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Abstract
Background and Objectives
Alteration of the blood-brain barrier (BBB) at the interface between blood and CNS paren-
chyma is prominent in most neuroinflammatory diseases. In several neurologic diseases, in-
cluding cerebral malaria and Susac syndrome, a CD8 T cell–mediated targeting of endothelial
cells of the BBB (BBB-ECs) has been implicated in pathogenesis.

Methods
In this study, we used an experimental mouse model to evaluate the ability of a small-molecule
perforin inhibitor to prevent neuroinflammation resulting from cytotoxic CD8 T cell–mediated
damage of BBB-ECs.

Results
Using an in vitro coculture system, we first identified perforin as an essential molecule for killing
of BBB-ECs by CD8 T cells. We then found that short-term pharmacologic inhibition of
perforin commencing after disease onset restored motor function and inhibited the neuropa-
thology. Perforin inhibition resulted in preserved BBB-EC viability, maintenance of the BBB,
and reduced CD8 T-cell accumulation in the brain and retina.

Discussion
Therefore, perforin-dependent cytotoxicity plays a key role in the death of BBB-ECs inflicted
by autoreactive CD8 T cells in a preclinical model and potentially represents a therapeutic
target for CD8 T cell–mediated neuroinflammatory diseases, such as cerebral malaria and
Susac syndrome.
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Most diseases of the CNS involve the local recruitment and/or
activation of cells of the innate and adaptive immune system.1

In a large number of neurologic diseases, recruitment and
persistence of T cells in the CNS parenchyma likely contribute
to the pathogenic process. Indeed, such T-cell infiltration
has been shown in infectious diseases,2 autoimmune diseases,3,4

vascular diseases of the CNS,5 and even neurodegenerative
diseases.6,7 Intriguingly, in these situations, CD8 T cells dom-
inate, sometimes by a large extent, over the CD4 T-cell com-
partment. For instance, in MS, a very clear preponderance of
CD8 over CD4 T cells is observed in perivascular cuffs and
parenchymal lesions from biopsies or postmortem tissue,8 and
concordant studies revealed the oligoclonal feature of CD8
T cells isolated from the cerebral parenchyma or CSF.9,10

In some inflammatory/autoimmune diseases of the CNS, data
even suggest that CD8 T cell–mediated cytotoxicity directly
contributes to tissue damage. For instance, in paraneoplastic
neurologic syndromes with autoimmunity against the in-
tracellular Hu or Yo proteins, the brain parenchymal in-
flammatory infiltrates are mainly composed of CD8 T cells,
which form aggregates located near neurons.11-13 Moreover,
in MS and related syndromes, a large fraction of tissue-
resident CD8 T cells express granzyme B.4,14

Transmigration of immune cells from the blood circulation across
the blood-brain barrier (BBB) into the CNS is a critical event for
the development of autoimmune neuroinflammation. The en-
dothelial cells (ECs) of the BBB serve as an important partner in
the multistep process of immune cell transmigration, involving
adhesion and signaling molecules (e.g., VCAM-1 and ICAM-1).15

The diapedesis process and its associated proteins have been
shown to be upregulated under inflammatory conditions16 and
can occur independently of antigen recognition.17,18 Apart from
diapedesis, damage to BBB-ECs may also enable pathogenic
T cells to migrate into the brain parenchyma. ECs express MHC
class I19 and costimulatory molecules20 and can be induced to
secrete cytokines and chemokines, some of which are chemo-
attractant for activated CD8 T cells.21-24 In principle, ECs may
therefore act as unconventional antigen-presenting cells (APCs)
that might facilitate antigen-specific CD8 T-cell infiltration in
brain tissue.25 BBB disruption by antigen-specific cytotoxic CD8
T cells would thus set up a “vicious cycle” of local inflammation
leading to T-cell penetration into brain tissue and then pro-
gressively greater inflammation and amplifiedT-cell accumulation.

In this study, we examined the ability of a highly focused
immunosuppressive agent that specifically blocks the
function of perforin26,27 to prevent CD8 T cell–induced
neuroinflammation by maintaining the integrity of the EC

barrier when ECs are themselves targeted by autoreactive
CD8 T cells. This mechanism underlies the pathogenesis
of cerebral malaria and a rare human autoimmune disorder,
Susac syndrome (SuS).14,19,28

Perforin, a calcium-dependent pore-forming protein, is the
master regulator of the apoptosis pathways activated after the
exocytosis of the cytotoxic granule contents of CD8 T cells
because it is indispensable for proapoptotic serine proteases
(granzymes) released with it to transit into the cytosol of the
target cells, where they trigger cell death signaling.29,30 We
found that temporary pharmacologic inhibition of perforin
markedly reduced the clinical signs in a mouse model of SuS,
accompanied by preserved EC viability, maintenance of the
BBB, and marked reduction in CD8 T-cell penetration into
the brain and retina.

