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Abstract

Background: Immune-mediated mechanisms substantially contribute to the Rasmussen encephalitis (RE)
pathology, but for unknown reasons, immunotherapy is generally ineffective in patients who have already
developed intractable epilepsy; overall laboratory data regarding the effect of immunotherapy on patients with RE
are limited. We analyzed multiple samples from seven differently treated children with RE and evaluated the effects
of immunotherapies on neuroinflammation. Immunotherapy was introduced to all patients at the time of
intractable epilepsy and they all had to undergo hemispherothomy.

Methods: Immunohistochemistry, flow cytometry, Luminex multiplex bead and enzyme-linked immunosorbent
assay techniques were combined to determine: 1) inflammatory changes and lymphocyte subpopulations in 45
brain tissues; 2) lymphocyte subpopulations and the levels of 12 chemokines/cytokines in 24 cerebrospinal fluid
(CSF) samples and 30 blood samples; and 3) the dynamics of these parameters in four RE patients from whom
multiple samples were collected.

Results: Sustained T cell-targeted therapy with cyclophosphamide, natalizumab, alemtuzumab, and intrathecal
methotrexate (ITMTX), but not with azathioprine, substantially reduced inflammation in brain tissues. Despite the
therapy, the distributions of CD8+ T cells and the levels of C-X-C motif ligand (CXCL) 10, CXCL13, and B cell
activating factor (BAFF) in patients’ CSF remained increased compared to controls. A therapeutic approach
combining alemtuzumab and ITMTX was the most effective in producing simultaneous reductions in
histopathological inflammatory findings and in the numbers of activated CD8+ T cells in the brain tissue, as well as
in the overall CD8+ T cell population and chemokine/cytokine production in the CSF.

Conclusions: We provide evidence that various T cell-targeted immunotherapies reduced inflammation in the
brains of RE patients. The observation that intractable epilepsy persisted in all of the patients suggests a relative
independence of seizure activity on the presence of T cells in the brain later in the disease course. Thus, new
therapeutic targets must be identified. CXCL10, CXCL13 and BAFF levels were substantially increased in CSF from all
patients and their significance in RE pathology remains to be addressed.
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Background
Rasmussen encephalitis (RE) is a rare chronic brain dis-
order characterized by progressive unihemispheric atro-
phy with a decline in hemispheric function and
intractable epilepsy. Therapeutic management of RE re-
mains controversial, and surgery is the only cure for the
seizures caused by this disease [1].
The primary etiology of RE remains elusive, but

immune-mediated mechanisms contribute to its path-
ology [1]. Immunohistochemical studies have revealed a
complex engagement of T cells in the brain and a gran-
zyme B-mediated attack on neurons and astrocytes, but
the target antigens have not yet been identified [2, 3].
Both CD4+ and CD8+ T cell clones have been shown to
produce multifunctional cytokines [3]. CD8+ T cell re-
ceptor sequencing revealed that T cell clones found in
the brain are also expanded in the periphery and persist
for years; clonal expansions in the CNS are the promin-
ent feature of RE [4, 5].
Some positive effects of long-term immunotherapy

with steroids, intravenous immunoglobulins (IVIG) or T
cell-inactivating drugs (tacrolimus [TAC], azathioprine
[AZA], cyclophosphamide [CPA]) have been observed in
case reports or small patient series; none of these drugs
has been shown to be superior or to halt intractable epi-
lepsy [6–9]. Multiple sclerosis (MS) treatment studies
have suggested novel candidate drugs for RE, such as ri-
tuximab (RTX), natalizumab (NAT) and alemtuzumab
(ALEM), but clinical and laboratory data on their use in
RE are limited [10–13].
We analyzed different samples from seven individually

treated RE patients, who all underwent hemispherotomy
due to intractable epilepsy, to evaluate the effect of im-
munotherapy on pathological findings in their brain tis-
sues and on immune parameters in cerebrospinal fluid
(CSF) and blood.

Methods
Ethics statement
The Ethics Committee at Motol University Hospital ap-
proved this study. Informed written consent to partici-
pate in the study was obtained from the parents of all
pediatric participants.

Study design
We evaluated neuroinflammatory and neurodegenerative
changes in brain tissues from RE patients in relation to
their immunotherapy. We compared lymphocyte sub-
populations and the levels of twelve chemokines and cy-
tokines in CSF and blood between patients and controls.
The dynamics of the investigated parameters were
assessed in four patients, who had multiple CSF and
blood samples.

Patients, clinical data and sampling
Seven patients with intractable epilepsy (median age 7
years, range 3–15; 71% females) who were referred to
the Motol Epilepsy Center, Prague, Czech Republic, in
2012–2018 and fulfilled Bien’s 2005 diagnostic criteria
for RE [14] were included in this study. Clinical data, fo-
cused on disease onset and immunotherapy, were col-
lected until neurosurgery. In total, 24 CSF samples and
30 blood samples were obtained from these patients dur-
ing the diagnostic process and therapeutic management;
the majority were drawn during immunotherapy (22/24
CSF, 28/30 blood) and from patient 1 (P1; 14/24 CSF,
20/30 blood). All patients underwent functional peri-
insular hemispherotomy as described by Villemure [15];
brain tissue samples from different parts of the affected
hemisphere were taken for immunohistochemistry (45/
45) and flow cytometry (28/45). For details on sampling,
see Fig. 1 and Additional file 1.

