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Abstract

The advent of high-dimensional imaging approaches offers innovative opportunities to
molecularly characterize diagnostic cells in disorders that have previously relied on
histopathological definitions. One example of such disorders is tuberous sclerosis complex
(TSC), a developmental disorder characterized by systemic growth of benign tumors. Within
resected brain tissues from patients with TSC, detection of abnormally enlarged balloon cells

(BCs) is pathognomonic for this disorder. Though BCs can be identified by an expert
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neuropathologist, little is known about the specificity and broad applicability of protein markers
for these cells, complicating classification of proposed BCs identified in experimental models of
this disorder. Here, we report the development of a customized machine-learning workflow
(Balloon Identifier; BAIDEN) that was trained to prospectively identify BCs in tissue sections
using a histological stain compatible with high-dimensional cytometry. This approach was
coupled to a custom antibody panel and 36-parameter imaging mass cytometry (IMC) to explore
the expression of multiple previously proposed BC markers and develop a descriptor of BC
features conserved across multiple tissue samples from patients with TSC. These findings
comprise a toolbox and dataset for understanding the abundance, structure, and signaling
activity of these histopathologically abnormal cells, and an example case of how such tools can

be developed and applied within human tissues.

Introduction

The advent of high-dimensional approaches for studying tissue specimens, including spatial
transcriptomics and multiparameter imaging cytometry (e.g., CODEX, MIBI, and IMC) has
greatly expanded opportunities to perform detailed molecular analyses of cell populations that
were previously identified using morphological features (Chang et al., 2017; Leelatian et al.,
2017; Nowicka et al., 2017; Keren et al., 2019; Black et al., 2021; Brockman et al., 2021; Karimi
et al., 2023). Such approaches typically focus on smaller regions of interest, but this can be a
challenge when the population of interest is rare or sparsely spread across a tissue specimen.
As patient-derived models also expand in scope and complexity, a second question is how best
to quantitatively compare unusual cell phenotypes present in these systems to the patient
tissues they are intended to model. One tissue where many such models have been developed
is the brain, with a particular emphasis on developmental or genetic disorders that are studied
using models such as cerebral organoids (Lancaster et al., 2013; Blair et al., 2018; Sloan et al.,

2018; Eichmuller et al., 2022).
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Focal cortical dysplasias (FCDs) are neurodevelopmental disorders characterized by
disorganization of the cerebral cortex, including disordered lamination and the presence of
multiple dysmorphic cells; these disorders have an incidence of 1 in 2000 live births annually
(Neligan and Sander, 2011; Crino, 2015; Blumcke et al., 2017; Blumcke et al., 2021a; Blumcke
et al., 2021b). Nearly two-thirds of individuals with FCD have intractable epilepsy, and FCDs
account for about 17% of the pediatric surgical population, underscoring an urgent medical need
for therapeutic targets (Thiele, 2010; Crino, 2015; Baldassari et al., 2019). Nearly all identified
causative mutations for FCDs (~90%) affect proteins interacting with or within the mammalian /
mechanistic target of rapamycin (MTOR) pathway, a central regulator of cell size and growth
(Lipton and Sahin, 2014; Crino, 2016; Saxton and Sabatini, 2017; Baldassari et al., 2019).
Currently, FCDs associated with mutations in mTOR pathway-associated proteins other than
TSC1 (hamartin) or TSC2 (tuberin) are categorized as non-TSC-associated FCDs; this class
includes mutations in MTOR, AKT, RHEB, DEPDC5, PTEN, and PIK3CA (Baulac et al., 2015;
D’Gama et al., 2017; Ribierre et al., 2018; Baldassari et al., 2019). Heterozygous mutations in
either TSC1 or TSC2 are categorized as TSC-associated FCD and are found in patients with
tuberous sclerosis complex (TSC), an autosomal dominant neurodevelopmental disorder
(Camposano et al., 2009; Crino, 2013; Baldassari et al., 2019). TSC affects about 1 in 6000 live
births annually and is characterized by the growth of benign tumors, also termed hamartomas,
in many organs including the brain (Zimmer et al., 2020). Brain hamartomas in TSC include
subependymal giant cell astrocytomas (SEGAs), which can cause increased intracranial
pressure and require emergent neurosurgical intervention, and tubers, which cause significant
morbidity including epilepsy and cognitive impairment (Mizuguchi and Takashima, 2001,
DiMario, 2004; Zimmer et al., 2020). Patients with TSC also frequently exhibit developmental
delay, intellectual impairment, autism spectrum disorder (ASD), and TSC-associated

neuropsychiatric disorders (TANDs) (Barkovich et al., 2015; De Vries et al., 2015).
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At the cellular level, TSC-associated FCD is distinguished by the presence of balloon cells
(BCs), atypical cells identified by an enlarged, ovoid soma and eccentrically placed nucleus
(Urbach et al., 2002; Lamparello et al., 2007; Crino, 2013). Though these cells are a diagnostic
feature of TSC, their possible origins and properties have been relatively unexplored until the
advent of mouse models and patient-derived in vitro models (e.g., cerebral organoids). Multiple
such models have been reported to contain abnormal cells that histologically resemble BCs;
however, the molecular profile of BCs in patient tissues has not been systematically described,
complicating such comparisons (Li et al., 2017; Blair et al., 2018; Eichmuller et al., 2022; Karalis

et al., 2022; Kovermann et al., 2022; Wu et al., 2022).

