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Abstract
Epilepsy affects millions worldwide with many failing to respond to standard treatments. Drug-refractory epilepsy 
requiring surgical intervention often presents due to developmental aberrations, such as focal cortical dysplasia 
(FCD). In FCD type II, somatic mutations in the mTOR pathway allow excessive activation of the mTOR kinase, 
causing unregulated cell growth and differentiation. Ex vivo studies of resected brain tissues offer a direct window 
into epileptogenic brain and disease pathophysiology. Recent studies implicate abnormal cell fate specification in 
FCD, but it is unclear if mutant cells are directly epileptogenic and/or whether they impact neighboring cells. Using 
a custom 43-antibody mass cytometry panel, we broadly assessed cell lineage and functional state across multiple 
sequential resections from a female child with FCD harboring a mosaic gain-of-function AKT3 mutation. Our 
approach used unsupervised machine learning tools to define protein-level features of dysplasia-associated cells 
and revealed cell populations associated with clinical outcomes. While AKT3 mutational burden did not correlate 
with clinical outcomes, protein profiling identified a distinct population of CUX1-high cells correlating with seizure 
control. Furthermore, we identified a similar cell population across multiple additional cortical malformation cases. 
This work demonstrates the advantage of deep single-cell protein profiling of surgically resected epilepsy tissue 
and provides insight on disease mechanisms that can be overlooked in traditional genetic or transcriptional 
studies.
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Introduction
Brain development is a highly complex process that 
relies on reproducible cell differentiation and signaling 
kinetics. Developmental aberrations can disrupt corti-
cal structure and lead to long-term sequelae such as epi-
lepsy and developmental delay [34]. A prime example is 
the heterogenous group of congenital brain malforma-
tions known as Focal Cortical Dysplasia (FCD), which is 
a leading cause of drug-refractory epilepsy in childhood 
[13]. FCD type II (FCDII) is the most common subtype 
and typically arises due to somatic mutations altering the 
mammalian target of rapamycin (mTOR) signalling path-
way, placing it within a broader class of disorders termed 
mTORopathies. Surgical resection of dysplastic tissue can 
provide some therapeutic benefit to patients with FCD, 
although it still fails to control seizures in many patients 
[30]. This has led to a pressing need to better characterize 
mechanisms driving FCDII and subsequent epileptogen-
esis to improve therapeutic approaches.

FCDII is characterized histologically by abnormal cor-
tical lamination with dysmorphic neurons (IIa & IIb) 
and enlarged multilineage balloon cells (IIb) [21]. Slice 
recordings reveal increased electrical activity in areas 
with a greater density of dysmorphic neurons [1], indi-
cating they likely contribute to epileptogenesis. However, 
mutant cells in FCDII often make up a small proportion 
(< 9%) of the brain lesion [4], suggesting they exert non-
cell autonomous effects on neighboring cells that are dif-
ficult to analyze through bulk approaches. This is further 
supported by lack of an identified genetic diagnosis in 
40–70% of FCDII cases [18, 31]. Prior studies focused 
on elucidating mechanisms of FCD development have 
been limited to bulk-level protein or single-cell tran-
scriptional analyses [5, 8, 12]. Given the potential role 
of low abundance cells in mediating the effects seen in 
FCD, it is equally important to study tissues on a single-
cell level with a focus on post-translational events. Here, 
we use a high-dimensional mass cytometry approach to 
deeply phenotype thousands of individual cells in serial 
epileptic resections from a patient with FCD and addi-
tional unrelated malformations of cortical development 
(MCD) cases. Leveraging a custom-built 43-antibody 
panel including multiple markers of neural lineage and 
ten downstream phosphorylation targets of mTOR and 
related pathways, we uncover features of each resection 
that may contribute to variable therapeutic response.

