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Abstract Neuroinflammation contributes substantially to
stroke pathophysiology. Cerebral invasion of peripheral leu-
kocytes—particularly T cells—has been shown to be a key
event promoting inflammatory tissue damage after stroke.
While previous research has focused on the vascular inva-
sion of T cells into the ischemic brain, the choroid plexus
(ChP) as an alternative cerebral T-cell invasion route after
stroke has not been investigated. We here report specific
accumulation of T cells in the peri-infarct cortex and detec-
tion of T cells as the predominant population in the ipsilat-
eral ChP in mice as well as in human post-stroke autopsy
samples. T-cell migration from the ChP to the peri-infarct
cortex was confirmed by in vivo cell tracking of photoacti-
vated T cells. In turn, significantly less T cells invaded the
ischemic brain after photothrombotic lesion of the ipsilateral
ChP and in a stroke model encompassing ChP ischemia. We
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detected a gradient of CCR2 ligands as the potential driving
force and characterized the neuroanatomical pathway for the
intracerebral migration. In summary, our study demonstrates
that the ChP is a key invasion route for post-stroke cere-
bral T-cell invasion and describes a CCR2-ligand gradient
between cortex and ChP as the potential driving mechanism
for this invasion route.

Introduction

Ischemic stroke remains one of the main causes of death and
disability in the world with only very limited therapeutic
options [10]. Over the past decade, post-ischemic neuro-
inflammation in secondary neuronal loss and repair after
stroke has come into the focus of preclinical stroke research
[14, 25]. Invasion of circulating, pro-inflammatory lympho-
cytes has been described as the key mechanism of the post-
ischemic neuroinflammatory response, which aggravates the
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initial infarct volume and exacerbates stroke outcome [4, 24].
Recent experimental studies demonstrated that amelioration
of cerebral lymphocyte invasion by reducing the number
of circulating lymphocytes in different experimental stroke
models improved functional outcome [1, 18, 26, 31]. In par-
allel, first clinical trials have been initiated which tested this
treatment approach in stroke patients using two drugs cur-
rently approved for multiple sclerosis, fingolimod (FTY720)
and natalizumab (humanized anti-o4-integrin IgG4). Even
though the early translation of immune-targeted therapies
in stroke and the first positive results are very promising,
these attempts have also been criticized as premature in
face of several unsolved key questions in the field of stroke
immunology [9, 39]. One of these main unresolved questions
in the field is the exact mechanism of lymphocyte migra-
tion into the ischemic brain. In stroke research, the vascular
migration route across the (damaged) blood—brain barrier
(BBB) has been assumed as the main invasion route for cir-
culating lymphocytes into the ischemic brain [41]. Although
other infiltration routes such as meningeal blood vessels or
the choroid plexus (ChP) have previously been characterized
as important entry sites of lymphocytes in primary inflam-
matory brain disorders such as experimental autoimmune
encephalitis (EAE) [30, 45], these alternative invasion sites
have not been analyzed in post-stroke neuroinflammation.

Therefore, in the present study, we aimed to investigate
the role of the ChP as a potential infiltration route for lym-
phocytes—particularly pro-inflammatory T cells—into the
post-ischemic brain. We particularly focused on the ChP as
an infiltration route for T cell due to the key pathophysi-
ological role of T cells in post-stroke neuroinflammation
and a specific invasion pattern observed for T cells in con-
trast to myeloid cells. We observed that a large proportion of
brain-invading T cells migrate through the ChP after stroke.
Moreover, we could identify the CCR2-dependent pathway
as a key chemoattractant signal for T cells along the choroi-
dal infiltration route.

Materials and methods
Mice

All experiments were conducted in accordance with national
guidelines for the use of experimental animals, and all pro-
tocols were approved by the German governmental com-
mittees (Regierung von Oberbayern, Munich, Germany).
83 wild-type male C57BL6/J mice were obtained from
Charles River. 17 Ragl™~ (B6.129S7-Rag]™mMom/y " 10
CAG-EGFP (C57BL/6-Tg (CAG-EGFP)1310s"/LeySoply,
22 heterozygous PA-UBC-GFP (B6.Cg-Ptprc Tg (UBC-
PA-GFP) 1M 5 CCL2-RFP (B6.Cg-Ccl2tml.17me?)
and 5 CCL27~ (B6.129S4-Ccl2tm 1%y male mice were
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obtained from Jackson Laboratories (USA). Eight female
LysM-eGFP (Lyz2tm1.157f) mice were kindly donated
by M.Sperandio (Walter BrendlCenter for Experimental
Research, Munich, Germany). CCR2RFPREPCx 3R 1 OFP/+
and CCR2RFP*CX3CR 1+ mice were originally gener-
ated by Israel Charo and Richard Ransohoff [32] and bred
at the Theodor Kocher Institute, University of Bern, Swit-
zerland. All other animals were housed at the core animal
facility of the Institute for Stroke and Dementia Research,
Munich, under controlled temperature (22 + 2 °C), with
a 12-h light-dark cycle period and had access to pelleted
food and water ad libitum. All animals used for this study
were at 8—12 weeks of age, expect for the aged mice which
were 8 months old. Number of excluded animals from each
experiment is shown in Suppl. Table 1.

Human samples

Both lateral ventricles with surrounding brain tissue from
five stroke and six control human patients were obtained
from the Human Brain and Spinal Fluid Resource Center
(HBSFRC) Los Angeles, USA. Patient characteristics are
described in Suppl. Table 2. Samples were sent frozen to our
facility where they were kept at —80 °C until used. Samples
were slowly defrosted at 4 °C for 3 h and then fixed in 4%
paraformaldehyde (PFA) (pH 7.4) for 1 h at 4 °C and after-
wards at room temperature (RT) for 48 h in the dark. After
parafinization, 5 um thick sections were cut for histology and
immunohistochemistry. For conventional histological inves-
tigations, hematoxylin—eosin (H&E) stains were performed.
Immunohistochemistry for CD3 (rabbit polyclonal, A0452/
DAKO, diluted 1:50) or CD68 (mouse clone KP1, M0814/
DAKO, diluted 1:50) was done in a Ventana Benchmark GX
using the i-View detection system and diaminobenzidine as
chromogen following the instructions of the manufacturer.
Counterstaining was done with hematoxylin. ChP samples
were analyzed under a microscope (Axio ImagerM2, Zeiss)
and each CD3- and CD68-positive cell was counted. Total
cell count per staining and per sample was normalized to the
ChP area which was manually determined on H&E-stained
sections.

Human RNA samples from six patients were obtained
from the Hospital de la Vall d"Hebron, Barcelona. Patient
characteristics are described in Suppl. Table 3. RNA from
the ipsilateral and contralateral cortex of each patient
was isolated using the Speed tools total RNA extraction
kit (21.211, Biotools). 20 ul of total RNA was hybrid-
ized with reporter and capture probes in human nCounter
gene expression code sets GX Human Immunology Kit V2
(XT-SC-HIM2-12) according to manufacturer’s instruc-
tion (NanoString Technologies). Data were analyzed using
nSolver Analysis software. Additional analysis was per-
formed using “NanoStringNorm” in R (version 3.3.1) [43].
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The geometric mean was used to summarize the CodeCount
(positive) and SampleContent (housekeeping genes) con-
trols, thus minimizing the impact of outliers. Stringent back-
ground correction was applied (mean + 2 standard devia-
tions) to minimize false positives and therefore increasing
specificity. As an additional QC step, housekeeping genes
with high variability (SD >2) were removed before normal-
izing the data.