In prior studies of patient tissues, many proteins have been postulated to selectively identify
BCs, including proteins associated with progenitor cells, mature neuronal and glial cells, and
phosphorylation events driven by mTOR kinase activity (Hilbig et al., 1999; Mizuguchi et al.,
2002; Urbach et al., 2002; Lamparello et al., 2007; Orlova et al., 2010; Yasin et al., 2010; Ruppe
et al., 2014; Li et al., 2015; Rossini et al., 2017; Day et al., 2020; Gelot and Represa, 2020; Wu
et al., 2022). However, these studies used single- or double-channel immunohistochemistry,
limiting the ability to identify coexpression patterns, and it is not yet clear how uniformly any
given protein is expressed in BCs across either individual tubers or patient cohorts (Urbach et

al., 2002; Palmini et al., 2004; Najm et al., 2022).

An additional factor limiting efforts to study BCs in the numbers needed for statistically robust
descriptions is the challenge of manually identifying these cells in a large, resected sample of
hundreds of square millimeters, which can be a laborious and time-intensive process. This study
introduces a trainable, machine-learning approach to efficiently identify BCs from whole-slide

images and couples these data to analyze BCs in tuber tissue via imaging mass cytometry
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(IMC), allowing for the rapid identification of a sufficient number of BCs for statistical analysis
across large sections. A custom antibody panel was developed in parallel to simultaneously
guantify 30+ protein species of interest in patient tissue sections. Using this approach across
samples from multiple TSC patients, we found that BCs express progenitor proteins while
selectively lacking markers of differentiated progeny and display heightened mTORC1-
dependent activity. We also observed sample-to-sample variation in enrichment for several
previously proposed BC markers, suggesting that the reported mixed-lineage phenotype of
these cells is variable across patients. This study illustrates the utility of high-dimensional,
protein-based imaging in better understanding possible and consistent features of diagnostic

cells in human tissues.

Results

Balloon Identifier (BAIDEN) can be trained to identify balloon cells in tubers.

As an initial-use case for the semi-automated identification of unusual cells based on
histopathological criteria, we tested the ability of a trainable, machine-learning pipeline to
identify the enlarged balloon cells (BCs) frequently found in brain tissue from patients with TSC.
Traditionally, BCs are identified in resected epileptic foci from patients using hematoxylin and
eosin (H&E) staining, which is not yet readily compatible with high-dimensional approaches
such as imaging mass cytometry (IMC). BCs are often present at extremely low abundance
within a given tissue, complicating efforts to select focused regions of interest for high-
dimensional studies. Toluidine blue O (TBO), which has a high affinity for acidic tissue
components, including nucleic acids, can be combined with IMC (Sridharan and Shankar, 2012;
Baars et al., 2021). Therefore, a Balloon Identifier (BAIDEN) workflow was established to
automate the identification of prospective BCs, to identify regions with high densities of such
cells, and to scale these processes across the large areas included in whole-slide images

(Figure 1A; https://github.com/ihrie-lab/BAIDEN). In brief, whole-slide images of tuber samples



https://doi.org/10.1101/2024.02.19.581031
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.19.581031; this version posted February 22, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

obtained during resections of epileptic foci were stained with TBO (compatible with IMC) and,
subsequently, H&E (necessary for manual annotation), were registered and tiled. Completion of
the BAIDEN workflow generates reconstructed whole-slide images with the following 4
channels: H&E, TBO alone, a grayscale probability mask identifying possible BCs, and a TBO
image on which cells exceeding a user-defined probability threshold are identified and outlined.
The workflow was trained using an initial set of 40 tiles from whole-slide images of tubers in
which an expert neuropathologist (B.C.M.) manually identified BCs (see Materials & Methods).
These training images were curated to capture various BC morphologies and some typical
experimental artifacts (e.g., folded tissue). The trained workflow was then applied to a testing
dataset of 432 additional annotated tiles. In this dataset, BAIDEN achieved a precision of
0.9273 and a recall of 0.6892 versus neuropathologist annotation, indicating that, with the user-
defined settings specified, the workflow was highly accurate in outlining 92.73% of “true” BCs
but potentially excluded some BCs (31%) that could not be assigned with high confidence
(Figure S1). The available implementation of BAIDEN allows users to set different thresholds
for labeling probable BCs on analyzed images, meaning this parameter could be adjusted if the
user preference was to identify all possible BCs while potentially including some false positives
(i.e., lowering precision). In this instance, rigorous identification of bona fide BCs was prioritized.
In tandem with these analyses, tuber samples were stained and analyzed by mass cytometry. A
representative, pseudo-colored image illustrates multiple antigens (7 of 36 channels, Figure

1B).