Materials and methods
Human cortical tissue acquisition
The study protocol was approved by the Vanderbilt Uni-
versity Institutional Review Board and the Colorado 
Multiple Institutional Review Board. Informed con-
sent/assent was obtained from patients and guardians. 
After resection, live tissue was placed in warm saline for 

immediate transport. Tissue was cut into three pieces for 
cellular dissociation, fixation, and sequencing (Fig.  2b). 
Dissociation tissue was processed as described below. 
Sequencing tissue was flash frozen. For paraffin embed-
ding and histopathological studies, tissue was placed in 
10% w/v formalin (Fisher) overnight and then transferred 
to 70% EtOH prior to embedding.

Tissue dissociation
Cortical brain tissue was dissociated as previously 
described [19]. Briefly, tissue was transferred to Neuro-
Sphere-A (NS-A) media (StemCell Technologies), manu-
ally cut into 1 mm3 pieces, then dissociated for 1 h at 37 
°C on a rotating shaker in NS-A media with 1 mg/mL 
Collagenase II (Sigma-Aldrich) and 100 Kunitz units/
mL DNase I (Sigma-Aldrich). After dissociation, any 
residual clumps were passed ~ 50 times through a 10 mL 
serological pipet. Dissociated cells were passed sequen-
tially through a 100 μm and 40 μm filter (MTC Bio) to 
remove clumps. Cells were spun at 200 x g for 5 min and 
then resuspended in 5 mL ACK lysing buffer (Gibco) to 
remove residual red blood cells. After 1 min, the reac-
tion was neutralized with 10 mL NS-A. Cells were spun 
at 200 x g for 5 min and resuspended in complete NS-A 
(NS-A supplemented with 0.0002% w/v heparin (Stem-
Cell Technologies), 20 ng/mL EGF (PeproTech), and 10 
ng/mL FGF-2 (PeproTech)). Cells were counted using 
a hemocytometer, resuspended in NS-A complete with 
10% DMSO (Sigma-Aldrich), and aliquoted in cryovi-
als with 1–50 million cells/vial depending on cell count. 
Cells were stored in a Mr. Frosty Freezing Container 
(ThermoFisher) at -80 °C overnight and transferred to 
liquid nitrogen the next day.

Metal-conjugated antibodies
The full antibody panel is listed in Supplementary Table 
1. Antibodies that were not commercially available from 
Standard BioTools were purchased in carrier-free for-
mulation and conjugated using MaxPar Antibody Label-
ing Kits (Standard BioTools) according to manufacturer 
instructions. All antibodies were validated on known 
positive/negative controls and titrated before addition to 
the panel.

Cell thawing and extracellular staining
Cryovials from liquid nitrogen were quickly thawed at 
37  °C. Cells were resuspended in complete NS-A and 
centrifuged at 200 x g for 5 min. Cells were stained with 
250 nM Rhodium intercalator (Standard BioTools) for 
5 min. Samples were quenched with 1% BSA, spun down, 
and transferred to 5 mL FACS tubes (Falcon) for stain-
ing with extracellular antibodies for 30 min at room tem-
perature (Supplementary Table 1). After a brief wash, 
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samples were fixed for 20 min in 1.6% PFA, washed, then 
permeabilized with ice cold 100% methanol overnight.

Intracellular antibody staining
Samples were removed from methanol and washed twice, 
once with 1X PBS and once with 1% BSA. Cells were 
stained with three-plex 250 nM TeMal barcodes (Stan-
dard BioTools) for 15  min. After barcoding, samples 
were washed twice with 1% BSA then combined into 
one tube for intracellular staining. Samples were stained 
for 30  min at room temperature (Supplementary Table 
1), washed with 1X PBS, then resuspended overnight in 
25 nM Iridium intercalator (Standard BioTools) in 1.6% 
PFA. The next day, samples were acquired on the CyTOF 
XT (Standard BioTools).

Data analysis
Cytobank software (Beckman Coulter) was used for 
manual gating, debarcoding, and dimensionality reduc-
tion. Data files were gated on Gaussian parameters as 
previously described [28] and live cells with high Iridium 
and low Rhodium were used for analyses. Channels that 
stained well and passed quality control were used to build 
t-SNE maps, with specifics described in the text and Sup-
plementary Table 1. All t-SNE maps were run over sev-
eral iterations to rule out bias from down sampling across 
resections. Tracking Responders Expanding (T-REX) [6], 
Marker Enrichment Modeling (MEM) [11], and Veloci-
raptor [9] algorithms were run using R version 4.4.1.