Permanent middle cerebral artery occlusion (pMCAo)
model

As previously described [21], animals were anesthetized
with volatile anesthesia (isoflurane in 30%0,/70%N,0) and
placed in lateral position. After a skin incision between eye
and ear, the temporal muscle was removed and the MCA
identified. Then, a burr hole was drilled over the MCA and
the dura mater was removed. The MCA was permanently
occluded using bipolar electrocoagulation forceps. Perma-
nent occlusion of the MCA was visually verified before
suturing the wound. During the surgery, body temperature
was maintained using a feedback-controlled heating pad.
Mice that developed a subarachnoid hemorrhage during
surgery were excluded from the analysis.

Transient middle cerebral artery occlusion (fMCAo)
model

Animals were anesthetized (isoflurane in 30%0,/70%N,0,
local lidocaine) and received an incision between ear and
eye to expose the temporal skull. A laser Doppler probe was
placed over on the skull above the MCA territory. Animals
were then placed in supine position. After a midline neck
incision, the common carotid artery and left external carotid
artery were isolated and ligated, a 5 mm silicon-coated fila-
ment (Doccol, #7019PK5Re) was inserted into the internal
carotid artery and MCA occlusion checked by a correspond-
ing laser Doppler flow reduction. After 90-min MCAo, ani-
mals were anesthetized again and the filament was removed.
For the survival period, animals were kept in their home
cage with facilitated access to water and food. Mice without
a reduction in blood flow to <20% of the baseline, controlled
by a laser Doppler flow, were excluded from the analysis.

Photothrombosis (cortical and choroid plexus lesion)

Animals were placed in a stereotactic device under anesthe-
sia (isoflurane in 30%0,/70%N,0).

For ChP lesions, a midline incision was performed to
expose the skull and both bregma and Lambda points were
identified. A burr hole was drilled at 3 mm anterior from
bregma, 1 mm left from midline. Animals then received
10 pl/g body weight (BW) of 1% Rose Bengal in phosphate

buffer saline (PBS) intraperitoneally (i.p). and after 5 min
an optical fiber with an inner diameter of 200 um and a NA
of 0.22 was inserted at 4 mm depth from the brain surface
to reach the left ventricle with an inclination angle of 30°.
Photothrombosis of the ChP was achieved by 15 min illumi-
nation via the fiber probe at 532 nm wavelength (Luxivision,
Germany). Control animals received the same treatment with
saline injection instead of the Rose Bengal administration,
including illumination of the lateral ventricle.

For cortical lesions, after midline incision and skull expo-
sure, a laser (Cobolt HS-03, Solna, Sweden) was centered at
4 mm lateral to bregma on the left side. A fiber optic bundle
of 1.5 mm diameter at the tip was used to obtain a stroke
lesion similar to that induced by the pMCAo model. Animals
then received 10 pl/g body weight of 1% Rose Bengal in
PBS i.p. and after 5 min the brain was illuminated through
the intact skull for 15 min at constant 561 nm wavelength.

Traumatic brain injury

Traumatic brain injury (TBI) was induced as previously
described [34]. Briefly, mice were anesthetized with a gas
mixture containing 2% isoflurane, 65% N,O, and 33% O,. A
craniotomy window was drilled over the right parietal cortex
under continuous cooling with saline. A cortical contusion
was produced using a controlled cortical impact device opti-
mized for use in mice (cylinder diameter 3.0 mm; velocity
6.0 m/s; penetration depth 0.5 mm; contact time 150 ms).
Immediately following the impact, the bone flap was reim-
planted and fixed using histoacrylic glue. The animals were
then allowed to wake in a recovery chamber (33 °C and 50%
humidity) and killed 5 days post-injury.

Assessment of infarct volume

Mice were deeply anesthetized 5 days after stroke induc-
tion and transcardially perfused with 10 ml saline. Brains
were removed, frozen immediately on powdered dry ice and
stored at —20 °C. For infarct volumetry, brains were seri-
ally sectioned (400 pm intervals, 20 pm thick) and stained
for cresyl violet (CV) as previously described [21]. CV-
stained sections were scanned at 600 dpi on a flatbed scan-
ner (Canon). For the pMCAo and PT model, direct infarct
measurement was used after validating the absence of edema
at the investigated time point (5 days after pMCAo or PT).
The total infarct volume was measured with ImageJ and
determined by integrating measured areas and distances
between sections.

Intraventricular matrigel injection

Immediately after pMCAo, animals were prepared as
described above for the photothrombosis procedure.
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Specifically, a 10 ul Hamilton syringe with a 10 mm length
needle (Hamilton, #7804-03) was introduced into the lat-
eral ventricle at an inclination angle of 30°. For the CSF
blockage, 6 ul of matrigel (BD Matrigel™ Matrix, BD Bio-
sciences, #354230) was injected over 5 min. Matrigel was
kept at 12 °C in a cooling block until the time of injection,
in order to prevent its polymerization. 5 days after pMCAo
and matrigel injection, mice were transcardially perfused
with 10 ml saline and 10 ml 4% PFA. For the visualization
of the matrigel into the ventricle, 5 pl of matrigel + 1 pl of
Evans Blue was injected in 5 min, 24 h after the injection
mice were killed, brain was cut and immediately visualized
under a microscope.

Immunohistology

Mice were transcardially perfused at the indicated time
points with 10 ml saline and 10 ml 4% PFA (pH 7.4), then
post-fixed in 4% PFA for 4 or 24 h for PA-UBC-GFP animals
at 4 °C and immersed with 30% sucrose in PBS, then brains
were frozen in —20 °C isopentane. 12 pm thick coronal
sections were obtained at the level of anterior commissure
for immunohistochemical analysis. Sections were mounted
on SuperfrostPlus Slides (Thermo Scientific) and stored at
—80 °C. Then sections were dried at room temperature for
1 h. After washing with PBS, slides were fixed with acetone
at —20 °C for 5 min, this was followed by washing with
PBS and PBS containing 0.1% Triton and incubation in
blocking buffer containing 0.1% Triton, 0.05% Tween20,
1% bovine serum albumin, 0.1% cold fish skin gelatine and
2% goat serum in PBS at RT for 1 h before overnight incu-
bation at 4 °C with the primary rabbit anti-CD3 antibody
(1:50, abcam #16669), rat anti-CD4 antibody (clone GK1.5,
1:200, Abcam), chicken anti-laminin (1:200, Abcam) or
mouse anti-CD45 (1:100, clone 104-2, Abcam) and labeled
for 1 h with the secondary antibody AF594 goat anti-rabbit
(1:200, Invitrogen), Cy3 goat anti-rat IgG + IgM (H + L)
(1:200, Jackson Immunoresearch), FITC anti-chicken Ig
H& <1 (1:200, Abcam) or AF488 goat anti-mouse IgG
(H + L) (1:100, Invitrogen). Finally, sections were stained
with DAPI and mounted with fluoromount medium (Sigma).
Samples were analyzed on an epifluorescence microscope
(Zeiss Axiovert 200 M) or a confocal microscope (Zeiss
880). CD3+ cells were counted on one 12 um section per
brain at bregma or on three consecutive 12 pm sections at
bregma +60 um for PA-UBC-GFP animals. The infarct core
was delimitated on consecutive CV-stained sections for each
individual animal. Only cells at the outer border of this area
(peri-infarct region) were included for quantification analy-
sis. The localization of each single CD3* and CD45" was
marked on a topographic map according to the mouse brain
atlas to achieve cumulative localization maps.
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For the ChP cell death analysis: 24 h after pMCAo and
fMCAo, mice were perfused with 10 ml saline and brains
were removed, placed in cold PBS and the ChP from both
lateral ventricles were isolated. Apoptotic cell death was
detected by terminal deoxy-nucleotidyl-transferase-mediated
dUTP nick-end labeling (TUNEL) according to the manu-
facturer’s instructions (Millipore). 20-um thick coronal sec-
tions were stained with the TUNEL kit to verify cell death
in the brain.