To systematically explore previously proposed BC markers and lineage features, a customized
36-antibody panel was developed in tandem with a microarray of 21 positive and negative
control samples (Tables 1 and 2, Figure 2). The antibody panel included markers for major
immature and mature cell types expected to be present in normal brain (GFAP, EAAT1, SMI-

311, B-lll-tubulin, OLIG2, MBP, CD45, and CD31), proposed BC markers (EGFR, TTF-1
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[NKX2.1], CD133, CD29 [integrin B,], vimentin, FAPB7 [BLBP], and EMX1), and phosphorylated
proteins indicative of elevated mTOR kinase activity (p-S6s240 / sza4, PAEBPL137 / 146, and p-
STAT3s727) and overlapping signaling pathways (MAPK, RSK, and EGFR). For each antigen of
interest, the range and specificity of signal intensity across all control samples were used to
confirm successful staining (Figure 2, Figure S2). Based on these initial quality-control
assessments, three antigens (CD29 [integrin B;], PTPRZ1, and p-STAT5ye94) Were removed
from further analyses, as they did not reliably exhibit staining in positive controls or other

samples.

Balloon cells in tubers are cytomegalic and variably abundant.

A set of 7 resected tuber samples was analyzed using the IMC panel detailed above. Prior to
ablation for mass-based imaging, each sample was stained with TBO to enable prospective
identification of BCs, and an adjacent serial section was stained with H&E (Figure 3) to aid in
manual, retrospective annotation. Candidate BC-containing areas were first identified by running
BAIDEN on whole-slide images. Ablated areas of potential interest were subsequently
annotated for confirmed BCs by an expert neuropathologist (B.C.M.) using aligned TBO, H&E,
histone H3 (HH3), and p-S6s240/s244 Mass cytometry channels (Figure 3A). Images with expert-
annotated BCs were subsequently processed to analyze all mass-tagged antibody channels
using the steinbock pipeline (Windhager et al., 2023). Across the 7 tissue samples, 197 BCs
were identified out of 16,133 cells (1.22%). The highest number of BCs identified in a tissue was
60 (DUHO1; 4.86%) while the lowest number was 2 (VUT021; 0.14%). 2 of the 7 tissues
(VUTO021 and VUT022) were excluded from downstream analyses as they contained fewer than
5 identified BCs in the imaged region of interest. A total of 192 BCs out of 12,725 cells (1.51%)
were used for downstream analyses (Figure S5). To support the goal of identifying antigens
selectively enriched in BCs versus all other cells present in the tissue, signal intensity for each

antigen, as well as a subset of scored cytoarchitectural features, was compared between BCs
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and non-BCs (Figures 3 and 4; Figures S4 and S5). As expected, BCs tended to have a larger
area (Figure S5) and decreased eccentricity (Figure S5) relative to other cells within tuber
samples. While BCs in some samples were enriched for specific features, a relatively limited
number of channels showed consistent increases in BCs versus matched non-BCs when

compared across all analyzed samples (Figures S4 and S5).

Balloon cells show elevated mTOR-dependent phosphorylation events.

Consistent with previous reports, BCs exhibited higher per-cell levels of protein phosphorylation
events associated with mTOR kinase activity. Sample-to-sample variability was observed for
specific phospho-proteins, with BCs in 3 out of 5 tissues having statistically significant elevated
levels of MTOR complex 1 (NMTORCL1) effectors p-S6s240/ 5244 (Figure S4), p-S6s235 /5236 (Figure
S4), p-4EBP1t37, 146 (Figure S4), and p-STAT3s7,7 (Figure S4). BCs in 3 of 5 samples showed
increased levels of p-STAT3yzes (Figure S4). There was no reproducible change in other
readouts, including p-AKTs473 (Figure S4 and S5) and p-NDRG1r346 (Figure S4 and S5), which
are more closely associated with mTOR complex 2 (mMTORC2) activation (Schreiber et al., 2015;
Szwed et al., 2021). BCs in 3 of 5 tissues had increased levels of p-ERK1/21202  v204 (Figure S4)
while BCs in 1 tissue had decreased levels of p-ERK1/21202 / v204 (Figure S4). Similarly, we did
not reliably observe differences in per-cell levels of TFEB (Figure S4), which changes
localization upon phosphorylation by mTOR (Alesi et al., 2021; Alesi et al., 2024). To
complement per-sample comparisons, we pooled all BCs and non-BCs from the 5 studied
samples and tested for significant differences in staining intensity for the proteins of interest.
When aggregated across samples, BCs showed increased levels of p-S6sz40/ s244 (Figure 3E),

p-S63235/3236 (Figure 3E), p-4EBP1T37/T46 (Figure 3E), and p-STAT33727 (Figure 3E)

