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Abstract
Rasmussen Encephalitis (RE) is a chronic, unilateral epileptic disorder mostly found in children. Neuropathologically, 
it is characterized by T lymphocyte infiltration targeting neurons and leading to microglia activation, astrogliosis, 
and cortical degeneration. Within a patient’s brain, distinct pathological stages are found that offer a unique 
opportunity to study T cell dynamics in situ. Using quantitative multiplex fluorescence imaging, we analyzed 
CD103+ and CD69+ Tissue-resident memory T cells (TRM) across different disease stages. This analysis revealed that 
TRM were more abundant in the parenchyma than in the perivascular space, suggesting that their differentiation 
occurs locally after antigen encounter. Further, part of the TRM expressed Granzyme-B (GrB) and frequently were 
attached to neurons, suggesting that they are actively involved in neuronal destruction. While TRM showed a 
stage-dependent increase in older lesions, the proportions of these cells did not correlate with disease duration, 
indicating that their accumulation may be more dependent on the local environment in the lesion than on the 
length of the disease. In addition, we found that T cells using the γδ T cell receptor comprised up to 66%. Like 
CD8+ T cells, the γδ T cells could develop a TRM phenotype and, while expressing GrB+ granules, they were seen 
attached to neurons, suggesting that they are involved in neuronal destruction. Finally, analysis of exhaustion- 
and TRM-associated immune checkpoint control markers PD-1 and LAG-3 revealed a significant stage-dependent 
increase in PD-1 expression in the oldest lesions. In contrast, LAG-3 expression did not show any stage-specific 
pattern, pointing towards a distinct regulatory mechanism. The study demonstrates a dynamic and one-way T cell 
response throughout the course of RE at a given spot in the CNS: from the establishment of T cell residence after 
entry into the CNS, the killing of neurons, and eventually T cell exhaustion. It further suggests an important role of 
γδ T-cells in the propagation of disease and lesions.
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Introduction
Rasmussen encephalitis (RE) is a rare but severe neuro-
logical disease, that predominantly affects young children 
[1–3]. This puzzling condition, which is characterized 
by chronic inflammation and neuronal loss resulting in 
neurologic deficits, including epilepsy, is typically limited 
to only one brain hemisphere [4–6]. The cause of RE is 
still unclear. Neuropathologically, there is a great diver-
sity of lesions within the brains of RE patients. Based on 
T cell infiltration, microglia activation, neuronal loss, and 
astrocyte gliosis, Pardo et al. defined five stages, noting 
that all stages can be present within one hemisphere in 
one single patient [4]. Stage 0 is considered the normal-
appearing cortex. Stage 1 is characterized by discrete foci 
of lymphocytes, with no or minimal evidence of neuronal 
injury. Our own histopathological studies revealed that 
within otherwise normal appearing cortical areas, small 
microglial nodules (described as primary microglial nod-
ules) provide an environment for T cells as an initiating 
step for the inflammatory response. This inflammatory 
environment is further characterized by increased levels 
of interferons and other pro-inflammatory cytokines and 
chemokines [7]. As the disease progresses, T-cell infiltra-
tion increases, marking the transition to stage 2. Dur-
ing this stage, neuronal injury and degeneration become 
apparent. Stage 3 is defined by increased neuronal loss to 
a point where the brain shows cortical atrophy. In stage 4, 
neuronal loss culminates and results in extensive destruc-
tion of the cerebral cortex.

At present, cytotoxic T cells are considered the pri-
mary cause of neuronal destruction. A resulting imbal-
ance of inhibitory and excitatory neurons most likely 
contributes to the generation of epileptic seizures. The 
majority of the infiltrating T cells are CD8+ cytotoxic T 
cells that contain Granzyme-B (GrB). Those T cells can 
be observed in close apposition to neurons, exhibit-
ing directed release of their cytolytic granules towards 
them. Collectively, these results suggest neuronal death 
in a GrB-dependent manner [8–10]. Further studies per-
formed in mouse models have provided an understand-
ing of the role of T cells in RE. Immune-deficient NSG 
mice that received peripheral blood mononuclear cells 
from patients diagnosed with RE developed severe sei-
zures, astrogliosis, and accumulation of human T cells in 
the brain [10]. Moreover, spectra-typing of T cells from 
human RE brain lesions indicated that T cells expand 
from antigenic epitope-responding precursor T cells, 
suggesting an antigen-driven immune response [9, 11]. 
However, no target antigen in RE has been identified yet. 
Besides the conventional αβ+ T cells, Owens et al. and 
Al Nimer et al. described the presence of γδ+ T cells in 
RE. These cells are known for their ability to respond to 
a wide range of antigens and contribute to tissue inflam-
mation [12, 13]. In contrast to αβ+ T cells, the γδ+ T cells 

recognize antigens in an MHC independent manner [14], 
with the ability to detect a broad range of molecules, 
including non-peptidergic antigens [15]. However, their 
exact role in RE, whether detrimental or protective, their 
prevalence during disease progression, and further phe-
notypical characteristics remain unclear. Although cyto-
toxic T cells appear as key drivers in neuronal loss, the 
phenotype and the dynamics of these cells throughout 
the disease progression are not well understood.

