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Rasmussen’s encephalitis (RE) is a chronic inflammatory brain disorder that causes frequent seizures and unilateral
hemispheric atrophy with progressive neurological deficits. Hemispherectomy remains the only treatment that leads to
seizure freedom for this refractory epileptic syndrome. The absence of an animal model of disease has been a major
obstacle hampering the development of effective therapies. Here, we describe an experimental mouse model that shares
several clinical and pathological features with the human disease. Immunodeficient mice injected with peripheral blood
mononuclear cells from RE patients and monitored by video electroencephalography developed severe seizures of
cortical origin and showed intense astrogliosis and accumulation of human IFN-y— and granzyme B—expressing T
lymphocytes in the brain compared with mice injected with immune cells from control subjects. We also provide evidence
for the efficacy of o4 integrin blockade, an approved therapy for the treatment of multiple sclerosis and Crohn’s disease,
in reducing inflammatory markers associated with RE in the CNS. This model holds promise as a valuable tool for
understanding the pathology of RE and for developing patient-tailored experimental therapeutics.
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developing patient-tailored experimental therapeutics.

Introduction

Rasmussen’s encephalitis (RE) is a severe brain disorder that usu-
ally manifests itself during childhood with the onset of frequent
focal seizures (1). These seizures often progress to epilepsia par-
tialis continua (EPC), a state of near-continuous seizures that
tend to be highly refractory to standard antiepileptic drugs (2). In
most cases, the only treatment option to achieve seizure freedom
is a hemispherectomy to functionally disconnect or completely
remove the affected side of the brain (3). With the assumption that
RE is an immune-mediated disorder, a variety of immunomod-
ulatory therapies have been proposed to slow down disease pro-
gression but have yielded conflicting results, especially in the long
term. These include corticosteroids, intravenous immunoglobu-
lins (IVIGs), tacrolimus, and the B cell-depleting CD20 antibody
rituximab (4-9).
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Rasmussen’s encephalitis (RE) is a chronic inflammatory brain disorder that causes frequent seizures and unilateral
hemispheric atrophy with progressive neurological deficits. Hemispherectomy remains the only treatment that leads to
seizure freedom for this refractory epileptic syndrome. The absence of an animal model of disease has been a major obstacle
hampering the development of effective therapies. Here, we describe an experimental mouse model that shares several
clinical and pathological features with the human disease. Inmunodeficient mice injected with peripheral blood mononuclear
cells from RE patients and monitored by video electroencephalography developed severe seizures of cortical origin and
showed intense astrogliosis and accumulation of human IFN-y- and granzyme B-expressing T lymphocytes in the brain
compared with mice injected with immune cells from control subjects. We also provide evidence for the efficacy of a4 integrin
blockade, an approved therapy for the treatment of multiple sclerosis and Crohn’s disease, in reducing inflammatory markers
associated with RE in the CNS. This model holds promise as a valuable tool for understanding the pathology of RE and for

A fundamental challenge in developing new treatment strate-
gies to treat RE is that relatively little is known about the etiology
and pathophysiology of the disease. Although viral (1,10-14), auto-
immune, and antibody-mediated (15-22) etiologies have been sus-
pected, none was ever effectively confirmed. The most consistent
histopathological feature of RE is a CNS-targeted inflammation
characterized by T lymphocyte infiltration and microglial nod-
ules, which are associated with substantial neuronal loss leading
to neuronophagia (23) and gliosis (24, 25). A growing body of evi-
dence now points to the crucial role of CD8" T lymphocytes in RE
pathogenesis (26, 27).

Another major limitation that has made it difficult to evaluate
the effectiveness of alternative treatment options for patients with
RE is the lack of a relevant experimental model of disease (11, 17,
20, 22). The rarity of the condition further complicates the testing
of potential therapies in clinical trials. To overcome this and allow
individualized screening of new therapeutics to treat RE and bet-
ter understand its pathophysiology, we generated an experimen-
tal model of the disease by engrafting human peripheral blood
mononuclear cells (PBMCs) obtained from RE patients into NOD/
LtSz-scid IL-2Ryc(null) (NSG) mice. These severely immunode-
ficient mice are fast becoming instrumental investigative tools in
translational biomedical research, particularly because they allow
study of the human immune response in autoimmune and inflam-
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matory diseases and facilitate the testing of therapies in an in vivo
setting that is more relevant to human immunity (28, 29). This is
in part owing to a complete null mutation in the IL-2 receptor com-
mon y chain (IL-2Ryc™!), which enables NSG mice to tolerate the
engraftment of human immune cells. Here, we postulated that the
injection of RE patients’ peripheral immune cells into NSG mice
would generate a more personalized in vivo model that closely
reflects characteristics of the human disease, therefore maximiz-
ing its value for translational research and preclinical studies.