Flow cytometry

After perfusion with saline, the ChP was removed under a
stereomicroscope (Leica) and collected in 200 ul Dulbecco’s
Modified Eagle Medium (DMEM) + 10% fetal calf serum
(FCS). ChP cells were isolated by incubating the samples
in 2 ml of digestion mix [DMEM + 10% FCS + 0.4%
DNASEI (#11284932001, Roche) + 3% CollagenaseD
(#11088866001, Roche)], 10 min at 37 °C, and then mechan-
ically dissociated. Brain homogenates of both hemispheres
were prepared by the same dissociation/digestion protocol.
Cerebral mononuclear cells were subsequently isolated using
a 70 and 40% discontinuous Ficoll gradient. The following
mouse antigen-specific antibodies were purchased from eBi-
oscience: CD45 eF450 (30-F11), CD11b PE-Cy7 (M1/70),
CD3 V510 or FITC (17A2), CD19 APC-Cy7 (eBisID3),
CD8 PE (53-6.7), CD4 PerCP5.5 (45-0042-82), Ly6C APC
(HK1.4), Ly6G PE Cy7 (RB6-8C5) and Ly6G PE (1AS).
To quantify the various cell populations, cells were stained
with specific antibodies in accordance with the manufac-
turer’s protocols, acquired in a FACSVerse flow cytometer
and analyzed with FlowJo software (version 10, Tree Star).

Adoptive T-cell transfer

Spleen and mesenteric lymph nodes from CAG-eGFP mice
were isolated under sterile conditions and kept in MACS
buffer (PBS + 0.5% BSA + 2 mM EDTA). After preparing
a single cell suspension, T cells were isolated using a mouse
T-cell enrichment kit (eBioscience). Ragl ™~ mice received
10° T cells in 500 pl PBS i.p. Stroke induction was per-
formed 7 days after the T-cell transfer to allow expansion of
T cells in the recipient mice.

Clearing and light-sheet microscopy

For visualization of the T-cell invasion pattern, mice
were perfused transcardially with 10 ml saline and 10 ml
4% PFA (pH 7.4) 5 days after pMCAo induction in
Ragl™~ mice receiving adoptive (€GFP+) T-cell trans-
fer. For the study of the neuroanatomical structure of
the ChP of lateral ventricles, mice were perfused with
lectin-FITC in normal saline. Then mice were perfused
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transcardially with 10 ml saline and 10 ml 4% PFA (pH
7.4). Whole brains were cleared using uDISCO protocol
[28]: first, they were serially incubated in ferz-butanol in
12 h until overnight incubation in 100% terz-butanol. The
next day, samples were incubated for 1 h and 30 min in
dichloromethane and finally incubated in refractive index
matching solution BABB-D15, prepared by mixing BABB
(benzyl alcohol + benzyl benzoate 1:2) with diphenyl
ether (DPE) at a ratio of 15:1 and adding 0.4% vol bpL-
alpha-tocopherol (Vitamin E), for at least 4 h until the
samples became transparent. Next, samples were imaged
by a light-sheet microscope (LaVision BioTec). Images
were acquired with a z-step of 4-8 pum, using 50 ms as
exposure time and tiling scans to cover the entire speci-
men. Images obtained by light-sheet microscopy were
analyzed by Amira software (version 6) for segmentation
and 3D reconstruction. Due to uneven light penetration
through the sample, we equalized raw image stacks using
the pseudo flat-field correction method with the BioVoxxel
plugin in Fiji software. The infarct core was segmented
manually for exclusion from further analyses. T cells were
segmented as individual cells for illustration using a 1.7-
fold ratio of the transcellular fluorescence intensity profile
peak over the neighboring tissue background fluorescence.
This threshold was determined using manual identification
of cells based on size, shape and peak signal intensity.
No additional autofluorescence correction or background
subtraction was performed.

In vivo photoactivation

Animals were prepared as described above for the photothrom-
bosis procedure including insertion of an optical fiber into the
lateral ventricle at an inclination angle of 30°. For the in vivo
“pulse-chase experiment”: photoactivation was performed for
5 min with a laser source of 405 nm wavelength (Luxivi-
sion, Germany) with an effective output power at the tip of
the fiber of 5 mW. For 24-h photoactivation in freely behav-
ing mice: immediately after pMCAo a burr hole was drilled
under isoflurane anesthesia 3 mm anterior from bregma, 1 mm
left from midline. Then a mono fiberoptic cannula with an
inner diameter of 200 um, a NA of 0.22 and 4 mm length
was inserted into the left lateral ventricle with an inclination
angle of 30° and fixed with dental cement (Cyano Veneer,
Hager Werken). In another set of experiments, photoactiva-
tion was performed 4 days after pMCAo for 24 h at constant
405 nm illumination. Mice were then transcardially perfused
with 10 ml saline and 10 ml 4% PFA. PA-GFP" and PA-
GFP™ cells were quantified on coronal sections. Percentage of
infiltrated T cells shown in Fig. 2h was calculated as follows:
[(T cells at 5 days — T cells at 4 days)/total T cells at 5 days] X
100].

RT-PCR array

Four 100 um thick brain cryosections from naive animals and
24 h pMCAo animals were collected into a MembraneSlides
1.0 Pen (Zeiss). Microbeam laser microdissection (Zeiss) was
used to cut the ChP and peri-infarct cortex (880 um X 620 um)
of the sections. Microdissectioned tissue was carefully placed
with sterile forceps into a 0.5 ml sterile sample tube. Arcturus-
PicoPure RNA Isolation Kit (Applied Biosystems) was used
for RNA extraction and RT?’PreAMPcDNA syntesis Kit (Qia-
gen) was used for the cDNA synthesis. Finally, a RT2 Profiler
PCR Array for chemokines and chemokine receptors (PAMM-
0227, Qiagen) was run on a Roche LightCycler 480 following
the manufacturer’s instructions. Data were analyzed with RT?
Profiler PCR Array Data analysis software (version3.5) from
SABiosciences.

Histological CCL2 gradient analysis

24 h after pMCAo induction in CCL2-RFP reporter mice, ani-
mals were prepared as described above for immunohistological
analyses. A mosaic picture from a 12 pm coronal section at
bregma level was obtained with a confocal microscope (Zeiss
880) (40x magnification), producing 346 regions of interest
(ROI). Mean RFP signal per individual ROI from each individ-
ual z-stack was analyzed by the thresholding technique using
Image] software. Following this, RFP values were rasterized
from each ROI, and normalized to the range between 1.0 and
10.0, representing 1.0 the lowest and 10.0 the highest RFP
expression. Each ipsilateral ROI was subsequently normalized
to the anatomically homotypical ROI of the contralateral hemi-
sphere to normalize for unspecific background fluorescence.