Recently, the scientific community has shown a sig-
nificant increase in interest in tissue-resident memory T 
cells (TRM) due to their central role in various immune 
responses. Recent studies suggest that TRM are a driving 
force in disease progression by contributing to the main-
tenance of inflammation and neurodegeneration [16]. 
In the central nervous system, most T cells, present in 
the normal brain and in neurodegenerative conditions, 
are TRM [17] and are abundant in conditions of chronic 
inflammation [18]. Due to their compartmentalized 
nature, in the brain parenchyma behind the blood-brain 
barrier (BBB), TRM might evade the effects of drugs tar-
geting circulating T cells. This is supported by the find-
ing that TRM can sustain brain damage independent of T 
cells in the circulation [19]. In parallel, T-cell exhaustion 
due to persistent antigenic stimulation is a key feature of 
chronic viral infections and cancer [20]. Typically, these 
exhausted cells start to express checkpoint inhibitor mol-
ecules, such as PD-1, CTLA4, and LAG-3 [21, 22]. These 
molecules are also highly expressed by TRM isolated from 
multiple solid tumor types [23]. Checkpoint inhibitor 
therapy is an exciting new way to battle cancer. However, 
it has also led to an increase in paraneoplastic encepha-
litis with antibodies directed against a large number of 
antigens [24–29]. Like RE, these paraneoplastic diseases 
are mediated by cytotoxic T cells [30–32]. It becomes 
apparent that the immune dynamics in cytotoxic T-cell-
mediated encephalitis require further exploration to shed 
light on their complexity. The broad spectrum of lesions, 
along with the massive infiltration of T cells as the dis-
ease progresses, allows to study T cell dynamics in RE. A 
deeper understanding of the presence of TRM, the induc-
tion of exhaustion of these T cells, and the role of γδ+ T 
cells in RE provides insight into their contribution to tis-
sue damage for patients diagnosed with RE and possibly 
also for other CD8+ T cell-mediated brain diseases.

Patients and methods
Patients and sample selection
This study was performed on formaldehyde-fixed and 
paraffin-embedded (FFPE) surgical specimens from the 
Bethel Epilepsy Center, Bielefeld, Germany, between 1991 
and 2015. The diagnosis of encephalitis compatible with 
Rasmussen Encephalitis (RE) was made by board-certi-
fied neuropathologists; the diagnosis finally rested upon 
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the European consensus criteria [33]. In total 414 blocks 
from 42 RE patients were analyzed. Staging on these 
blocks was performed according to the criteria from 
Pardo et al. based on Iba1, CD3, HLA-DR, GFAP, and 
NeuN staining [4]. We aimed to include a broad range 
of samples, with as many patients presenting all 4 patho-
logical stages. In Pardo´s classification, the lesions are 
divided into 4 stages, although in reality the lesion pro-
gression is fluent. We selected cortical samples that best 
fit Pardo´s criteria of the various stages. However, since 
stage 2 in Pardo´s semi-quantitative classification is very 
heterogeneous in terms of both inflammation and neuro-
nal loss, we, for this stage 2, selected samples that were 
homogenous with respect to degree of inflammation and 
neuronal loss and noticeably were in between stage 1 
(only local inflammation and no apparent neuronal loss) 
and stage 3 (clear presence of spongiosis). This means 
that blocks with criteria closer to stage 1 (mild inflamma-
tion and little neuronal loss) or stage 3 (those with strong 
inflammation and severe neuronal loss but without spon-
giosis) were excluded. Omitted were also blocks with 

non-cortical (hippocampal) specimens or blocks with 
artefactual changes such as resection-induced bleedings. 
Since stages 3 and 4 were rather rare in our sample of 
surgical resections, we combined these two stages into a 
single group (stage 3–4). Due to these criteria, the final 
sample size was reduced to 39 blocks from 16 patients. 
For one patient (RE13, Table 1), we used blocks from the 
first surgery as well as from the resection 3 years later. 
Furthermore, eight samples from deceased patients with-
out any neurological conditions were included as con-
trols. (Table 1).

Immune histopathological evaluation
RE samples were analyzed by (double) labeling with Iba1 
and CD3, Iba1 and HLA-DR as well as NeuN and GFAP. 
These stainings were performed according to the previ-
ously described protocol [34]. In summary, sections were 
dewaxed and steamed in a conventional household food 
steamer to achieve antigen retrieval. The primary anti-
bodies (Supplementary Table 1) were applied overnight 
at 4℃. Then, incubation with the secondary biotinylated 

Table 1  Patient demographic data, clinical stages, and neuropathological analysis
ID Sex Disease Duration* Stage available Age at Surgery/ Death (yrs) Hemisphere/ Multiplex protocols used per block/

stage
(yrs) Location Stage 1 Stage 2 Stage 3–4

RE1 F 0.9 1, 2 7.9 l γδ TRMTEX # γδ TRMTEXGrB (n. a)
RE2 M 0.9 3 6.4 r (n. a) (n. a) γδTEX

RE3 M 1 1, 2, 3 4.8 r γδ TEX # γδ TRMTEX γδ TRMTEX

RE4 F 1.2 1, 2 5.2 r γδ TRMTEX γδ TRMTEXGrB (n. a)
RE5 F 1.5 1, 2 13.5 l γδTEX γδ TRMTEXGrB (n. a)
RE6 F 1.7 3 8.3 l (n. a) (n. a) γδTRMTEXGrB
RE7 F 2.2 1 7.2 l γδTEX (n. a) (n. a)
RE8 F 2.5 1, 2, 3 12 r γδ TRMTEX γδ TRMTEXGrB # γδ TRMTEX

RE9 M 3.5 1, 2 4.5 r γδTEX γδTEX (n. a)
RE10 M 3.7 1, 2,3 34.2 r γδTEX TEX γδ TRMTEX

RE11 M 5.5 1, 2, 3 33.5 l γδTEX γδ TRMTEX γδ TRMTEX

RE12 M 5.7 3 11.7 r (n. a) (n. a) γδTEX

RE13 M 5.7 1, 2, 3 18.1 r # γδ TEX γδTEX # γδTEX

Resection: 9.7 21.3
RE14 M 10.9 3 10.9 l (n. a) (n. a) # γδ
RE15 F 17.3 1, 2, 3 29.3 l γδTEX γδTEX γδTEX