Results

Engraftment of human PBMCs from RE patients induces seizures
in NSG mice. For each control subject and RE patient (Supple-
mental Table 1; supplemental material available online with
this article; https://doi.org/10.1172/JC197098DS1), a minimum
of 4 mice were injected i.p. with 1 x 10¢ PBMCs. FACS analysis
showed successful engraftment of human cells from both the RE
and control donors and revealed that the predominant cell type
detected in the peripheral blood and spleens of the engrafted
NSG mice were human CD3* T lymphocytes (Figure 1A). Five
of nineteen recipient animals, all injected with PBMCs from
patient 3, died within a week of the procedure. All of the other
animals tolerated the procedure well.

Sixteen of the nineteen (84%) NSG mice engrafted with PBMCs
from RE patients (RE-NSG) had multiple seizures, as documented
by video electroencephalogram (EEG) recordings (Supplemental
Video 1), and all had interictal EEG abnormalities (Supplemental
Table 2). The seizures started around day 21 and were character-
ized by episodes of freezing, myoclonus, clonus, or rearing and fall-
ing, with an electrographic cortical onset that occasionally spread
to limbic structures (Figure 1B). Seizures recurred on a daily basis
for the first week and then progressively decreased to weekly sei-
zures by week 8. In contrast, none of the mice injected with cells
from healthy donors or patients with non-RE-related temporal lobe
epilepsy (control-NSG) experienced seizures, even with transfers
of up to 10 x 10¢ human PBMCs (Figure 1C and Supplemental Table
2), which, however, caused disseminated xenograft versus host dis-
ease (xeno-GVHD), as previously reported (30).

To rule out the possibility that the disease was induced by
viral transfer, 8 NSG mice were engrafted with irradiated PBMCs
from 2 patients with RE. These animals failed to develop seizures
or pathological signs of RE, whereas injection of nonirradiated
PBMCs from the same RE patients elicited repetitive seizures in
mice. Likewise, injection of plasma from RE patients did not cause
seizures in the recipient NSG animals. Finally, no immunopositive
signal for heat shock protein 73 (HSP73), normally suggestive of
stress responses associated with viral infections, was found upon
histopathological examination of CNS material from RE-NSG
mice. Because viruses, which are usually resistant to radiation,
were not present in the CNS of affected animals, blood-borne viral
infections seem an unlikely direct cause of seizures in this model.
This experiment further demonstrates that the induction of sei-
zures in our model requires donor T lymphocyte proliferation.

Human proinflammatory T lymphocytes expressing IFN-y and
granzyme B infiltrate the brains of RE-NSG mice. We next sought to
evaluate by FACS and microscopy the composition of the immune
cell infiltrates within the CNS of recipient animals. We detected
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a significantly higher number of CD45* mononuclear cells in the
brains of RE-NSG mice compared with the brains of control-NSG
mice over the 5-week observation period (Figure 1D and Supple-
mental Figure 1). Upon closer examination, we found that the
number of human CD45* (hCD45") leukocytes and human CD4*
(hCD4*) and CD8* (hCD8*) T lymphocytes infiltrating the CNS of
recipient animals increased steadily over time during the 5-week
period following PBMC transfer and was consistently higher in
the brains of RE-NSG mice than in those of mice engrafted with
control PBMCs. In contrast to this sharp increase in the number
of CNS-infiltrating human cells, the absolute number of mouse
CD45" (mCD45") cells detected in the brains of RE-NSG mice
peaked at week 2 after PBMC transfer, declined thereafter, and
did not vary significantly from what was observed in the control-
NSG mice, suggesting that the disease is mediated by the recruit-
ment of hCD45" rather than entry of mCD45" cells into the brain
(Figure 1D). Interestingly, we noted comparable frequencies of
hCD8* and hCD4* T lymphocytes in the brains of RE-NSG mice
at week 5 after PBMC transfer, a point at which leukocyte infil-
tration into the brain had reached its maximum (Figure 1D and
Figure 2, A and B).

To investigate the role of inflammatory T cells in the disease
process, we characterized hCD4* and hCD8* T lymphocytes in
terms of their cytokine expression profile. FACS analyses revealed a
significantly higher number of IFN-y- and IL-17-expressing hCD4"*
and hCD8* T lymphocytes in the brains of RE-NSG animals than in
the brains of control-NSG mice. These effector cells were detect-
able as soon as 2 weeks after PBMC transfer (Figure 2, C and D),
with IFN-y-producing T lymphocytes clearly outnumbering IL-17-
expressing cells. Whereas comparable numbers of hCD8" and
hCD4* T lymphocytes expressed IFN-y in the CNS of RE-NSG miice,
hCD4', rather than hCD8", T lymphocytes were the major source of
IL-17 in the brain. We also evaluated the expression of granzyme B
as a marker of cytotoxic activity and detected numerous granzyme
B*CD8* T lymphocytes in the brains of NSG mice (Figure 2E). These
findings are consistent with reports on the histopathological exam-
ination of brain specimens from patients with RE (23, 24, 26).