DNA extraction and sequencing
DNA was extracted from flash frozen tissue using the 
DNEasy Blood & Tissue Kit (Qiagen). DNA quantity 
and integrity was assessed via NanoDrop One and Qubit 
(ThermoFisher). 200X Whole Exome Sequencing was 
performed at the Genome Technology Access Center 
(GTAC) at Washington University in St. Louis. DNA 
underwent automated NGS library construction with 
KapaHyper amplification (Roche). Exomes were enriched 

using IDT exome capture. Sequencing was performed on 
Illumina NovaSeq X Plus with 2 × 150 paired-end reads. 
Samples were aligned with GRCh38 and analyzed using a 
DRAGEN BioIT processor running software version 4.3 
in somatic mode. Variants were confirmed using Sanger 
sequencing.

Tissue cyclic immunostaining
Fixed, paraffin-embedded tissue specimens were sec-
tioned and mounted on glass slides. Samples were depa-
raffinized with xylene. Antigen retrieval was performed 
at pH 6.0. Samples were stained with 20 markers over 15 
cycles on the Lunaphore COMET (Supplementary Table 
2). Endogenous tissue autofluorescence was subtracted 
from antibody-stained images using unstained autofluo-
rescence-only controls for each fluorophore and cells of 
interest were manually identified.

Results
Case presentation
Our female patient was delivered at term with no com-
plications. Her clinical course is outlined in Fig.  1. At 
three weeks of age, she presented to a hospital with 
repetitive, seconds-long, episodes of left eye deviation 
with occasional right upper extremity movements. Brain 
MRI revealed dysgyria and cortical thickening involving 
the left superior and medial frontal gyri (Fig.  2a – pre-
operative). EEG showed near continuous left-sided epi-
leptiform discharges. She was diagnosed with presumed 
FCD and started on levetiracetam for seizure control. 
Seizures were well controlled until 23 months of age 
with no change after addition of oxcarbazepine. She 
was evaluated as a surgical candidate and later under-
went stereotactic EEG (stereo-EEG) monitoring fol-
lowed by surgical resection of epileptogenic foci at 32 
months (Fig.  2a – resection 1). On postoperative day 
(POD) one, the patient had isolated seizure clusters, 
assumed to be due to postoperative swelling. She was dis-
charged home but re-presented on POD5 with concerns 

Fig. 1  Timeline of patient clinical course. POD: postoperative day
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of breakthrough seizures. EEG revealed persistent left 
frontal discharges. The patient underwent subdural grid 
electrode placement and returned to the operating room 
on POD14. After the second resection (Fig.  2a – resec-
tion 2), the patient remained seizure-free for 3 years. At 6 
years old, the patient re-presented with seizures exhibit-
ing a similar EEG pattern. She underwent a third resec-
tion after stereo-EEG monitoring and cortical mapping. 
Intraoperative electrocorticography (ECoG) revealed two 
distinct areas of epileptiform activity – a left frontal area 
(resection 3  A) with recorded seizures on stereo-EEG 
and a left posterior primary motor adjacent area (resec-
tion 3P) that had no activity on stereo-EEG but showed 
a modest frequency of epileptiform discharges during 
ECoG. Both areas were resected, and the patient has 
remained largely seizure-free to date (11 months), with 
some brief breakthrough seizures when sleep deprived. 
The patient has met all developmental milestones and 
has no neuropsychiatric issues.

Mutational burden does not correlate with clinical 
outcomes
Tissue was collected from each surgery and used for 
multimodal analysis (Fig. 2b). To confirm that resected 
tissue from each surgery met the classification of FCD, 
Hematoxylin & Eosin staining was performed clinically, 
and images were reviewed by expert neuropathologists. 
A diagnosis of FCDIIa was made according to ILAE clas-
sification [21], with neuronal nucleomegaly and abnor-
mal neuronal layering and clustering present in all tissues 
(Supplementary Fig. 1).