RE16 M 18.3 1, 2, 3 29.3 r γδTRMTEX γδTRMTEXGrB γδTRMTEX

CO1 F - - 65.5 - CD3
CO2 F - - n.d - CD3
CO3 F - - 67.6 - CD3
CO4 M - - 63.8 - CD3
CO5 M - - 72 - CD3
CO6 F - - 48.7 - CD3
CO7 M - - 63.8 - CD3
CO8 M - - 45.4 - CD3
Overview of Rasmussen Encephalitis (RE) patients and Controls (CO). This table provides a breakdown of the histopathological stages available for each patient 
alongside disease duration and the age of surgery for RE patients or death for Controls. The multiplex protocols used for quantification are outlined on the left: 
multiplex protocols for γδ T cells, T cells with resident memory markers (TRM), T cells with exhaustion markers (TEX) and Granzyme B expressing T cells (GrB) were 
applied (for further details see Suppl. Table 2). Abbreviations: CD3 = single staining for CD3 was performed; RE = Rasmussen Encephalitis F = female; M = male; n.a. 
= not available; l= left; r = right; *Disease duration equals the start of Epilepsy; #two blocks were available.
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antibody (targeting CD3, HLA-DR, and NeuN, respec-
tively) as well as the secondary peroxidase-conjugated 
antibody (targeting Iba1 and GFAP, respectively) was 
applied and followed by incubation with peroxidase-con-
jugated streptavidin for 1  h at room temperature (RT). 
To increase sensitivity, anti-CD3 and anti-NeuN were 
performed with tyramide enhancement [34]. CD3, HLA-
DR, and NeuN staining were developed with Fast Red, 
and Iba1 and GFAP were developed with Fast Blue. As 
Iba-1 and CD3 both originate from rabbit and NeuN and 
GFAP derive from mouse, an additional steaming heat-
induced epitope retrieval (HIER) was performed after 
Catalyzed Signal Amplification (CSA) enhancement, 
before the application of HLA-DR and GFAP to pre-
vent cross-recognition by the antibodies from the same 
species. The sections were scanned with a slide scanner 
(NanoZoomer Digital Pathology, Hamamatsu Photonics) 
at x200 magnification and analyzed with the Hamamatsu 
NDPI viewer (​h​t​t​p​​s​:​/​​/​w​w​w​​.​h​​a​m​a​​m​a​t​​s​u​.​c​​o​m​​/​e​u​​/​e​n​​/​p​r​o​​d​
u​​c​t​/​​l​i​f​​e​-​s​c​​i​e​​n​c​e​​-​a​n​​d​-​m​e​​d​i​​c​a​l​​-​s​y​​s​t​e​m​​s​/​​d​i​g​​i​t​a​​l​-​s​l​​i​d​​e​-​s​c​a​n​n​
e​r​/​U​1​2​3​8​8​-​0​1​.​h​t​m​l).

Multiplex immunofluorescence labelling
A detailed list of the analyzed combinations of antibod-
ies is presented in Supplementary Table 2. The follow-
ing protocol was used throughout all stainings; labeling 
for markers of interest was performed using an Akoya 
Fluorescent Multiplex kit according to the manufactur-
er’s protocol. In brief, sections were steamed in antigen 
retrieval buffer pH 9.0 (AR9) or citrate for 60  min in a 
household food steamer (Braun), followed by a 10-min-
ute blocking step with Opal Antibody Diluent/Block 
solution (Akoya Biosciences, Marlborough, USA). There-
after, the primary antibodies were incubated for 2  h at 
RT or overnight at 4  °C. Following a washing step with 
Tris-buffered saline with Tween20, the secondary anti-
body (HRP conjugated) was introduced for 30  min at 
RT. Subsequently, the fluorophores (Opal 480, Opal 520, 
Opal 570, Opal 620, Opal 690, or Opal 780) were imple-
mented. Before applying the next primary antibody, the 
sections were fixed with 4% paraformaldehyde for 10 min 
at RT, followed by another round of antigen retrieval step 
using AR6 for 30 min. Ultimately, the nuclei were stained 
with 4′,6-diamidino-2-phenylindole (DAPI).

Cell quantification
To quantify multi-labeled cells, fluorescent stainings were 
scanned with the Vectra Polaris Automated Quantitative 
Pathology Imaging System from Perkin Elmer and quan-
tified semi-automatically with QuPath software accord-
ing to the online manual [35]. This software offers a tool 
for machine learning-based cell quantification. To this 
end, for every slide, the image was split into the respec-
tive channels. Next, cell detection was performed based 

on DAPI staining, and the object classifier was trained 
and validated manually. Eventually, an area of interest 
(0.09–68.31 mm²) was selected, and the respective clas-
sifiers were applied.

Statistical analysis
For comparisons involving more than two groups, we 
employed the Kruskal-Wallis test followed by Dunn’s 
multiple comparison. For two-group comparisons, the 
Wilcoxon test was employed. Correlations were assessed 
with Spearman’s rank correlation coefficient. p-values 
below 0.05 were considered statistically significant. All 
statistical analyses were performed using GraphPad 
Prism 6.

Results
Different T cell subsets are found throughout all 
pathological stages
As described in the materials and methods, we selected 
39 blocks with different stages from 16 patients (Table 1; 
Fig.  1a-d). The selected blocks showed significant vari-
ability in the numbers of infiltrating CD3+ T cells, rang-
ing from 4.1 to 551.3 cells/mm² (median 52.0 cells/mm²), 
whereas controls without neurological disease show a 
median number of 1.6 CD3+ T cells/mm². We found that 
there is a significant decrease in CD3+ T cell density with 
ongoing disease duration (Fig.  1e). Furthermore, stage-
specific analysis showed a significant increase of CD3+ 
T cells in stage 2 and stage 3–4 compared to stage 1 
(Fig. 1f ). No significant difference was observed between 
stages 2 and 3–4, which contradicts the findings of Pardo 
et al. [4]. CD8+CD3+ cytotoxic T cells comprise a median 
number of 47.46% of all CD3+ T cells in the parenchyma. 
Similar to the CD3+ T cell numbers, the numbers of infil-
trating CD3+CD8+ cytotoxic T cells increased signifi-
cantly from stage 1 to stage 2 and to stage 3–4 (Fig. 1f ). 
The number of infiltrating CD4+CD3+ T cells ranged 
from 0 to 57.7 cells/mm² (median 7.4 cells/mm²) and 
comprised a median number of 11.87% of all CD3+ T 
cells. In general, CD4+CD3+ T cells were less infiltrating 
the brain parenchyma in comparison to CD8+CD3+ T 
cells and were mostly confined to the perivascular space 
(not shown). Like CD3+ and CD8+ T cells, CD4+ T cells 
increased in numbers in stage 2 and stage 3–4 as com-
pared to stage 1 (Fig.  1f ). There was no change in the 
proportion of CD8+ and CD4+ T cells of all CD3+ T cells 
with ongoing disease duration (Supplementary Fig. 1a).