Methods
Mice
The so-called EC-HA+ double-transgenic mice express the
H1N1 influenza virus hemagglutinin (HA) in ECs from CNS
microvessels, but not in other ECs. EC-HA+ mice were gen-
erated by crossing the Rosa26-HA knock-in mice31 with
Slco1c1-CreERT2 mice.32 The Slco1c1 promoter is active in
ECs from the BBB but not in other types of ECs,24 and
Slco1c1-CreERT2 mice allow restricted expression in BBB-
ECs in a tamoxifen-inducible manner.14 However, Cre-
mediated recombination also occurs in epithelial cells of the
choroid plexus and a small number of cortical astrocytes and
some hippocampal neurons. EC-HA+ mice, and control lit-
termate mice, referred to as EC-HA-, were treated with in-
traperitoneal (i.p.) injections of tamoxifen (1 mg/mouse/d)
for 5 consecutive days. Both female and male mice were used
for experiments between the ages of 7 and 13 weeks. CL4-
TCR transgenic mice expressing the CD45.1 congenic
marker, source of the HA-specific CD8 T cells, have been
previously described.31 OT-I-TCR transgenic mice expressing
the CD45.1 congenic markers that were the source of the
ovalbumin-specific OT-I CD8 T cells have also been previously
described.33 All mice were bred on a [BALB/c x C57Bl/6]F1
background. Mice were kept in specific pathogen-free condi-
tions in enriched cages of 5 companions maximum and in a
light/dark controlled cycle.

Preparation of Primary Cultures of HA-specific
Cytotoxic CD8 T Cells (CTLs)
Lymph nodes and spleen of CD45.1+ CL4-TCR mice were
dilacerated, and erythrocytes were lysed using ammonium-
chloride-potassium lysis buffer. CD8 T cells were then

Glossary
APC = antigen-presenting cell; BBB = blood-brain barrier;CTLs = cytotoxic CD8 T cells; EC = endothelial cell; ECM = experimental
cerebral malaria.
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purified by negative selection using DYNAL Dynabeads
(ThermoFisher). To generate HA-specific CTLs, CD8
T cells were cocultured with irradiated (25 Gy) spleno-
cytes at a 1:5 ratio, in the presence of 1 μg/mL HA512-520

peptide (IYSTVASSL; Genecust), in DMEM supple-
mented with 10% FBS, 1% HEPES, 1% penicillin/
streptomycin, and 0.1% 2-mercaptoethanol containing
IL-2 (1 ng/mL, R&D systems) and IL-12 (20 ng/mL, R&D
systems). IL-2 was further added on days 2 and 4. On day 5,
HA-specific CTLs were collected by Ficoll density sepa-
ration and used in in vitro and in vivo experiments. The
CTL suspensions routinely contained >95% of CD8+Vβ8+

cells, and >70% were IFN-γ/TNF producers, as assessed
by flow cytometry.

Primary Mouse Brain Microvascular
Endothelial Cell Culture
Cortices from double-transgenic EC-HA+ and EC-HA- con-
trol mice were isolated by removing meninges, cerebellum,
striatum, optic nerves, and brain white matter. Preparations
were pooled and ground using a Dounce homogenizer in
washing buffer, and then an enzymatic digestion and size
selection by filtration were performed, as previously de-
scribed.34 Primary brainmicrovascular endothelial cells (BBB-
ECs) obtained were seeded onto IBIDI-treated plaques
(Ibidi) in DMEM with 20% FBS, 2% sodium pyruvate, 2%
nonessential amino acids, 50 μg/mL of gentamycin, supple-
mented with 1 ng/mL of fibroblast growth factor, and 4 μg/
mL of puromycin. After 48 hours, cells were cultured in me-
dium supplemented only with 1 ng/mL of fibroblast growth
factor until a confluent BBB-EC monolayer was obtained,
usually at day 7 after plating.

In Vitro Live Cell Imaging
In vitro live cell imaging was performed as described
earlier.35,36 CTL interactions with BBB-ECs in the flow
chamber was allowed at a low shear (0.1 dyn/cm2) for 5
minutes, followed by physiologic shear (1.5 dyn/cm2) for an
additional 20 minutes to assess the postarrest behavior. Im-
ages were acquired at 10x magnification with an inverted
microscope (AxioObserver, Carl Zeiss) with phase-contrast
and fluorescence illumination, every 10 seconds. Image
analysis was performed using the ImageJ software. Thirty
seconds after the onset of the enhanced shear, the numbers of
arrested T cells were counted manually by using ImageJ. The
postarrest behavior of T cells was defined as follows: T cells
that actively sent protrusions underneath the ECs in a sta-
tionary position (probing); polarized T cells that continu-
ously crawled on the ECs (crawling).

Coculture of BBB-ECs Expressing HA or Not
With HA-Specific CTLs
CTLs stained with cell trace violet (CTV; Thermofisher)
were cocultured (8,000/well) onto the BBB-EC monolayer
for 24 hours in DMEM supplemented with 20% FBS, 2%
sodium pyruvate, 2% nonessential amino acids, and 50 μg/mL
of gentamycin.

Expression of the activated form of caspase-3 by BBB-ECs
was monitored using NucView 488 assay labeling
(1 μL/mL, Biotium), a cell-permeant substrate, which on
cleavage releases a high-affinity DNA fluorescent dye. Where
indicated, the medium was supplemented with a small-
molecule perforin inhibitor, SN34960, at 50 μM,26,27,37 anti-
mouse FasL antibody (20 μM, MFL3, Biolegend), both, or
the perforin inhibitor diluent (DMSO) as control. Expres-
sion of activated caspase-3 by BBB-ECs was assessed using a
Spinning disk/TIRF microscope (Roper, CSU X1) with an
image (3 areas per well) taken every hour for 24 hours. The
images were then analyzed using ImageJ, the CTV-stained
CTLs being eliminated from the analysis. To quantify killing
of BBB-ECs, the fixed BBB-ECs (70% methanol for 10 mi-
nutes) were incubated with rat antimouse claudin-5 mono-
clonal antibody (1/200, 4C3C2, Invitrogen) and then with
Alexa488-labeled secondary goat antirat antibody (1/1,000,
Life Technologies), 1 hour at room temperature each. Nu-
clei were stained with DAPI (1/1,000, BD). Immunofluo-
rescence staining was assessed using the Apotome ZEISS
microscope, and images (4 areas per well) were analyzed
using ImageJ. The number of cells was counted using the
DAPI staining.