Balloon cells variably express progenitor-associated proteins.
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Multiple proteins and posttranslational protein modifications have been proposed to selectively
identify BCs, ranging from those associated more strongly with progenitor lineages to those
used to distinguish mature-cell types within the adult brain (Hilbig et al., 1999; Mizuguchi et al.,
2002; Urbach et al., 2002; Lamparello et al., 2007; Orlova et al., 2010; Yasin et al., 2010; Ruppe
et al., 2014; Li et al., 2015; Rossini et al., 2017; Day et al., 2020; Gelot and Represa, 2020; Wu
et al., 2022). BCs across all tissues had decreased expression of B-lll-tubulin at both the per-
sample level and when aggregated (Figures S4 and S5), and 3 of 5 samples showed
decreased expression of SMI-311 when compared on a per-sample basis (Figures S4 and S5).
BCs, when compared on a per-sample basis, tended to show decreased levels of astrocytic
markers GFAP and EAAT1 but did not show significant differences in the aggregate (Figures S4
and S5). 2 of 5 samples showed decreased MBP in BCs, though this difference was not
significant when examined in the aggregate (Figures S4 and S5). BCs showed increased
expression of vimentin across 4 of 5 samples (Figure S4) and in the aggregate (Figure 4C) as
did CD133 (Figure 4D). SOX2, a transcription factor expressed in progenitor- and mature-cell
types, was enriched in all per-sample comparisons (Figure S4) and in the aggregate (Figure
4C). In contrast, the progenitor marker FABP7 was enriched in 2 of 5 per-sample comparisons
(Figure S4) but not in the aggregate (Figure 4D). BCs also showed slightly increased
expression of EGFR (Figure 4D), TTF-1 (Figure 4C), DCX (Figure 4D), and EMX1 (Figure

4C).

A statistical description of BC-enriched features

To identify potential BC identifiers that were conserved across cells in all 5 samples, the marker
enrichment modeling (MEM) statistic was used to identify parameters that were selectively
enriched or selectively de-enriched when BCs were compared to the remainder of the tissue
(Diggins et al., 2017). Of the parameters measured, vimentin and p-S6sz40 / s244 Were reliably

enriched (positive MEM label and exponent) in BCs versus matched non-BCs across samples,
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(Figure 4E). Consistent with single-channel comparisons above, some samples also displayed

enrichment or de-enrichment for additional proteins (Figure 4E).

Discussion

There is widespread interest in working with patient samples to identify therapeutic targets,
especially for rare diseases with limited treatment options such as tuberous sclerosis complex
(TSC). In TSC, identification of balloon cells (BCs) is pathognomonic, yet BCs can vary widely in
abundance both within and across surgically resected tissue sections and patients. Currently,
the “gold standard” for identifying BCs relies on expert annotation by a neuropathologist using
cytoarchitectural features (Urbach et al., 2002; Becker et al., 2006; Blumcke et al., 2011,
Blumcke et al., 2017; Blumcke et al., 2021b). However, this process can be time-consuming and
may introduce inter-scorer variability. A further challenge is the comparison of abnormal cells
found in organoid or mouse models of TSC to bona fide BCs, including the ability to distinguish
plausible BCs from the dysmorphic neurons that can also be found in tissues of patients with
TSC and related disorders, emphasizing an urgent need to increase the efficiency and rapidity

of identifying BCs.

We developed a trainable, machine-learning approach to efficiently identify BCs from whole-
slide images stained with a colorimetric dye. Though the patient samples used in this study
were cortical tissues from TSC patients, BAIDEN can be trained and tested on any tissue type
or disorder, given sufficient depth in the training data to distinguish the cells of interest. One
critical feature of its use is that the training, testing, and analysis datasets must be as uniform as
possible in the staining protocol used for toluidine blue O (TBO) or other equivalent stains.
While probable BCs could still be highlighted in the experimental samples described here, the
probability threshold (i.e., the level of certainty when identifying probable BCs) was lower when

staining or image quality was affected by experimental variation. In future, it will be of interest to
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determine if this approach can be extended to reliably identify cells of interest for applications
such as laser-capture microdissection, which has been used to address the question of whether
TSC1/2 loss of heterozygosity (LOH) occurs in BCs and / or other cells found within epileptic
foci (Ichikawa et al., 2005; Giannikou et al., 2016; Bongaarts et al., 2017; D’Gama et al., 2017,

Blair et al., 2018; Baldassari et al., 2019; Eichmuller et al., 2022).