Stage-specific analysis: Tissue-resident memory T 
cells are more abundant in older lesions
TRM increase with ongoing lesion progression but not 
disease duration
T cells showing a TRM phenotype were identified by stain-
ing for CD103 (from here on we refer to CD103+CD3+ 

https://www.hamamatsu.com/eu/en/product/life-science-and-medical-systems/digital-slide-scanner/U12388-01.html
https://www.hamamatsu.com/eu/en/product/life-science-and-medical-systems/digital-slide-scanner/U12388-01.html
https://www.hamamatsu.com/eu/en/product/life-science-and-medical-systems/digital-slide-scanner/U12388-01.html
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Fig. 1  Different stages within Rasmussen encephalitis brains. (a-d) IHC double-labeling was performed for the characterization of CD3+ T cell infiltration 
and Iba1+ microglia across different RE stages: (a) In stage 1, discrete local CD3+ T cell infiltration (arrowhead) is observed. (b) In stage 2, an increase of 
CD3+ T cell infiltration accompanied by more pronounced microglial activation can be seen. T cells are now present all over the cortical grey matter. (c) 
In stage 3, neuronal loss becomes visible by the presence of small vacuoles (VAC). (d) Neuronal loss and spongiosis are even more pronounced in stage 
4. (e) Stage-independent quantification of CD3+ T cells in RE patients. The analysis shows that the number of CD3+ T cells declines with longer disease 
duration (Spearman correlation test: p = 0.0005, r= -0.7669). (f) Shows T cell numbers of different (CD3, CD8, and CD4) T cell subsets across the stages of RE, 
with CD3+ T cell infiltration in control samples for reference. A strong increase of all T cell subtypes is seen between stage 1 and stage 2 and 3–4. Data are 
presented as median with interquartile range; (e): Spearman rank correlation was performed; (f): Kruskal-Wallis with post hoc Dunn’s multiple comparison 
test was performed, asterisks represent the result of post hoc multiple comparison: ***p ≤ 0.001, **p ≤ 0.01

 



Page 6 of 15Mair et al. Journal of Neuroinflammation          (2025) 22:155 

T cells as TRM unless otherwise specified). TRM were 
present in the parenchyma in all examined cases and 
all stages (Fig.  2a), with numbers spanning from 1.0 to 
323.7 cells/mm² (median 18.8 cells/mm²) A significantly 
higher TRM density was observed in stage 2 and stage 3–4 
as compared to stage 1 (Fig. 2a, Supplementary Fig. 1b). 
Interestingly, also the proportion of TRM increased sig-
nificantly from stage 1 with a median of 28.11% of all 
CD3+ T cells to stage 3–4 (median 48.89% of all CD3+ T 
cells) (Fig.  2b). Furthermore, the ratio of TRM positively 
correlated with the number of all infiltrating CD3+ T 
cells (Fig. 2c). However, the proportion of these infiltrat-
ing TRM did not significantly vary with disease duration 
(Fig. 2d).

CD8+CD3+ T cells with a TRM phenotype 
(CD103+CD8+CD3+ T cells) ranged from 0.1 to 123.7 
cells/mm² and comprised a median of 43.75% of all 
CD8+CD3+ T cells. Again, a significant stage-dependent 
increase was observed from stage 1 to stage 3–4: within 
the CD8+ T cell population, a median of 33.48% in stage 
1, 51.45% in stage 2, and 59.60% in stage 3–4 showed this 
TRM phenotype (Fig.  2a and e, Supplementary Fig.  1c). 
The expression of CD103, which is not a faithful marker 
for CD4+ TRM [17, 36, 37], within the CD4+CD3+ T cell 
population comprised a median of 0.66% (accounting for 
a median of 0.58% of all CD103+ T cells).

Another classical marker for TRM is CD69. To confirm 
the presence of CD69+ TRM, we stained a number of cases 
for CD69. The proportion of CD69+ among all CD3+ T 

Fig. 2  TRM infiltration in the various stages of RE. Images originate from multiplex stainings for CD3, CD8, CD103, and DAPI. (a) Upper images show 
the stainings for CD103 and CD3 at the different stages, whereas lower images depict the stainings for CD103 in combination with CD8. In all stages, 
CD103+CD3+ T cells (TRM) are present, but these cells increase in stage 2 and stage 3–4. (b) The proportion of TRM as a percentage of all CD3+ T cells. The 
proportion of TRM cells significantly increases from stage 1 to stage 3–4. (c) The percentage of CD3+ T cells expressing CD103 positively correlates with 
the amount of infiltrating T cells (Spearman correlation p = 0.0003). (d) Shows that there is no correlation between the percentage of TRM/CD3+ T cells and 
the disease duration (Spearman correlation p = 0.1053). (e) The proportion of CD103 within the CD8+CD3+ T cell population. Again, a stage-dependent 
increase in the TRM phenotype within the CD8+ T cell population from stage 1 to stage 3–4 was observed. Data are presented with a median with in-
terquartile range; VAC = vacuole; (b, e): Kruskal-Wallis test was performed, asterisks represent the result of post hoc multiple comparisons (Dunn’s test): 
*p ≤ 0.05; (c, d): Spearman rank correlation was performed
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Fig. 3 (See legend on next page.)
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cells increased significantly from stage 1 (median = 5.14%) 
to stage 2 (median = 23.37%). The proportion of CD3+ 
T cells expressing both CD103 and CD69 significantly 
increased in stage 2 (median = 21.55%) compared to stage 
1 (median = 4.69%). (Supplementary Fig.  2a-b). Further-
more, we performed staining for a third TRM marker 
CD49a. Endothelial cells of blood vessels showed strong 
staining for CD49a. In contrast, expression on T cells was 
weak and much less frequent than CD103 and CD69, but 
generally co-expressed with these other TRM markers. 
(Supplementary Fig. 2c and d).