Statistical analysis

Data were analyzed using GraphPad Prism (version 6.0). Sum-
mary data are expressed as the mean + standard deviation
(SD) or mean + standard error of the mean (SEM). All data
sets were tested for normality using the Shapiro-Wilk normal-
ity test. The groups containing normally distributed data were
tested using a two-way Student’s  test (for 2 groups) or ANOVA
(for >2 groups). The remaining data were analyzed using the
Mann—Whitney U test. Differences with a p value <0.05 (or <0.1
for the PCR array) were considered to be statistically significant.

Results

The invasion patterns of myeloid and T cells differ
after stroke

We investigated the regional distribution pattern of myeloid
and T cells in a focal, cortical ischemia model in mice by
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permanent occlusion of the distal middle cerebral artery
(pMCA0). Cerebral T cells where visualized by immunohis-
tological staining and myeloid cells by LysM-eGFP reporter
mice. The ischemic core itself was excluded from this and
any subsequent analyses, as we focused on the role of invad-
ing leukocytes to secondary mechanisms in the surrounding
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tissue at risk rather than the already necrotic infarct tissue,
which undergoes later liquefaction. 5 days after stroke
induction—which was the time point of maximum cerebral
leukocyte invasion in this model (Fig. 1d, e)—we observed
LysM-eGFP-positive myeloid cells to uniformly surround
the ischemic core (Fig. 1a). In contrast, analysis of regional
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«Fig. 1 Lymphocytes display a distinct cerebral invasion pattern.
Accumulative topographic representation of each single a myeloid
cell (inset: green LysM-eGFPT myeloid cells, blue nuclear DAPI
stain) and b CD3" T cell (inset: red CD3" T cell, blue nuclear DAPI
stain) 5 days after permanent MCA occlusion (pMCAo). Cells were
accumulated from one section at bregma level of five animals each.
The infarct is depicted in gray. Scale bar 10 pym. ¢ T-cell segmenta-
tion and 3D reconstruction after brain clearing of 5 days post-lesion
of transferred eGFP + T cells to lymphocyte-deficient Ragl ™~ mice
revealed specific T-cell distribution (yellow dots) in the peri-infarct
cortex between the ipsilateral ventricle and the lesion 5 days after
pMCAo. The dashed line demarcates the infarct core. d Correspond-
ing cumulative topographic maps of CD45+ leukocytes at the indi-
cated time points after stroke. Cells were accumulated from one sec-
tion at bregma level of five animals each. Each cell is represented as
a single dot. The infarct is depicted in gray. e Quantification of total
leukocytes at the indicated time points after pMCAo, indicating the
peak of the infiltrated cells at 5 days after pMCAo. Comparative
analysis are represented as mean + SD. f Flow cytometric analysis
showing the absolute number of myeloid cells (CD45+CD11b+)
and T cells (CD3+) in the ipsilateral ischemic (Ipsi) and contralat-
eral (Contra) brain hemispheres 5 days after pMCAO. g Myeloid
cells (CD45"e" CD11b™) cells and T cell (CD3%) ratios in ChP
5 days after pMCAO were substantially different between the ipsi-
and contralateral ChP after stroke as well as an increased cellularity
of the ipsilateral ChP was observed after stroke compared to a naive
ChP (n = 10-18, 3 individual experiments). Data are presented as
mean + SEM h left, photograph showing the ChP located in the lat-
eral ventricle 5 days after stroke. Right representative image demon-
strating T-cell (CD4+) accumulation in ChP 5 days after stroke. Scale
bar 20 ym

T-cell distribution revealed a completely different invasion
pattern with T cells predominantly clustering in the peri-
infarct cortex between the lateral ventricle and the lesion site
(Fig. 1b). To better visualize this serendipitous observation
of a specific T-cell distribution pattern, we performed 3D
light-sheet microscopy of uDISCO solvent-cleared brains
[28]. For this analysis, we adoptively transferred eGFP + T
cells to lymphocyte-deficient Rag/™~ mice. Seven days
later, we induced the stroke lesion and at 5 days post-
lesion performed clearing and imaging of whole brains by
light-sheet microscopy. Thereby, we were able to confirm
3-dimensional T-cell invasion clustering as a “wave front” in
the peri-infarct cortex between the lateral ventricle and corti-
cal infarct core (Fig. 1¢). This obvious difference in the inva-
sion pattern between T cells and myeloid cells prompted us
to further investigate potential differences in cerebral migra-
tory pathways between leukocyte subsets. We performed a
quantification of myeloid cells and T-cell counts in the brain
parenchyma and ChP by flow cytometry. As expected, both
populations, myeloid cells (CD45"M$"CD11b*) and T cells
(CD3™"), were increased in the ipsilateral compared to the
contralateral hemisphere after stroke. The total cell number
of myeloid cells was substantially higher than of T cells
in the parenchyma (Fig. 1f). In contrast to the brain paren-
chyma, cellular distribution of leukocyte subpopulations dif-
fered in the ChP isolated from both lateral ventricles. Flow

cytometric analysis revealed a surprisingly high absolute cell
numbers of T cells in the ChP (Fig. 1g), which we were able
to confirm by histological staining demonstrating accumula-
tion of T cells in the ChP stroma (Fig. 1h). To test whether
the specific clustering of T cells in the peri-infarct cortex
is merely a model-dependent effect after pMCAo surger-
ies or a distinct feature attributable to specific mechanisms
of post-stroke T-cell invasion, we analyzed regional T-cell
distribution in an independent cortical infarct model. We
induced photothrombosis (PT) of the cortex through the
intact skull without any surgical manipulation at the skull
or intracerebral structures, resulting in ischemic lesions of
similar shape and location as pMCAo (Suppl. Figure 1).
Although the infarct volume was smaller in the PT model,
we detected a comparable cerebral T-cell invasion pattern
with peri-infarct cortical T-cell clustering and with simi-
lar absolute cell counts per histological section as in the
pMCAo model. Additionally, we could confirm a similar
T-cell invasion pattern also in a third independent model
of cortical injury: mild TBI and finally, also after pMCAo
in aged animals (Suppl. Figure 1). These results confirmed
a previously unrecognized and specific invasion pattern of
T cells after cortical infarction in the different acute brain
injury models tested. Considering the differences in regional
invasion patterns and relative abundance in the ChP between
monocytes and T cells, these results indicated a potentially
specific role of the ChP for cerebral invasion of T cells after
stroke.