Controls
Eight patients with other noninflammatory neurological
disorders were selected as controls (median age 12 years,
range 11–17; 50% females). These patients underwent
lumbar taps and blood testing during the routine diagnos-
tic process. Flow cytometry was performed in five of these
controls, but brain tissues were not available. The final
diagnoses (based on genetics and/or MRI findings) were
as follows: Alexander disease, gliomatosis cerebri, Leber
hereditary optic neuropathy, tuberous sclerosis, oculo-
motor nerve neurinoma, and brainstem tumor (n = 3).

Chemokine and cytokine detection in blood and CSF via
Luminex multiplex bead technology and enzyme-linked
immunosorbent assay (ELISA)
Aliquots of centrifuged CSF and serum were immedi-
ately stored at − 30 °C and thawed prior to use for che-
mokine/cytokine analyses. The concentrations of C-C
and C-X-C motif chemokines (CCL2, CXCL8, CXCL10,
CXCL13) and cytokines (interleukin [IL]-4, IL-6, IL-7,
IL-10, IL-15, IL-17A, interferon gamma [IFN-γ]) were
measured. We combined multiple simplex kits with a
basic kit according to the manufacturer’s instructions
(Human ProcartaPlex Simplex Kits and ProcartaPlex
Human Basic Kit, Thermo Fisher Scientific/formerly
eBioscience, San Diego, CA, USA). The methodological
details, including the assay protocol, standards and sensi-
tivity, are available at the manufacturer’s website, http://
www.thermofisher.com. The data were collected using a
Luminex-100 system (Luminex, Austin, TX, USA). In
addition, B cell-activating factor (BAFF) concentrations
were determined via ELISA (Human BAFF/BLyS/
TNFSF13B Quantikine Kit, R&D Systems, Minneapolis,
MN, USA) according to the manufacturer’s instructions
using software from R&D Systems.
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Determination of lymphocyte subpopulation distributions
in blood, CSF and brain tissue via flow cytometry
Brain tissues were immediately minced with a lancet,
shaken for 30 min on a petri dish in a phosphate-
buffered saline solution with 2 mM ethylenediaminetet-
raacetic acid to prevent aggregation, filtered through a
100 μm cell strainer (Biologix Group Limited, Shandong,
China) and pelleted by centrifugation. Blood and CSF
samples were immediately processed for antibody stain-
ing according to the routine protocols. Lymphocyte sub-
populations were evaluated using the following antibody
mixtures: 1) CD3 FITC, HLADR PE, CD45 PerCP, CD4
PE-Cy7, CD19 APC, CD8 APC-Cy7, CD14 PB and 2)
CD3 FITC, CD16 + CD56 PE, CD45 PerCP-Cy5.5, CD4
PE-Cy7, CD19 APC, CD8 APC-Cy7, HLADR PB (both
Exbio, Prague, Czech Republic). Samples were measured
with one of the following flow cytometers: BD LSRII, BD

FACSLyric (BD Biosciences, San Jose, CA, USA), Cyan
ADP Flow Cytometer (Dako, Glostrup, Denmark). The
data were analyzed in FlowJo software, version 8.8.7
(FlowJo, LLC, Ashland, OR). The distributions of
CD19+, CD3+, CD4+ and CD8+ cells are expressed as
percentages from the lymphocytic gate (CD45++ cells
and the side scatter corresponding to lymphocytes), and
activation is expressed as a percentage of HLADR+ cells
among CD4+ or CD8+ T cells (HLADR+/CD3+CD4+,
HLADR+/CD3+CD8+).

Histology and immunohistochemistry
Resected tissues were fixed in 10% buffered formalin and
embedded in paraffin. In each case, a search for gliosis
and lymphocytes in the serial cryosections was per-
formed using both a routine hematoxylin and eosin
(H&E) stain and immunohistochemical reactions with

Fig. 1 Sampling in the context of disease duration and immunotherapy. Disease duration defined the interval from the appearance of the first
symptom until functional hemispherotomy in every patient; the correct diagnosis was made after a delay from the first symptom. The prodromal
phase of the disease characterized infrequent seizures and no hemiparesis. The seizure frequency strikingly increased, all patients developed
intractable epilepsy, and an individual functional decline in the affected hemisphere and its atrophy became evident in an acute phase of the
disease. The time of a transition to the residual phase was not clearly clinically recognizable, and all patients suffered from intractable epilepsy
until neurosurgery. The clinical outcome in every patient at the time of disease diagnosis and then at the time of neurosurgery is displayed using
modified Rankin scale (mRS); the numbers in squares express mRS scores. In addition, immunotherapies are shown, and the type and time of the
sample withdrawals are noted in every patient
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anti-GFAP (clone 6F2, Dako, diluted 1:1000) and anti-
CD45 (leukocyte common antigen - LCA, clone 2B11 +
PD7/26, Dako, diluted 1:100) antibodies, respectively.
Provided that lymphocytes were found, the contiguous
sections were subjected to immunohistochemistry to es-
tablish their phenotype using antibodies against the
lymphocytic surface antigens CD20 (clone L26, Dako, di-
luted 1:300), CD8 (clone C8/144B, Dako, diluted 1:200)
and CD4 (clone 4B12, Novocastra, diluted 1:20). The
antigen-antibody complexes were visualized with biotin-
streptavidin detection systems (N-Histofine Simple Stain
MAX PO, Nichirei Corporation, Tokyo, Japan); chromo-
genic development was performed using 3,3-diamino-
benzidine. All sections were counterstained slightly with
Harris’ hematoxylin. Positive and negative controls were
used in each assay.