T cells likely acquire a TRM phenotype in the parenchyma
Most perivascular cuffs with CD3+ T cells were found 
in stage 2 areas. The median proportion of TRM in these 
cuffs was 9.25%. In contrast, a median of 47.76% of T cells 
in the parenchyma were TRM (Fig.  3a, b). A substantial 
proportion of the CD3+ T cells in the perivascular cuffs 
also stained positive for CD8. Likewise, the proportion of 
CD8+ TRM (CD103+CD8+CD3+) increased in the paren-
chyma as compared to the perivascular space (42.99% in 
the parenchyma vs. 11.58% in the vascular space) (Fig. 3a, 
c). As for the CD69+ T cells, we could observe a simi-
lar pattern as with CD103 (Supplementary Fig.  2d). In 
addition, we analyzed tissue from five patients contain-
ing meninges and compared the proportion of TRM in 
the meninges to those in the parenchyma. Surprisingly, 
the proportion of TRM was similar in both compart-
ments, as was the proportion of CD8+ TRM (Fig.  3d-f ). 
Further, we were interested in investigating whether 
TRM showed effector cell function and could be actively 
involved in neuronal loss. To this end, we could observe 
TRM expressing Granzyme-B (GrB) cytotoxic granules in 
close contact with neurons in all analyzed cases (Fig. 3g). 
Quantification of six samples revealed that a median of 
80.7% of GrB+CD3+ T cells express CD103+ (Fig. 3h).

T cell infiltration in the parenchyma, from activation to 
exhaustion
To further enlighten the dynamics of T cells in RE, we 
analyzed exhaustion-associated molecules Programmed 
Death 1 (PD-1), Cytotoxic T Lymphocyte Associated 

Protein 4 (CTLA-4), and Lymphocyte Activation Gene 
3 (LAG-3) in the various stages of RE. Early experiments 
showed that the sensitivity of the used anti-CTLA4 anti-
body on our material seemed very low (only a few T cells 
in the parenchyma showed reactivity for CTLA-4). We 
thus refrained from performing further experiments with 
this antibody and concentrated on PD-1 and LAG-3.

PD-1, but not LAG-3 expression, reflects chronic antigen 
stimulation
Our findings revealed PD-1 expression on CD3+ T cells 
across all stages (Fig.  4a), with cell densities ranging 
from 0 to 207.9 cells/mm². We observed an increase of 
absolute numbers of PD-1+CD3+ T cells from stage 1 to 
stage 2 and from stage 1 to stage 3–4 ( Supplementary 
Fig. 3a). Notably, the proportion of CD3+ T cells express-
ing PD-1 increased from stage 1 (median = 3.57%) and 
stage 2 (median = 17.94%) to stage 3–4 (median = 33.1%) 
(Fig.  4b). A similar trend was observed in CD3+CD8+ 
T cells, with significantly higher PD-1 expression on 
CD3+CD8+ T cells in stage 3–4 (median = 29.24%) com-
pared to stage 1 (median 3.73%) (Fig.  4c). Furthermore, 
there was a positive correlation between the propor-
tion of PD-1 and CD103 expression on T cells (Fig. 4d). 
CD3+ T cells expressing LAG-3 ranged from 0 to 391.3 
cells/mm2 with a median of 5.6 cells/mm2. There was 
an increase in the density of LAG-3+CD3+ T cells in 
stage 2 and stage 3–4 compared to stage 1 (Supplemen-
tary Fig.  3b). In contrast to PD-1, we, however, noticed 
no stage-specific increase in the proportion of T cells 
expressing LAG-3. The numbers fluctuated between 0% 
and 43.98% (Fig.  4e). Similarly, CD3+CD8+ cytotoxic T 
cells expressing LAG-3 ranged from 0 to 53.85%, showing 
no stage-specific change (Supplementary Fig.  3c). Fur-
thermore, we also analyzed the co-expression of LAG-3 
and PD-1 on T cells. A median proportion of 1.96% 
(range: 0-20.4%) of all CD3+ T cells were positive for both 
markers (Fig. 4f, Supplementary Fig. 3d-e). Neither PD1+ 
T cells nor LAG-3+ T cells showed a significant change 
in proportion with ongoing disease duration (Supple-
mentary Fig. 3f ), which also accounts for the CD8+ T cell 
population (Supplementary Fig. 3g).

(See figure on previous page.)
Fig. 3  TRM distribution in perivascular regions and brain parenchyma in RE cortical areas. (a) Multiplex immunofluorescence stainings. Shown are CD3+ T 
cells (red), CD8+ T cells (blue), and CD103+ T cells (green), whereas the merged panel shows colocalization of these markers in blood vessels (BV) and sur-
rounding parenchyma of a stage 2 lesion. Notice that CD103 is almost exclusively found in the parenchyma. (b) Quantification of CD103+CD3+ T cells (TRM) 
as a percentage of all CD3+ T cells in the perivascular space versus the parenchyma. The proportion of TRM is significantly higher in the parenchyma. (c) 
Quantification of CD8+ TRM as a percentage of all CD8+CD3+ T cells in the perivascular space versus the parenchyma. The proportion of CD8+ TRM is signifi-
cantly higher in the parenchyma. (d) Representative multiplex immunofluorescence image of TRM distribution in meninges and the brain parenchyma of 
a stage 2 lesion. CD3+ T cells (red), CD8+ T cells (blue), and CD103+ cells (green) are shown. The merged panel shows the colocalization of these cells. Here, 
TRM are present in both the parenchyma (P) as well as in the meninges (M). (e) Quantification of TRM as a percentage of all CD3+ T cells in the meninges 
versus the parenchyma. There is no statistical difference between these compartments. (f) Quantification of CD8+ TRM as a percentage of all CD8+CD3+ 
T cells in the meninges versus the parenchyma. There is no statistical difference between these compartments. (g) Multiplex labeling for CD103 (blue), 
Granzyme-B (GrB) (green), and NeuN (red) in a stage 2 lesion. Inserts 1–3 indicate GrB+CD103+ cells in close apposition to neurons. GrB+ granules are 
indicated by white arrowheads. (h) The presence of GrB in CD103 positive and CD103 negative T cells. Data are presented as median with interquartile 
range; (b-c) and (e-f): Wilcoxon matched-pairs signed rank test was performed, asterisks represent significances **p ≤ 0.01
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The contribution of γδ+ T cells to neuronal loss
Whereas most of the CD3+ T cells use the combined α- 
and β-T cell receptor (αβ-TCR), a smaller part of the T 
cells instead use a combination of γ- and δ-TCR. Previ-
ous studies [12, 13] showed that in RE, such γδ T cells are 
present. Here, we analyzed the presence and cytotoxic 