Using snap-frozen tissue from each resection, we 
sought to identify the mutation(s) underlying this com-
plex case. A recognized gain-of-function somatic mosaic 
mutation in AKT3 (c.G49A/p.E17K) [26] was identi-
fied using whole exome sequencing with an 225x aver-
age depth of coverage (Fig. 2c). We hypothesized that 
the resections with better clinical outcomes contained 
a higher frequency of mutant cells and thus would have 

Fig. 2  A pediatric patient with well-characterized focal cortical dysplasia (FCD) required multiple surgeries for seizure control. a Serial MRIs depict the left 
frontal FCD region pre-operatively, post resection 1, and post resection 2. Resection 2 MRI was performed 3 months post-operatively. Top - Sagittal. Bot-
tom - Axial. White dashed outlines highlight areas of dysplasia. b Overview of methods used to analyze patient tissue. c Schematic depicting AKT3 c.G49A 
variant allele fractions identified in each resection with 200X whole exome sequencing, and approximate location of resection
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a higher variant allele fraction (VAF) of the AKT3 E17K 
mutation; however, the opposite was true. The VAF of 
resection 1 was 3%, higher than resection 2 (0%) and 
resection 3 A (1%). Resection 3P had the highest VAF at 
6%, despite only interictal discharges captured from this 
region. These findings suggest that epileptogenicity does 
not correlate directly with VAF and there may be non-
cell autonomous mechanisms driving epileptogenesis in 
FCD.

Serial resections had multiple shared protein features
Given the different clinical outcomes following each 
resection, we next sought to identify cell populations or 
signaling activity that may explain the observed discrep-
ancies. Fresh tissue from each resection was dissociated 
into viable single cells for cryopreservation [19]. Cells 

were thawed and stained with a 43-antibody custom mass 
cytometry panel encompassing neural lineage and down-
stream mTOR phosphorylation targets (Supplementary 
Tables 1 and Supplementary Fig. 2). Samples were bar-
coded and stained simultaneously for intracellular mark-
ers to minimize batch effects. After excluding endothelial 
and immune cells, we first looked at neural identity pro-
files. All resections had a similar proportion (41–54%) of 
β-III-tubulin+ neurons (Fig. 3a upper). In contrast, the 
second resection had twice the number of GFAP+ astro-
cytes as resection 1 and there was further expansion in 
resections 3A and 3P (Fig. 3a lower). Post-surgical astro-
gliosis likely contributed to the acute change between 
resections 1 and 2, whereas normal developmental 
expansion of astrocytes throughout childhood [32] may 

Fig. 3  Mass Cytometry analysis of serial resections reveals shared and diverging features. a Biaxial gating depicts the percentage of β-III-tubulin+ neurons 
(40–51%) band the percentage of GFAP+ astrocytes (10–57%) across resections. b Stacked bar graphs depict abundance of immune (grey) and endothe-
lial (purple) cells per resection as a percentage of all live cells analyzed. c Heatmap depicting median intensity for signaling readouts across resections, 
shown relative to resection 1 (left). Histogram overlays show the distribution of per-cell intensity for two example phosphoproteins (right). d A t-SNE map 
was generated with non-immune, non-endothelial cells sampled equally from resections 1 and 2. Density of events from each resection on the shared 
t-SNE map is shown on the left, with T-REX analysis at right used to identify regions containing events specific to either resections 1 or 2. An overall change 
of 13.6% (events on the map specific to one resection) was identified. Marker Enrichment Modeling (MEM) was used to generate phenotypic statistical 
labels for each significant resection-specific cluster. An example of two clusters with their respective MEM labels are depicted along with concatenated 
heatmaps for selected channels of interest (heatmaps for all channels shown in supplement). The populations of interest are highlighted throughout 
with dark red and purple circles
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account for the higher number of GFAP+ cells in resec-
tions 3A and 3P.