The choroid plexus is a primary entry site for T cells
into the ischemic brain

Based on these descriptive results, we next aimed to inves-
tigate specifically the intracerebral migration of T cells
from the ChP to the peri-ischemic cortex after stroke. To
this end, we used transgenic UBC-PA-GFP mice express-
ing photoactivatable (PA)-GFP in T cells, in which illu-
mination at 405 nm results in a stable shift in the peak
excitation wavelength with a half-life of approximately
30 h [42]. This model enabled us to perform an in vivo
“pulse-chase experiment” with labeling of T cells within
one lateral ventricle with high anatomical precision. Four
days after pMCAo, a 40 um thin laser fiber was intro-
duced into the ipsilateral ventricle and illuminated at a
wavelength of 405 nm for 5 min (Fig. 2a), then animals
were killed at different time points after the illumination
and histologically analyzed for the localization of GFP-
positive/-negative T cells stained for CD3+ (Fig. 2b). This
validation of T-cell-specific photoactivation was neces-
sary due to the potential expression of PA-GFP also in
other hematopoietic cell populations, which was, however,
not observed in this model. We detected photoactivated T
cells (CD3* PA-GFPY) in the peri-infarct cortex as early
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as 1 h after illumination and the number of photoacti-
vated T cells peaked and reached a plateau at 8 h after
intraventricular illumination (Fig. 2c, d). These results
demonstrate a directed intracerebral migration of T cells
from the ChP of the ipsilateral ventricle to the peri-infarct
cortex after stroke. Importantly, as a control experiment,
we did not observe photoconverted cells in the brain
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parenchyma at the proximity of the ventricle 24 h after
inducing illumination in the ventricle (Suppl. Figure 3).
Interestingly, at early time points after intraventricular
illumination photoactivated T cells were located in the
corpus callosum while at later time points, GFP-positive T
cells were mainly detected in the cortex (Fig. 2c, d). This
shift in the photoactivated T-cell localization suggests an
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«Fig.2 T cells migrate from the ChP to the peri-infarct cortex. a
Schematic illustration of the experimental design to perform intraven-
tricular/ChP optical labeling of T cells for an “in vivo pulse-chase”
experiment of intracerebral T-cell migration. b Representative pic-
ture of photoactivated PA-GFP*(green) and immunostained CD3* T
(red) cells of ventricular origin in the peri-infarct cortex (marked by
a cross). The nucleus is stained with DAPI (blue). Scale bar 10 pm.
¢ Quantification of three independent animals per time point for
PA-GFP-negative (red) and PA-GFP-positive (green) T cells, 4 days
after pMCAo and indicated time points after illumination per one
coronal section at the bregma level in the ipsilateral hemisphere. d
Corresponding accumulative topographic maps of PA-GFP*CD3*
photoactivated T cells at the indicated time points after stroke from
three individual animals. e Experimental design for estimating cer-
ebral T-cell counts entering via the ChP over a 24 h time period at the
peak infiltration period after stroke (d4—d5). f Schematic illustration
of the optogenetic setup for intraventricular photoactivation of PA-
GFP T cells. g Quantification of PA-GFP-negative (red) and PA-GFP-
positive (green) T cells, 4 days after pMCAo without illumination
(n = 10) or with 24 h of constant illumination (n = 7) per one coronal
section at the bregma level in the ipsilateral hemisphere and h cal-
culation of the percentage of ventricularly photoconverted PA-GFP*
and PA-GFP™CD3+ T cells in the ipsilateral hemisphere after sub-
traction of baseline T-cell counts before 24-h illumination at 4 days
after pMCAo. All comparative analyses are illustrated as mean + SD

intraparenchymal migration from the lateral ventricle to
the cortex along the corpus callosum.

Notably, a single 5 min pulse for PA-GFP activation in
the lateral ventricle resulted in optical labeling of more
than 50% of T cells detected in the peri-infarct cortex ana-
lyzed at the late time points after photoactivation (8 and
12 h, Fig. 2c, d). Yet, this experiment was not able to pre-
cisely estimate the proportion of cerebral T cells entering
via the ChP. Therefore, we performed a similar intraven-
tricular photoactivation experiment starting 4 days after
stroke induction, however, with prolonged illumination
over 24 h of freely behaving mice using an optogenetic
illumination setup and killing the animals directly at the
end of the illumination period in awake, freely moving
mice (Fig. 2e, f). We aimed to determine a rough estimate
for the ratio of invading T cells via the ipsilateral ChP in
the lateral ventricle or by other invasion routes over this
24-h period from 4 to 5 days after stroke by subtracting
the number of T cells detected at 4 days post-lesion (i.e.,
before intraventricular photoactivation, Fig. 2g), which
was determined in a second set of control-operated ani-
mals without intraventricular illumination. Importantly,
long-term photoactivation of the lateral ventricle itself did
not induce an inflammatory reaction compared to mice
that underwent the same procedure without illumination
(Suppl. Figure 4). Hereby, we detected by this approxima-
tion that about two-thirds of the T cells infiltrated via the
ChP of the ipsilateral ventricle while one-third of T cells
infiltrated along other pathways (Fig. 2g, h), confirming
that the ChP of the lateral ventricle is the predominant
invasion route for T cells after cortical infarction.

Choroidal T cells invade the brain parenchyma

The above-shown results obtained in the UBC-PA-GFP
mouse model suggested infiltration of T cells through
the ChP and migration to the peri-infarct cortex along
the corpus callosum. Surprisingly, the neuroanatomical
structure of the ChP of lateral ventricles in adult mice
as well as the exact migration pathway of T cells from
the ChP stroma to the brain parenchyma have previously
not been well described. Therefore, we performed light-
sheet microscopy of lectin-perfused and cleared brains
enabling 3-dimensional visualization of choroidal vascu-
larization and its anatomical junction to the ventricle wall.
In accordance with previous studies on ChP development
during embryogenesis [23], we detected attachment of the
ChP to the medial wall of the lateral ventricle (Fig. 3a, b)
clearly visible by vasculature penetrating from the brain
parenchyma into the ChP (Suppl. video). 3-dimensional
reconstruction of segmented ChP, lateral ventricle and
the corpus callosum revealed the close proximity of these
anatomical structures (Fig. 3c, d). Therefore, we hypoth-
esized that T cells shall be able to directly invade the brain
parenchyma from the ChP stroma, avoiding first the entry
into the CSF via the tight BCSFB and passage through the
CSF. This hypothesis was further supported by detecting
eGFP-positive T cells localized along the proposed inva-
sion route from the ChP stroma, the medio-basal ventri-
cle wall, the apical corpus callosum (CC) and along the
CC to the peri-ischemic infarct in lymphocyte-deficient
Ragl~~ mice reconstituted with eGFP + T cells (Fig. 3e,
f). Finally, to test the potential alternative migration route
of T cells from the ChP to the cortex via the CSF, we
blocked this migration pathway by matrigel injection into
the ipsilateral ventricle (Fig. 3f). Matrigel—a non-toxic
agent polymerizing at body temperature—was confined to
the ipsilateral ventricle and did not diffuse to lower com-
partments (Fig. 3g). Moreover, this technique of block-
ing CSF flow and intraventricular leukocyte migration
was previously shown to not induce neuroinflammation
or affect ChP integrity [36]. Blocking of CSF flow by
matrigel injection did not significantly alter T-cell counts
at the peri-ischemic infiltration site compared to control-
operated mice (needle introduction and PBS injection),
indicating that intraventricular lymphocytes as well as
migration via the ventricular CSF space might not play
a significant role for cerebral T-cell invasion after stroke
(Fig. 3h).