Histopathologically, BCs are characterized by an enlarged, ovoid soma and eccentrically placed
nuclei (Urbach et al., 2002; Lamparello et al., 2007; Saxton and Sabatini, 2017; Najm et al.,
2022). BCs in the patient tissues analyzed by IMC showed an increased area and were rounder
than non-BCs, quantitatively supporting these metrics (Urbach et al., 2002; Becker et al., 2006;
Blumcke et al., 2011; Blumcke et al., 2017; Blumcke et al., 2021b). Consistent with previous
studies and case reports, BCs in the patient samples had heightened mTORC1-dependent
signaling (Hilbig et al., 1999; Mizuguchi et al., 2002; Urbach et al., 2002; Lamparello et al.,
2007; Orlova et al., 2010; Yasin et al., 2010; Ruppe et al., 2014; Li et al., 2015; Rossini et al.,
2017; Day et al., 2020; Gelot and Represa, 2020; Wu et al., 2022). Both residues of p-S6 — p-
S6s240 1 s244 @Nd P-S6sz35 / s235 — Were elevated in some BCs. The S240 / S244 residue is
phosphorylated by mTOR kinase while ribosome S6 kinase (RSK) can also phosphorylate the
S235 / S236 residue (Ruvinsky et al., 2005; Ruvinsky and Meyuhas, 2006; Crino, 2013). In
addition, both residues of p-STAT3 — p-STAT3s7,7 and p-STAT3y70s — Were elevated in some
BCs. While the S727 residue is primarily phosphorylated by mTOR, the Y705 residue is also
phosphorylated by several other kinases and is necessary for the dimerization and
transcriptional activity of STAT3 (Huang et al., 2014). The mean mass intensity (MMI) value
differences between BCs and non-BCs were higher and more statistically robust for p-S6s240
s244 and p-STAT3s727, suggesting there is a preference towards mTORC1-dependent

phosphorylation, consistent with the slightly elevated levels of p-4EBP 1137, 146.
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As the understanding of BCs as a hallmark of TSC-associated FCD has grown, interest in
identifying their cell of origin has increased. Prior work has postulated BCs express various
proteins that distinguish progenitor cells and differentiated progeny, yet these studies largely did
not assess these proteins simultaneously nor across multiple samples and patients (Hilbig et al.,
1999; Mizuguchi et al., 2002; Urbach et al., 2002; Lamparello et al., 2007; Orlova et al., 2010;
Yasin et al., 2010; Ruppe et al., 2014; Li et al., 2015; Rossini et al., 2017; Day et al., 2020; Gelot
and Represa, 2020; Wu et al.,, 2022). BCs in the patient tissues examined here tended to
express proteins associated with progenitor-cell identity and function rather than mature-cell
identity. Specifically, vimentin, SOX2, CD133, and EGFR were elevated in BCs while markers
used to identify mature cells, including B-lll-tubulin, SMI-311, GFAP, and EAAT1, tended to be
decreased. In the developing brain, regional patterning is associated with the generation of
specific neuronal subtypes and can be detected via staining for region-specific transcription
factors at specific developmental stages. TTF-1, which distinguishes the medial ganglionic
eminences (ventral structures), has previously been proposed as a marker largely absent from
tubers (Rushing et al., 2019). Interestingly, the BCs analyzed by IMC had slightly increased
expression of both TTF-1 and the transcription factor EMX1 (typically prevalent in cortex),
though this varied across samples. BCs also had increased expression of DCX, which
distinguishes migratory immature neurons (Gleeson et al.,, 1999; Ayanlaja et al., 2017).
Collectively, these patterns of expression, as well as the MEM scores for BCs in each sample,
suggest that while BCs reflect an immature and / or mixed-lineage phenotype, relatively few
proposed markers of this cell type are uniformly expressed from cell to cell or patient to patient.
Identification of uniform and variable features may help in determining which signaling arms of
this pathway can and should be targeted in tubers and BCs — a relevant question as not all
MTOR inhibitors in development for the clinic have equivalent efficacy on downstream

phosphorylation events (Choi et al., 1996; Fan et al., 2018; Mao et al., 2022). As in studies of
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other progenitor populations, examining multiple parameters will likely be critical to confirming

BC, or BC-like, identity in cell-based models.

Some challenges and important considerations were evident in these initial studies. First,
despite the uniform preparation and staining of all tissue sections and controls with a single
antibody cocktail, we did observe sample-to-sample variation in the staining intensity, as evident
in per-sample comparisons. This variation could be due to variations in sample fixation and
processing and may also reflect regional variation within cortical tissue, as tubers can present in
many locations in the brain and display variability in their radiographic and pathologic features
(Jesmanas et al., 2018). Nonetheless, systematic comparisons across tissue samples were able
to highlight markers with uniform direction of variation across patients (i.e., proteins that were
always enriched, or always de-enriched, in BCs versus non-BCs). These comparisons could be
further refined by systematically identifying suitable normal cell comparators within the tissue of
interest. Second, carefully generating standardized controls for custom antibodies was valuable
in identifying the dynamic range of signal for each target and confirming the lack of signal in
cells of interest (as in the case of mature-cell markers in BCs). Collectively, these data present a
panel development, validation, and analysis strategy that can be applied to the brain and many

other tissues where high-dimensional imaging is of interest.