In Vivo Transfer of HA-Specific CTLs and
Treatment With a Perforin Inhibitor
HA-specific CTLs or ovalbumin-specific OT-I CTLs express-
ing the CD45.1 marker (106 cells) were adoptively transferred
i.v. to CD45.2+ EC-HA+ mice and EC-HA- littermate con-
trols.14 Motor skills and coordination were assessed daily using
a Rotarod device (Bioseb) with acceleration from 4 to 40 rpm
over a 600-second period. For training, mice were tested on 4
consecutive days. During the investigation period, the latency
to fall was measured for each mouse just before CTL transfer
(at D0) and then daily. The D0 value represents the 100%
latency to fall.

For in vivo dosing, lyophilized perforin inhibitor SN34960
was dissolved in 20% (wt/vol) β-cyclodextrin or DMSO and
injected i.p. (100 mg/kg in 200 μL) every 12 hours for 4
days.26 This dosage was determined given the pharmacoki-
netics (elimination half-life of approximately 3 hours) and
pharmacodynamics of compound SN34960.38 The perforin
inhibitor was prepared immediately before injection.

Immunohistochemical Evaluation and
Quantification of Mouse Tissues
At the indicated time points, mice received a lethal dose of
ketamine and xylazine, and, after PBS perfusion, their brains
were fixed in 10% PFA at 4°C for 24 hours and transferred
into 70% ethanol. The fixed brains were dehydrated in ethanol
and xylene baths and subsequently embedded in paraffin
blocks. The light microscopical stainings were performed
as previously described in detail.39 The primary antibodies
used were as follows: anti-CD3 (MA1-90582, Thermo Sci-
entific), anti-CD31 (ab28364, Abcam), and biotinylated
donkey-antimouse immunoglobulin (715-065-150, Jackson).
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All secondary antibodies were purchased from Jackson.
Streptavidin-HRP (Sigma) was used as third step. Quantifi-
cation of CD3+ T cells was performed by manual counting of
stained cells in cerebellar tissue 4 mm2 or by using a mor-
phometric grid. The nucleus of approximately 250 CD31+

ECs was examined, and the fraction of apoptotic ECs pre-
senting with condensed nucleus or apoptotic bodies was
calculated. Optical density of immunoglobulin leakage into
cerebellar sections was analyzed as follows: digital densi-
tometry was undertaken with a Nikon DS-Fi1 digital camera
mounted on a Nikon eclipse E800 microscope and using the
Nikon NIS Elements software version 3.10. The autowhite
function was applied before each imaging session for white
balance. Identical brightness was achieved by using the red-
green-blue (RGB) histogram and by setting each of the 3
channels to 225/255 without a slide placed under the objec-
tive. Tissue artifacts were strictly avoided. One image per ROI
was taken with the 10x objective, resulting in a size of
1.14 mm2. Images were saved as JPEG. To quantify immu-
noglobulin staining, we used Image J version 1.43r (NIH,
MD, USA); the RGB image was split into 8-bit red, green, and
blue channels. Next, the blue channel was inverted and the
mean density measured.

For histologic analysis, eyes were harvested and fixed 1 hour in
4% glutaraldehyde and then kept in 10% PFA. Eye samples
were then embedded in methacrylate. Sections were cut
through the pupillary-optic nerve plane and stained with he-
matoxylin and eosin. Severity of pathologic changes was de-
termined by a scoring system of 0–4 system, as previously
detailed.40

Immunohistochemical Evaluation of Samples
From Patients With Susac Syndrome
Available biopsy specimens from patients with Susac syn-
drome were stained with an antiperforin antibody (ab89821,
Abcam). In short, sequential 4-μm sections of paraffin-
embedded hippocampal specimens were deparaffinized, and
antigen retrieval was performed by steaming in Tris buffer
(0.01, pH 8.5) with EDTA (0.05 M) for 30 minutes. Primary
antibody was applied overnight at 4°C. Incubation with
primary antibodies was followed by a biotinylated donkey-
antirabbit antibody (711-065-152, Jackson), avidin-peroxidase
(016-030-084, Jackson), and DAB development.

Fluorescent triple labeling on these brain samples was per-
formed for perforin, CD8, and CD34. To this end, paraffin-
embedded sections were treated as previously described.39 In
short, an antiperforin (ab89821, Abcam) antibody was ap-
plied overnight, followed by corresponding biotinylated sec-
ondary system and tyramid enhancement. Slides were then
steamed in Tris buffer (0.01, pH 8.5) with EDTA (0.05M) for
30 minutes, followed by 1 hour incubation with Cy2-
conjugated streptavidin (016-220-084, Jackson). In a sec-
ond overnight incubation, anti-CD8 (RM-9116-S0, Neo-
markers) and anti-CD34 (NCL-END, Novocastra) primary
antibodies were applied together to the tissue, followed by

Cy3-conjugated donkey-antirabbit (711-165-152, Jackson)
and Cy5-conjugated donkey-antimouse (715-175-151,
Jackson) secondary antibodies. Fluorescent preparations
were examined using a confocal laser scan microscope (Leica
SP5, Leica Mannheim, Germany).