profile of these cells in more detail. First, infiltration of 
γδ+CD3+ T cells in the parenchyma reached a median 
density of 29.1 cells/mm2 in stage 2 and 31.3 cells/mm2 in 
stage 3–4 in comparison to a median number of 1.8 cells/
mm2 to stage 1 (Supplementary Fig. 4a). The γδ+CD3+ T 
cells accounted for a median of 18.75% of all CD3+ T cells 

Fig. 4  Exhaustion markers PD-1 and LAG-3 in RE brain (a) Images from multiplex stainings for CD3 (green), CD8 (blue), and PD-1 (red) in cortical sections 
from stage 1, stage 2, and stage 3–4 of RE. PD-1+ T cells are more prominent in stage 2 and stage 3–4 lesions than in stage 1 lesion. VAC indicates vacuoles 
in the stage 3–4 lesions. (b) The proportion of CD3+ T cells expressing PD-1 significantly increases from stage 1 to stage 3–4, as well as from stage 2 to 
stage 3–4. (c) Similarly, the proportion of CD8+CD3+ T cells expressing PD-1 shows a significant increase in stage 3–4. (d) Positive correlation of the propor-
tion between CD103+CD3+ T cells (TRM) and PD-1+CD3+ T cells of all T cells (Spearman rank correlation p = 0.0041). (e) There is no significant change in the 
proportion of CD3+ T cells expressing LAG-3. (f) CD3+ T cells (blue) co-expressing PD-1 (green) and/or LAG-3 (red) in a stage 3–4 lesion. Many of the CD3+ T 
cells are either PD-1+ or LAG-3+. Only one cell, indicated by the yellow arrowhead in the merged CD3/PD-1/LAG-3 image, expresses both PD-1 and LAG-3. 
Data are presented as median with interquartile range; VAC = vacuole, (b, c, e): Kruskal Wallis test was performed, asterisks represent the result of post hoc 
multiple comparisons (Dunn’s test) ****p ≤ 0.0001, ***p ≤ 0.001, **p ≤ 0.01, *p ≤ 0.05; (d) Spearman rank correlation was performed
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(Fig.  5a). In addition, within the γδ+CD3+ T cell popu-
lation, a median proportion of 11.11% was also CD8+ 
while CD4+ expression of these γδ+CD3+ T cells was rare 
(median < 1%) (not shown). We did not observe a signifi-
cant change in the proportion of γδ+CD3+ T cells within 
the CD3+ T cell population across different disease 
stages (Fig.  5a). A strong positive correlation however 
was found between the number of infiltrating γδ+CD3+ 
T cells and CD8+CD3+ T cells (Fig.  5b). Moreover, we 
identified a negative correlation between the proportion 
of infiltrating γδ+CD3+ T cells and the disease duration, 

while no such correlation was found for CD8+γδ−CD3+ T 
cells. (Fig. 5c).

We further determined the presence of CD103 on 
these γδ+CD3+ T cells. The majority (median = 71.51%, 
range = 33.3–100%) of all γδ+CD3+ T cells also stained 
positive for CD103 compared to a median of 43.75% in 
CD8+CD3+ T cells (Supplementary Fig.  4b). Unlike for 
CD8+CD3+ T cells, there was no significant increase 
of γδ+CD3+ T cells with TRM phenotype between the 
stages (Supplementary Fig.  4b). Finally, the compara-
tive analysis showed no difference in the proportion of 

Fig. 5  γδ+ T cells in Rasmussen encephalitis. (a) The proportion of CD3+ T cells expressing γδ TCR in the different stages of RE. This proportion did not 
significantly change across these disease stages. (b) A strong positive correlation, however, was observed between the number of γδ+CD3+ T cells and 
CD8+CD3+ T cells (p < 0.0001). (c) A negative correlation was identified between the proportion of infiltrating γδ+CD3+ T cells and disease duration 
(p = 0.0130). This correlation was not observed for the CD8+ (CD8+γδ−CD3+) T cells (p = 0.1473). (d) The proportion of γδ+ and γδ− T cells of GrB+CD103+CD3+ 
T cells in six samples. No significant difference was observed between these groups. (e) Multiplex staining for CD103, δ TCR, GrB, and NeuN in a stage 2 
lesion. This staining shows that γδ and CD103 expression can overlap with each other and with GrB. These cells can also be found in close proximity to 
NeuN+ neurons. The white rectangle indicates a CD103−GrB+γδ+ cell attached to a neuron. The yellow rectangle indicates a CD103+GrB+γδ− cell attached 
to a neuron, and the red rectangle indicates a triple-positive CD103+GrB+γδ+ cell attached to a neuron. Data are presented as median with interquartile 
range; (a): Kruskal-Wallis test was performed; (b-c): Spearman rank correlation was performed; (d): Wilcoxon test was performed
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CD103+γδ+CD3+ T cells within the parenchyma and 
within perivascular cuffs (Supplementary Fig.  4c). The 
question arises whether these γδ+ T cells have similar 
functions like the CD8+CD3+ cytotoxic T cells. We there-
fore performed multiplex staining for γδ+ TCR, CD3, 
CD103, and GrB, followed by quantitative analysis in 
six cases. A median of 73.10% (range = 32.26 − 94.28%) 
of all CD103+GrB+CD3+ T cells expressed the γδ T cell 
receptor (Fig. 5d). Like CD8+ T cells, γδ+ T cells not only 
expressed GrB but could also be found in close apposi-
tion to NeuN+ neurons, suggesting that also these γδ+ T 
cells are engaged in a cytotoxic T cell attack to neurons 
(Fig. 5e). In addition, by assessing the expression of pro-
liferation markers (Ki67 and PCNA) we could observe 
that, like CD8+ T cells, γδ+ T cells are proliferating locally 
(Supplementary Fig. 4d,e). Finally, γδ+CD3+ T cells, with 
disease progression, showed increasing expression of 
PD-1; PD-1 expression on γδ+CD3+ T cells was signifi-
cantly higher in stages 3–4 in comparison to stage 1. In 
contrast, LAG-3 expression on γδ+CD3+ T cells did not 
show an association with any disease stage (Supplemen-
tary Fig. 4f-i). Since we found that a considerable fraction 
of CD3+ T cells are γδ+ and express CD103, we repeated 
the studies of CD103+ cells, as shown in Supplementary 
Fig.  1b and Fig.  2b-d with the exclusion of γδ+CD3+ T 
cells; There was a significant increase in the densities of 
γδ− TRM from stage 1 to stage 2 and stages 3–4 (Supple-
mentary Fig.  5a). Further, the increase in proportion 
of γδ− TRM among all γδ−CD3⁺ T cells from stage 1 to 
stages 3–4 remained (Supplementary Fig.  5b). Whereas 
the correlation between the proportion of γδ− TRM and 
the number of infiltrating γδ−CD3⁺ T cells persisted 
(Supplementary Fig.  5c), no correlation was observed 
between the proportion of γδ− TRM and disease duration 
(Supplementary Fig.  5d). Summarised, the presence of 
TRM in different stages and throughout the disease course 
remained consistent, indicating that these findings are 
not depending on γδ+ TRM.