We did not detect human CD19* B lymphocytes but did
detect numerous HLA-DR-reactive cells, which were presumably
human infiltrating antigen-presenting cells or myeloid hCD11c
cells within the CNS of RE-NSG mice (Figure 2F and Supplemen-
tal Figure 2). Therefore, these findings identify IFN-y- and gran-
zyme B-expressing T lymphocytes as well as HLA-DR* cells as
major contributors to CNS inflammation and to the development
of seizures in our model.

Astrogliosis and focal neuronal damage in the brains of RE-NSG
mice. In terms of damage to the CNS, the brains of RE-NSG mice
showed marked and strong immunostaining for glial fibrillary
acidic protein (GFAP), which is indicative of astrogliosis (Figure 3, A
and B). We observed the most intense signal for GFAP in perivascu-
lar and submeningeal areas and diffused signal in proximal areas.

Another prominent pathological feature of RE is the presence
of activated microglial cell aggregates called nodules, which may
or may not be associated with degenerating neurons (2). Thus, to
assess microglial activation in the brains of NSG mice, we stained
brain tissue sections with the microglia/macrophage-specific
marker ionized calcium-binding adaptor molecule 1 (Iba-1).
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Figure 1. Clinical and immunolog-
ical profile of NSG mice engrafted

RE with human control or RE PBMCs.
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(A) FACS analyses of hCD45*,
mCD45+, and hCD3* cells in the
blood and spleens of NSG animals
injected with PBMCs from RE
patients or controls, 2 weeks after
transfer. (B) Representative EEG
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Although Iba-1* cells were infrequently observed in the brains
of control-NSG mice, they were readily detected throughout the
parenchyma of RE-NSG mice, occasionally forming small clusters
of cells in proximity to NeuN* neurons (Supplemental Figure 3A).
We also found evidence of focal neural damage in the brains of
RE-NSG animals as shown by an increased immunoreactivity to
amyloid precursor protein (APP) relative to the brains of control
animals (Figure 3C). In addition, we detected a higher number of
apoptotic cells (as assessed by TUNEL staining) that coexpressed
the neuronal marker NeuN, predominantly in the brainstem,
cerebellum, hemispheric gray matter, and hippocampal structures
of RE-NSG mice (Figure 3D). To determine whether infiltrating
human immune cells were directly responsible for inducing neuro-
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representative of 17 or more
animals per group. Scale bars: 1
mV, 10 seconds (i and ii); 1 second
(iii). (C) Percentage of NSG ani-
mals that developed clinical and
electrographic seizures following
engraftment with PBMCs from

RE patients (n = 7 patients and

19 animals) or controls (1 =5
donors and 17 animals). ND, not
detected. ***P < 0.001, by »?

test. (D) Kinetics of human and
mouse immune cell infiltration
into the CNS of NSG animals
engrafted with PBMCs from RE
patients (black circles) or control
donors (white circles). Data shown
represent the mean + SEM of
absolute numbers of mCD45*,
hCD45*, hCD4+, and hCD8* cells
found in the brains of NSG
animals between weeks 1and 5
after transfer. n = 4-6 animals per
time point per group. *P < 0.05, by
unpaired, 2-tailed Student’s t test
with Holm-Sidak correction.
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nal cell apoptosis in the brains of RE-NSG mice, we performed tri-
ple immunofluorescence staining for hCD45*, NeuN, and cleaved
caspase-3 and found infiltrating hCD45* cells in direct apposition
to neurons undergoing apoptosis (Figure 3E). The damage to neu-
rons was probably mediated by cytotoxic CD8" T lymphocytes,
which had aggregated in perivascular cuffs or invaded the cerebral
parenchyma in RE-NSG mice (Supplemental Figure 3B). Occasion-
ally, hCD45" cells were also found to be closely associated with
cells displaying dual immunoreactivity for cleaved caspase-3 and
for the microglial marker isolectin GS-B4 (IB4) (Figure 3E). In con-
trast, while hCD45" cells were also detected in proximity to GFAP-
expressing astrocytes, these were not immunopositive for activated
caspase-3 (Supplemental Figure 3C).
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Figure 2. Cytokine production by hCD4* and hCD8* T lymphocytes infiltrating the CNS of control-NSG and RE-NSG animals. (A) Double immunofluores-
cence labeling for hCD4+ (green) and hCD8* (red) T lymphocytes in the brains of RE-NSG mice 5 weeks after transfer. Scale bars: 30 um. (B) Percentage of
hCD4* (clear bar) and hCD8* (solid bar) T lymphocytes in the brains of RE-NSG mice, as assessed by flow cytometry. Data represent the mean + SEM.n=6
mice. (C) Representative FACS dot plot and (D) kinetics of CNS infiltration by hCD4* or hCD8* cells expressing IFN-y and IL-17 in NSG animals engrafted with
PBMCs from RE patients (black bars) or control donors (white bars). Data represent the mean + SEM of absolute numbers of immune cells. n = 4-6 animals
per time point and 2-3 human PBMC donors. *P < 0.05 and **P < 0.01, by unpaired, 2-tailed Student's t test with Holm-Sidak correction. (E) Confocal
photomicrographs showing staining for hCD8 (red) and granzyme B (GzB, green) in the brains of control-NSG or RE-NSG mice. Images are representative of 7
fields from 6 sections obtained from 3 animals per group. Scale bar: 30 um. Inset shows x2 magnification of the indicated area. (F) Fluorescence intensity for
HLA-DR and quantification of hCD11c* cells in the CNS of control-NSG and RE-NSG mice. Data represent the mean + SEM and are representative of 6 to 10
fields taken out of 6 sections from 3 animals per group. **P < 0.01, by unpaired, 2-tailed Student’s t test.