Data visualization and statistics
GraphPad Prism software version 6.0 (La Jolla, CA,
USA) was used to create graphs and perform statistical
analysis. Due to the nature of the data, nonparametric
tests were used; the Kruskal-Wallis test with a post hoc
Dunn’s test were used for comparisons between multiple
groups and the Mann-Whitney U test was employed for
unpaired comparisons between two groups. P < 0.05 was
considered statistically significant.

Results
Clinical data
All patients were children with normal psychomotor de-
velopment until RE onset; in all of them, RE began with
a focal epileptic seizure of variable semiology (median
age 4 years, range 2–9; 71% females). After a variable
period (median 1 month, range 0.5–5), all children de-
veloped intractable epilepsy followed by individual
motor and cognitive decline. The correct diagnosis was
made after a delay from first disease symptom onset
(median 9months; range 1–115). Immunotherapy was
introduced at the time of intractable epilepsy in all cases;
the exception was P4, who received a low dose of oral
steroid in a prodromal phase due to an abnormal brain
imaging. In addition, P2 and P6 received immunotherapy
prior the correct diagnosis because they had other clin-
ical symptoms (cerebellar syndrome in P6) and abnor-
mal brain imaging (P2) suspected from brain
inflammation. The first choice for all was intravenous
methylprednisolone (IVMP) with an oral taper and/or
IVIG. Subsequent T cell-targeted immunotherapy was
introduced in P1–6 (i.e., AZA, TAC or intravenous
CPA). Therapy was escalated further in the two patients
with the dominant hemisphere affected. P1 received one
cycle of RTX after 9 months of unsatisfactory therapy
with TAC and then one cycle of ALEM that was com-
bined with intrathecal methotrexate (ITMTX) in

irregular intervals and long-term mycophenolate mofetil
treatment (MMF) [13]. P2 was escalated to NAT after
four doses of intravenous CPA. None of the therapies re-
versed the refractory epilepsy, although all patients re-
ceived some temporary positive impact on their clinical
state. In P1 alone, therapeutic management stopped the
motor (not cognitive) decline and modified the course of
intractable epilepsy (periods of relative seizure
stabilization alternated clusters of seizures) [13]. Hemi-
spherotomy was finally performed in all of the children
(median 26 months after disease onset, range 12–126).
An initial disconnection was incomplete in four patients;
they thus were re-operated (P2, P4, P5 and P7). All but
one patient (P7: the one with the longest disease dur-
ation and minimal immunotherapy) remained seizures
free after a complete disconnection of the affected hemi-
sphere. The clinical data are summarized in Fig. 1 and
Additional file 1. The individual atrophy of the affected
hemisphere at the time of neurosurgery is captured in
Fig. 2.

Laboratory data
Brain tissues
Histopathological findings at the time of hemispherot-
omy were consistent with the diagnosis of RE in every
patient. Although the neuroinflammatory and neurode-
generative changes varied in the patients, three distinct
patterns were identified: A) In P1, P2 and P4 – low in-
flammatory activity with scarce lymphocytes, no neuro-
nophagy and glial nodules, mild gliosis, and minimal
cortical atrophy. B) In P3 and P5 – inflammatory activity
with dense lymphocytic infiltrates, neuronophagy, satelli-
tosis, glial nodules, severe gliosis, and cortical atrophy.
C) In P6 and P7 – mild inflammatory activity with iso-
lated lymphocytes, sporadic satellitosis and glial nodules,
medium to severe gliosis, and diffuse cortical atrophy.
Flow cytometry of brain tissues confirmed that the

majority of infiltrating lymphocytes were T cells with a
CD8+ phenotype and different activation states; CD4+ T
cells and a few CD19+ B cells were also detected in the
tissues. Interpretations of patient-by-patient differences
in lymphocyte subpopulations were related to the corre-
sponding histopathological pattern. Among the three pa-
tients (P1, P2, P4) with minimal inflammatory changes,
P1 had the lowest percentage of activated T cell subpop-
ulations; HLADR+/CD3+CD8+ cells were lower in P1
than in the other two patients (P < 0.04), but the HLAD
R+/CD3+CD4+ cells were decreased only compared with
P4 (P < 0.01). In addition, P1 and P2 had lower percent-
ages of overall CD3+ and CD8+ T cells than P4; statis-
tical significance for CD8+ cells was reached only
between P2 and P4 (P < 0.04 for all). In the comparison
of samples with high inflammatory activity from P3 and
P5, we observed a lower percentage of HLADR+/
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CD3+CD8+ cells in P5 (P = 0.0357). No significant differ-
ences in lymphocyte subpopulations were identified be-
tween brain tissues from P6 and P7 (Fig. 3).