Contributions

JSA: sample collection, data acquisition, data analysis & interpretation, writing — original drafts
AAB: sample collection, data acquisition, data analysis & interpretation, writing — original drafts
RK: data acquisition, data analysis & interpretation, writing — original drafts

LCG: data acquisition, experimental design

MBLC: sample collection, data acquisition, experimental design

MV: supervision, sample collection


https://doi.org/10.1101/2024.02.19.581031
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.19.581031; this version posted February 22, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

MZ: supervision, sample collection

SW: supervision, sample collection

BCM: data acquisition, data analysis & interpretation

KCE: supervision, conceptualization, funding acquisition, sample collection, writing — final
version

RAI: supervision, conceptualization, funding acquisition, data analysis & interpretation, writing —
original drafts & final version

All authors: review & approval of manuscript

Acknowledgements

We thank patients and their families for agreeing to participate in tissue collection for research.
Research was supported by a pilot award from the Vanderbilt Brain Institute, the National
Institutes of Health RO1INS118580 (RAI and KCE) and a supplement to US4CA217450 (RAI),
T32 GM07628 and F31 NS120608 (LCG), T32 HD007502 and RO1NS118580-S1 (MBLC), the
Ben & Catherine Ivy Foundation (RAI), the Meharry Medical College MD/PhD Endowment Grant
(JSA), and a gift from the Michael David Greene Brain Cancer Fund at the Vanderbilt—Ingram
Cancer Center (RAI, AAB). The VUMC Translational Pathology Shared Resource (TPSR) is

supported by NCI/NIH Cancer Center Support Grant P30CA068485.

Declarations of Interest
Sarah Weatherspoon, MD, is a consultant for Neurelis.

All other authors declare no competing financial interests.

Materials & Methods

BAIDEN
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Balloon Identifier (BAIDEN; https://github.com/ihrie-lab/BAIDEN) is a pixel-based classifier that

identifies balloon cells (BCs) from input whole-slide images of tuber specimens stained with
toluidine blue O (TBO). Generally, BAIDEN operates at the tile level and stitches together its
outputs to form a new multi-channel, whole-slide image composed of the original TBO stain, the
model's BC probability estimates, and outlined BCs overlaid onto the TBO image that survive

quality control.

The underlying model was developed using llastik (Berg et al.,, 2019), a flexible machine-
learning toolkit that utilizes random forests to estimate segmentation masks based on pixel-level

features related to color and intensity, edges, and texture.

After probabilistically estimating the occurrence of BCs, BAIDEN feeds the generated
segmented maps into CellProfiler (Carpenter et al., 2006) for finer object detection. In a
sequential fashion, the outputs from llastik are smoothened with a Gaussian kernel (¢ = 1) and
subjected to primary object identification in which red outlines are constructed around the most
putative BCs with the appropriate diameter (between 15 and 100 pixels). These outlines are
then overlaid onto the original TBO image to ease visualization of identified BCs for downstream

regions of interest (ROI) identification for imaging mass cytometry (IMC).

Immunostaining

Blocking Solution

The blocking solution for all immunostaining approaches was 1X PBS (no Ca** / Mg®*) with 1%
normal donkey serum (Fisher Scientific; OB003001), 1% bovine serum albumin (Sigma-Aldrich;
A7906), 0.1% Triton X-100 (Fisher Scientific; AAA16046AE), and 0.01% sodium azide (Fisher

Scientific; BP922I) as a preservative. The blocking solution was stored at 4°C between uses.
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Antigen Retrieval and Slide Processing

Slides were deparaffinized, rehydrated, and subjected to heat-induced epitope retrieval using
Trilogy (Sigma-Aldrich; 920P-09) in a Cuisinart pressure cooker following the manufacturer’s
directions. Briefly, slides were incubated at a high-pressure setting for 10 minutes, followed by
manual pressure release and a 5-minute “hot rinse” in a second jar of Trilogy before rinsing with
ddH,O. For paraffin-dipped slides, individual slides were first dewaxed in separate Coplin jars
with 2 xylene washes for 30 minutes each and then underwent an additional Trilogy “hot rinse”

for 5 minutes before the final “hot rinse” step.

Blocking and Antibody Incubation in Humid Chamber (Fluorescence Imaging)

Slide-mounted samples were outlined with a hydrophobic marker and placed horizontally in a
humid chamber for all staining and washing steps. Staining followed standard methods. Briefly,
samples were rinsed 3 x 5 minutes with 1X PBS before incubation with blocking solution for at
least 30 minutes at room temperature. Next, primary antibodies (listed in Table 1) diluted in the
blocking solution were added to samples and incubated overnight at 4°C. The following day,
samples were rinsed 3 x 5 minutes with 1X PBS before incubation with secondary antibodies for
an hour at room temperature. For initial antibody validations using fluorescent detection,
Hoechst (10 mg/mL; Fisher Scientific; P162249) was added to the secondary antibody cocktail.
Samples were rinsed 3 x 5 minutes with 1X PBS before mounting with Fluoromount G (Fisher

Scientific; 50-259-73).

