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Abstract 17 

Rationale: The recently discovered meningeal lymphatic vessels (mLVs) have been proposed to be 18 

the missing link between the immune and the central nervous systems. The role of mLVs in 19 

modulating the neuro-immune response following a brain injury, however, has not been analyzed. 20 

Parenchymal T lymphocyte infiltration has been previously reported as part of secondary events 21 

after traumatic brain injury (TBI), suggestive of an adaptive neuro-immune response. The 22 

phenotype of these cells has remained uncharacterized. In this study, we identified the 23 

subpopulations of T cells infiltrating the perilesional areas 30 days post-injury (an early-chronic 24 

time point). Furthermore, we analyzed how the lack of mLVs affects the magnitude and the type of 25 

immune response in the brain after TBI. Methods: TBI was induced in K14-VEGFR3-Ig mice 26 

(lacking mLVs), or in their littermate controls (WT), applying a controlled cortical impact (CCI). 27 

One month after TBI, T cells were isolated from cortical areas ipsilateral or contralateral to the 28 

trauma and from the spleen, and analyzed by flow cytometry for TCRβ (T cells), CD4 (T-helper 29 
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cells), CD8 (cytotoxic T cells), CD44 (memory T cells), and CD69 (effector T cells). Lesion size in 30 

each animal was evaluated by MRI. Results: In both WT- and K14-VEGFR3-Ig-CCI mice, we 31 

found a prominent T cell infiltration in the brain, confined to the perilesional cortex and 32 

hippocampus. The majority of infiltrating T cells are CD8+ (cytotoxic T cells), expressing a 33 

CD44hiCD69+ phenotype, suggesting that these are effector resident memory T cells. K14-34 

VEGFR3-Ig mice showed a significant reduction of infiltrating CD4+ T lymphocytes, implying that 35 

mLVs are important in establishing a proper neuro-immune response. Negligible T cell infiltration 36 

was observed in the contralateral unaffected side. Extension of the lesion (measured as lesion 37 

volume from MRI) did not differ between the genotypes. Finally, TBI did not correlate with 38 

alterations in peripheral circulating T cells, as assessed one month after injury induction. 39 

Conclusions: Our data support the hypothesis that mLVs are pivotal for a proper and specific neuro-40 

immune response after TBI, which is principally mediated by the resident memory cytotoxic CD8+ 41 

T cells. 42 

 43 

Introduction 44 

Traumatic brain injury (TBI) is among the top causes of death and disability in adult life with an 45 

estimated incidence of 0.20-0.52 % in the general population (1, 2). Approximately 2 % of the 46 

population just in the USA suffer from a wide-range of lifelong physical and psychological 47 

invalidities caused by TBI (3). 48 

TBI is defined as an alteration in brain function, or other evidence of brain pathology, caused by an 49 

external force (4), which results in immediate neuronal cell death, diffuse axonal injury, ischemia, 50 

and hemorrhage (5). These primary insults initiate a progressive cascade of secondary injuries, 51 

which include macrophage infiltration (6), neuro-inflammation (microglia and astrocyte activation 52 

associated with cytokine production), edema formation, oxidative stress, neuronal necrosis and 53 

apoptosis, and white matter atrophy (5). Secondary injuries can progress for years in patients and 54 

rodent models of TBI, and are the causes of the neurological and psychiatric deficits associated with 55 

the pathology (7). 56 

Among secondary events following TBI, recruitment of peripheral immune cells into the brain, 57 

including T lymphocytes, has been described (8-10). Two distinct waves of infiltrating CD3+ T 58 

cells have been reported in the injured brain. First, a massive infiltration occurs immediately after 59 

trauma (peaking 3 days post-injury – dpi) (8). After one month, this is followed by a second 60 

recruitment, which persists chronically (10) (late adaptive immune response). However, the 61 
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mechanisms and the consequences of the activation of the adaptive immune system after TBI are 62 

still poorly understood. 63 

A proper immune surveillance of the brain was long disputed (11), due to the lack of a classical 64 

lymphatic system within the central nervous system (CNS). However, recent studies have described 65 

the presence of anatomically distinct lymphatic vessels in the meninges surrounding the brain and 66 

the spinal cord (meningeal lymphatic vessels – mLVs), preferentially draining the cerebrospinal 67 

fluid into the deep cervical lymph nodes (dcLNs) (12-14). Within these secondary lymphoid organs, 68 

brain-derived antigens are presented to resident T lymphocytes, evoking different cellular fate and 69 

immune responses based on the inflammatory milieu. It has been demonstrated that dcLNs play a 70 

specific role in neuro-immune interaction, ensuring the protection of brain cells by promoting a 71 

non-cytotoxic immune response (15-17). From this prospective, mLVs and dcLNs are essential 72 

components of a putative specific CNS lymphatic system, and the mLVs could be essential in the 73 

activation of immune responses to brain insults, by transporting brain-derived antigens to the 74 

dcLNs. 75 

The aim of our work was to better characterize the late adaptive immune response and to decipher 76 

the mechanisms underpinning the activation of T lymphocytes after TBI, focusing on the specific 77 

role of mLVs in this process. In this regard, we induced a cerebral contusion in the cortex of 78 

transgenic K14-VEGFR3-Ig mice that completely lack lymphatic vessels in several tissues, 79 

including the meninges (14, 18). We examined the phenotype of T lymphocytes infiltrating the 80 

perilesional cortical areas, determining the prevalence of a CD8+ mediated cytotoxic immune 81 

response in the TBI mice lacking the lymphatic system. One month after brain injury, infiltrating T 82 

lymphocytes and circulating peripheral T cell populations in the spleen were phenotyped by flow 83 

cytometry. MRI was used to evaluate and compare lesion size in both transgenic animals and in 84 

their wild type littermates.   85 

Our data show that the CNS immune response after TBI is specific and independent from peripheral 86 

immune activation. We also demonstrate that the lack of a functional mLVs-dcLNs connection 87 

alters the neuro-immune interaction after TBI, specifically dampening the CD4+ mediated immune 88 

response. No differences in MRI cortical lesion were found between the two genotypes. Finally, 89 

independent of genotype, infiltrating T cells present an effector phenotype, supporting their role in 90 

secondary injuries after TBI. 91 

 92 

Material and Methods 93 
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Mice 94 

Initial breeding pairs of K14-VEGFR3-Ig mice (C57BL/6JOlaHsd background (18)) were 95 

developed by Prof. K. Alitalo at University of Helsinki, and the colony was further expanded and 96 

maintained at University of Eastern Finland (Kuopio, Finland). Wild type (WT) and transgenic 97 

K14-VEGFR3-Ig mice used in all the experiments were littermates. Genotype screening was 98 

routinely confirmed by polymerase chain reaction analysis of ear punch samples. Mixed WT and 99 

K14-VEGFR3-Ig mice were housed in standard laboratory cages (four animals per cage, until 100 

surgery) in a controlled enriched environment (constant temperature, 22�±�1�°C, humidity 50–60 101 

%, lights on 07:00–19:00), with food and water available ad libitum (19). After TBI induction, mice 102 

were kept two per cage, separated by a pierced partition. All animal procedures were approved by 103 

the Animal Ethics Committee of the Provincial Government of Southern Finland and performed in 104 

accordance with the guidelines of the European Community Council Directives 2010/63/EU. 105 

Controlled cortical Injury (CCI) mouse model of TBI 106 

All surgical procedures were performed aseptically whenever possible. 107 

Adult male mice (5 months old) were deeply anesthetized with isoflurane (5 % for induction, 1.0-108 