a4 integrin blockade reduces lymphocyte recruitment into the
brains of RE-NSG mice. To validate the use of this experimen-
tal model for the development of therapies to treat RE, NSG
animals were injected with PBMCs from 5 patients with RE,
followed immediately by weekly administration of IVIGs, an
immunotherapy that has proven beneficial in some patients
with RE (4, 6, 31), or administration of PBS. EEG monitoring

revealed that 12 of 13 (92%) NSG animals that had received
PBS developed seizures as compared with 4 of 12 (25%) mice
injected with IVIGs (Supplemental Figure 4A). We also detected
fewer hCD45* cells, with a switch in the hCD4*/hCD8* ratio
(Supplemental Figure 4B) and a reduction of GFAP-reactive
astrocytes in the CNS of animals that received IVIGs, as assessed
by histology (Supplemental Figure 4C).
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A B Figure 3. Neuropathology in RE-NSG animals. (A) Confocal
Control RE *kk photomicrograph showing GFAP (red) and hCD45* (green)
i 1251 4 in the CNS of control-NSG and RE-NSG mice 5 weeks after
& o100 transfer. Scale bar: 30 um; insets x3 magnification. (B)
(_CJ 2 . Quantification of hCD45+ cells and staining intensity for GFAP
S5 ?g 751 in the CNS of control-NSG and RE-NSG mice. Data represent
5 o 50 f}_ﬁf the mean + SEM of 10 or more fields from 6 sections obtained
E ?‘3 25 oo from 3 animals per group. ***P < 0.001, by unpaired, 2-tailed
é’ | o e Student’s t test. (C) Immunohistoperoxidase staining for APP
0- in the hippocampal gyrus of control-NSG and RE-NSG mice
Control RE 6 weeks after transfer. Arrowheads indicate APP* neuronal
= 7. *kk cells. Scale bar: 30 um. (D) Quantification of cell death marker
s ® 64 °® TUNEL in the CNS of control-NSG and RE-NSG mice 6 weeks
a pc_q 5] after transfer. Data are expressed as the mean + SEM of 10 to
gE 4 115: 20 fields from 6 sections obtained from 2 animals per group.
3 g 3l ¢ 0.~ *P < 0.05, by unpaired, 2-tailed Student’s t test. (E) Immu-
o2 ol O%O_ nofluorescence staining for hCD45 (green), cleaved caspase-3
E S oy (Cas-3, red), and NeuN (upper panels, white) or IB4 (lower
V) g h oO panels, white) in the brains of RE-NSG mice. DAPI (blue) was
=~ O_Control RE used for nuclear staining. Images are representative of 7 fields
from 3 sections obtained from 3 RE-NSG mice. Scale bars: 20
D pum. The two upper left inset frames show x1.33 magnification
C S of the dashed boxed area. All other insets are magnified x2.
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% (Figure 4B). 04 integrin blockade also reduced the
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Given the efficacy of anti-very late antigen-4 (anti-VLA-4)
therapy for idiopathic CNS inflammation (i.e., multiple scle-
rosis) (32), we sought to evaluate whether blocking a4 integrin
could alleviate the clinical and pathological signs of RE using our
model. RE-NSG animals were given a4 integrin-blocking antibody
or an isotype control in either a prophylactic (7 days after transfer)
or therapeutic (after first seizures, week 4) setting. FACS anal-
yses revealed a reduction in the number of infiltrating hCD45%,
hCD4*, hCD8" T lymphocytes as well as reduction of IFN-y- and
IL-17-producing hCD8* and hCD4" T lymphocytes in the CNS of
RE-NSG animals injected with anti-04 integrin-neutralizing anti-
body, either prophylactically or therapeutically, as compared with
isotype-treated RE-NSG mice (Figure 4A). Both prophylactic and
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number of hCD45* cells, GFAP-reactive astrocytes,
HLA-DR*cells, and granzyme B*hCD8* T lymphocytes
when used therapeutically (Figure 4C) or prophylacti-
cally (Figure 5, A-D). Video EEG monitoring revealed
the absence of interictal and ictal manifestations in
animals that were given anti-a4 antibody (0 of 6)
prophylactically. In comparison, 5 of 6 animals (83%)
injected with isotype control developed seizures (Fig-
ure 5E). Despite the significant reduction in immune
cell infiltration when treatment was given therapeuti-
cally, seizure frequency and duration remained unaf-
fected, suggesting that once disease is established, the
reduction of T cell infiltration into the brain is not suffi-
cient by itself to decrease the frequency of seizures and
that additional antiepileptic treatments are required.