CSF and blood
Lymphocyte subpopulations and chemokine/cytokine
levels were compared in samples collected after initiation
of immunotherapy with the controls to identify persisting
differences; the medians were used for the patients with >
1 sample (Fig. 4). The absolute immune cell numbers in
CSF are not displayed, as they were very low in all ana-
lyzed samples (i.e., < 3 cells/μL). In addition, we analyzed
only those chemokine/cytokines, whose levels were above

the detection limits in the majority of the CSF and blood
samples (i.e., CXCL8, CXCL10, CXCL13, CCL2, IL-7 and
BAFF in both fluids; IL-10, IL-17A and IFN-γ in blood).
In contrast to the brain tissue, we observed T cells

with a CD4+ phenotype predominance and no CD19+ B
cells in the majority of CSF samples from treated pa-
tients and controls; if activated, CD8+ > CD4+ T cells.
An overall CD8+ T cell population (not the percentage
of HLADR+/CD3+CD8+) was higher in patients’ CSF
samples (P = 0.0048). Regarding chemokine/cytokine
levels, CXCL10, CXCL13 and BAFF were increased in
CSF samples from treated patients compared with the
controls (P < 0.008 for all).

Fig. 2 Magnetic resonance imaging (MRI) at the time of surgery. Axial fluid-attenuated inversion recovery (FLAIR) MRI sequences of the brain
showing differently pronounced atrophy of the affected hemisphere in every patient at the time of surgery are displayed. In addition, various
inflammatory and glial changes in the affected hemisphere can be observed in every patient
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Fig. 3 (See legend on next page.)
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At the same time, an overall CD8+ T cell population (not
the percentage of HLADR+/CD3+CD8+) in blood from
treated patients was lower in comparison to the controls
(P = 0.0088), and no statistically significant differences for
all analyzed chemokine/cytokine levels were identified.

Individual dynamics of the investigated parameters
Finally, we separately analyzed those samples that were
obtained from P1–3 and P5 at different time points of
their disease and in relation to their therapy. Of all the
investigated parameters, we especially focused on the

(See figure on previous page.)
Fig. 3 Immunohistochemistry and flow cytometry of the brain tissues from differently treated patients with RE. Three multipanels show a representative
pair of histopathological findings (magnification × 200) according to the different immunohistochemical staining and a table that summarized lymphocyte
subpopulations in the brain tissues from patients corresponding to the histopathology. Immunostaining for CD45 (anti-CD45, leukocyte common antigen)
identifies leukocytes in the brain tissue, and flow cytometry (FC) further determines their type. The distribution of CD19+, CD3+, CD4+ and CD8+ cells is
expressed as a percentage from the lymphocytic gate (CD45++ cells and the side scatter corresponding to lymphocytes) and the activation as a
percentage of HLADR+ cells from CD4+ or CD8+ T cells (HLADR+/CD3+CD4+, HLADR+/CD3+CD8+); several brain samples were measured in every patient
and the median values and ranges are displayed. Immunoreactivity for astrocytic glial fibrillary acidic protein (anti-GFAP) reveals gliosis. a Low
neuroinflammatory activity with scarce inflammatory cells and mild gliosis were found in P1, P2 and P4. Despite the same histopathological pattern,
significant differences in CD3+, CD8+, HLADR+/CD3+CD4+ and HLADR+/CD3+CD8+ lymphocyte subpopulations were identified among these patients
(Kruskal-Wallis and Dunn’s test in a post hoc analysis were employed; numbers in bold; details in the text). b High neuroinflammatory activity with
lymphocytic infiltrates and severe gliosis was found in P3 and P5; a significantly lower percentage of HLADR+/CD3+CD8+ in the brain tissue of P5 was
identified (Mann-Whitney test). c Medium neuroinflammatory activity with isolated inflammatory cells and medium to severe gliosis in the brain tissue
exerted P6 and P7; no significant differences in lymphocyte subpopulations were found (Mann-Whitney test)

Fig. 4 Lymphocyte subpopulations and chemokine/cytokine levels from treated RE patients’ group in comparison with controls. Parameters with
significant differences are displayed: a Contrast between the overall CD8+ T cell subpopulation in CSF and blood (% expressed from
lymphocytes). b High levels of CXC10, CXCL13 and BAFF in CSF. The Mann-Whitney test was employed for the comparisons of the investigated
parameters in treated RE patients with the controls; the median values were used for patients with multiple samples (P1, P2, P5). The patients are
indicated with different-colored dots; no CSF sample from P7 was available
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dynamics of those parameters showing differences be-
tween patients with RE and controls in the analyses de-
scribed above (i.e., CD8+ T cell subpopulations, and
CXCL10, CXCL13 and BAFF, Fig. 5 and Additional file 2).