1.5 % for maintenance, in 0.5 L/min air; see Supplementary Table 1), and the heads fixed to a 109 

stereotaxic frame (Kopf, Tujunga, USA). The scalp was shaved and then scrubbed (3x) with 110 

alternating Betadine (povidone-iodine 10 %) and 70 % ethanol, and local anesthesia of Xylocain gel 111 

(2 % solution) was applied. After skull exposure, a 5 mm circular craniotomy was manually drilled 112 

over the left parieto-temporal cortex, with the posterior edge of the craniotomy opposed to the 113 

lambdoid suture and the right edge to the sagittal suture. In order to reduce heating during manual 114 

craniotomy, the skull was irrigated with cold 0.9 % saline solution. The carved bone was carefully 115 

removed, without disrupting the underlying dura, and placed in 1 % Betadine solution. Thereafter, 116 

the animal was disconnected from isoflurane anesthesia for 5 min (stage 3 plane 1 according to 117 

Guedel's classification (20)), and CCI was induced using an electromagnetic stereotaxic impact 118 

actuator (ImpactOne, Leica, Richmond, VA, USA). The 3 mm blunt tip of the impactor was 119 

adjusted to the center of the exposed dura perpendicular to the brain surface, and the impact was 120 

administered at a depth of 0.5 mm, a speed of 5.0 m/s, and dwell time of 100 ms. The total duration 121 

of the craniotomy procedure including anesthesia induction was 35-40 min (Supplementary Table 122 

1). After the impact, the mouse was reconnected to the isoflurane system, and the removed skull 123 

was returned to its original position and secured with bone cement (Selectaplus + Palacos R+G 124 

50/50). The scalp was sutured (the total duration of post-impact surgery was 10 min), and treated 125 
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with Cicatrene powder (Neomycin + Bacitracin) and Terramycin spray (Oxytetracycline). The mice 126 

were injected i.p. with 1 mL pre-warmed sterile saline (35 ºC), and allowed to fully recover in an 127 

incubator at 32 ºC.  128 

Craniotomy-related neuroinflammation has been previously reported in this model and the 129 

craniotomy itself can be considered a form of minor brain trauma (21). However, the contribution 130 

of these surgery-induced brain damages to the pathophysiology of TBI, and specifically to the 131 

induced neuro-immune response, has no clinical relevance. Due to the fact that the aim of our study 132 

is to characterize the adaptive immunity in response to a mild TBI, and not to analyze how 133 

differences in trauma severity can affect the neuro-immune response, in compliance to the 3R 134 

principle, we excluded the sham-operated animals from our study, and we used naïve mice not 135 

exposed to the surgical procedure as proper controls. 136 

In vivo MRI and lesion volume definition  137 

MRI data were acquired 21 days after TBI induction in a 7T horizontal magnet (Bruker 138 

Pharmascan, Ettlingen, Germany). Images were acquired using a four-channel mouse brain surface 139 

coil, a 3D T2-weighted Fast Spin-Echo sequence (RARE, repetition time 1.5 s, effective echo time 140 

48 ms, 16 echoes per excitation) with 100 µm isotropic resolution (field of view 25.6 mm x 128.8 141 

mm x 9.6 mm; acquisition matrix 128 x 256 x 96). Scans were performed with the mouse under 1.0-142 

1.5 % maintenance isoflurane anesthesia (70/30 N2O/oxygen gas mixture, 1 L/min). The average 143 

acquisition time was 40 min, including anesthesia induction. A pressure sensor was used to monitor 144 

the respiratory rate, and respiratory-gating was used to minimize motion artifacts. 145 

T2-weighted images were used to evaluate the extent of the lesion. Regions of interest (ROIs) were 146 

outlined for volumetric analysis, avoiding the brain-skull interface and ventricles, throughout the 147 

entire extension of the brain (excluding olfactory bulbs and cerebellum). Lesion was defined as 148 

cortical/subcortical areas with hyper-intense signal (cytotoxic edema) and/or signal void areas 149 

(tissue cavity) from T2-weighted images. Volumes of the lesion and of the ipsi- and contralateral 150 

hemispheres were measured using Aedes (http://aedes.uef.fi), an in-house written MatLab program 151 

(MathWorks, Natick, MA). The lesion volume and the volumes of ipsilateral and contralateral 152 

healthy hemispheres were calculated from 80 consecutive slices in the coronal plane, and adjusted 153 

in the sagittal plane (66 slices), and in the axial plane (99 slices). 154 

Quantification of brain infarct volume and tissue loss 155 
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Measured volumes from MRI analysis were used to quantify the brain infarct volume and the 156 

lesion-related tissue loss, as previously described (22). The relative percentage of infarct volume 157 

was calculated using the following formula: Infarct volume = (volume of contralateral hemisphere – 158 

(volume of ipsilateral hemisphere – measured lesion volume))/volume of contralateral hemisphere. 159 

Tissue Loss was determined with the following formula: Tissue loss = (volume of ipsilateral 160 

hemisphere – volume of contralateral hemisphere)/volume of contralateral hemisphere. 161 

Analysis was performed blinded to the study groups. The infarct volume was measured from 22 162 

TBI mice from the following experimental groups: wild type (WT)–CCI, n = 13; and K14-163 

VEGFR3-Ig (K14)–CCI, n = 9. 164 

Preparation of Leukocytes 165 

Thirty days after TBI induction, mice were anesthetized with an overdose of Avertin (Sigma, St. 166 

Louis, MO, USA) then transcardially perfused with ice-cold heparinized saline. Brains were 167 

collected and placed on ice in calcium and magnesium-free Hanks Balanced salt solution (HBSS) 168 

with 25 mM HEPES (both from Sigma). 169 

Based on the analysis of MRI, we defined a priori the mean extension of the lesion and of the 170 

perilesional areas for all the TBI mice. Brains were sliced using a 1 mm scored matrix (Zivic 171 

Instruments, Pittsburgh, PA, USA): 6 mm thick coronal cut encompassing the lesion area was split 172 

along the central sagittal axis into left injured and right uninjured sides. Cortical areas, enclosed 173 

between the rhinal and the sagittal sulci, and the corresponding hippocampi, were further isolated 174 

and placed in HBSS+HEPES. From the injured sides, penetrated cortical areas were visually 175 

identified (lesion area - Supplementary Figure 1) and carefully excised along the lesion ridge to 176 

pick only the perilesional cortex for the further purification of leukocytes. 177 

Brain samples were minced with scissors and then incubated at 37 °C on a roller for 30 min in 178 

digest buffer containing 1.25 mg/mL Collagenase Type 4 (Worthington, Lakewood, NJ, USA) and 179 

100 U/mL DNAseI (Sigma) in DMEM + GlutaMAX (Gibco Thermo Fisher Scientific, Waltham, 180 

MA, USA). Samples were filtered through a 100 µm cell strainer (Corning, Weisbaden, Germany), 181 

and centrifuged at 600 x g for 5 min. Myelin debris was removed using Debris Removal Solution 182 

(Miltenyi Biotech, Bergisch Gladbach, Germany) according to the manufacturer’s protocol. Briefly, 183 

cells were resuspended in ice-cold D-PBS (Sigma) with Debris Removal Solution then overlaid 184 

with ice-cold PBS and centrifuged at 2500 x g for 10 min at 4 °C. Supernatant including myelin 185 

layer was carefully removed leaving the clear phase and the pellet. Samples were washed in cold D-186 
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PBS, centrifuged at 600 x g for 10 min at 4 °C, and the recovered pellets were resuspended in 200 187 