Discussion
Rare diseases, especially those like RE that affect
pediatric populations, pose unique challenges for the
development of therapies and for pathophysiological
studies. In recognition of this, we generated a humanized mouse
model that reproduces the clinical and pathological features of RE
by injecting patients’ PBMCs into NSG mice. A similar approach
was used to create models of other immune-mediated diseases
such as idiopathic nephrotic syndrome, asthma, and systemic lupus
(33-36). Previous attempts to induce RE by intracerebral injection
of CNS biopsy material into primates, mice, and guinea pigs were
unsuccessful (11), and the presence of autoantibodies against glu-
tamate receptor 3 (GluR3), acetylcholine, NMDA, or mammalian
uncoordinated-18 protein (MUNC18) has not been a consistent find-
ing in the blood or brains of patients with RE (37-39).

Our data show that PBMCs from RE patients can directly
induce seizures and pathological changes typical of RE when
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Figure 4. Effect of 04 integrin
blockade on the clinical and
immunological parameters of RE
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of hCD4* (white bars) and hCD8*
(black bars) T lymphocytes in the
brains of RE-NSG mice treated
with isotype control (left bars) or
anti-oa4-neutralizing antibodies

Pro. Ther.

Percentage of

Ther.

Pro.

engrafted into NSG mice, therefore inferring that the development
of seizures in RE is an intrinsic property of patients’ immune cells
and providing convincing evidence of the encephalitogenicity of
RE patients’ mononuclear cells. We also reveal the immunological
nature of the disease by providing a thorough characterization of
the kinetics of immune cell infiltration into the brain, in particular
the contribution of CD4 and CD8 T lymphocytes and MHC class I
antigen-presenting cells to the development of the disease in mice.

One notable difference between our experimental model and
the human disease is the bilateral hemispheric involvement in NSG
mice, whereas for the large majority of RE patients, the disease
remains unihemispheric in nature. Some have suggested that the
unilaterality of the disease in humans could be secondary to focal

Anti-o4 (right bars), either in a prophylac-

tic or therapeutic setting. Data
represent the mean + SEM.

n = 2-6 mice. (C) Confocal pho-
tomicrographs showing GFAP,
hCD45, hCD8, and GzB staining
in the brains of RE-NSG mice
treated with isotype control or
anti-oa4-neutralizing antibodies
in a therapeutic setting. Images
are representative of 6 to 10
fields from 4 sections obtained
from 2 animals per group. Scale
bars: 30 um.

cortical dysplasia or to a subtle congenital malformation during
brain development. This hypothesis is supported by cases of dual
pathology, as assessed by neurohistopathological examination of
surgical specimens from 7 patients with a confirmed RE diagnosis
and concomitant cortical dysplasia (40). Our model suggests that, in
the absence of dysplasia in mice, patients’ PBMCs can intrinsically
induce seizures and immune cell infiltration into both hemispheres.

One drawback associated with the use of NSG mice is the
onset of GVHD within weeks after human PBMC transfer, a phe-
nomenon that could potentially interfere with the pathophysiolog-
ical process of RE. To prevent the occurrence of GVHD and max-
imize the applicability of the experimental RE model, we injected
NSG mice with a lower dose of human PBMCs (1 x 106 cells com-
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pared with the dose of 10 x 10¢ cells typically used; ref. 30). In our
experimental setting, mice did not show signs of GVHD, and all
maintained a score of O on the GVHD scale (41) over the 50-day
observation period following PBMC transfer (at a dose of 1 x 10°
immune cells). In the future, this limitation could be circumvented
by the use of NSG mice devoid of murine MHC molecules, which
can be engrafted by human PBMCs, without inducing any GVHD.
Further studies of these mice could reveal whether stimulation of
human T cells by murine MHC is required for the development of
RE and will provide insights into the mechanism underlying sei-
zure development and immune cell infiltration into the brain.