P1 In contrast to the immediate depletion of CD4+ and
CD8+ T cell subpopulations in the blood after ALEM
administration (1–2%), these subpopulations were still

detectable in the CSF. Interestingly, the percentage of
CD8+ T cells in CSF even increased after ALEM (41%)
and then continuously decreased to its minimum until
ALEM posttreatment (APT) month 10 (13%) and
remained low. The CD4+/CD8+ ratio in CSF perman-
ently remained > 1, except for the first after ALEM. In
contrast to the CSF, CD8+ T cells in blood had repopu-
lated in APT month 13 and they repopulated faster than

Fig. 5 Individual dynamic changes of selected parameters in the CSF and blood during treatment. Dynamic changes in the levels of selected
parameters from P1–3 and P5 are displayed in the context of the disease duration (since the first disease symptom appeared). a Different effects
of immunotherapy on the CD4+ and CD8+ subpopulations behind the blood-brain barrier and in blood are documented (% expressed from
lymphocytes). b Persistently increased levels of CXCL10, CXCL13, and BAFF in the CSF (above the 95th percentile of the controls) are depicted;
the level of BAFF temporarily decreased under the 95th percentile of the controls only in P1 after ALEM administration, and during that period,
CXCL13 level and CD4+ subpopulation in the CSF were also reduced. The patients are indicated with different colors. The empty dots represent
samples collected prior to any immunotherapy and the arrows indicate ALEM administration in P1 and the initiation of NAT treatment in P2
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CD4+ T cells (APT months 6 vs. 13), which temporarily
shifted the CD4+/CD8+ ratio to < 1. In addition, different
changes in chemokine/cytokine levels were observed in
the blood and CSF during the APT period. Notably,
CXCL10, CXCL13 and BAFF levels in the CSF were ini-
tially all above the 95th percentile of the controls, and
although CXCL10 and CXCL13 production in the CSF
was strikingly decreased after RTX and ALEM adminis-
tration, the levels still remained above that percentile.
The level of BAFF in the CSF was, markedly decreased
after ALEM, and similar to CXCL13, the levels increased
in APT month 13. The dynamic changes in CXCL10,
CXCL13 and BAFF levels in the blood are captured in
Additional file 2.

P2 After 12 doses of NAT (CPA preceded NAT), a re-
versal of the CD4+/CD8+ ratio was detected in the CSF
sample compared with the sample collected during ster-
oid and IVIG therapy (0.74 vs. 2.4). CXCL10, CXCL13,
and BAFF levels in the CSF were above the 95th per-
centile of the controls, and the chemokines further in-
creased upon NAT treatment.

P3 and P5 After three doses of CPA (P3) and immedi-
ately after IVMP and IVIG (P5), a reduction in the per-
centage of CD8+ T cells was observed in the CSF.
CXCL10, CXCL13 and BAFF levels in the CSF decreased
but remained above the 95th percentile of the controls.

Discussion
The study provides unique immunological data from pa-
tients with RE who were treated with potent and prom-
ising immunotherapy, such as RTX, NAT or ALEM.
Because RE is a very rare disease with an estimated inci-
dence of 2–3 cases per 107 [1], we analyzed all available
material.
We clearly demonstrated that patients with different

therapeutic approaches and timing of neurosurgery
exerted differently pronounced inflammatory and degen-
erative changes in a brain tissue; substantial reductions
in both aspects was observed in three patients (P1, P2,
P4) only with sustained T cell-targeted therapy (CPA,
NAT or ALEM). In contrast, the most pronounced
pathological changes were in the patients who discontin-
ued this therapy with CPA 15months prior to hemi-
spherotomy (P3) and who had long-term treatment with
AZA (P5). Neuroinflammation naturally decreases over
time in untreated individuals with RE [16, 17]. Thus, the
effect of immunotherapy was difficult to evaluate in two
patients with the longest disease symptoms duration (P6,
P7), whose histopathological findings in the brain tissue
corresponded to the residual phase of the disease.
Determinations of lymphocyte subpopulations in the

brain tissues (especially T cell subtypes and their states

of activation) enabled us to better assess the effects of
individual therapeutic approaches. Thus, despite the
similarity of the histopathological pattern in the brains
of three patients (P1, P2 and P4) with significantly re-
duced signs of neuroinflammation, we were able to de-
termine that patients treated with ALEM and ITMTX
(P1) and NAT (P2) had lower percentages of cytotoxic T
cells than patient treated with CPA (P4); the patient
treated with ALEM and ITMTX (P1) had the lowest per-
centage of activated cytotoxic T cell as well. A low per-
centage of activated cytotoxic T cells was also
determined in another patient receiving ITMTX prior to
neurosurgery (P5), who had otherwise prominent in-
flammation in histopathology. This suggests effect of
ITMTX on activated cytotoxic T cell subpopulation.
ITMTX is commonly used in patients with leukemia to
reduce the risk of CNS relapse [18] and was shown to be
beneficial for some progressive MS cases [19].
Monitoring lymphocyte subpopulations and chemo-