µL of wash buffer for flow cytometry staining.  188 

Spleens were isolated and collected in ice-cold HBSS+HEPES and processed by crushing through a 189 

70 µm cell strainer (Corning), washed with ice-cold HBSS+HEPES, centrifuged 500 x g for 5 min 190 

before red blood cells were lysed in 1X PharmLyse (BD Biosciences, San Jose, CA USA) for 8 min 191 

at room temperature (RT). Cells were washed with HBSS+HEPES, centrifuged as above, 192 

resuspended in RPMI-1640 (Sigma), and counted on a Bürker grid hemocytometer. 193 

Flow Cytometry staining and analysis 194 

Approximately 500 000 spleen cells and the total cells isolated from the brain were washed with 195 

PBS, and centrifuged at 400 x g for 5 min. The supernatant was removed, and then Zombie NIR 196 

fixable viability dye (1:1000 BioLegend, San Diego, CA, USA) was added for 15 min at RT. 197 

Without washing, CD16/32 FcR block (5 µg/ml, BD Biosciences) was added followed by an 198 

antibody mix containing TCRβ PE-Cy7 (1:100 clone H57-597), CD44 PE (1:300 clone IM7) (both 199 

BioLegend), CD4 FITC (1:500, clone RM4-5), CD8 PerCP eFluor710 (1:300, clone 53-6.7) (both 200 

eBioscience Thermo Fisher Scientific, Waltham, MA, USA), and CD69 APC (1:20, clone H1.2F3, 201 

Miltenyi Biotech). 202 

All antibodies were used at titers determined empirically under experimental conditions. Cells were 203 

incubated for 30 min at 4 °C. Afterwards, samples were washed twice in HBSS with 1 % FBS and 204 

then run on FACSAriaIII (BD Biosciences) equipped with 488 and 633 nm lasers with standard 205 

configuration.  Brain samples were run completely and 50 000 live events were collected for spleen 206 

samples.  Compensations were made using OneComp Beads for antibody fluorescence (eBioscience 207 

Thermo Fisher Scientific) and ArC amine reactive beads for viability dye (Molecular Probes, 208 

Eugene, Oregon, USA). Fluorescent Minus One (FMO) controls were made to ensure gating. These 209 

control samples contained all antibodies except one to display fluorescent spreading error of 210 

compensated data in each channel (23). Data were analyzed using FCSExpress v5 (Denovo 211 

Software, Los Angeles, CA, USA) and FlowJo v10.4 (Treestar, Portland, OR, USA). The gating 212 

strategy used for the flow cytometry analysis of brain-isolated immune cells is reported in Figure 1. 213 

CD3 immunohistochemical staining 214 

Three mice per genotype were injured and sacrificed 30 days after TBI for the 215 

immunohistochemical (IHC) localization of T lymphocytes in the brain. Briefly, animals were 216 

transcardially perfused with ice-cold PBS followed by 4 % PFA. Brains were dissected and post-217 
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fixed in 4 % PFA by immersion for 24 h at 4 °C. Thereafter, specimens were cryoprotected by 218 

incubation in 20 % glycerol (in 0.02 M potassium phosphate-buffered saline (KPBS), pH 7.4) for 219 

48 h, frozen in N-pentane (3 min at -60 °C), and stored at -70 °C until sectioning. Frozen coronal 220 

sections were cut (1-in-6 series, 25 µm thick) with a sliding microtome, and sections were collected 221 

in tissue-collecting solution (30 % ethylene glycol, 25 % glycerol in 0.05 M PB) and stored at -20 222 

°C until further processing. Three sections per brain (approx. 700 µm apart, encompassing the 223 

antero-posterior extension of the lesion) were used for IHC detection of CD3+ infiltrating T 224 

lymphocytes. Floating sections were washed in three changes of 1X phosphate-buffered saline, 225 

pH 7.4 (PBS) before being incubated for 1 h at RT in blocking solution (2 % normal goat serum, 226 

1 % bovine serum albumin (BSA) 0.1 % Triton X-100 and 0.05 % Tween20 in PBS). Sections were 227 

incubated with rat anti-mouse CD3ε (clone 17A2, eBioscience Thermo Fisher Scientific) diluted 228 

1:500 in PBS with 1 % BSA and 0.05 % Triton X-100 overnight at 4 °C. After washing in three 229 

changes of PBS, sections were incubated with Alexa Fluor® 647-conjugated goat anti-rat secondary 230 

antibody (Thermo Fisher Scientific) diluted 1:500 in PBS with 1 % BSA and 0.05 % Triton X-100 231 

for 1 h at RT. Finally, the sections were washed in PBS (3x) and, after 10 min with 1X phosphate 232 

buffer pH 7.4, mounted on Superfrost Plus slides (Thermo Scientific) with Vectashield (Vector 233 

Laboratories, Burlingame, CA, USA) and cover slipped. Panoramic photomicrographs of the 234 

stained sections were captured using 20X objective with a fluorescence microscope (Zeiss 235 

Observer.Z1), and high-resolution Z-stack images were captured using 20X objective with a 236 

confocal microscope (Zeiss LSM710). ZEN 2012 software (Carl Zeiss GmbH) was used for image 237 

processing. Due to the technical limitations related to CD3ε immunostaining, we used the stained 238 

sections exclusively to define the areas of T cell infiltration and not for its quantification. 239 

Statistical analysis 240 

Data exclusion criteria – We conducted 9 independent experiments, where a total of n = 16 “WT 241 

CCI”; n = 12 “WT naïve”; n = 13 “K14 CCI” and n = 10 “K14 naïve” mice have been analyzed. 242 

Before statistical analysis, brain-derived samples were checked for their quality, based on total T 243 

cell recovery. Each sample has been considered independently, and we evaluated the T cell viability 244 

and the total number of T cells recovered. Brain samples where T cell viability was below 75 % or 245 

the total number of live T cells was below 100 counts were a priori excluded from the analyses. 246 

Samples derived from one animal (K14 CCI) were excluded due to sample handling problems. 247 

Considering two genotypes (WT and K14) and three experimental conditions (T cells infiltrating 248 

the brain tissue ipsilateral to the lesion – “ipsi”; T cells infiltrating the tissue contralateral to the 249 
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lesion – “contra”, and T cells from naïve brain tissue – “naïve”), a total of n = 12 “WT ipsi”; n= 7 250 

“WT contra”; n = 5 “WT naïve”; and n = 10 “K14 ipsi”; n = 7 “K14 contra”; n = 9 “K14 naïve” 251 

were eventually used for statistical analyses. 252 

T cell viability > 90 % was used for the quality requirement of spleen samples. Moreover, we 253 

excluded samples presenting more than 50 % of necrotic tissue (defined as dark red non-perfused 254 

area in the spleen). Considering two genotypes (WT and K14) and two experimental conditions 255 

(CCI and naïve), a total of n = 13 “WT CCI”; n= 12 “WT naïve”; and n = 11 “K14 CCI”, n = 9 256 

“K14 naïve” were used for subsequent statistical analyses. 257 

Statistical analysis of brain-related data – Due to the small amount of T lymphocytes in naïve 258 

brains, brain samples were fully acquired on the flow cytometer, and for each population we 259 

analyzed both the absolute counts and the percentage referred to the respective parent population. 260 