In addition, we found that anti-VLA-4 therapy, which is known
to block the entry of immune cells into target organs (42-44), was
highly effective at reducing pathological determinants of disease
when given either prophylactically or therapeutically. These obser-
vations suggest that the recruitment of T lymphocytes into the CNS
is directly involved in the development of seizures in RE and that
the epileptic syndrome is not solely induced by a cytokine storm in
the peripheral blood. However, the lack of efficacy of anti-VLA-4 in
controlling seizures once they have begun suggests that preexisting
brain lesions, presumably resulting from a first wave of T cell infil-
tration into the CNS, can trigger seizures even when the inflamma-
tory process has resolved, thus highlighting the challenge in treating
seizures in humans once the disease is established. These findings
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antibody on the development of
100+ disease in RE-NSG mice. RE-NSG
75 o mice were treated with isotype

control (black circles) or anti-a4
antibody (gray circles) in a pro-
phylactic setting. The effect of 04
. integrin blockade was assessed for
0 R (A and B) the infiltration of hCD45*
Isotype An‘tl" and GFAP in the brains of RE-NSG
¢ mice, (C and D) the expression of
HLA-DR, and (E) the occurrence
of seizures. Arrowheads point to
the few hCD45 cells detected in
the brains of RE-SNG mice treated
with anti-a4 integrin antibody.
Images are representative of 6 to
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from 2 to 4 animals per group.
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also emphasize the need to perform immunological intervention
early in the course of the disease. Alternatively, it may be reason-
able to consider combination therapy with coadministration of
anti-VLA-4 and antiepileptic medications in order to reduce seizure
frequency, as was successfully achieved in a single case report (45).

RE is arare disease that may be difficult to diagnose in the early
stages, or when MRI findings are not specific or brain biopsies are
difficult to perform. The occurrence of seizures in mice 3 to 4 weeks
after receiving patients’ PBMCs could be used as a model to con-
firm a diagnosis of RE. This model could also be used to evaluate
the efficacy of various therapies in a personalized, patient-centric
manner, tailoring treatment to the individual’s response in terms of
controlling seizures and reducing brain infiltration.

Methods

RE patients and control subjects. Blood was collected from 5 control
subjects and 7 RE patients. Their characteristics are listed in Supple-
mental Table 1. All patients (4 males and 3 females between the ages of
8 and 51 years; median age of 11 years) presented with intractable focal
seizures that were classified as partial seizures and evolved toward
EPC and hemiparesis. Only 2 patients experienced secondarily gener-
alized seizures. At the time of PBMC harvesting, 5 of the RE patients
were in the acute stage of the disorder (stage 2), while the others were
in its residual (chronic inactive) stage (stage 3). EEG showed lateral-

7


https://www.jci.org
https://www.jci.org
https://www.jci.org/articles/view/97098#sd
https://www.jci.org/articles/view/97098#sd

:

RESEARCH ARTICLE

ized epileptic activity involving the centro-temporal and/or fronto-
temporal regions in all of these patients. MRI results were abnormal in
all patients, with left-sided involvement in 5 patients and right-sided
involvement in 2 patients. None of the patients had evidence of bilat-
eral disease, and 5 patients had biopsy/surgery-proven RE. All patients
were negative for circulating autoantibodies against NMDA or other
voltage-gated neuronal/glial antigens.

The control subjects included 2 males and 3 females, aged 8-26
years (median age of 11 years). There were 4 healthy control subjects
and 1 child with refractory temporal lobe epilepsy.

PBMC isolation and transfer. PBMCs from patients or control sub-
jects were isolated under Ficoll-Hypaque gradient centrifugation. Six- to
twelve-week-old mice were injected with either freshly isolated PBMCs
or thawed PBMCs that had been frozen in 10% DMSO. Prior to the injec-
tion, 7-9 NSG mice (The Jackson Laboratory) were sublethally irradiated
at 2 to 3 Gy using a Gammacell 1000 (MDS Nordion) or a Faxitron
CP-160 (Faxitron Bioptics). Five to six hours after irradiation, the mice
were injected i.p. with 1 x 10¢ PBMCs. In some experiments, PBMCs
were irradiated at 54 Gy using a Cobalt-60 irradiator prior to injection
to promote senescence and inactivation in vivo. At least 3 mice were
injected with PBMCs from each human blood sample.

