the cortical area observed in the
A B

D

E F

C

FIGURE 4 | Analysis of CD69 and CD44 T cell activation and memory markers in CD4+ and CD8+ subpopulations. Pseudocolor dot plots(A, B) represent gated
subpopulations CD69 vs. CD44 of CD8+ and CD4+, respectively. Bargrams in(C, D) show respectively the counts and frequencies of CD8+ T cell subpopulations,
as analyzed in the perilesional cortices of WT and TG mice. No signi� cant differences in CD8+ subpopulations were found between genotypes. In CD4+
subpopulation, instead, we observed a signi� cant reduction in the counts of CD44hiCD69+ and CD44hiCD69- subpopulations(E), in K14-VEGFR3-Ig compared to
WT mice. However, no differences were observed in the different subpopulation frequencies(F). Data are presented as median ± SD. A binomial negative regression
was applied to assess statistical differences in the counts of total T cells between WT ipsi and TG ipsi. The Kruskal Wallis test was used for the analysis of frequency
distribution.#p < 0.05; *p < 0.05 vs. WT ipsi.
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weighted images. Our analysis, albeit clinically relevant, s
from a lack of spatial de� nition and is affected mostly by th
formation of the cyst at the site of injury (27, 47). Therefore,
subtle although signi� cant differences in the lesion size can
Frontiers in Immunology | www.frontiersin.org 11
rsunderestimated. However, the analysis of MAP-2 staining in
brain of the WT CCI and TG CCI animals con� rmed the MRI
results and did not show any genotype-related difference
(Figure 6E).
A B

D

E F

C

FIGURE 5 | T cell immune response after TBI progress differently in K14-VEGFR3-Ig and WT littermate mice. Panels(A, B) represent the number and frequency of
TCRb+ T cells(A) and the CD4/CD8 ratio(B) in the brain of WT and TG mice, as analyzed in the perilesional and contralateral cortices 3 days post injury (WT ipsi,
n = 4; WT contra, n = 4; TG ipsi, n = 3; TG contra, n = 3). No differences between the genotypes have been observed.(C–F) Analysis of T cells in� ltration in the
brain of K14-VEGFR3-Ig and WT littermate mice 60 days post-injury (WT ipsi, n = 5; WT contra, n = 5; TG ipsi, n = 4; TG contra, n = 4). Box plot represents the
number of in� ltrating T cells, de� ned by expression of TCRb (C) and stacked bargram represents the percentage of CD4+ and CD8+ T cells(D) in the perilesional
areas (ipsi) and correspondent contralateral areas (contra) of WT and TG mice. Bargrams in(C, D) show respectively the frequencies of CD8+ and CD4+ T cell
subpopulations, as analyzed in the perilesional cortices of WT and TG mice. In CD8+ subpopulation we observed a signi� cant reduction in the frequency of the
CD44hiCD69+ subpopulation in K14-VEGFR3-Ig compared to WT mice, which corresponded to the increase in the frequency of CD44negCD69+ phenotype.
In CD4+ subpopulation, instead, we did not observed differences in distribution between the two genotypes. Data are presented as median ± SD. A binomial negative
regression or a linear mixed model was applied to assess statistical differences in the counts of TCRb + T cells. The Kruskal Wallis test was used for the analysis of
frequency distribution. **p < 0.01 vs. WT ipsi. #p < 0.05 vs. respective contra. In all tests, Bonferroni correction was used to adjust p-values in multiple comparisons.
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