Discussion
Our results show that during the disease course of RE, 
the number of T cells gradually decreases. This finding 
corroborates earlier findings showing that a decrease in T 
cells and microglial nodules during the disease is associ-
ated with a decrease in MRI abnormalities [38]. In GAD 
encephalitis, another CD8+ T cell-mediated neurodegen-
erative disease, we could observe the same phenomenon: 
early in the disease course, dense T cell infiltration is seen 
in the brain, whereas at later stages, T cells become grad-
ually less, even though the assumed autoantigen (GAD65) 
is still present [39]. The early strong inflammation par-
allels an early neuronal loss. The same occurs in para-
neoplastic CD8+ T cell-mediated diseases such as those 
associated with anti-Hu, anti-Ma2, or anti-Yo antibodies. 

In most anti-Hu and anti-Ma2 cases, CD8+ T cell infil-
tration is severe [32, 40–42] but in anti-Yo (paraneoplas-
tic cerebellar degeneration) cases with more protracted 
disease duration, T cell numbers are much lower in the 
cerebellum or have even disappeared, leaving only the 
loss of cerebellar Purkinje cells and presence of microg-
lial nodules as remnants of a CD8+ T cell-mediated attack 
[43, 44]. Overall, an early and severe neurodegeneration, 
together with decreasing numbers of cytotoxic CD8+ T 
cells in the CNS during the course of the disease, seems 
a likely scenario of CD8-mediated neurodegenerative 
diseases. Why CNS-infiltrating CD8+ T cells decrease 
over time remains unclear. In experimental models, γδ T 
cells have been shown to both regulate inflammation in 
the CNS and disease recovery via Fas/Fas ligand-induced 
apoptosis of encephalitogenic T cells [45]. Another pos-
sible explanation might be the compartmentalization of 
the immune response behind the blood-brain barrier 
(BBB) over time, as described in the chronic phase of the 
disease in MS [18].

Upon tissue entry, effector T cells use several mecha-
nisms to establish residency, including the downregu-
lation of molecules associated with tissue egress (e.g., 
CCR7, S1PR1, and S1PR5) and upregulation of molecules 
promoting tissue retention (e.g., CD69 and CD103) [46]. 
As shown in mouse models of virus infection, TRM persist 
in the brain parenchyma after antigen clearance [47]. In 
RE, while the antigen remains enigmatic, it is suspected 
to be neuronal [8]. Here we showed that TRM are pres-
ent in the parenchyma and significantly less in the peri-
vascular space. Furthermore, we demonstrated that the 
proportion of TRM increase in end-stage (stage 3–4) 
lesions with severe neuronal loss. The increase in TRM in 
the parenchyma may be explained by a specific enhanced 
migration of these cells from the perivascular space to 
the parenchyma. We, however, favor the probability that 
TRM are induced locally in the CNS parenchyma and 
gradually increase in numbers due to neuronal loss and 
supposed antigen clearance. Although precursors des-
tined for the TRM fate have been identified in secondary 
lymphoid organs [48, 49], in most studies, the final dif-
ferentiation into the TRM program is suggested to occur 
after local antigen recognition following the migration of 
effector T cells in the tissues [50, 51].

Importantly, we could show that TRM contained GrB+ 
granules and attacked neurons. This reveals that these 
TRM can be present as effector cells and can be seen as 
essential drivers of human CNS autoimmunity, as illus-
trated in our CD8-mediated mouse models [19]. Unlike 
in the perivascular space, there was no difference in the 
number of TRM between the parenchyma and the menin-
ges. The clonal relationship between meningeal, perivas-
cular, and parenchymal CD8+ T cells, harboring or not a 
TRM phenotype, is still largely unknown. Analysis at the 
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single cell level of TCR alpha and beta chain sequence of 
CD8+ T cells and CD8+ TRM originating from these 3 ana-
tomical compartments could allow a better understand-
ing of their progenitor-progeny relationship and their 
migration within the CNS. In that respect, a recent study 
in human neurodegenerative diseases revealed that CD8+ 
TRM can populate the leptomeninges, while TCR reper-
toire overlap between paired meningeal and parenchymal 
T cell samples suggests traffic between these two loca-
tions [52]. This is in line with our finding that the pro-
portion of TRM does not differ between the parenchyma 
and the meninges. Furthermore, it has been suggested 
that TRM are organized in lymphoid niches near barri-
ers in order to act as sentinels against possible reinfec-
tions [53]. Thus, our findings here could suggest that the 
meninges provide a protective niche in RE, ensuring TRM 
maintenance [53] and a quick response against recurring 
perturbation.