kine/cytokine levels in CSF and blood gave us additional
insight into the treatment effect. The treated patients’
group showed a discrepancy between the increased
CD8+ T cell subpopulation in CSF and its reduction in
blood and persistently increased levels of CXCL10,
CXCL13, and BAFF in CSF compared with the controls.
We assume that this may reflect a poor clinical response
and immunotherapy failure in the CNS compartment.
However, detailed analyses of lymphocyte subpopula-

tions in individuals with multiple samples showed reduc-
tions in the CD8+ T cell populations in the CSF of all
patients receiving immunotherapy, except the one
treated with NAT (P2). Interestingly, only in the patient
treated with ALEM and ITMTX (P1) this population
gradually decreased under the 95th percentile of the
controls. Notably, our data from P1 provide new insight
into the effect of ALEM behind the blood-brain barrier,
while our findings from blood correspond to the effect
of ALEM in MS patients [20–22]. In addition, only in P2
immunotherapy reversed the CD4+/CD8+ ratio in the
CSF to < 1, which has already been described in MS pa-
tients treated with NAT, as the T cells are trapped in
the periphery [23].
Moreover, although the levels of CXCL10, CXCL13,

and BAFF in the CSF tended to decrease during therapy,
they generally remained above the 95th percentile of the
controls. This finding is interesting because CXCL10
and CXCL13 levels are frequently increased in many pa-
tients with neuroinflammatory conditions and play
prominent roles in maintaining of intrathecal inflamma-
tion [24–30]. CXCL13 is a potent B cell chemoattractant
[25, 26] and we previously reported its high specificity
and sensitivity as a marker of neuroinflammation with
different origins [27]. We were unable to clearly distin-
guish between the effect of the immunotherapy on
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chemokine/cytokine levels and a natural course of the
pathology. The lowest concentrations of CXCL10,
CXCL13 and BAFF were in the patient in a residual
phase of the disease (P6). However, we observed in the
CSF of P1 temporal reduction in CXCL13 and BAFF,
which was related to the period of low CD4+ T cell
population after ALEM treatment. In addition, we could
see continuous decrease in CXCL10 along with continu-
ous reduction in CD8+ T cells in the CSF of P1 during
therapy, and we hypothesized that all these findings
might reflect some decrease in inflammatory activity.
CXCL10 binds to C-X-C receptor 3 (CXCR3), which is
highly expressed on T cells and recruits them to the site
of inflammation. In addition to chemoattraction, the
CXCL10-CXCR3 axis has other immunological func-
tions [28–30]. CD8+ T cells in the brain tissue from pa-
tients with RE express CXCR3, whereas neurons and
astrocytes in the same areas express CXCL10 [31]. We
observed strikingly higher CXCL10 levels in all patients.
However, the patient treated with NAT (P2) was the
only one in whom the level did not decrease during
therapy. In addition, the finding from P2 contrasts with
that in MS patients receiving NAT treatment [32]. Ac-
cording to a recent study, NAT enhances the inflamma-
tory functions of T cells with residual migratory
capacity, namely, by increasing the production of IFN-γ
[33]. Interestingly, IFN-γ (alone or in combination with
IL-1β and tumor necrosis factor [TNF]-α) is a capable
inducer of CXCL10 production [28]. Regarding this as-
pect and the change in the CD4+/CD8+ ratio in favor of
CD8+ T cells in the CSF of the patient treated with
NAT, the potential benefit of this therapy in RE patients
should be carefully considered. In addition, we deter-
mined high levels of BAFF in this study. BAFF is crucial
for B cell survival and activation and influences proin-
flammatory T cell functions [34]. The substantial roles
of B cells in T cell-driven autoimmunity, such as MS,
are already well known [35]. However, there are very
limited data about B cells in RE patients in addition to
their very low distribution in brain infiltrates [3].
Taken together, sustainable and aggressive T cells-

targeted immunotherapy reduced inflammation in the
brains of RE patients. The therapeutic approach includ-
ing ALEM and ITMTX was the most effective but with
serious adverse reaction after ALEM [13]. Although be-
ing aware of our limited and heterogeneous study group,
the observation that intractable epilepsy persisted in our
patients despite a significant decrease in T cells suggests
a relative independence of seizure activity on the pres-
ence of T cells in the brain tissue later in the disease
course. More studies are needed to clarify if the aggres-
sive T-cell-targeted immunotherapy early in the disease
course is capable to prevent further RE progression and
intractable epilepsy [36]. Our results are consistent with

previous clinical observations, in which immunotherapy
appeared to slow the functional decline rather than
affect the seizure activity in the patients who had already
developed intractable epilepsy [7, 9, 11]. A recent study
using an animal model further supported these observa-
tions [37]. However, Bien’s 2005 diagnostic criteria, the
lack of early disease-specific clinical symptoms and la-
boratory biomarkers usually unable clinicians to start
immunotherapy before the disease is established in its
acute phase with frequent seizures and ongoing brain
atrophy.
Interestingly, our data show a persistent elevation of

proinflammatory chemokines and BAFF in the CSF, sug-
gesting that other possible mechanisms might be in-
volved in RE pathology and should be explored along
with chemokine/cytokine-targeting treatment options.
Based on accumulating evidence, innate immunity is also
generally involved in epileptogenesis, and together with
adaptive immunity, it contributes to the maintenance of
epileptic activity of different origins [38, 39]. Therefore,
a pilot study with anti-TNF-α therapy in RE patients was
conducted and produced promising results [40]. Hence,
the constant search for therapeutic target other than T
cells in RE patients must continue.