In Vivo Cytotoxic Function Assay
Splenocytes expressing the CD45.1 marker were incubated
for 1 hour at 37°C either with the HA512-520 peptide or a K

d-
binding control peptide (SYIPSAEKI) and stained with high
(1/12,500) or low (1/1,250) dilutions of CTV, respectively.
Tenmillion splenocytes of each population were coinjected in
CD45.2+ [BALB/c x C57Bl/6]F1 mice that were transferred
with HA-specific CTLs the previous day. Mice were treated
with the perforin inhibitor SN34960 or diluent during transfer
of splenocytes, and mice were euthanized 12 hours later. The
ratio of CTVhigh/CTVlow CD45.1+ B cells was determined by
flow cytometry in the spleen of recipient mice, and the per-
centage of antigen-specific lysis was calculated as follows:
[1−(% of B cells pulsed with SYIPSAEKI/% of B cells pulsed
with HA512-520) × 100].

Flow Cytometry
Brain, spleen, and lymph nodes from EC-HA+ and EC-HA-

mice were collected, single-cell suspension was prepared, and
nonspecific binding was blocked by an FcR blocking reagent
(Miltenyi). Surface staining was performed with directly la-
beled antibodies (eTable 1, links.lww.com/NXI/A846) in
flow cytometry buffer. For intracellular staining, cells were
stimulated in vitro with PMA (1 μg/mL, Sigma), ionomycin
(1 μg/mL, Sigma), and Golgi Plug (BD) for 4 hours, followed
by staining for IFN-γ, TNF, and granzyme B using BD
Cytofix/Cytoperm. Data were collected on LSRII Fortessa or
Symphony flow cytometers (BD) and analyzed with the
FlowJo software (Tree Star).

Statistics
Statistical analyses were performed using the GraphPad
Prism 9.0 software. Data in figures are represented as mean
values ± SEM. Statistical significance for normally distrib-
uted data was determined using the unpaired, two-tailed
Student t test or ANOVA tests with post hoc corrections for
multiple comparisons. For nonparametric data, the Mann-
Whitney test was used. Distribution of qualitative data was
compared using the χ2 test. p Values of less than 0.05
were considered significant and indicated in the corre-
sponding figures (*: p < 0.05; **: p < 0.01; ***: p < 0.001;
and ****: p < 0.0001).

Study Approval
Mice were used in accordance with the European Union
guidelines following approval of the local ethics committee
(2016060714124653V9) and the Research Ministry (APA-
FIS#29538-2021020121315290).

Data Availability
Data not provided in the article because of space limitations
can be shared at the request of other investigators.
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Results
Recognition of Cognate Antigen Presented by
Brain Endothelial Cells Modifies CTL Mobility
We developed an in vitro system to investigate the mechanisms
and consequences of antigen-specific interactions between
highly purified primary mouse BBB-ECs, expressing HA or
not, and HA-specific transgenic CTLs. The BBB-ECs grew as
an adherent cell monolayer in vitro and expressed homoge-
neously claudin-5, a prototypic marker of ECs from the BBB
(eFigure 1A, links.lww.com/NXI/A837). The HA-specific
CTLs expressed high levels of IFN-γ, TNF, FasL, CD107a,
granzyme B, and perforin (eFigure 1B).

We first monitored the behavior of theHA-specific CTLs after
their initial interaction with BBB-ECs using live in vitro cell
imaging under physiologic flow conditions.36,41 On addition
over BBB-ECs, the HA-specific CTLs became arrested on the

brain ECs at a similar rate, regardless of their HA expression.
On evaluation of the postarrest behavior, HA-specific CTLs
adopted a predominant crawling behavior on the BBB-ECs
from EC-HA- mice, whereas they stalled on the BBB-ECs
from EC-HA+ mice and exhibited a probing behavior
(Figure 1A). During the period of investigation (20 mi-
nutes), HA expression by the BBB-ECs did not result in
enhanced transmigration of the CTLs (Figure 1A) or EC
damage. Thus, changes in CD8 T-cell mobility behavior
were induced on antigen recognition on BBB-ECs over a
short observation period.

CTLs Induce Antigen-Dependent Apoptosis of
Brain Endothelial Cells
To study the interactions of HA-expressing or control BBB-EC
monolayers with HA-specific CTLs over a longer timeframe, a
coculture system without flow was implemented. Antigen-
specific loss of ECs was induced by the CTLs after 24 hours,

Figure 1CocultureofHA-ExpressingBBB-ECsWithHA-SpecificCTLsLeads toanAntigen-DependentApoptosisof EndothelialCells