Statistic models were applied considering the nature of our data (counts or percentages) and the 261 

experimental groups analyzed. A binomial negative regression was applied to assess statistical 262 

differences in the counts of total T cells, of CD4+, and of CD8+ cells between the two genotypes or 263 

within the same genotype between independent data. The binomial negative regression took into 264 

account both genotype and treatment, and their interaction. Because, within the same genotype, data 265 

from ipsi and contralateral brain sides are dependent, a linear mixed model was carried out to 266 

evaluate the differences in the total number of T lymphocytes, CD4+, and CD8+ T cells between 267 

“WT ipsi” vs. “WT contra” or “K14 ipsi” vs. “K14 contra”. As the data were not normally 268 

distributed (Shapiro-Wilk test p-value < 0.05), statistical differences between independent data in 269 

CD4+ and CD8+ T cell populations (expressed as percentage of T cells), as well as in the 270 

percentages of respective subpopulations expressing CD44 and/or CD69 antigens, were analyzed 271 

performing the Kruskal Wallis test. Dependent data within the same genotype (ipsi vs. contra) were 272 

analyzed performing the paired samples Wilcoxon signed ranked test. In all tests, Bonferroni 273 

correction was used to adjust p-values in multiple comparison.   274 

Statistical analysis of data from spleen – All data from spleen are expressed as percentage of the 275 

parent population. After establishing the normal distribution of the data (as well as skewness and 276 

kurtosis by D’Agostino K-squared test), statistical differences were analyzed performing the 277 

Kruskal Wallis test or the paired samples Wilcoxon signed ranked test, depending on the nature of 278 

the data (independent or dependent), followed by Bonferroni adjustment. 279 

Statistical analysis of MRI data – The differences in infarct volume and in tissue loss were analyzed 280 

performing the Kruskal Wallis test. Correlation between TBI-related tissue loss and infarct volume 281 
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was analyzed by Pearson linear regression, after checking for normality distribution of data as 282 

described before. 283 

Statistical analyses were performed using R v3.5.3 software/computing environment (The R 284 

foundation for statistical computing). All software packages (MASS, psych, agricolae, multcomp 285 

and lme4) (24-28) were taken from the Comprehensive R Archive Network mirror sites (CRAN; 286 

http://CRAN.R-project.org/package=boot). Significance was accepted at the level of p < 0.05. 287 

Results 288 

T cells preferably infiltrate the cortical areas ipsilateral to the lesion 289 

The presence of infiltrating T lymphocytes in the parenchyma is a signature of brain lesion. As first 290 

step in characterizing T cell infiltration at a chronic time point after TBI, we analyzed T cell 291 

presence in the area of injury and in other brain areas not directly affected by the penetrating injury. 292 

For this purpose, we stained the brains of both WT and K14-VEGFR3-Ig mice for the presence of 293 

the co-receptor CD3 (a specific marker of T lymphocytes), sacrificed 30 days post-injury (dpi). As 294 

expected, T cells are massively present within the boundaries of the injured area (Figure 2A, B). 295 

CD3+ cells are also spread throughout the cortical parenchyma, both in proximity of the lesion core 296 

(Figure 2C), and in more distal areas ipsilateral to the lesion, along the cortical layers. A strong 297 

immunostaining was also found along the corpus callosum (Figure 2D) while a minor presence of T 298 

cells was observed in the striatum, in the hippocampus and in the thalamus ipsilateral to the lesion 299 

(Figure 2A). Dim CD3+ signal was present in the contralateral hemisphere, indistinguishable from 300 

non-injured mice (data not shown). There was no difference in T cell distribution between WT and 301 

K14-VEGFR3-Ig mice. Both unevenly scattered cells (Figure 2E) and T cell clusters (Figure 2C, D) 302 

were observed within the parenchyma, suggesting the presence of clonal expansion of activated T 303 

cells. 304 

As a next step, we decided to further characterize the populations of infiltrating T lymphocytes 305 

using flow cytometry, focusing on the neo-cortical areas (cortices and hippocampi), excluding the 306 

lesion area, which is characterized by a dysregulated entrance of immune cells (29). 307 

Thirty days after brain trauma induction in WT and littermate K14-VEGFR3-Ig mice, leukocytes 308 

were purified separately from the perilesional and the contralateral cortices (or from the cortex of 309 

both WT and K14-VEGFR3-Ig naïve mice). T cells were identified by staining for T cell receptor 310 

(TCRβ) and the presence of the co-receptors CD4 and CD8. The acquired count of live T cells in 311 

the different experimental conditions is reported in Figure 3. A significant ~10-fold increase in 312 
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infiltrating T cells was found in both WT (median = 1449; Q3-Q1 = 1692), and K14-VEGFR3-Ig 313 

(median = 1741; Q3-Q1 = 892) mouse brains in the perilesional cortices, compared to 314 

corresponding naïve non-injured mice (WT naïve: median = 242; Q3-Q1 = 105; K14 naïve: median 315 

= 197; Q3-Q1 = 66; for statistical analysis, see Figure 3A). The number of TCRβ+ cells in the 316 

cortices contralateral to the lesion, instead, was not different from naïve brains (WT contra: median 317 

= 201; Q3-Q1 = 84; K14 naïve: median = 239; Q3-Q1 = 155; for statistical analysis, see Figure 3A). 318 

No genotype-related differences were observed (Figure 3A). 319 

Perilesional infiltrating T cells have a predominant CD8+ phenotype and the lack of a 320 

functional lymphatic system depresses the T cell CD4-mediated response 321 

We next analyzed the CD4:CD8 ratio within the infiltrating T cells (Figure 3B), and found a 322 

prevalence of CD8+ T cells in all the experimental conditions, regardless the presence of brain 323 

injury. However, limited to the perilesional cortex of K14-VEGFR3-Ig mice, we detected a 324 

significant skew of the CD4:CD8 ratio towards CD8+ cells (CD4:CD8 ratio K14 ipsi = 325 

0.097±0.053; WT ipsi = 0.350±0.197; ChiSq: 8.836, mean ranks: 5.50/13.27, p = 8e-04 Bonferroni 326 

adjusted), while the ratio in the contralateral cortex did not differ between the two genotypes 327 

(CD4:CD8 ratio K14 contra = 0.221±0.247; WT contra = 0.456±0.212; ChiSq: 2.469, mean ranks: 328 

5.43/8.83, p = 0.120 Bonferroni adjusted). To better understand how the lack of mLVs affects the T 329 

cell-mediated neuro-immune response, we analyzed both the absolute numbers of CD4 and CD8 330 

subpopulations and their relative frequency. Data analysis shows a reduction of the total number of 331 

CD4+ T cells infiltrating the perilesional cortices of K14-VEGFR3-Ig (median = 106; Q3-Q1 = 332 

156), compared to WT mice (median = 245; Q3-Q1 = 218; ex. coef.: -0.82, p = 0.033 K14 ipsi vs. 333 

WT ipsi, Bonferroni adjusted) (Figure 4A). No differences were observed in the absolute number of 334 

infiltrating CD8+ T cells between the genotypes (Figure 4B). Despite no differences in absolute 335 

numbers of both CD4 and CD8 populations in the contralateral cortices of injured WT and K14-336 

VEGFR3-Ig mice, we found a significant reduction in the frequency of CD4+ T cells in transgenic 337 

mice (K14 contra = 12.04±8.47 %; WT contra = 23.59±9.52 % of T cells; ChiSq: 3.931, mean 338 

ranks: 5.29/9.71, p = 0.042 Bonferroni adjusted), and in the relative frequency of CD8+ T cells 339 