IVIG treatment and anti-a4 integrin blockade. RE-NSG mice were
injected i.p. once a week, starting on day O after reconstitution until
sacrifice, with 50 mg IVIG (Gamunex, Grifols Therapeutics) or PBS.
For the anti-a4 integrin blockade experiment, RE-NSG mice were
injected i.p. twice weekly with 75 pg human integrin a4 monoclonal
antibody (clone 2B4) or with mouse IgG1 isotype control (both from
R&D Systems). Prophylactic treatment was started on day 7 after
PBMC transfer and lasted until sacrifice. Therapeutic treatment was
initiated after the onset of seizures, at week 4 after PBMC transfer.

Detection of seizures by video EEG recording. Mice were monitored by
continuous video EEG recordings, with electrodes implanted bilaterally
into the somatosensory cortex and the limbic system to detect seizures.
EEG recordings started between days 14 and 21 after PBMC transfer.
Specific stereotactic insertion of electrodes was performed surgically
under constant general anesthesia with isoflurane. Briefly, a stainless
steel bipolar electrode (Plastics-1 Inc.) was positioned in the right lim-
bic system at the following coordinates with reference to the bregma:
anteroposterior (AP) = -1.5, lateral (L) = -3.6, and dorsal-ventral (DV)
= 8.0. Prior to implantation, one of the contacts had been sectioned to
remain in the overlying cortex. EEGs were recorded with a Stellate Sys-
tems 32-channel video EEG recording unit, enabling the recording and
visual monitoring of 8 mice at a time. Mice were monitored 4 hours a
day over a 30-day period for electrical and clinical seizures. Two sep-
arate observers (blinded to the treatment groups) reviewed the EEGs.

Engraftment. The presence of circulating human cells was evalu-
ated weekly in 100 ul peripheral blood harvested through the saphe-
nous vein and collected in heparinized tubes. The amount of cells
was assessed by FACS using monoclonal antibodies directed against
hCD45 (clone HI30), mCD45 (clone 30-F11), hCD3 (clone UCHT1),
hCD19 (clone HIB19), and hCD56 (clone B159) (all from BD Biosci-
ences). Acquisition was done on a FACSAria or FACS LSRFortessa sys-
tem (BD Biosciences). In some experiments, bone marrow, thymus,
spleen, and brain were harvested when the mice were sacrificed.

Flow cytometry. Animals were sacrificed at given time points fol-
lowing PBMC transfer and perfused with cold PBS via transcardiac
puncture. The spleen and 1 hemisphere of the brain were processed for
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cellisolation and flow cytometric analysis as previously described (46).
Splenic and brain cells were stimulated for 6 hours with PMA (20 ng/
ml) and ionomyein (1 ug/ml) in the presence of brefeldin A (2 pg/ml)
(all from Sigma-Aldrich). Cells were first stained for the surface anti-
gens mCD45 (clone 30-F11), hCD45 (clone HI30), hCD4 (clone SK3),
and hCDS8 (clone HIT8a) (all from BD Biosciences) and then fixed in
4% (w/v) paraformaldehyde and permeabilized with 0.1% saponin.
Intracellular cytokine staining was performed using antibodies specific
for human IL-17 (eBioscience, clone eBio64CAP17) and IFN-y (BD
Biosciences, clone B27). Appropriate fluorochrome-matched isotype
antibodies were used to determine nonspecific background staining.
Samples were acquired on a BD Biosciences LSR II Flow Cytometer at
the Flow Cytometry Core Facility of CRCHUM and analyzed using BD
FACSDiva software. Viable cells were counted in 1 hemisphere using
trypan blue to estimate the absolute number of mCD45* and hCD45*
cells infiltrating the brain. The number of hCD4*, hCD8", and IFN-y-
and IL-17-producing T lymphocytes in the brain was then determined
by multiplying the percentage of lineage marker-positive cells detected
by FACS and the total number of hCD45" cells.