(A) BBB-ECs from EC-HA+ or EC-HA- mice were superfused for 20 minutes with HA-specific CTLs in a flow chamber. A number of 451 and 444 CTLs were
arrested on BBB-ECs from EC-HA+ and EC-HA- mice, respectively, and then 22 and 28 cells, respectively, detached after their arrest. The fractions of durably
arrested CTLs probing and crawling were determined as categorical variables (left) and the fractions undergoing diapedesis (right). Results are from 2
independent experiments. The distribution between groups was compared using the χ2 test. (B) BBB-ECs from EC-HA+ or EC-HA- mice were cultured alone or
in the presence of 8000 HA-specific CTLs. After 24 hours, BBB-ECs were fixed and stained with DAPI and anticlaudin-5 antibody. (C) DAPI+ nuclei surrounded
by claudin-5 staining were counted and, in each experiment, the number of claudin-5–positive ECs in the wells from EC-HA- mice in the absence of CTLs was
used as the 100% reference value. Data from 4 independent experiments are shown as mean and SEM, and the p values were determined using one-way
ANOVA with post hoc Tukey HSD for multiple comparisons. (D) Kinetic analysis of activated caspase-3 expression in BBB-ECs in culture with or without HA-
specific CTLs. Activated caspase-3 activity was determined using a NucView 488 assay and fluorescence microscopy. Data from 3 independent experiments
are shown as mean and SEM, and the p values were determined using a two-way ANOVA with post hoc Tukey HSD for multiple comparisons. BBB-EC =
endothelial cells of the blood-brain barrier; CTLs = cytotoxic CD8 T cells; EC = endothelial cells; HA = hemagglutinin.
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with a 56.7%decrease in the number ofHA-expressingBBB-ECs
comparedwith a 16.5% reduction of control BBB-ECs (Figure 1,
B and C). To determine whether the specificity of the CTLs was
important for the death of HA-expressing BBB-ECs, we com-
pared the effect of HA-specific CTLs and ovalbumin-specific
OT-I CTLs in the same coculture system. Only HA-specific
CTLs were able to preferentially induce loss of HA-expressing
BBB-ECs (eFigure 2A, links.lww.com/NXI/A838).

To assess the mechanism of loss of HA-expressing BBB-ECs on
their interaction with CTLs, we used a fluorescent apoptosis de-
tection assay based on caspase 3 activation. The HA-expressing
and control BBB-EC monolayers were imaged longitudinally, in
the presence or absence of HA-specific CTLs. In the absence of
CTLs, little if any expression of active caspase-3 was observed in
the 2 BBB-EC cultures (Figure 1D). On addition of HA-specific
CTLs, the proportion of BBB-ECs fromEC-HA+mice expressing
active caspase-3 progressively increased to reach 48.3% after 24
hours, but remained significantly smaller (18%) in control BBB-
ECs (Figure 1D). These data collectively demonstrate that CTLs
promoted a rapid andmarked loss of BBB-ECs through apoptotic
death in an antigen-specific manner.

Pharmacologic Inhibition of Perforin Decreases
Antigen-Specific Apoptosis of HA-Expressing
Brain Endothelial Cells In Vitro
We next explored the molecular pathways involved in the
antigen-specific killing of BBB-ECs from EC-HA+ mice
by HA-specific CTLs. The high expression of proapoptotic

molecules such as granzyme B and FasL, together with the
surface expression of lysosomal marker CD107a by HA-
specific CTLs, suggested that target cell death might be
triggered through the granule-dependent pathway and/or
through ligation of Fas on the target cells (eFigure 1B, links.
lww.com/NXI/A837). To distinguish these possibilities, the
cocultures of HA-expressing BBB-ECs and CTLs were
conducted in the presence of a blocking anti-FasL mAb and/
or a perforin inhibitor (a small molecule benzenesulfona-
mide derivative designated SN34960), which prevents the
coalescence of perforin monomers into transmembrane
pores,37 thereby preventing the delivery of apoptosis-
triggering granzymes into the target cell cytosol. Consis-
tent with the experiments described earlier (Figure 1C),
54.2% of HA-expressing BBB-ECs became detached and
were lost after 24 hours when perforin and FasL were not
inhibited (Figure 2A). However, the loss of ECs was reduced
to 33.2% in the presence of the perforin inhibitor, whereas
the anti-FasL mAb did not significantly inhibit antigen-
specific killing. The combined use of both inhibitors pro-
vided no added protection of the BBB-ECs above that
afforded by the perforin inhibitor alone (Figure 2A). Mon-
itoring of caspase 3-dependent apoptosis for 24 hours
revealed that the perforin inhibitor very significantly
inhibited the antigen-dependent activation of caspase-3 in
HA-expressing BBB-ECs (Figure 2B) from the fifth hour
onward. The anti-FasL mAb provided a significant, but less
marked, decrease in caspase-3 activation, but this did not
translate into reduced destruction of BBB-ECs. Once again,

Figure 2 Antigen-Dependent Apoptosis of BBB-ECs Is Inhibited by a Perforin Inhibitor

BBB-ECs from EC-HA+ mice were cultured alone or in the presence of 8000 HA-specific CTLs, in the presence or absence of a perforin inhibitor and/or a
neutralizing anti-FasL mAb. (A) After 24 hours, BBB-ECs were fixed and stained with DAPI and claudin-5. Numbers of BBB-ECs nuclei after the 24 hours
coculture are shown. The 100% value was set from the number of nuclei in the culture of BBB-ECs from EC-HA- mice without CTLs (see eFigure 2, links.lww.
com/NXI/A838). Data represent the mean and SEM of 3–4 independent experiments, and the p values were determined using one-way ANOVA, followed by
Sidak correction for multiple comparisons. (B) Kinetics of caspase-3 activation in BBB-ECs from EC-HA+ mice during the coculture with or without perforin
inhibitor and/or anti-FasL mAb. Activated caspase-3 activity was determined using a NucView 488 assay and fluorescence microscopy. Data represent the
meanand SEMof 3–4 independent experiments, and the p valueswere determined using two-way ANOVAwith post hoc TukeyHSD formultiple comparisons.
BBB-EC = endothelial cells of the blood-brain barrier; CTLs = cytotoxic CD8 T cells; EC = endothelial cells; HA = hemagglutinin.
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the combination of anti-FasL mAb and perforin inhibitor did
not further reduce caspase-3 activation in BBB-ECs. Of note,
neither the perforin inhibitor nor the anti-FasL mAb had a
significant impact on the minor antigen-independent killing
of BBB-ECs from EC-HA- mice by the HA-specific CTLs
(eFigure 3, links.lww.com/NXI/A839).