(Figure 4C, D). These data are in line with previous studies indicating the importance of a correct 340 

antigen drainage to dcLNs for the promotion of the CD4-mediated neuro-immune response (15, 17). 341 

The presence of live CD8+ T cells in the perilesional cortices (together with the presence of T cell 342 

clusters, as shown by IHC staining) suggests a cytotoxic role for the infiltrating T cells at this time 343 

point. However, different subpopulations of CD8+ and CD4+ T cells exist, with specific and 344 
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opposing functions. As a secondary outcome, we characterized both the CD8+ and CD4+ 345 

subpopulations for the surface expression of the antigens CD44 (a memory and activation 346 

marker)(30, 31) and CD69 (an activation and tissue retention marker) (32). In the perilesional 347 

cortex of both WT and K14-VEGFR3-Ig mice, CD8+ T cells had a predominant CD44hiCD69+ 348 

phenotype (69.78±22.85 % and 72.05±19.95 % of CD8+ T cells, in WT ipsi and K14 ipsi, 349 

respectively)(Figure 5A, B and Supplementary Table 2). The second most expressed CD8+ 350 

subpopulation (representing the 27.07±26.10 % in WT and the 25.24±18.85 % in K14-VEGFR3-Ig 351 

mice) had a CD44hiCD69- phenotype, characteristic of effector memory T cells (33). The presence 352 

of other CD8+ subpopulations among perilesional infiltrating T cells was negligible. No genotype 353 

related difference was found. 354 

Among CD4+ perilesional infiltrating T cells, we found a similar frequency of subpopulations 355 

expressing CD44 and CD69 antigens, with a slight prevalence of CD44hiCD69+ over CD44hiCD69- 356 

T lymphocytes (Figure 5C, D and Supplementary Table 2), in both genotypes. The overall 357 

frequency distribution of the different subpopulations was identical between the two genotypes. 358 

Cortical lesion is similar in K14-VEGFR3-Ig mice and in their WT littermate  359 

Analyses of MRI images acquired 21 days after TBI induction revealed a T2 intensity increase in 360 

the ipsilateral hemisphere. The increase of T2 intensity was observed in the parietal-temporal 361 

cortices, mainly involving the somatosensory and the visual cortices (Figure 6A), expanding in a 362 

few cases to the underlying hippocampus. No significant change of T2 intensity was found between 363 

the two genotypes. In the WT CCI group the infarct volume was 4.67±1.35 %, and 4.09±2.00 % in 364 

the K14-VEGFR3-Ig injured animals (ChiSq: 0.579, mean ranks: 8.71/10.75, p = 0.463)(Figure 365 

6B). Relative tissue loss was 2.64±1.27 % in WT CCI mice and 2.00±1.26 % in K14 CCI mice 366 

(ChiSq: 1.400, mean ranks: 8.00/11.17, p = 0.248)(Figure 6C). Correlation between infarct volume 367 

and relative tissue loss was compared in transformed data with linear regression analysis. When 368 

considering the individual values independent of the genotype, the infarct volume values 369 

significantly correlated with the values of relative tissue loss (r = 0.61; p = 0.005)(Figure 6D). 370 

Similarly, the infarct volume in the K14 CCI group correlated with the mean value of the brain 371 

swelling (r = 0.74; p = 0.051), while no correlation was found in the WT CCI mice (r = 0.50; p = 372 

0.101). 373 

K14-VEGFR3-Ig mice present a peripheral lymphopenia, which is exacerbated after TBI 374 

Alterations of systemic immunity are frequent in TBI patients. We analyzed the levels and the 375 

frequency of different T cell subpopulations in the spleen of WT and K14-VEGFR3-Ig mice, one 376 
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month after TBI induction. As previously described (34), K14-VEGFR3-Ig mice show a moderate 377 

lymphopenia compared to littermate WT mice (percentage of T cells over live cells in WT naïve: 378 

37.26±7.67 %; vs. K14 naïve: 19.69±4.96 %; ChiSq: 14.746, mean ranks: 5.00/15.50, p = 1e-04 379 

Bonferroni adjusted)(Figure 7A). Contrary to what was observed in the brain, the systemic 380 

lymphopenia in K14-VEGFR3-Ig genotype corresponds to a relative frequency reduction in 381 

peripheral CD8+ T cells (K14 naïve = 25.75±3.61 %; WT naïve = 42.70±4.17 % of T cells; ChiSq: 382 

14.727, mean ranks: 5.00/15.50, p = 1e-04 Bonferroni adjusted)(Figure 7B). In K14-VEGFR3-Ig 383 

mice, but not in WT mice, we found a significant reduction in the total T cells frequency after TBI 384 

(WT CCI: 33.68±6.99 %; K14 CCI: 14.23±2.87 % of live cells; ChiSq: 7.695, mean ranks: 385 

7.18/14.55, p = 0.003 K14 CCI vs. K14 naïve, Bonferroni adjusted)(Figure 7A), confirming that 386 

K14-VEGFR3-Ig present an impaired immune response, which relates to the alterations in the 387 

lymphatic system. Analysis of the activation markers show a different expression in both CD4 + 388 

and CD8+ subpopulations between WT and K14-VEGFR3-Ig mice, which is trauma independent. 389 

Both K14 naïve and K14 CCI mice, indeed, showed an increased frequency of memory T cells 390 

(CD4+CD44hiCD69+, CD4+CD44hiCD69- and CD8+CD44hiCD69+, CD8+CD44hiCD69-; for 391 

statistical analysis, see Supplementary Table 3)(Figure 7C, D). 392 

 393 

Discussion 394 

The results of this study show the effects of the deficiency of functional CNS lymphatic system on 395 

the chronic T cell-mediated immune response following TBI. 396 

Mounting evidence implicate a modulation of a T lymphocyte-mediated immune response as a 397 

result of TBI. In the CNS, T cell infiltration after trauma has been observed in human (35-37) and 398 

animal models of brain injuries, both at acute and chronic time points (6, 8-10, 38): however, a 399 

characterization of this adaptive neuro-immune response is so far missing. 400 

Our data confirm that the early chronic phases after TBI are characterized by a sustained brain 401 

infiltration of T lymphocytes (6, 8, 10), which is restricted to the cortical areas surrounding the 402 

lesion. In WT (C57Bl/6JOla) injured mice, infiltrating T cells have predominantly a cytotoxic 403 

phenotype (expressing the T cell co-receptor CD8), with approximately a 25:75 CD4/CD8 ratio. In 404 

the K14-VEGFR3-Ig transgenic mice deficient in functional mLVs (responsible for the drainage of 405 