To rule out the possibility of post-surgical inflamma-
tion as a substantial driver of difference between resec-
tions 1 and 2, we performed a focused sub-analysis of 
immune cells in each resection. There was an expansion 
of immune cells in resection 2, as expected (Fig. 3b). To 
statistically compare immune cell subsets, we employed 
Tracking Responders EXpanding (T-REX) [6], which 
quantified degree of change by identifying the percentage 
of phenotypically distinct cells whose presence was > 95% 
specific to either resection. T-REX is powered to identify 
rare (1 in 10,000) populations of distinct cells, rendering 
it particularly valuable in analysis of FCD tissue where 
only a small population of cells harbor mutations. There 
was a minimal 6.9% difference between CD45 + CD11b+ 
immune cells in both resections, with increased p-S6 sig-
naling at both pairs of residues accounting for much of 
the difference (Supplementary Fig. 3).

Given the central function of mTOR in brain develop-
ment and cortical dysplasia, our mass cytometry panel 
was designed to capture multiple readouts of mTOR 
activity and intersecting pathways (Fig. 3c). Significantly 
more p-S6S240/244 -high cells were observed in all samples 
compared to other mTOR readouts. In contrast to the 
concordance between p-S6 residues in immune cells, 
there was minimal p-S6S235/236 signal detected in neu-
ral lineage cells. Despite low abundance of other phos-
phorylation markers across our panel, we were able to 
capture additional subtle or rare changes in signaling due 
to our single-cell approach, such as increased levels of 
p-ERK1/2T202/Y204 (Fig. 3c and d).

Seizure-alleviating resections revealed a distinct cell 
population
We next compared the first two resections, given their 
proximity in time and disparate seizure outcomes. A 
t-SNE plot was constructed using 21 cell identity pro-
teins for 49,597 non-immune, non-endothelial cells per 
sample. T-REX analysis revealed a 69.0% change between 
resections 1 and 2, with cells falling into three large clus-
ters (Supplementary Fig. 4). Review of individual channel 
heatmaps revealed S100B and CD90 to be main drivers of 
the three large clusters within the generated t-SNE map. 
To refine the analysis and potentially identify rare subsets 
of cells that were changing across samples, we excluded 
CD90 and S100B from future t-SNE constructions. Using 
T-REX, we analysed the new t-SNE construction and 
identified a 13.6% degree of change across the first and 
second resections. Marker Enrichment Modeling (MEM) 
[11] defined protein features enriched in each subset of 
cells unique to resection 2 (dark red), with two subsets 
with similar marker protein expression but differential 
signaling highlighted in Fig. 3d.

To further define cell populations that may account for 
varying clinical outcomes, we next focused on resections 
3 A and 3P. Repeat t-SNE analysis of 8295 non-immune, 
non-endothelial cells from resections 3 A and 3P revealed 
a CUX1-high population that clustered separately from 
other cells (Fig. 4a). The MEM label for this cluster 
showed these cells were highly enriched for CUX1, HES1, 
and Vimentin. We confirmed the protein expression 
identity of these cells through traditional biaxial gating. 
Next, the Velociraptor algorithm [9] was used to search 
for the CUX1/HES1/Vimentin cell signature in resections 
1 and 2. Cells matching this signature were present at 
low abundance in both samples (0.20% in resection 1 and 
1.04% in resection 2). Notably, the population was more 
abundant in resections 2 and 3 compared to resection 1, 
indicating a possible correlation with seizure control. To 
validate the presence of the CUX1-high cell population 
in situ, we performed cyclic immunostaining on all four 
resection tissues. We identified a small subset of cells 
across all samples that were strongly positive for CUX1 
and HES1 and expressed intermediate levels of Vimentin 
(Fig. 4b and Supplementary Fig. 5).

  
To confirm that the identified CUX1-high popula-

tion was not unique to this single FCD patient, we used 
Velociraptor to search for the identified MEM label in 
two unrelated cortical malformation cases (MCD2 and 
MCD3) due to mutations in NPRL3, another mTOR 
pathway gene (see Supplementary Table 3 for clinical 
characteristics). Both MCD patients had a family history 
of epilepsy, indicating that the identified NPRL3 muta-
tions are likely germline. We identified cells with > 87% 
match to the specified MEM label in both samples, with 
an abundance of 0.29% in MCD2 and 0.74% in MCD3. 
Thus, we verified that the CUX1-high population was 
present across distinct patients and correlated with post-
operative seizure outcomes.