In oncology, immune checkpoint inhibitors (ICIs) are 
a revolutionary therapeutic strategy. Currently, anti-
PD-1, anti-CTLA-4, as well as anti-LAG-3 antibod-
ies are approved [54, 55]. One common side effect of 
ICIs is the induction of autoimmune-like inflammation 
throughout the body, including encephalitis [56, 57]. 
Cytotoxic T cells are likely to be the driving force [31]. 
Tissue-resident memory T cells (TRM) have gained atten-
tion for their role in enhancing the efficacy of ICIs [58], 
and recent findings suggest that TRM might predict the 
efficacy of ICIs and influence it positively [59]. In tumors 
with chronic antigen stimulation, the co-expression of 
CD103 and PD-1 on T cells was reported [58, 60]. More-
over, in lung cancer, it has been shown that the density 
of CD8+ TRM correlates with a positive response to anti-
PD-1 antibody treatment. Moreover, this cell population 
increases in most patients, which might reflect a revers-
ible exhausted state [61]. Here, we observed a positive 
correlation between the infiltration of CD103+ T cells 
and PD-1 expression. CD103 expression remained con-
stant between stage 2 and stage 3–4. PD-1, in contrast, 
showed an increase between these stages. While PD-1 
expression is widely associated with antigen exposure 
and T cell modulation [62, 63], this observation suggests 
that TRM in RE may shift in their functional state towards 
a self-regulating process. Further studies are necessary to 
evaluate the exact role of PD-1 expression on T cells in 
this setting. LAG-3 is the most recent clinically approved 
checkpoint inhibitor. It, among others, interacts with 
MHC class II molecules to regulate T cell activation. Syn-
ergistic effects of the blockage of both PD-1 and LAG-3 
have been reported [64]. As seen in supplementary 
Fig. 3e, LAG-3 and PD-1 populations show little overlap. 
Further, in contrast to the stage-dependent increase of 
PD-1, we did not see an increase of LAG-3. While it was 
shown that the inhibition of both LAG-3 and PD-1 has 

synergistic anti-tumor effects, their mechanism of action 
have been suggested to differ [64]. Although the cause 
of RE is unclear, our findings here also suggest that the 
actions of PD-1 and LAG-3 positive cells differ and that 
LAG-3, in contrast to PD-1, may be involved in an anti-
gen-independent intrinsic immune regulatory process.

Unlike the more common αβ T cells, γδ T cells can rec-
ognize microbial molecules, phosphoantigens, or stress-
related molecules [65–67] in an MHC-independent way 
[68]. We confirm the previously described presence of 
γδ+ T cells in RE [12, 13]. More importantly, we ana-
lyzed the contribution of those cells to neuronal loss and 
immune regulation in more detail. Previously, we have 
shown that in microglial nodules in RE, Toll-like recep-
tors 4 and 7 are upregulated. In addition, we recognized 
an increase in DNA-binding proteins like high-mobility 
group box 1 (HMGB1) [7]. These findings suggested a 
neuronal reaction to a possible infectious agent. Since 
γδ+ T cells recognize and react to stress-induced antigens 
(such as HMGB1), our results suggest that in RE the γδ+ 
T cells, by their anti-stress actions, possibly by local com-
munication with microglia within the microglial nodules, 
may broaden and enhance the inflammatory response 
in a way, which is independent from the initial disease-
driving antigen. We propose that through this mecha-
nism, γδ+ T cells may complement the αβ T cell response 
by amplifying tissue damage beyond antigen-specific 
cytotoxicity.

Interestingly, γδ+ T cells were more prevalent in cases 
with shorter disease duration. That this especially occurs 
in the early stage of the disease may suggest that these γδ+ 
T cells represent one of the means to increase the efficacy 
of the immune response as fast as possible. Moreover, it 
has been described that γδ+ T cells can promote epilepsy 
by producing proinflammatory cytokines (IL-17, GM-
CSF) that enhance neuronal excitability and contribute 
to seizure severity [69]. So far, only CD8+CD3+ T cells 
have been reported to be responsible for neuronal loss 
[8]. Here, we reveal that GrB-expressing γδ+ T cells are 
found attached to neurons and thus contribute to neuro-
nal destruction during RE. Theoretically, the TCR reper-
toire of γδ+ T cells exceeds that of αβ+ Τ cells, but γδ+ T 
cells are still assumed as more invariant T cells that only 
use a restricted set of γδ TCRs [70]. This may be advanta-
geous while investigating the antigen-specificity of these 
cells. Further, our results show that these γδ+ T cells can 
express CD103. Notably, in this study, the fraction of γδ+ 
T cells expressing TRM features was significantly higher 
than that of αβ+ Τ cells. Since the γδ+ T cells, in contrast 
to CD8+ T cells, already expressed CD103 within the 
perivascular space rather than after migration into the 
parenchyma, and since the majority of these γδ+ T cells 
don´t co-express CD8, the question arises whether these 
cells can be regarded as faithful TRM.
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Conclusion
Our study provides new and important insights into the 
mechanisms of brain inflammation and neuronal injury 
in RE. It indicates that the initial lesions are triggered 
by MHC Class I restricted CD8+ T-lymphocytes, which 
recognize an antigen presented by neurons and which 
induce an immune-mediated neuronal injury. As in 
other diseases of CD8+ T-cell mediated inflammation in 
the CNS, a proportion of the pathogenic T-cells become 
trapped within the CNS and differentiate into tissue 
resident memory cells. These cells remain as guardians 
within the parenchyma or the meninges in an inactive 
or exhausted state, but may become reactivated upon re-
appearance of the specific target antigen and propagate 
low-grade chronic inflammation. However, acute and 
chronic disease lesions in RE are further propagated by 
an additional T-cell population with γδ T-cell receptors. 
These γδ T-cells are the dominant cells at the onset of 
disease. Moreover, these cells are tissue resident effector 
T-cells and show temporally and focally restricted reacti-
vation as reflected by their proliferation. Since such cells 
recognize a restricted number of antigens, it may become 
easier to define their RE-specific immune responses and 
to target them through desensitization approaches.
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