Conclusion
We describe the effect of T cell-targeted therapy on neu-
roinflammation in RE patients. We provide evidence that
reduced inflammation in the brains of RE patients did
not halt intractable epilepsy once it had already devel-
oped. CXCL10, CXCL13 and BAFF levels were strikingly
increased in the CSF from all patients, and thus their
importance in RE pathology must be addressed.
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feature, pathology and treatment advances. Lancet Neurol. 2014;13(2):195–
205.

2. Bauer J, Elger CE, Hans VH, et al. Astrocytes are a specific immunological
target in Rasmussen's encephalitis. Ann Neurol. 2007;62(1):67–80.

3. Al Nimer F, Jelcic I, Kempf C, et al. Phenotypic and functional complexity of
brain-infiltrating T cells in Rasmussen encephalitis. Neurol Neuroimmunol
Neuroinflamm. 2017;5(1):e419.

4. Schwab N, Bien CG, Waschbisch A, et al. CD8+ T-cell clones dominate brain
infiltrates in Rasmussen encephalitis and persist in the periphery. Brain.
2009;132(Pt 5):1236–46.

5. Schneider-Hohendorf T, Mohan H, Bien CG, et al. CD8(+) T-cell
pathogenicity in Rasmussen encephalitis elucidated by large-scale T-cell
receptor sequencing. Nat Commun. 2016;7:11153.

6. Varadkar S, Chong WK, Robinson E, et al. Azathioprine therapy in Rasmussen
syndrome. Epilepsy Curr. 2012;12(Suppl 1):417.

7. Bien CG, Tiemeier H, Sassen R, et al. Rasmussen encephalitis: incidence and
course under randomized therapy with tacrolimus or intravenous
immunoglobulins. Epilepsia. 2013;54(3):543–50.

8. Liba Z, Muthaffar O, Tang J, et al. Rasmussen encephalitis: response of early
immunotherapy in a case of immune-mediated encephalitis. Neurol
Neuroimmunol Neuroinflamm. 2015;2(2):e69.

9. Takahashi Y, Yamazaki E, Mine J, et al. Immunomodulatory therapy versus
surgery for Rasmussen syndrome in early childhood. Brain and
Development. 2013;35:778–85.

10. Thilo B, Stingele R, Knudsen K, et al. A case of Rasmussen encephalitis
treated with rituximab. Nat Rev Neurol. 2009;5(8):458–62.

11. Prufer M, Hahn G, Friebel D, et al. Rituximab and cyclophosphamide an
alternative in immunomodulatory therapy in Rasmussen encephalitis.
Neuropediatrics. 2013;44:PS13–1195.

12. Bittner S, Simon OJ, Gobel K, Bien CG, Meuth SG, Wiendl H. Rasmussen
encephalitis treated with natalizumab. Neurology. 2013;81:395–7.

13. Liba Z, Sedlacek P, Sebronova V, Maulisova, et al. Alemtuzumab and
intrathecal methotrexate failed in the therapy of Rasmussen encephalitis.
Neurol Neuroimmunol Neuroinflamm. 2017;4(4):e354.

14. Bien CG, Granata T, Antozzi JH, et al. Pathogenesis, diagnosis and treatment
of Rasmussen encephalitis: a European consensus statement. Brain. 2005;
128:451–71.

15. Villemure JG, Daniel RT. Peri-insular hemispherotomy in paediatric epilepsy.
Childs Nerv Syst. 2006;22(8):967–81.

16. Bien CG, Urbach H, Deckert M, et al. Diagnosis and staging of Rasmussen’s
encephalitis by serial MRI and histopathology. Neurology. 2002;58(2):250–7.

17. Bien CG, Widman G, Urbach H, et al. The natural history of Rasmussen’s
encephalitis. Brain. 2002;125(Pt 8):1751–9.

18. Tariq H, Gilbert A, Sharkey FE. Intrathecal methotrexate-induced necrotizing
myelopathy: a case report and review of histologic features. Clin Med
Insights Pathol. 2018;11:1179555718809071.

19. Sadiq SA, Simon EV, Puccio LM. Intrathecal methotrexate treatment in
multiple sclerosis. J Neurol. 2010;257(11):1806–11.

20. Havrdova E, Horakova D, Kovarova I. Alemtuzumab in the treatment of
multiple sclerosis: key clinical trial results and considerations for use. Ther
Adv Neurol Disord. 2015;8(1):31–45.

21. Ruck T, Afzali AM, Lukat KF, et al. ALAIN01-Alemtuzumab in autoimmune
inflammatory neurodegeneration: mechanisms of action and
neuroprotective potential. BMC Neurol. 2016;16(1):34.

22. Simon M, Ipek R, Homola GA, et al. Anti-CD52 antibody treatment depletes
B cell aggregates in the central nervous system in a mouse model of
multiple sclerosis. J Neuroinflammation. 2018;15(1):225.