Choroid plexus infarction reduces post-stroke T-cell
invasion

Several previous reports demonstrated that experimen-
tal brain ischemia by transient, proximal occlusion of the
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pMCAo
+ Matrigel

sacrifice

Fig. 3 Choroidal T cells directly invade the brain parenchyma. a, b
Coronal image from a lectin-perfused, cleared brain. Arrows high-
light penetrating cerebral vessels to the ChP, indicating the ChP-
brain parenchyma junction. Scale bar 0.5 mm. c-d Lectin-perfused
solvent-cleared brains have been imaged by light-sheet microscopy
and segmented for brain parenchyma (blue), the ChP (green), ventri-
cle (yellow) and the corpus callosum (red) in order to illustrate the
anatomical relation of these structures presumably involved in intra-
parenchymal T-cell migration. Arrows indicate the junction of the
ChP stroma with the brain parenchyma at the mediobasal ventricle
wall. Scale bar 0.5 mm. e Source image used for the 3D reconstruc-
tion shown in Fig. lc. Arrows indicate eGFP + T cells which have
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f Experimental design to block intraventricular cell migration by
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image illustrating polymerized matrigel inside the left lateral ven-
tricle. Matrigel was supplemented with Evans blue for a better visu-
alization of the matrigel in this image. h Accumulative topographic
maps and i quantification of CD3" T cells per one ipsilateral coro-
nal brain section at bregma location 5 days after pMCAo + Sham or
pMCAo + matrigel treatment (n = 6 per group, three independent
experiments). Comparative analyses are represented as mean + SD



Acta Neuropathol (2017) 134:851-868

861

MCA (tMCAo model) resulted in substantially lower T-cell
infiltration despite much larger infarcts than after perma-
nent, distal occlusion of the MCA (pMCAo model) [20, 47].
Following the previous results revealing the ChP as a key
invasion route for cerebral T-cell invasion after stroke, we
tested the hypothesis that proximal MCA occlusion might
affect ChP function thereby resulting in reduced T-cell
invasion. Hence, we analyzed T-cell infiltration 3 days after
pMCAo or tMCAo (Fig. 4a). In accordance with our pre-
vious studies, large ischemic lesions in the tMCAo model
resulted in significantly lower T-cell infiltration compared
to cortical lesions in the pMCAo model (Fig. 4b). Impaired
post-ischemic T-cell infiltration in the tMCAo model was
associated with a more than twofold increase in TUNEL+
cells of the ipsilateral ChP stroma, while distal MCA occlu-
sion in the pMCAo model did not induce choroidal cell
death compared to the contralateral control ChP (Fig. 4c,
d). Ischemic lesion after proximal occlusion of the MCA is
fully compatible with the transient occlusion of the anterior

choroidal artery, which supplies predominantly the ChP and
originates from the proximal MCA [3, 11]. To further cor-
roborate the critical role of the ChP in post-stroke T-cell
invasion, we induced a localized photothrombotic (PT)
lesion of the ipsilateral ChP directly after pMCAo by a laser
probe introduced into the ipsilateral ventricle (Fig. 4e, f).
5 days after surgery, cell death was observed specifically
in the ChP after PT (Fig. 4f) and we detected a significant
reduction in total cerebral T-cell counts in mice undergoing
choroidal photothrombosis (pMCAo + PT) in comparison
to sham-operated (pMCAo + Sham) mice (Fig. 4g, h). More
specifically, choroidal infarction massively reduced corti-
cal T-cell invasion while some T cells were detected in the
caudal ventricle region most likely as a reaction to the pho-
tothrombotic lesion itself (Fig. 4f, g). Notably, we did not
detect a significantly difference in the infarct volume in mice
with choroidal photothrombosis (pMCAo + PT) in compari-
son to sham-operated animals (pMCAo + Sham) (Fig. 4i)
despite the substantial reduction in T-cell infiltration. These
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Fig. 4 Choroid plexus infarction reduces T-cell invasion after cor-
tical ischemia. a Cumulative topographic maps of one coronal sec-
tion from six mice (each dot represents one cell, infarct area shown
in gray) and b quantitative analysis of T cells per one ipsilateral and
contralateral hemisphere section at bregma level 3 days after pMCAo
or tMCAo (n = 6 per group). ¢ Representative image of TUNEL+
(green) stained apoptotic cells within the ChP of the ipsilateral ven-
tricle 24 h after tMCAo; nuclear stain with DAPI (blue). Scale bar
50 um. d Quantitative analysis of TUNEL-positive cells per one ipsi-
lateral and contralateral ChP 24 h after pMCAo or tMCAo (n = 4-5).

+ Sham + PTCP + Sham + PTCP

e Experimental design to test the role of the ChP in post-stroke T-cell
infiltration by an isolated photothrombotic ChP lesion (PT-ChP). f
Representative image of TUNEL+ (green) stained apoptotic cells
within the ChP of the ipsilateral ventricle 5 days after pMCAo + PT-
ChP. Scale bar 500 ym. g Cumulative topographic maps of T cells
from one section at bregma level from five mice per group, 5 days
after pMCAo + Sham or pMCAo + PT-ChP surgery. h Quantifica-
tion of cortical T cells in both groups per one coronal section in the
ipsilateral hemisphere and i infarct volume of both treatment groups
(n =5 per group)
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«Fig. 5 Intraparenchymal T-cell migration follows a CCR2-ligands
gradient between peri-infarct cortex and choroid plexus. a, b Vol-
cano plot illustration of the regulation of gene expression of 84
chemokines and chemokine receptors (upper panels) and bar graphs
for top 5 regulated genes (lower panels) in a the cortex (CX) and
b the ChP between 24 h after pMCAo or Sham surgery (n = 6 per
group, 3 individual experiments per analysis). ¢ Heat map of the
top 10 upregulated genes in the cortex and ChP24h after pMCAo
compared to Sham surgery, indicating substantial differences in
the magnitude of regulation of the same genes in the CX and ChP
after pMCAo. d Representative histogram of the expression inten-
sity of CCL2-RFP in the CD45"°*"CD11b*microglial population
and CD45"e"CD11b* monocytes 24 h after pMCAo. e Quantifica-
tion of “high” and “low/intermediate” CCL2-RFP expression cells
within the microglial and monocyte cell populations corresponding
to the cell populations shown in panel D. f Illustration of rasterized,
relative CCL2-RFP expression intensity normalized to the homotypic
contralateral hemisphere (see ‘“Materials and methods” section for
details) 24 h after pMCAo in the ipsilateral hemisphere revealing a
CCL2 focus in the peri-infarct cortex. Dashed line indicates the bor-
der to the infarct core. g Frequency of CCR2-positive cells among
total T cells (CD3) was analyzed by flow cytometry 5 days after
stroke in spleen, blood and the ipsilateral brain hemisphere. h Cumu-
lative topographic maps (left; 13 mice per group) and quantification
(right) of T-cell counts 5 days after pMCAo in WT and CCR2™~mice
per one coronal section in ipsilateral cortex and corpus callosum and i
infarct volume of both groups (n = 13 per group, 2 individual experi-
ments)

results clearly demonstrate the importance of the ChP for
post-stroke T-cell infiltration, however, without affecting
stroke severity in contrast to previous studies linking cer-
ebral T-cell infiltration to stroke outcome.