Collectively, the data indicate that perforin plays a non-
redundant role in the antigen-specific killing of BBB-ECs by
CTLs in vitro. Conversely, the FasL/Fas pathway is dis-
pensable because the resultant level of procaspase-3 pro-
cessing through this mechanism did not reach a lethal
threshold.

Figure 3 Treatment With the Perforin Inhibitor Alleviates the Clinical Signs and Decreases Damage of the BBB in a
Preclinical Model of Neuroinflammatory Disease

(A) Motor performance assessed by Rotarod in EC-HA+ mice
after adoptive transfer of HA-specific CTLs. Mice were trea-
ted with PBS, diluent or perforin inhibitor every 12 hours,
from day 3 until sacrifice at day 7 post-CTL transfer. The
100% was set from the motor performance at day 0, before
CTL transfer. Bar shows the treatment period. Data are
pooled from 3 independent experiments. Two-way ANOVA
was used to determine the p values. (B–D) Frequency of
apoptotic BBB-ECs (B), iron deposition (C), and infiltration of
CD3+ T cells (D) in the brain of CTL-injected EC-HA+ mice,
treated or not with the perforin inhibitor. The control EC-HA+

mice received either diluent or PBS. Data represent the
mean and SEM of 11–12mice per group from 3 independent
experiments, and the p values were determined using the
Student t test. BBB = blood-brain barrier; BBB-EC = endo-
thelial cells of the blood-brain barrier; EC = endothelial cells;
HA = hemagglutinin.
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Treatment With Perforin Inhibitor SN34960
Enables Swift Recovery of Motor Functions in a
PreclinicalModel ofNeuroinflammatoryDisease
Based on these in vitro data, we next tested whether in vivo
administration of the perforin inhibitor SN34960 could in-
hibit the development and progression of a CD8 T cell–
mediated inflammatory disease of the CNS. First, we showed
that the perforin inhibitor had no impact on motor perfor-
mance by itself (eFigure 4A, links.lww.com/NXI/A840). We
next demonstrated that SN34960 could inhibit killing of HA-
presenting target cells in vivo using a quantitative cytotox-
icity assay. To this end, splenocytes loaded with HA peptide
or control peptide were cotransferred (1:1 ratio) into re-
cipient mice hosting various numbers of HA-specific CTLs.
The perforin inhibitor reproducibly reduced destruction of
HA peptide-loaded target cells in vivo, and the level of
protection was greater (approximately 60% vs 25%) when
fewer CTLs were infused (3 × 105 vs 1 × 106) (eFigure 4B–C,
links.lww.com/NXI/A839).

As a first step toward clinical development, we next tested the
therapeutic impact of pharmacologic perforin inhibition in a
preclinical model of neuroinflammatory disease that mimics
SuS. As recently published,14 the adoptive transfer of HA-
specific CTLs into EC-HA+ mice induced a CD8 T cell–
mediated endotheliopathy restricted to the retina and CNS,
which resulted in motor dysfunction from day 2 onward
(Figure 3A). To further investigate the antigen specificity of
our in vivo model, we injected EC-HA+ mice with either HA-
specific CTLs or ovalbumin-specific OT-I CTLs. Only EC-
HA+ recipient mice injected with HA-specific CTLs exhibited
clinical signs (eFigure 2B, links.lww.com/NXI/A838) and
prominent infiltration of transferred CTLs in the brain
(eFigure 2C). Perforin was detected in the CNS of diseased
mice, particularly in the lumen of brain microvessels
(eFigure 4D, links.lww.com/NXI/A840). Of interest, in
postmortem samples from patients with Sus, we identified

perforin-expressing CD8 T cells in contact with brain
microvessel ECs, suggesting that a cytotoxic mechanism in-
volving perforin might be at play (eFigure 5, links.lww.com/
NXI/A841).

Mice were treated for 4 days with the perforin inhibitor
SN34960 starting at day 3 after disease induction, when the
neurologic signs were already established. The administra-
tion of the perforin inhibitor resulted in clear improvement
in motor performances within 24 hours and complete re-
covery after 3 days of treatment (Figure 3A). Immunohis-
tochemistry of brains from EC-HA+ mice revealed a
decreased frequency of apoptotic BBB-ECs in mice treated
with the perforin inhibitor (Figure 3B). This EC protection
was associated with fewer perivascular microhemorrhages, as
assessed by Turnbull blue staining (Figure 3C). The CNS
parenchyma of EC-HA+ mice treated with SN34960 also
exhibited a significant decrease of infiltrating CD3+ T cells
(Figure 3D). Furthermore, a significant correlation between
immunoglobulin leakage into the CNS parenchyma and
BBB-ECs apoptosis (eFigure 6A, links.lww.com/NXI/
A842) or T-cell infiltration (eFigure 6B) was noted. The
perforin inhibitor also significantly decreased the extent of
retinal lesions (eFigure 6C).