Blocking and Antibody Incubation in Parhelia Chamber (Fluorescence Imaging)

Following dewaxing and antigen retrieval, slides were prepared for blocking by placing about 30
mL of ddH,O into the Parhelia S-Type OmniStainer (Parhelia Biosciences; 40002). Slides were
immersed in ddH,0, and a freshly prepared covertile (Parhelia Biosciences; 40200) was applied

while the slides were immersed. All subsequent solutions were applied by adding 150 uL of
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solution slightly (~2 mm) above the interface between the covertile and the slide. Slides were
rinsed 3 x 5 minutes with 1X PBS, followed by incubation with the blocking solution alone for at
least 30 minutes at room temperature. Primary antibodies (listed in Table 1) diluted in the
blocking solution were applied, and samples were incubated overnight at 4°C. The following
day, samples were rinsed 3 x 5 minutes with 1X PBS. Secondary antibodies diluted in Hoechst-
containing blocking solution were added for 1 hour at room temperature. Samples were rinsed 3
x 5 minutes with 1X PBS, removed from the Parhelia chamber, and coverslips were mounted

with Fluoromount G.

Toluidine Blue O Incubation

Slides were prepared for toluidine blue O (TBO; Sigma-Aldrich; T3260) staining in a Parhelia
OmniStainer as described above. After 3 x 5-minute rinses in 1X PBS, samples were incubated
with 1% TBO (w/v) for 5 minutes at room temperature. Samples were rinsed 1 x 5 minutes with
1X PBS, removed from the Parhelia chamber, and coverslips were mounted with aqueous

mounting media (1:1 1X PBS:glycerol) and used for whole-slide, brightfield imaging.

Blocking and Antibody Incubation in Parhelia Chamber (Metal-Tagged Antibody Staining) and
Imaging Mass Cytometry

Following TBO staining and imaging, coverslips and mounting media were soaked off in warm
water. An OmniStainer covertile was applied, and slides were rinsed one time each with ddH,0,
1X PBS, and blocking solution. Fresh blocking solution was added and incubated for 30 minutes
at room temperature. Primary antibodies were applied as described above and incubated
overnight at 4°C. The following day, samples were rinsed 3 x 5 minutes with IX PBS and 1 x 5
minutes with ddH,O. The covertile was removed, and slides were allowed to dry overnight

before imaging on a Hyperion Imaging System (Washington University in St Louis Human
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Immunology Core). Tissue was laser ablated at 200 Hz, and data were exported as .mcd and

Ixt files.

Metal-Tagged Antibodies
All antibodies used for IMC analysis are listed in Table 1. Custom-conjugated antibodies
(emboldened in Table 1) were prepared using standard methods (Bendall et al., 2011) with

Maxpar X8® Chelating Polymer Kits (Standard BioTools; 201300).

Specimens

Human Specimens and Tissue Processing

Tissues were collected from Vanderbilt Children’s Hospital between 2018 and 2023 under IRB
#130550, from Duke University Hospital in 2022 under IRB #108389, and from Le Bonheur
Children’s Hospital between 2022 and 2023 under IRB #20-07761-XP with written informed
consent in accordance with the Declaration of Helsinki. Samples were deidentified before
processing. A complete list of patient demographics and clinical characteristics can be found in
Table 3. Tubers and perituberal tissues were obtained within 1 hour of resection. Samples were
processed into slabs of tissue ~5-10 mm thick and placed in 10% neutral buffered formalin
(Fisher Scientific; 426-796) for 24-36 hours at 4°C prior to transfer to 70% ethanol. Processing
into paraffin, hematoxylin and eosin (H&E) staining, and serial sectioning of samples were
performed by the Translational Pathology Shared Resource (TPSR) at Vanderbilt University

Medical Center.

Image Processing for Display

Raw Image Export
Images from the Hyperion Imaging System were exported as single-channel TIFFs using MCD

Viewer (Standard BioTools) or histoCAT++ (https://github.com/BodenmillerGroup/histoCAT3D).



https://doi.org/10.1101/2024.02.19.581031
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.19.581031; this version posted February 22, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Arcsinh Transformation, Tiling, and Export

To best separate signal and noise using known positive and negative control samples (Figure
S2 and Table 2), an in-house, Python script processed raw images and transformed the images
with an inverse hyperbolic sine (arcsinh) function, using expert-selected cofactors for each
metal-tagged antibody (Table 1). These cofactors were applied in the Python, histoCAT++, and

steinbock analyses discussed below.

Image Registration

IMC images were registered with brightfield TBO images by isolating the approximate area
imaged by IMC within the brightfield slide scan through consultation of an annotated thumbnail
image depicting the imaged region by IMC. The resolution of the brightfield TBO image was
reduced to match the resolution of the IMC image using ImageJ / FIJI (https://fiji.sc/), and the
size transformation was calculated using the per-pixel scale of each image. A pixel-to-pixel
registration between the TBO and IMC images was achieved using the histone H3 (HH3) IMC
channel overlayed onto the downscaled, brightfield image. Rigid registration was sufficient to
achieve near-pixel-perfect registration across the imaged region of interest (ROI). Adjacent H&E
was manually registered to TBO by aligning tissue edges and macroscopic features in ImageJ /

FI1J1.

Image Annotation
An expert neuropathologist viewed stacked images of the H&E, TBO, HH3, and p-S6s240 / s244

and annotated probable BCs using the ‘MultiPoint’ tool in Imaged / FIJI.