CCL2 chemokine gradient between the peri-infarcted
cortex and choroid plexus

We next aimed at investigating the molecular basis for the
directed intracerebral migration of T cells from the ChP
to the peri-infarct cortex and hypothesized an underly-
ing chemokine gradient between cortex and the ChP to be
responsible for this fast intraparenchymal T-cell migration.
Therefore, we performed a PCR array for 84 chemokines
and chemokine receptors from microdissected samples of
ChP and the peri-infarct cortex 24 h after pMCAO and con-
trol animals. We detected 23 up-regulated genes in the peri-
infarct compared to control cortex (Fig. 5a; Suppl. Table 4)
and 18 up-regulated genes in the post-stroke ChP compared
to control ChP (Fig. 5b; Suppl. Table 5), using twofold
regulation and p < 0.1 as significant thresholds. Interest-
ingly, the two most abundantly upregulated chemokines
in the cortex after stroke—CCL2 and CCL12—were also
most highly upregulated in the post-ischemic ChP. How-
ever, overall chemokine upregulation was manifold higher in
the peri-infarct cortex compared to the ipsilateral ChP with,
e.g., more than 300-fold upregulation of CCL2 in the cortex
compared to a tenfold upregulation in the ChP after stroke
(Fig. 5a—c), suggesting a biologically relevant gradient for

these chemokines between cortex and ChP. Notably, three
out of the five most abundantly upregulated chemokines
in the cortex as well as in the ChP are ligands of the CC
chemokine receptor 2 (CCR2), namely CCL2, CCL12 and
CCL7 [17, 19, 27]. This indicated a potentially relevant
involvement of the CCR2 chemokine axis in post-ischemic
T-cell attraction from the ChP to the peri-infarct cortex. To
reveal the cellular source of cortical CCL2 expression after
stroke, we performed a flow cytometric analysis of CCL2-
RFP reporter mice 24 h after stroke induction. Here, we
detected CD45"°*"'CD11b™ (presumably microglia) and
CD45Me"CD11b* (presumably monocyte/macrophages) as
the main RFP positive cells, however, with differences in
CCL2-RFP expression levels between these two populations
(Fig. 5d). While microglial cells displayed homogenous low-
intermediate CCL2-RFP expression levels, we detected two
distinct subpopulations of CD45M&"monocytic cells with
low/intermediate and high CCL2-RFP expression, respec-
tively (Fig. 5d, e). Next, we analyzed histologically coronal
brain sections of CCL2-RFP reporter mice to test for the
cellular source of the regional chemokine gradient suggested
by the results of the PCR array. Indeed, after rasterizing
the fluorescence intensity images and generating density
maps, we detected a marked gradient of RFP expression
with its center at the same anatomical area of predominant
T-cell invasion in the peri-infarct cortex (Fig. 5f). Notably,
this CCL2 gradient focusing in the peri-infarct cortex was
observed already at early time points after stroke (24 h post-
lesion) preceding cerebral T-cell invasion and can, therefore,
be assumed rather as a cause than a consequence of cortical
T-cell clustering. Taken together, our chemokine screening
analysis identified CCR2 ligands being substantially upregu-
lated after stroke and we were able to confirm a relevant
CCL2 gradient also at the protein level, mainly secreted
by innate immune cells in the peri-infarct cortex. Conse-
quently, we hypothesized that CCR2 might be involved in
attraction of T cells from the ChP along the CCL2 gradi-
ent to the peri-infarct cortex. Analyzing the organ-specific
frequency of CCR2* T cells in the peripheral immune com-
partment (spleen, blood) and the post-ischemic brain, we
observed a substantial enrichment of CCR2" T cells in the
ischemic hemisphere supporting a potential role of CCR2
in cerebral T cells migration (Fig. 5g). We next aimed to
block the CCR2 chemokine axis using CCR2™~ mice to
probe its impact on post-stroke T-cell migration. CCR2-
deficiency indeed significantly reduced T-cell migration to
the peri-infarct cortex. Interestingly, lack of CCR2 resulted
in slightly increased T-cell counts in the corpus callosum
(Fig. 5h). Notably, we did not detect a significant differ-
ence in infarct volume between groups, indicating a stroke
severity-independent effect of CCR2 expression in T-cell
migration (Fig. 5i). This finding suggests that chemotaxis
driven by CCR2 ligands might be important for intracerebral
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migration along a chemokine gradient to the peri-infarct
region but might not be involved for initial entry of T cells
through the ChP.

The role of choroid plexus after stroke in humans

Next, we aimed to test the involvement of the ChP for post-
stroke cerebral T-cell invasion in human stroke patients.
For this, we obtained autopsy samples of both lateral ven-
tricles from five stroke patients dying of other cause than
stroke in the subacute phase after stroke onset and six con-
trol patients without cerebral infarction (Suppl. Table 2).
By histological analysis for T cells (CD3) and monocytes/

macrophages (CD68) (Fig. 6a), we observed increased cho-
roidal T-cell counts in stroke patients compared to control
patients (Fig. 6b). Moreover, in accordance with the results
obtained in the mouse stroke models, T cells were the main
cell population in the ChP of stroke patients (Fig. 6b). We
then analyzed the chemokine expression in human samples
of the peri-infarct cortex and the contralateral homotypic
control cortex from autopsy samples of six patients, which
had died in the acute phase after stroke (Suppl. Table 3). We
performed a NanoString analysis for quantitative transcrip-
tional regulation of 561 inflammation-related human genes,
revealing a distinct upregulation of 8 inflammatory genes
in the peri-infarct cortex compared to the contralateral side
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Fig. 6 Choroid plexus cellularity and cortical chemokines in human
stroke patients. a Representative images of a hematoxylin—eosin-
stained section of the human choroid plexus in the temporal horn
of the lateral ventricle and surrounding brain tissue (left, scale bar
1 mm), CD3+ T cell and CD68+ monocytes/macrophage stain-
ings (CD68) (right, scale bars 40 pm) used for subsequent analysis.
b Quantitative analysis of the ratio between CD68 and CD3 posi-
tive cells in the ipsilateral ChP of control patients or stroke patients
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(n = 5-6 per group, see Suppl. Table 2). ¢ Volcano plot depicting
the regulation of gene expression assessed by Nanostring analysis
between the ipsilateral peri-infarct tissue and homotypic contralateral
side in patients in the acute phase after ischemic stroke (see Suppl.
Table 3). Red dots indicate the significantly upregulated genes in the
peri-infarct tissue. d Bar graph showing fold regulation of the top 5
significantly upregulated genes in the peri-infarct cortex compared to
the contralateral hemisphere (n = 6 per group)
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(Fig. 6¢). Also in these human samples, CCL2 was one of
the overall most highly upregulated genes, and together with
IL-8 (CXCLS) the only significantly upregulated chemokine
(Fig. 6d; Suppl. Table 6). These results demonstrate a
remarkable similarity for the cellular infiltration pattern as
well as cortical chemokine expression after human stroke
compared to the murine stroke model, suggesting that a com-
parable intraparenchymal T-cell migration from the ChP to
the ischemic lesion might also occur after human stroke.

Discussion

We describe in this study the ChP as a previously unrec-
ognized critical invasion route for T cells into the ischemic
brain after stroke. This finding of choroidal T-cell infiltra-
tion after stroke offers an explanation of previously elusive
observations in the field of stroke immunology such as the
specific clustering of T cells in the peri-infarct cortex, dif-
ferences in T-cell invasion between stroke models and finally
the ineffectiveness of blocking post-stroke T-cell invasion by
targeting endothelial adhesion molecules in several previous
reports.

Lymphocyte infiltration after stroke has become a main
research area in experimental stroke research due to the
implication of post-stroke neuroinflammation in second-
ary brain damage [4, 44]. However, preclinical research on
post-stroke neuroinflammation has repetitively experienced
irreproducibility of findings between laboratories using dif-
ferent stroke models and reported substantial differences in
the extent of neuroinflammation between commonly used
mouse models of acute brain ischemia [8, 47]. While mod-
els of permanent ischemia in the cerebral cortex (pMCAo,
photothrombosis, thrombin-injection model) have reproduc-
ibly resulted in a pronounced cellular neuroinflammation,
more extensive lesions induced by transient occlusion of the
proximal MCA resulted in less cerebral leukocyte infiltra-
tion [6, 20, 47]. In the present study, we observed that only
transient, proximal MCA occlusion induced cell death in the
ipsilateral ChP, most likely by occlusion of the supplying
anterior choroidal artery. Taking into account that based on
our results approximately 60% of cerebral T cells invade via
the ipsilateral ChP, it seems plausible that differential ChP
damage in some stroke models accounts for a large part of
inter-laboratory and -model differences observed in previous
studies on post-stroke neuroinflammation.