Discussion
We report here a distinctive FCDIIa case that required 
multiple surgical resections to improve seizure control. 
The gain-of-function AKT3 E17K mutation harbored 
by our patient has been previously associated with both 
FCD and hemimegaloencephaly [14, 26]. The recur-
rence of seizures shortly after the first surgery and need 
for repeat surgeries is consistent with a reported asso-
ciation between acute postoperative seizures and poor 
seizure outcomes [30]. The mosaic AKT3 mutational 
status in this case provided an opportunity to examine 
whether mutational burden was associated with seizure 
severity or abnormal cellular phenotypes. The compli-
cated clinical course of this patient highlights the need 
for improved phenotyping of seizure-associated cells to 
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minimize invasive surgeries and better understand which 
cell lineages contribute to seizures.

To examine resected tissues at the protein level, we 
developed and implemented a custom 43-antibody mass 
cytometry panel to deeply phenotype tens of thousands 
of cells per FCD sample. Prior single-cell studies of FCD 
have focused on transcriptional data with hundreds 
to thousands of cells per individual [5, 8]. By directly 
studying protein expression, we bypassed reported dis-
crepancies between human brain transcript and protein 
expression patterns [7]. Using unsupervised machine 
learning, we identified a rare (0.2–1.25%) CUX1-high 
population that was expanded in seizure-alleviating 
resections and identified a similar phenotype that was 
present in at least two other MCD cases. Notably, MCD2 
experienced a recurrence of seizures one year post-
operatively, which may relate to the lower abundance 
observed of these cells. Additionally, the presence of 

this cell population across different mutational statuses 
in FCD1 (somatic) and MCD2/MCD3 (germline) indi-
cates there is likely a disease-specific mechanism at play. 
CUX1 is expressed in embryonic neural precursors des-
tined to become upper-layer cortical neurons and their 
mature counterparts [22]. Concordant with these find-
ings, prior work has identified electrical firing abnormali-
ties in upper layer neurons from FCD brain slices [17] 
and upper layer neuron transcripts, including CUX1, 
were enriched in individual FCD mutation-positive cells 
[8]. Collectively, this suggests that this identified popula-
tion may consist of aberrant cells resembling upper-layer 
neurons, though intriguingly the protein phenotype is 
present even when no mutation was detectable. Fur-
ther studies combining spatial proteomics with targeted 
mutational sequencing and electrophysiological record-
ings will help expand on this finding.

Fig. 4   Targeted search identifies similar CUX1-high cell populations in other FCD cases. a A CUX1-high cell population repeatedly clustered separately 
when performing t-SNE analyses of resections 3 A and 3P (left). A Marker Enrichment Modeling (MEM) label was generated to phenotypically describe 
this population, which was enriched for CUX1, HES1, and Vimentin. The Velociraptor algorithm [9] was used to search for this MEM label across resec-
tions 1 and 2 (center). The population was found in both resections with a > 87% match in MEM label. The population was more abundant in resection 2 
versus resection 1. Searching for the same cell signature in 16,724 cells from two unrelated malformation of cortical development (MCD) cases identified 
a matched population with different abundance across samples (right). b Representative images of tri-positive cells with high CUX1 (green)/HES1 (blue), 
and intermediate Vimentin (red) in resection 1. Arrowheads depict identified cells. Scale bar = 100 μm
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A second protein feature that was widely evident in sei-
zure relieving resections, even when AKT3 VAF was low, 
was elevated per-cell levels of p-S6S240/244. In particular, 
there was an elevated number of p-S6 signaling events 
in resection 2 vs. resection 1. Elevation of mTOR activ-
ity with no identified mutation in FCD tissue has been 
reported by multiple groups [14, 25]. This discrepancy 
may be partially attributed to mTOR activation as a sec-
ondary response to seizure activity, independent of etiol-
ogy [23, 33]. Despite the high levels of p-S6S240/244 across 
samples, there was comparatively minimal p-S6S235/236 
detected. We and others have shown that there are 
regional differences in abundance of these two related 
phosphorylation events, with p-S6S240/244 phosphory-
lation more exclusively depending on mTOR complex 
activity [15, 29]. Intriguingly, the CUX1-high popula-
tion identified across resections was an exception to this 
pattern, displaying high phosphorylation at both pairs 
of residues on S6 and p-STAT3S727 in resections 1 and 
2, as well as elevated p-ERK1/2T202/Y204 in all four resec-
tions. Within immune cells in these tissues, we observed 
a colinear relationship between both residues, as is often 
observed in cell lines or other models. Our data suggest 
that examination of both residues of p-S6 is warranted 
when analyzing cases of FCD and related mTORopathies, 
and that elevated mTOR-dependent signaling events are 
not necessarily directly associated with expression of dis-
ease-causing mutations in individual cells.