CSF into the dcLNs, where T cells are specifically activated), the immune response after TBI is 406 

characterized by a downregulation of CD4+ T cells, with cytotoxic CD8+ T lymphocytes 407 

representing more than 90 % of total infiltrating T lymphocytes. We attribute this effect to the 408 
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impairment of the specific neuro-immune circuit, involving mLVs and dcLNs, responsible for the 409 

specialized immune response observed in the CNS (15-17). 410 

Moreover, our data also originally indicate that systemic- and neuro-immune responses after brain 411 

injury are independently regulated, resulting in a strong adaptive immune response in the brain, 412 

even in the absence of a systemic immune reaction. Specifically, our findings suggest that: 1) 413 

immune response in the brain at early chronic time points after TBI is principally mediated by 414 

cytotoxic CD8+ T cells; 2) the circuit CNS lymphatic system is essential to modulate the specific 415 

neuro-immune response; 3) in the chronic phase after TBI, the response of peripheral T 416 

lymphocytes does not correlate with the neuroimmulogical state of the brain. 417 

Brain trauma results in two phases of tissue injury. The primary injury, a direct result of the 418 

mechanical impact to the brain tissue, is characterized by neuronal and glial cell death, axonal 419 

injury, and disruption of the blood–brain barrier (BBB) possibly associated with subarachnoid 420 

hemorrhage. In a cascade of events, the activation of an innate immune response (including neuro-421 

inflammation and infiltration of neutrophils and macrophages), and the release of excitotoxic agents 422 

contribute to early secondary injuries, characterized by cytotoxic edema (39). During this acute 423 

phase, a massive and dysregulated brain-infiltration of T cells has been reported (40, 41). A 424 

secondary tissue damage, resulting in a diffuse and long-lasting injury, usually develops after 425 

months/years from the primary injury. This is characterized by additional neurodegeneration 426 

developing independently from the mechanical trauma, and by the formation of a fibrotic scar tissue 427 

in the injured area (42). Recent data have reported that, at chronic time points post-TBI, a second 428 

wave of T cell infiltrates the brain (8, 10), suggesting the development of an adaptive immune 429 

response, which can contribute to the development of the secondary injuries. It is, therefore, 430 

important to understand the role of the adaptive immune response in the contest of the TBI 431 

pathology: in this view, aim of the present work is to characterize which T cell subpopulations are 432 

present within the brain parenchyma during the second wave of immune response, and to define 433 

their activation state. 434 

Mounting of an adaptive immune reaction require the specific activation of T cell within the lymph 435 

nodes. The deep and superficial cervical lymph nodes (dcLNs and scLNs, respectively) represent 436 

the regional lymph nodes draining the CNS antigens (16) and play an active role in defining the 437 

type and the magnitude of the neuro-immune response (15, 17, 43, 44). Experimental evidence has 438 

suggested that in the dcLNs a specific T-helper (Th) immune response is elicited against brain-439 

derived antigens (17), which is polarized towards Th2 and regulatory (Treg) CD4+ T cells (15, 45). 440 

This specific response, sustaining a microenvironment within the brain that inhibits the pro-441 
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inflammatory and cytotoxic activity, concurs to the unconventional regional immune regulation of 442 

the CNS. Meningeal lymphatics are the initial collector lymphatic vessels, involved in the drainage 443 

of solutes from the interstitial and cerebro-spinal fluids mainly to the dcLNs (13, 14): mLVs 444 

represent, therefore, an integrated component in the immune response to brain insults (13). It is 445 

conceivable to hypothesize that a functional damage to the mLVs can affect the type of evoked 446 

neuro-immune response. To address this hypothesis, we used a transgenic mouse model of 447 

congenital lymphedema caused by an impaired lymphangiogenesis in several organs, including the 448 

CNS (18). K14-VEGFR3-Ig mice express soluble VEGFR-3-Ig, resulting in defective growth of 449 

mLVs and in sclerotic dcLNs, while scLNs do not seem to be affected (14, 46). In these mice, the 450 

peripheral immune response is compromised with an impaired humoral immunity and a delayed but 451 

robust T cell response to immunization (34). 452 

Our data, showing a higher CD4/CD8 T cell ratio in the spleen of K14-VEGFR3-Ig mice compared 453 

to WT littermates, confirmed the reported evidence of alterations in the immune system in the 454 

absence of proper functional lymphatics. On the other hand, within the brain of transgenic mice we 455 

observed a concurrent marked decrease in the frequency of infiltrating CD4+ T cells and a 456 

polarization towards a CD8+ cytotoxic neuro-immune response. We suggest that in K14-VEGFR3-457 

Ig mice the activation of the Th2/Treg-mediated immune response, within the dcLNs, is bypassed. 458 

As a result, there is a shift of infiltrating T lymphocytes towards cytotoxic CD8+ cells that can end 459 

up in an organ-specific autoimmune response, which sustains the secondary neurodegeneration 460 

observed in TBI patients. 461 

However, the presence of infiltrating CD8+ T lymphocytes per se does not indicate that they are 462 

effectively mounting a cytotoxic response: lymph node-primed CD8+ T cells need to be activated at 463 

the site of inflammation in order to carry out their cytotoxic activity. It is therefore important to 464 

characterize in addition the activation state of the T cells that infiltrate the perilesional cortex. In our 465 

experimental conditions, we have found that, independently from the analyzed genotype, infiltrating 466 

T lymphocyte are prevalently CD8+ with a CD44hiCD69+ phenotype. 467 

CD69 is an early marker of T cell activation (32), suggesting that the CD8+ T lymphocytes found in 468 

the perilesional areas could be selectively activated. As a confirmation of this, on the contralateral 469 

side we found a significant increase of CD8+CD44hi T cells with a negative CD69 phenotype (data 470 

not shown). This indicates that the immune response is activated only in the site of lesion, where 471 

neuro-inflammation is expected. Another subpopulation of T lymphocytes expressing CD69 are the 472 

mature resident memory T cells, which are generated, and persist, in the tissue at the site of a 473 

primary infection. These cells constitutively express CD69, limiting their exit from the lesion area 474 
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and the return to the blood and lymphatics (33). Resident memory T cells provide a first line of 475 

adaptive cellular defense. In the case of TBI, they may represent the population of T cells 476 

designated to defend the non-injured brain from possible infective agents penetrating through the 477 

lesion. Further studies are required to comprehensively characterize the phenotype of the CD8+ T 478 

cell population infiltrating the brain, their ability to undergo clonal expansion and to release effector 479 

cytokines (e.g. IFNγ), and to determine the antigen specificity. 480 

In our experimental conditions, within the CD4+ population of T cells infiltrating the perilesional 481 

cortex, we found a slight prevalence of CD44hiCD69+, suggesting that also the resident memory T 482 

helper cells are activated in support of the CD8+ immune response.  483 

A compelling idea is that the adaptive immune system underpins and sustains tissue damage after 484 

brain injury: CD8+ T lymphocytes, supported by CD4+ Th1 cells, worsen the damage by cytotoxic 485 

action, whereas CD4+ Th2 and Treg cells may exert anti-inflammatory, neuroprotective action (47). 486 

Our data, showing a pronounced CD8+ T cell infiltration associated with a marked reduction of 487 

CD4+ T cells and a negligible presence of Treg (data not shown), infer a worsening effect of the 488 

chronic adaptive immune response on brain damage. However, the analysis of lesion size on MRI 489 

scans, acquired 7 days before sample collection for flow cytometry, does not show any significant 490 

difference between the two different genotypes. There are a few possibilities to explain the lack of 491 

increasing damage in the presence of a higher frequency of infiltrating CD8+ T cells, as observed in 492 

K14-VEGFR3-Ig mice. First, we have identified the lesion size as the hyper-intense signal in the 493 

cortical area observed in the T2 weighted images. A hyper-intense signal in this MR sequence 494 

results from edema-related water accumulation, affecting our analysis of the brain lesion. One 495 

possibility is that the increased infiltration of cytotoxic CD8+ T cells in K14-VEGFR3-Ig mice does 496 

not directly affect the formation/clearance of the intraparenchymal edema. Another hypothesis can 497 

be found in the kinetics of the secondary neurodegeneration. Although triggered by cytotoxic T 498 

cells, secondary neurodegeneration may appear at a later time point than the one analyzed in this 499 

study. Finally, an explanation could be reckoned on CD4 populations: namely the Th1, Th2 or Th17 500 

populations. Interestingly, we found a direct correlation between the frequency of CD4+ T cells and 501 

the percentage of tissue loss in K14-VEGFR3-Ig mice but not in WT littermates (Supplementary 502 