In contrast to the endothelium of the BBB, the ChP
endothelium is fenestrated, facilitating cellular migration
into the ChP stroma. On the other side, the tight junctions
of the ChP epithelium contribute to the BCSFB by limiting
paracellular transport of small molecules and immune cell
entry into the CSF [29, 35, 38]. These anatomical proper-
ties of the ChP implicate that circulating leukocytes can

easily enter the ChP stroma but crossing the epithelial layer
into the CSF would be far more energy demanding. Previ-
ous studies have proposed that ChP-resident T cells can be
readily mobilized for cerebral invasion under inflammatory
conditions. T cells in the ChP have in principle two routes
to invade the brain parenchyma: crossing the epithelial layer
into the CSF and invading the brain from the CSF at dif-
ferent sites or migrate from the ChP stroma directly into
the brain parenchyma at the base of the ChP. The involve-
ment of both invasion pathways for T cells from the ChP
stroma have been barely investigated under physiological
conditions or inflammatory brain disorders; nevertheless,
the migration pathway via the CSF has been assumed in the
majority of studies analyzing the ChP in autoimmune brain
diseases [13, 33]. Yet, the migration of lymphocytes across
the BCSFB remained questionable as the key adhesion mol-
ecules involved in this process—ICAM-1 and VCAM-1—
are exclusively expressed on the apical side of ChP epithelial
cells, thus, not accessible for stromal lymphocytes to enter
the CSF [37, 46]. This means that key adhesion molecules
which are expressed and critical for cell trafficking at the
BBB are also expressed in the ChP but are not functional for
T-cell invasion to the ChP because these molecules are not
accessible for circulating leukocytes. This is of high clinical
relevance, as the specific inhibition of endothelial or leuko-
cyte adhesion molecules involved at the BBB failed so far
to improve clinical outcome in stroke patients [12, 16] in
contrast to numerous preclinical studies showing improved
stroke outcome by depleting or reducing circulating lym-
phocytes. These discrepant findings might be attributable to
the wrong assumption that cerebral T-cell invasion occurs
along the vascular invasion routes, thereby targeting vascular
adhesion molecules that play only a minor role at the ChP.
The results from our study unexpectedly suggest a rapid
and directed T-cell migration from the ChP to the brain
parenchyma. We have demonstrated the previously insuf-
ficiently investigated attachment of the ChP in the mouse
lateral ventricle at the basomedial ventricle wall as a pos-
sible entry site for T cells into the CNS. Border structures
such as tanycytes surrounding circumventricular organs or
other cell types with tight intercellular junctions have to our
knowledge not been described at the ChP base. The junc-
tion of the ChP to the brain parenchyma remains, therefore,
a matter of debate and further neuroanatomical studies are
urgently needed to clarify the anatomical basis for direct
cell entry from the ChP stroma to the brain parenchyma.
Here, we identified T cells after photoactivation in the ChP
along the ChP—parenchyma junction, the corpus callosum
and the peri-infarct cortex. Moreover, inhibition of CSF
circulation did not affect cerebral T-cell invasion, strongly
supporting a not yet considered migration from the ChP
stroma into the brain parenchyma. Additional indirect indi-
cation for this novel migration pathway was the surprisingly
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fast kinetics of T-cell translocation from the ventricle/ChP
after photoactivation to the peri-infarct cortex within only
few hours, which seems neither compatible with the pas-
sive transport of ventricular T cells along CSF flow nor the
highly energy-demanding and tightly regulated migration
across the BCSFB into the lateral ventricle and then across
the ventricular ependymal cell layer directly into the fore-
brain parenchyma.

Results from our experiments in CCR2™~ mice support
the concept of CCR2-dependent intraparenchymal migra-
tion of T cells after the parenchymal invasion from the ChP
stroma. While potential mechanisms in ChP activation and
recruitment of inflammatory cells into the ChP have previ-
ously been studied—and Type I Interferons been defined
as key mediators—molecular cues for intraparenchymal
T-cell migration have to our knowledge previously not
been characterized. We have observed a distinct gradient
for CCR2 ligands (i.e., CCL2, CCL7, CCL12) between the
peri-infarct cortex and the ipsilateral ChP and have addition-
ally defined innate immune cells in the peri-infarct cortex
as their main source. However, we cannot exclude that the
observed effects in the CCR2™~ model might be at least par-
tially due to a generally ameliorated inflammatory milieu in
the ischemic brain as we used in these experiments a global
CCR2-knockout model. Particularly, studies in models of
primary autoimmune neuroinflammation have shown a key
role of CCR2 in recruiting monocytes and dendritic cells
to the inflamed brain [7]. On the other side, a study by Chu
et al. using a permanent MCA occlusion model as in our
study revealed CCR2-independent recruitment of inflam-
matory monocytes to the ischemic brain [5] and resident
microglial cells are sufficient to produce large amounts of
T-cell-attractive CCL2 in response to brain injury [15, 40].

Based on the results from our study showing a predom-
inant T-cell infiltration via the ChP route, it is conceiv-
able that previous preclinical studies as well as current
clinical trials testing specific blockage of T-cell migration
across the BBB after acute brain ischemia might have
been hampered by the alternative choroidal invasion
route. Finally, further alternative invasion routes such
as the meningeal entry site need to be further investi-
gated [2]. Additional studies characterizing the distinct
adhesion molecules involved at migration across the dif-
ferent brain barriers of the BBB, the BCSFB or alterna-
tive invasion sites such as the meninges are inevitable
for the rationale design of clinical stroke trials targeting
at cerebral T-cell invasion. Notably, results from previ-
ous studies analyzing both invasion routes into the brain
under conditions of primary autoimmune neuroinflam-
mation might be of only limited value due to the specific
properties of stroke-induced inflammation such as the
acute onset, pronounced glial activation and additional
peripheral immunomodulation. Besides the complexity of
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various potential invasion routes of inflammatory leuko-
cytes after acute brain, evasion pathways for lymphocytes
from the post-ischemic brain to exit the brain and poten-
tially re-enter the blood stream are unknown. Various
routes have previously been described for lymphocytes
to exit the brain parenchyma under inflammatory condi-
tions including a recently described cerebral lymphatic
system [22]. However, the contribution of potential eva-
sion mechanisms for cerebral lymphocyte turnover rates
after stroke is unknown. Therefore, the model in this
study revealing rapid translocation from the ChP to the
peri-infarct cortex in UBC-PA-GFP mice is limited by the
assumption of a static system with no substantial T-cell
turnover within 24 h after cell invasion.

Taken together, we observed an unexpected role of the
ipsilateral ChP in the lateral ventricle as the major inva-
sion route for T cells into the ischemic brain after stroke.
We have defined the intracerebral migration route from
the ChP into the peri-infarct cortex via a ChP—parenchyma
junction, detected a potential chemokine gradient involved
in the intraparenchymal migration and confirmed similar
mechanisms in the human brain after acute stroke. These
results question previously accepted concepts and thera-
peutic strategies in post-stroke neuroinflammation and are
of direct clinical relevance for current and planned clinical
trials testing therapies for inhibiting post-stroke cerebral
leukocyte invasion.
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