To further identify the immunologic correlates of the
therapeutic efficacy of perforin inhibition, the immune cell
infiltration in the CNS was analyzed in greater depth using
flow cytometry. Seven days after CTL injection, T-cell
infiltration was present in all EC-HA+ mice, whether
treated with the perforin inhibitor or not. However, mice
that received the perforin inhibitor exhibited significantly
fewer transferred (CD45.1+) HA-specific CTLs and fewer
endogenous CD4 and CD8 T cells infiltrating their
brain parenchyma (Figure 4, A–C and eFigure 7A, links.
lww.com/NXI/A843). Despite the reduction in HA-
specific CD8 T cells infiltrating the CNS in the perforin

Figure 4 Treatment With the Perforin Inhibitor Reduces Infiltration of the CNS by Immune Cells in a Preclinical Model of
Neuroinflammatory Disease

(A) Number of CD4, (B) endogenous, and (C) transferred CD8 T cells infiltrating the CNS of EC-HA+mice, 7 days after adoptive transfer of CTLs and 4 days after
initiation of treatment. Data represent themean and SEM of 3 independent experiments. For panels A and B, the p values were determined using the Mann-
Whitney test, and for panel C, the p values were determined using the Student t test.
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inhibitor–treated EC-HA+ mice (Figure 4C), no significant
difference was noted in the number of infiltrating blood-
derived myeloid cells or in the activation status of micro-
glial cells (eFigure 7, B and C). We then interrogated the
phenotypic and functional status of CNS-infiltrating HA-
specific CD8 T cells from EC-HA+ mice treated or not with
the perforin inhibitor. We identified no notable phenotypic
differences between HA-specific CD8 T cells from perforin
inhibitor–treated and untreated EC-HA+ mice (eFigure 8,
links.lww.com/NXI/A844). Thus, the perforin inhibitor
seemed to affect the CNS-infiltrating T cells quantitatively
rather than qualitatively.

In contrast to the CNS findings, no decrease was noted in the
number of transferred HA-specific CTLs present in the
spleen, cervical lymph nodes, and CNS distant (inguinal)
lymph nodes of treated EC-HA+ recipient mice, indicating
that pharmacologic perforin inhibition impaired the CNS
transmigration of T cells rather than reducing their overall
survival (eFigure 9, A and B, links.lww.com/NXI/A845). Of
note, a sizeable fraction of peripheral HA-specific CD8 T cells
exhibited an activated phenotype (eFigure 9, C–E). Notably,
this activated phenotype was more marked in the cervical
lymph nodes, particularly after perforin inhibitor therapy,

possibly reflecting their recent activation by the BBB-ECs
(eFigure 9E).

Given this heightened activation phenotype exhibited by the
HA-specific CTLs, we evaluated whether transient (4 days)
perforin inhibition would induce sustained clinical benefit or
whether the disease manifestations would rebound after
treatment cessation. New cohorts of EC-HA+ mice were
therefore followed up for 3 weeks after treatment withdrawal.
In line with our earlier results, treatment with the perforin
inhibitor enabled rapid recovery when compared with sham-
treated EC-HA+ mice and, importantly, the motor benefit was
sustained (Figure 5A). Moreover, the number of CNS-
infiltrating cells at day 30 was decreased in both groups when
compared with those at day 7 (Figures 4 and 5), but little
differences between treatment groups were noted for the
numbers of endogenous CD4 and CD8 T cells and myeloid
cell populations (Figure 5, B and C and eFigure 7, D and E,
links.lww.com/NXI/A843). Nevertheless, EC-HA+ mice
treated with the perforin inhibitor showed a sustained de-
crease in the number of CNS-infiltrating transferred
HA-specific CTLs (Figure 5D). Overall, our study reveals the
sustained benefit of transient in vivo inhibition of the perforin
pathway in a preclinical model of CD8 T cell–mediated

Figure 5 Perforin Inhibitor Allows Quicker and Stable Recovery Despite Treatment Discontinuation

(A) Motor performance assessed by Rotarod in EC-HA+ mice after adoptive transfer of HA-specific CTLs. Mice were treated with diluent or perforin
inhibitor from day 3 to day 7 after CTL transfer and sacrificed at day 30. The 100%was set from themotor performance at day 0, before CTL transfer. Bar
shows the treatment period. Data are pooled from 4 independent experiments. Two-way ANOVA was used to determine the p values. (B) Number of
CD4, (C) endogenous, and (D) transferred CD8 T cells infiltrating the CNS of EC-HA+ mice, 30 days after adoptive transfer of CTLs. Data represent the
mean and SEM of 2 independent experiments. The p values were determined using the Mann-Whitney test for panels B and C and the Student t test for
panel D.
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neuroinflammation based on clinical, immunologic, and his-
topathologic outcomes.