Examinations of total protein also identified patterns 
consistent with expectations for the post-surgical envi-
ronment in the brain. For example, comparison of resec-
tions 1 and 2 revealed increased expression of CD90 in 
the second sample (two-fold higher median intensity on 
an arcsinh scale). CD90, also known as THY-1, is a neural 
surface protein that is involved in modulation of neuro-
nal processes [20] and can bind to astrocytic receptors 
and trigger features of reactive astrocytosis [24]. Thus, 
the increase in CD90 is most likely explained by astrogli-
osis secondary to the recent surgery, consistent with the 
greater abundance of GFAP+ cells in resection 2 versus 1. 
There was also an expansion of MHC Class I/HLA-ABC 
expression in seizure-alleviating resections, consistent 
with prior reports [27].

Comparing mass cytometry data with whole exome 
sequencing, we identified a discrepancy between muta-
tional burden and seizure outcomes across all four resec-
tions. Resection 3P had the highest VAF (6%) despite 
showing only interictal spikes on ECoG. Resection 2 
had no detectable VAF despite seizure freedom for three 
years and containing a high percentage of cells with 
active mTOR signaling. Given that 40% of FCDII cases 
remain unresolved even with > 2000X gene sequencing 
[4], we posit that this discrepancy is likely due to non-cell 
autonomous mechanisms driving mTOR activity and/or 

seizure activity in FCD and not a limitation of sequenc-
ing depth. Prior work has identified the presence of dys-
morphic neurons in areas with no detectable VAF [25]. 
In animal models of FCD, neurons proximal to mutation-
carrying neurons show hyperactivity [16] and mutated 
cells can cause migration defects in their neighbors [3]. 
Recent work has found higher VAF in stereo-EEG elec-
trodes near seizure onset zones in some FCD cases [10]. 
However, these findings vary widely across patients, indi-
cating that presence of mutant cells may not be the best 
indicator for clinical outcomes. Additionally, targeted 
single-cell transcriptional study of FCD revealed aberra-
tions in synaptic transmission genes in non-mutated dys-
plastic cells [5]. Overall, our findings support the theory 
that non-cell autonomous mechanisms are contributing 
to epileptogenesis in FCD.

One limitation of this study is the lack of healthy brain 
tissue for comparison. Measurement of signaling capacity 
by suspension mass cytometry requires live cells, which 
are not routinely available from non-pathogenic brains. 
Additionally, we cannot definitively state the mutational 
status of the CUX1-high cells identified given their rarity. 
Prospective cytometric sorting or high dimensional spa-
tial analyses [2] would provide additional insight into the 
molecular features of these cells.

Conclusions
In conclusion, our work presents a high dimensional 
protein-level assessment of a mosaic case of FCD caus-
ing drug-refractive epilepsy. We provide evidence for 
non-cell autonomous mechanisms driving epileptogen-
esis and highlight a unique cell population that is asso-
ciated with seizure outcomes. By applying a systematic 
approach to analyses of serial resections, we present a 
guide for larger-scale, protein-level studies of FCD to 
increase understanding of FCD pathogenesis and opti-
mize treatments.
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