Figure 2), suggesting the presence of a distinct population of infiltrating CD4+ T lymphocytes in 503 

the perilesional cortices of K14-VEGFR3-Ig mice compared to WT littermates. However, the panel 504 

of antibodies used for the T cell characterization does not allow us to distinguish between CD4+ T 505 

helper populations; therefore, we cannot speculate further on the role of these cells in the lesion 506 

formation. Further studies are needed to understand the role of cytotoxic CD8+ and of associated 507 
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CD4 T-helper lymphocytes on anatomical and functional brain damage after TBI, exploring their 508 

effects at different chronic time points. 509 

From the clinical point-of-view, patients with severe TBI show high susceptibility to systemic 510 

infections, which are associated with declining neurological outcome and increased mortality. TBI 511 

itself is an important risk factor for infection complication. While TBI is associated with an 512 

immediate systemic inflammatory response (39), severe brain injury leads also to a delayed 513 

secondary immunodeficiency (CNS injury-induced immunodepression, CIDS), characterized by a 514 

reduced number of circulating T lymphocytes (48, 49). In patients with severe TBI, lymphopenia is 515 

observed in peripheral blood soon after injury, due to a reduction of both CD4+ (49) and CD8+ (50) 516 

circulating T cells, lasting up to several weeks (48). Therefore, we analyzed the levels of circulating 517 

T lymphocyte in our model to analyze if these reflect the neuroimmunological state of the brain, 518 

and if the acute lymphopenia is protracted to the chronic time point analyzed in this study.   519 

It has been proposed that CNS injuries could dampen cell-mediated immune responses via three 520 

pathways: the hypothalamo–pituitary–adrenal (HPA) axis, the sympathetic nervous system, or the 521 

parasympathetic system (48). Another proposed hypothesis is the compartmental shift of T 522 

lymphocytes in the CNS (49). Based on the analysis of brain and spleen lymphocyte levels in WT 523 

mice in our experimental conditions, we can exclude the compartmental shift hypothesis. WT mice 524 

showed a strong infiltration of T lymphocytes in the brain perilesional areas. If this would be the 525 

result of a compartmentalization of T cells, we should expect to observe a drastic reduction of their 526 

level in the spleen. Nevertheless, we found no differences in T cell levels (both CD4+ and CD8+) in 527 

the spleen between naïve and CCI animals, in either genotype. At the same time, a drastic reduction 528 

in CD8+ frequency in the spleen, independently from brain trauma, was observed in this study in 529 

K14-VEGFR3-Ig compared to WT mice. These data confirm a previous report, describing a 530 

constitutive systemic lymphopenia in K14-VEGFR3-Ig mice (34), which, as we here demonstrate, 531 

does not reflect the levels of T cell-mediated neuro-immune response. 532 

It is out of the scope of this study to determine the mechanisms underlying the observed 533 

lymphopenia in TBI. However, analysis of our data excludes a correlation between the extent of 534 

brain infiltration and the level of T cells in the periphery (data not shown), suggesting the 535 

possibility of a severe neuro-immune reaction even in the presence of a systemic congenital 536 

lymphopenia (as in K14-VEGFR3-Ig mice). This is an interesting observation with potential 537 

clinical implications, because patients with CIDS could at the same time present a sustained 538 

adaptive immune response localized in the brain. In this specific case, patients would benefit from a 539 
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targeted immunomodulatory therapy in the brain, not impinging on the already compromised 540 

systemic immunity. 541 

Our data suggest that, in the presence of chronic neuro-inflammation (as it is the case after TBI (51, 542 

52)), the neuro- and systemic immune responses are independent. This is apparently in contrast with 543 

previously published data (6), where Authors found a substantial correlation between the levels of 544 

different T cell populations in the brain and in the blood after TBI. However, in their work Braun 545 

and colleagues focus their analyses on an early time point after TBI (3 dpi), which is characterized 546 

by an ongoing brain hemorrhage, and analyzed a portion of the injured brain which includes the 547 

lesion itself. In our work, we analyzed an early chronic time point (30 dpi), where we could not find 548 

visible sign of hematoma (both in MRI and by visual inspection of the brain tissue at the time of 549 

euthanasia). Moreover, we excised the lesion area before collecting the brain tissue for lymphocyte 550 

isolation. Our samples, therefore, includes only the T cells that were able to bypass the scar tissue 551 

and infiltrate in the perilesional brain areas, possibly contributing to the secondary injuries in TBI 552 

pathology.   553 

The role of T lymphocytes in the progression of brain damage following TBI is largely unknown. 554 

Empirical and experimental evidence indicate that seemingly similar types of trauma result in 555 

diverse clinical outcomes. Heterogeneity of recovery time and the extent of neurological 556 

dysfunction in TBI can only be partially explained by differences in the severity and location of 557 

brain injury (53). Our data support the role of the neuro-immune system as a key player in TBI 558 

pathophysiology and as a possible factor of heterogeneity in TBI outcome. The nature and kinetics 559 

of the immune responses can vary depending on brain injury location and severity, and in 560 

experimental TBI studies the exact kinetic of T lymphocyte infiltration depends on the different TBI 561 

models used. In our experimental conditions, we demonstrate that, at early chronic time points after 562 

brain injury, resident memory T cells are activated in the perilesional areas as part of an adaptive 563 

immune response. These data support the possibility of a targeted CD8-mediated immune response, 564 

which could contribute to the secondary delayed phase of tissue damage. However, transient 565 

autoimmune reactions have been reported in different models of brain injuries, with a proposed 566 

beneficial activity (54, 55), and studies aimed to downregulate the adaptive immune response after 567 

TBI did not improve the neurological outcome (56). On the other hand, it is important to note that 568 

these studies were focused on manipulating the early wave of T cell infiltration after TBI. No other 569 

studies, to the best of our knowledge, have specifically targeted the subsequent adaptive immune 570 

response, which is a novel characterization in our study. Understanding the processes underlying 571 
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and sustaining the adaptive neuro-immune response after brain injury, therefore, is important to 572 

elucidate how secondary brain lesions develop, as well as defining potential therapeutic targets. 573 

 574 

Conclusions 575 

To our knowledge, our study is the first aimed at investigating the phenotype of infiltrating T 576 

lymphocytes in the brain after TBI, clearly showing an activation of the immune adaptive arm in 577 

response to an earlier lesion. Our findings also support the importance of meningeal lymphatic 578 

vessels and of afferent deep cervical lymph nodes in maintaining brain immuno tolerance. We 579 

propose that systemic- and neuro-immunity are distinct processes driven by different secondary 580 

lymphoid organs. Modulation of the neuro-immune response by acting on the CNS-mLVs-dcLNs 581 

pathway could therefore eventually constitute a therapeutic strategy for TBI patients. 582 
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 612 

Legend to Figures 613 

Figure 1. Gating strategy. Flow cytometry analysis scheme showing how isolated immune cells in 614 

the brain were gated for live cell analysis. Mononuclear cells were selected based on light scattering 615 

properties (A) and doublets were removed (B, C). Among gated events, live cells were defined as 616 

negative for fixable viability dye (FVD) staining (D), and T cells were identified as positive for 617 