23. Stüve O, Marra CM, Bar-Or A, et al. Altered CD4+/CD8+ T-cell ratios in
cerebrospinal fluid of natalizumab-treated patients with multiple sclerosis.
Arch Neurol. 2006;63(10):1383–7.

24. Kothur K, Wienholt L, Mohammad SS, et al. Utility of CSF cytokine/
chemokines as markers of active intrathecal inflammation: comparison of
demyelinating, anti-NMDAR and Enteroviral encephalitis. PLoS One. 2016;
11(8):e0161656.

25. Kowarik MC, Cepok S, Sellner J, et al. CXCL13 is the major determinant for B
cell recruitment to the CSF during neuroinflammation. J
Neuroinflammation. 2012;9:93.

26. Pranzatelli MR. Advances in biomarker-guided therapy for pediatric- and
adult-onset Neuroinflammatory disorders: targeting chemokines/cytokines.
Front Immunol. 2018;9:557.

27. Liba Z, Nohejlova H, Capek V, Krsek P, Sediva A, Kayserova J. Utility of
chemokines CCL2, CXCL8, 10 and 13 and interleukin 6 in the pediatric
cohort for the recognition of neuroinflammation and in the context of

Liba et al. BMC Neurology          (2020) 20:359 Page 11 of 12



traditional cerebrospinal fluid neuroinflammatory biomarkers. PLoS One.
2019;14(7):e0219987.

28. Michlmayr D, McKimmie CS. Role of CXCL10 in central nervous system
inflammation. Int J Interferon Cytokine Mediat Res. 2014. https://doi.org/10.
2147/IJICMR.S35953.

29. Kurachi M, Kurachi J, Suenaga F, et al. Chemokine receptor CXCR3 facilitates
CD8(+) T cell differentiation into short-lived effector cells leading to
memory degeneration. J Exp Med. 2011;208(8):1605–20.

30. Phares TW, Stohlman SA, Hinton DR, Bergmann CC. Astrocyte-derived
CXCL10 drives accumulation of antibody-secreting cells in the central
nervous system during viral encephalomyelitis. J Virol. 2013;87(6):3382–92.

31. Mirones I, de Prada I, Gómez AM, et al. A role for the CXCR3/CXCL10 axis in
Rasmussen encephalitis. Pediatr Neurol. 2013;49(6):451–457.e1.

32. Mellergård J, Edström M, Vrethem M, Ernerudh J, Dahle C. Natalizumab
treatment in multiple sclerosis: marked decline of chemokines and
cytokines in cerebrospinal fluid. Mult Scler. 2010;16(2):208–17.

33. Kimura K, Nakamura M, Sato W, et al. Disrupted balance of T cells under
natalizumab treatment in multiple sclerosis. Neurol Neuroimmunol
Neuroinflamm. 2016;3(2):e210.

34. Chen M, Lin X, Liu Y, et al. The function of BAFF on T helper cells in
autoimmunity. Cytokine Growth Factor Rev. 2014;25(3):301–5.

35. Li R, Patterson KR, Bar-Or A. Reassessing B cell contributions in multiple
sclerosis. Nat Immunol. 2018;19(7):696–707.

36. Liba Z, Muthaffar O, Tang J, et al. Rasmussen encephalitis: response to early
immunotherapy in a case of immune-mediated encephalitis. Neurol
Neuroimmunol Neuroinflamm. 2015;2(2):e69.

37. Kebir H, Carmant L, Fontaine F, et al. Humanized mouse model of
Rasmussen's encephalitis supports the immune-mediated hypothesis. J Clin
Invest. 2018;128(5):2000–9.

38. Ravizza T, Gagliardi B, Noé F, Boer K, Aronica E, Vezzani A. Innate and
adaptive immunity during epileptogenesis and spontaneous seizures:
evidence from experimental models and human temporal lobe epilepsy.
Neurobiol Dis. 2008;29(1):142–60.

39. Webster KM, Sun M, Crack P, O'Brien TJ, Shultz SR, Semple BD. Inflammation
in epileptogenesis after traumatic brain injury. J Neuroinflammation. 2017;
14(1):10.

40. Lagarde S, Villeneuve N, Trébuchon A, et al. Anti-tumor necrosis factor alpha
therapy (adalimumab) in Rasmussen's encephalitis: an open pilot study.
Epilepsia. 2016;57(6):956–66.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Liba et al. BMC Neurology          (2020) 20:359 Page 12 of 12

https://doi.org/10.2147/IJICMR.S35953
https://doi.org/10.2147/IJICMR.S35953

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Ethics statement
	Study design
	Patients, clinical data and sampling
	Controls
	Chemokine and cytokine detection in blood and CSF via Luminex multiplex bead technology and enzyme-linked immunosorbent assay (ELISA)
	Determination of lymphocyte subpopulation distributions in blood, CSF and brain tissue via flow cytometry
	Histology and immunohistochemistry
	Data visualization and statistics

	Results
	Clinical data
	Laboratory data
	Brain tissues
	CSF and blood
	Individual dynamics of the investigated parameters


	Discussion
	Conclusion
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