Discussion
We report that perforin-dependent cytotoxicity is a key medi-
ator of the death of BBB-ECs that present a neo self-antigen in
an MHC class I–restricted manner to antigen-specific effector
CD8 T cells. This antigen-specific interaction led to changes in
CD8 T-cell mobility in vitro, with an increased probing of the
BBB-ECs, culminating in overt BBB-EC apoptosis, which we
observed both in vitro and in vivo. Critically, our studies
showed that short-term pharmacologic inhibition of perforin,
the apical regulator of the granule exocytosis pathway, largely
reversed the CD8 T cell–mediated neurologic impairment that
followed BBB-EC disruption. The therapeutic mechanism of
action involved a marked reduction of BBB-EC apoptosis and,
consequently, of T-cell infiltration into the CNS.

Circulating CD8 T cells recognizing CNS self-antigens are pre-
sent not only in patients with neurodegenerative and neuro-
inflammatory diseases but also in healthy individuals.42 In
principle, CD8 T cells could migrate to the CNS through 1 or
more of the barriers separating the CNS from the periphery,
namely through the leptomeninges, the choroid plexus, and the
BBB.16,43,44 The role of BBB-ECs has attracted much attention
because they can promote Ag-independent and Ag-specific in-
teractions with effector CD8 T cells. Indeed, BBB-ECs express
MHC class I molecules in experimental models45,46 and in hu-
mans47 and can also express costimulatory molecules.20,24,48

The distinctive advantage of our model is to directly in-
vestigate the antigen-specific interactions between effector
CD8 T cells and BBB-ECs. We showed that this interaction
led to marked antigen-specific loss of BBB-ECs through ap-
optotic cell death. This is reminiscent of the role described for
ECs in other organs, where they contribute to the T-cell
infiltration and immunopathogenesis.26,49,50 In experimental
cerebral malaria (ECM), parasite-specific CD8 T cells are
arrested on both the luminal and abluminal surfaces of the
venous cerebrovascular system after recognition of parasitic
antigens cross-presented by the ECs, resulting in BBB
breakdown associated with BBB-EC death.46,51 Likewise,
significant numbers of granzyme-producing effector CD8
T cells were identified in contact with BBB-ECs in children
with fatal cerebral malaria,52 associated with a significantly
increased proportion of not only ECs but also neurons and
glial cells, exhibiting apoptotic features.53

Different molecular pathways account for CD8 T cell–
mediated apoptosis, but gene knock-out studies in mice and a
variety of human immunodeficiencies have shown that they
do not contribute equally to target cell death. First, the release
of TNF family members and IFN-γ by CD8T cells can induce
an indirect apoptosis through stimulation of macrophages or a
direct effect leading to an apoptotic cascade in the target
cells.54 Second, engagement of Fas by FasL expressed on CD8

T cells initiates the activation of apical procaspase-8 or 10
through the formation of a death-inducing signaling complex
at the inner leaflet of the target cell membrane.55 Third,
perforin released into the immune synapse by exocytosis of
CTLs’ secretory granules forms pores in the membrane of the
target cell membrane that allow serine protease granzymes
released from the same cytotoxic granules to diffuse into the
target cell cytosol56 to activate apoptosis.57 This pathway
accounts for most of the cytotoxic activity of CD8 T cells, as
shown by the marked susceptibility of perforin-null mice to
viral infections.58

Because a perforin inhibitor showed promising results in a
model of EC apoptosis in fulminant viral hepatitis,26 we
assessed its effectiveness in our model of CD8 T cell–
mediated neuroinflammation. In doing so, we were aware that
ECs may have variable characteristics depending on their
organ of origin.24 The perforin inhibitor SN34960 binds
specifically to perforin monomers released into the immune
synapse, thereby preventing the assembly of perforin pores
that typically comprise 24 monomers.38,59 It has been shown
that the compound SN34960 does not cause the death of
CTLs if they are incubated for several days in medium con-
taining the inhibitor. T-cell proliferation, progression through
the cell cycle, and T-cell activation remain normal.60 In vitro,
our results showed that perforin plays a major role in the
antigen-specific killing of BBB-ECs by CTLs, whereas the Fas
pathway seemed dispensable. This is in accordance with re-
sults in cerebral malaria where polarization of granzyme B
toward brain ECs was noted.53 We then assessed the effects of
short-term perforin inhibition in our preclinical model, when
the disease was already established and signs were peaking.
Despite the induction of a severe disease in control mice, we
observed a rapid and total reversal of neurologic signs by the
perforin inhibitor, as early as 24 hours after treatment initia-
tion. The improved motor performance and the reduced
antigen-specific T-cell infiltration persisted long after treat-
ment discontinuation. Because our model, induced by a single
injection of CTLs, is monophasic, it would be necessary to
test this perforin inhibitor in a model involving chronic tar-
geting of the BBB-ECs to evaluate more precisely its longer-
term effects.

Of importance, we found that the perforin inhibitor had no
effect on the systemic CD8 T-cell compartment, attesting its
selectivity. The short duration of the treatment and its focus
only on activated CD8 T cells makes it unlikely that delete-
rious effects such as systemic cytokine hypersecretion, which
has been observed in children born with a total and congenital
absence of perforin function, will be encountered.61

To conclude, we describe in this study that BBB-ECs and
CTLs are capable of antigen-specific interactions resulting in
BBB-ECs apoptosis mainly involving the perforin/granzyme
pathway. In the preclinical model, both the clinical manifes-
tations and underlying immunopathology were effectively
inhibited by short-term pharmacologic intervention with a
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perforin inhibitor. Therefore, perforin represents a potential
therapeutic target for SuS and other CD8 T cell–mediated
neuroinflammatory diseases.
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