TCRβ (E). TCRβ+ lymphocyte subsets were characterized by the expression of CD4 and CD8 cell 618 

surface markers (F). Gating was determined using FMOs (see Methods section). 619 

Figure 2. Localization of CD3+ T cells in the perilesional cortices. Representative images of brain 620 

sections from WT (A) and K14-VEGFR3-Ig (B) mice 30 dpi, stained for anti-CD3ε (T 621 

lymphocytes; red). The lesion edges in each section are marked with a segmented yellow line. T 622 

cells are present within the lesion (star in A and B), in the perilesional cortex (box in A and panel 623 

C) and in the corpus callosum (box in A and panel D). CD3+ cells were also observed in the 624 

striatum (arrow in A and B) and in the thalamus (arrow head in A). Both scattered cells and clusters 625 

of T cells were found within the parenchyma (C and E, respectively). Panels (C) and (D) represent a 626 

magnification of the areas depicted within the white boxes in A. Panel (E) represents a 627 

magnification of the area depicted within the white box in B. (A and B, scale bar = 500 µm; C-E, 628 

scale bar = 20 µm.) 629 
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 630 

Figure 3. T cell brain infiltration is confined to the perilesional cortices, 30 dpi. Box plot 631 

representing the number of infiltrating T cells, defined by expression of TCRβ (A) and stacked 632 

bargram representing the percentage of CD4+ and CD8+ T cells (B) in the brain of WT and K14-633 

VEGFR3-Ig mice, as analyzed in the perilesional and contralateral cortices (ipsi and contra, 634 

respectively), or in intact cortices from respective naïve mice. Independently from the genotype, a 635 

significant infiltration of TCRβ+ T cells was observed in the perilesional areas but not in the 636 

contralateral hemispheres (comparable to naïve non-injured brains). The majority of brain-637 

infiltrating T cells presented a CD8 phenotype. In the K14-VEGFR3-Ig mice, there was a 638 

significant skew of CD4/CD8 ratio towards CD8+ T cells. Table (C) summarizes the results of the 639 

statistical analysis in T cell counts between the experimental groups. In (A) boxes represent the 25-640 

75 % value range, including the median value, indicated with the line. Whiskers represent 1.5x 641 

standard deviation (SD). □ indicates the mean value. In the stacked bargram, data are presented as 642 

mean ± standard error of the mean (s.e.m.). A binomial negative regression or a linear mixed model 643 

was applied to assess statistical differences in the counts of total T cells. The Kruskal Wallis test or 644 

the paired samples Wilcoxon signed ranked test was used for the analysis of CD4 and CD8 645 

frequency distribution. ¤p < 0.05 and ¤¤¤p < 0.001 vs. K14 ipsi. *p < 0.05 and ***p<0.001 vs. WT 646 

ipsi. In all tests, Bonferroni correction was used to adjust p-values in multiple comparisons. 647 

Figure 4. The number of CD4+ but not of CD8+ T cells is reduced in the brain of K14-VEGFR3-648 

Ig mice after TBI. Box plots representing the number and frequency of CD4+ T cells (A and C, 649 

respectively) and CD8+ T cells (B and D, respectively), in the brain of WT and K14-VEGFR3-Ig 650 

mice, as analyzed in the perilesional and contralateral cortices (ipsi and contra, respectively), or in 651 

intact cortices from naïve mice. A drastic reduction in the number of CD4+ T cells was found in 652 

K14-VEGFR3-Ig mice after injury. A binomial negative regression or a linear mixed model was 653 

applied to assess statistical differences in the counts of CD4+ and CD8+ T cells. The Kruskal 654 

Wallis test or the paired samples Wilcoxon signed ranked test was used for the analysis of 655 

frequency distribution. *p < 0.05; **p < 0.01 and ***p < 0.001 vs. WT ipsi. ¤p < 0.05; ¤¤p < 0.01 656 

and ¤¤¤p < 0.001 vs. K14 ipsi. #p < 0.05 vs. WT contra. In all tests, Bonferroni correction was used 657 

to adjust p-values in multiple comparisons. For box plot explanation, refer to the legend of Figure 1. 658 

Figure 5. Analysis of CD69 and CD44 T cell activation and memory markers in CD4+ and CD8+ 659 

subpopulations. Pseudocolor dot plots (A) and (B) represent gated subpopulations CD69 vs. CD44 660 

of  CD4+ and CD8+, respectively. Stacked bargrams in (C) and (D) show respectively the counts 661 
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and frequencies of CD8+ T cell subpopulations, as analyzed in the perilesional cortices of WT and 662 

K14-VEGFR3-Ig mice. No significant differences in CD8+ subpopulations were found between 663 

genotypes. In CD4+ subpopulation, instead, we observed a significant reduction in the counts of 664 

CD44hiCD69+ and CD44hiCD69- subpopulations (E), in K14-VEGFR3-Ig compared to WT mice. 665 

However, no differences were observed in the different subpopulation frequencies (F). Data are 666 

presented as mean ± s.e.m. A binomial negative regression was applied to assess statistical 667 

differences in the counts of total T cells between WT ipsi and K14 ipsi. The Kruskal Wallis test was 668 

used for the analysis of frequency distribution. #p < 0.05; *p < 0.05 vs. WT ipsi. 669 

Figure 6. TBI-induced lesions does not differ between the two genotypes, as inferred by the 670 

analysis of MRI at 21 dpi. (A) Representative MR images of WT naïve, WT CCI, K14 naïve and 671 

K14 CCI brains. Perilesional cortices in WT CCI and K14 CCI brains are marked with stars. Box 672 

plots in (B) and (C) illustrate the genotype effect on the percentage of infarct volume and of tissue 673 

loss, respectively, over the volume of the hemisphere ipsilateral to the lesion. No significant 674 

differences were observed between K14-VEGFR3-Ig and WT mice. For the definitions of the 675 

infarct volume and of tissue loss see the main text. (D) When considering the infarct volume and the 676 

tissue loss independently from the genotype, we found a direct correlation between the two 677 

parameters. The Kruskal Wallis test was used for the analysis of infarct volume and of tissue loss 678 

between the two genotypes. CI: 95 % confidence interval. For box plot explanation, refer to the 679 

legend of Figure 1. 680 

Figure 7. Peripheral immune response in the spleen. The percentages of T cells in the spleen of 681 

WT naïve and CCI mice and of K14 naïve and CCI mice are presented in the box plot in panel (A).  682 

Stacked bargrams in (B) represent the relative percentages of CD4 and CD8 in T cell population, in 683 

WT and K14-VEGFR3-Ig mice. K14-VEGFR3-Ig mice present a drastic reduction of T cells 684 

compared to WT littermates, due to a decrease in CD8+ T cell frequency. (C, D) Representative 685 

pseudocolor dot plots and gating strategies for CD4+ and CD8+ T cell subpopulation analysis, 686 

respectively. Stacked bargrams in (E) and (F) show respectively the frequencies of CD4+ and 687 

CD8+ T cell subpopulations, as analyzed in WT and K14-VEGFR3-Ig mice. Significant differences 688 

in the frequencies of both CD4+ and CD8+ subpopulations have been observed. The Kruskal Wallis 689 

test or the paired samples Wilcoxon signed ranked test was used for the analysis of frequency 690 

distribution. ¤¤p < 0.01 and ¤¤¤p < 0.001 vs. K14 CCI. **p < 0.01 and ***p < 0.001 vs. WT naïve. 691 

In all tests, Bonferroni correction was used to adjust p-values in multiple comparison. For box plot 692 

and stacked bargram explanation, refer to the legend of Figure 1. 693 

 694 
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