Immunohistostainings. Brains from control-NSG and RE-NSG
mice were collected following rapid intracardiac PBS perfusion, and
1 of the hemispheres was snap-frozen in liquid nitrogen. Histopatho-
logical characterization was performed by luxol fast blue hematoxylin-
eosin (LHE) staining as previously described (47). Sagittal cryosec-
tions (7-um-thick) were cut using a Leica CM3050S cryostat and
mounted onto superfrost slides, fixed in -20°C acetone for 10 min-
utes, and hydrated in PBS. The Mouse On Mouse (M.O.M.) Kit (Vector
Laboratories) was used when required to block endogenous mouse
antibodies in the tissue section. Otherwise, nonspecific Ig binding
was blocked with 10% donkey serum for 30 minutes. Sections were
incubated overnight at 4°C or for 2 hours at room temperature with
the following primary antibodies: mouse anti-hCD45 (BD Biosci-
ences, clone HI30, dilution 1:30); mouse anti-HLA-DR (Dako, clone
TAL.1B5, dilution 1:50); mouse anti-hCD11c¢ (BD Biosciences, clone
B-ly6, dilution 1:40); mouse anti-hCD19 (BD Biosciences, clone
HIB19, dilution 1:70); rabbit anti-hCD8 (Vector Laboratories, clone
SP16, dilution 1:50); mouse anti-human granzyme B (Thermo Fish-
er Scientific, clone GB12, 1:10); Cy3-conjugated mouse anti-GFAP
(Sigma-Aldrich, clone G-A-5, dilution 1:1000); Alexa Fluor 647-
conjugated mouse anti-GFAP (BD Biosciences, clone 1B4, dilution
1:50); rabbit anti-Iba-1 (Wako, 019-19741, dilution 1:100); Alexa Fluor
647-conjugated isolectin GS-IB4 (Thermo Fisher Scientific, 132450,
dilution 1:300); mouse biotinylated anti-NeuN (US Biological, clone
3H412, dilution 1:200); and rabbit anti-human cleaved caspase-3
(Cell Signaling Technology, 9661, dilution 1:400). Sections were
then incubated for 40 minutes at room temperature with the appro-
priate secondary antibodies: Alexa Fluor 488-conjugated donkey
anti-mouse (Jackson ImmunoResearch, 715-545-150, dilution 1:400);
Alexa Fluor 488-conjugated donkey anti-rabbit (Thermo Fisher Sci-
entific, A21206, dilution 1:400); rhodamine red X-conjugated (RRX-
conjugated) donkey anti-rabbit (Jackson ImmunoResearch, 711-295-
152, dilution 1:400); Cy3-labeled donkey anti-mouse (Jackson Immu-
noResearch, 715-165-150, dilution 1:200); Cy3-conjugated streptavi-
din (Jackson ImmunoResearch, 016-160-084, dilution 1:1,500); and
Alexa Fluor 647-conjugated streptavidin (Thermo Fisher Scientific,
$32357, dilution 1:500). Negative controls were performed, omitting
the primary antibody. TO-PRO-3 (Thermo Fisher Scientific, dilution
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1:300) or DAPI (Sigma-Aldrich, dilution 1:1,000) was used for nuclear
staining. Fluorescence acquisition was done on a Leica SP5 confocal
microscope at the CRCHUM Cell Imaging Core Facility. Staining for
terminal TUNEL labeling was performed using the TMR Red In Situ
Cell Death Detection Kit (Roche).

To determine axonal damage, control-NSG and RE-NSG brain
cryosections were fixed in cold acetone for 10 minutes at -20°C and
then transferred to ethanol for 5 minutes at -20°C. Sections were
washed in PBS, treated with 0.03% hydrogen peroxide for 10 minutes,
washed again with PBS containing 0.05% Tween-20, and blocked
at room temperature for 30 minutes with 10% goat serum. Sections
were then incubated for 1 hour at room temperature with rabbit anti-
amyloid precursor protein (anti-APP) (Sigma-Aldrich, A8967, dilution
1:100). Afterwards, slides were washed 7 times in PBS/Tween-20.
Goat anti-rabbit HRP-labeled antibody (Jackson ImmunoResearch,
111-035-144, dilution 1:400) was incubated at room temperature
for 30 minutes, and the immunoperoxidase reaction was developed
using DAB (Dako) as a chromogen. Sections were counterstained with
hematoxylin for 20 seconds, differentiated for 1 second with acid
alcohol, and dehydrated in 70% ethanol, 95% ethanol, absolute eth-
anol, and 50% ethanol in toluene and in 3 baths of toluene (1 minute
each). Sections were mounted with Entellan (Sigma-Aldrich) and then
imaged and processed as described above.

Quantitative analyses. hCD45 and hCD11c cells were counted
in micrographs taken of 7 to 11 random fields in cryosections of
the brains of control-NSG and RE-NSG mice. Mean pixel intensity
was evaluated using Image] software (NIH) in confocal images of
control-NSG and RE-NSG brains stained for HLA-DR, GFAP, and
TUNEL. All evaluations were performed independently by at least
2 investigators.

Statistics. Statistical analyses were performed using GraphPad
Prism 6.0 (GraphPad Software). Data are presented as the mean *
SEM. Statistical significance was determined by unpaired, 2-tailed
Student’s ¢ test, except for the graphs of the percentage of mice with
seizures, which were analyzed using a * test. Only Pvalues of less than
0.05 were considered statistically significant.

Study approval. Studies involving human subjects were approved
by the CHU Sainte-Justine Ethics Committee (Montreal, Canada;
approval number 2602). Written informed consent was obtained from
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the healthy volunteers and from RE patients and/or their legal guard-
ians. All animal experiments were approved by the CHU Sainte-Jus-
tine Research Ethics Committee and performed in compliance with
the Comité Institutionnel des Bonnes Pratiques Animales en Recher-
che (CIBPAR) (approval number 528).
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