IMC Analysis

steinbock Processing and Export
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Raw .mcd files were processed by steinbock as the Docker container according to the

Bodenmiller Lab instructions (https://bodenmillergroup.github.io/steinbock/latest/) and as

reported (Windhager et al., 2023). Briefly, command-line usage was used to classify pixels as
either nucleus, cytoplasm, or background and produce a probability map (ilastik); segment
individual cells according to the probability map produced from ilastik (CellProfiler) and produce
cell masks; measure mean intensities from each identified cell according to the cell masks from

CellProfiler; and export .csv files (Carpenter et al., 2006; Berg et al., 2019).

Spillover Correction (Data Acquisition and Application)
The spillover matrix (SM) slide (Supplemental Table 1) was generated and analyzed according

to the Bodenmiller Lab instructions (https://bodenmillergroup.qgithub.io/steinbock/latest/) and as

previously reported (Chevrier et al., 2018). The CATALYST package in R was used to import
the individual .txt files for each spotted, metal-tagged antibody, create and apply the SM, and

export the SM as a .csv and stacked TIFFs for each imaged ROI (Nowicka et al., 2017).

Marker Enrichment Modeling (MEM) Label Processing
The marker enrichment scores of BCs and non-BCs were identified per sample using the MEM
package in R, where MEM labels were generated using all proteins included in Table 1, and the

display threshold was set at 2 (Diggins et al., 2017).

Statistical Analysis

Statistical analysis was performed in R version 4.3.1, GraphPad Prism version 10.1.1, or Python
version 3.10.4, where indicated. All analyses were graphed in R, Prism, or Python. Statistical
analysis of aggregated, individual BCs and non-BCs from different patient samples was
performed using a two-tailed, Mann-Whitney test. Bonferroni correction was applied, resulting in

a p-value significance cutoff of 0.002 for the violin plots. Statistical analysis of paired BCs and
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non-BCs from different patient samples was performed using a two-tailed, Mann-Whitney test.
Bonferroni correction was applied, resulting in a p-value significance cutoff of 0.0003 for
summary Tukey box-and-whisker plots. Unless otherwise indicated, p-values less than 0.05

were considered significant for all statistical tests.


https://doi.org/10.1101/2024.02.19.581031
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.19.581031; this version posted February 22, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Alesi N, Akl EW, Khabibullin D, Liu HJ, Nidhiry AS, Garner ER, Filippakis H, Lam HC,
Shi W, Viswanathan SR, Morroni M, Ferguson SM, Henske EP (2021) TSC2
regulates lysosome biogenesis via a non-canonical RAGC and TFEB-dependent
mechanism. Nat Commun 12:4245.

Alesi N et al. (2024) TFEB drives mTORCL1 hyperactivation and kidney disease in
Tuberous Sclerosis Complex. Nat Commun 15:406.

Ayanlaja AA, Xiong Y, Gao Y, Ji G, Tang C, Abdikani Abdullah Z, Gao D (2017) Distinct
Features of Doublecortin as a Marker of Neuronal Migration and Its Implications
in Cancer Cell Mobility. Frontiers in Molecular Neuroscience 10.

Baars MJD, Sinha N, Amini M, Pieterman-Bos A, van Dam S, Ganpat MMP, Lacle MM,
Oldenburg B, Vercoulen Y (2021) MATISSE: a method for improved single cell
segmentation in imaging mass cytometry. BMC Biol 19:99.

Baldassari S, Ribierre T, Marsan E, Adle-Biassette H, Ferrand-Sorbets S, Bulteau C,
Dorison N, Fohlen M, Polivka M, Weckhuysen S, Dorfmuller G, Chipaux M,
Baulac S (2019) Dissecting the genetic basis of focal cortical dysplasia: a large
cohort study. Acta Neuropathol 138:885-900.

Barkovich AJ, Dobyns WB, Guerrini R (2015) Malformations of cortical development and
epilepsy. Cold Spring Harb Perspect Med 5:a022392.

Baulac S, Ishida S, Marsan E, Miquel C, Biraben A, Nguyen DK, Nordli D, Cossette P,
Nguyen S, Lambrecq V, Vlaicu M, Daniau M, Bielle F, Andermann E, Andermann
F, Leguern E, Chassoux F, Picard F (2015) Familial focal epilepsy with focal
cortical dysplasia due to DEPDC5 mutations. Ann Neurol 77:675-683.

Becker AJ, Blumcke I, Urbach H, Hans V, Majores M (2006) Molecular neuropathology
of epilepsy-associated glioneuronal malformations. J Neuropathol Exp Neurol
65:99-108.

Bendall SC, Simonds EF, Qiu P, Amir el AD, Krutzik PO, Finck R, Bruggner RV,
Melamed R, Trejo A, Ornatsky Ol, Balderas RS, Plevritis SK, Sachs K, Pe'er D,
Tanner SD, Nolan GP (2011) Single-cell mass cytometry of differential immune
and drug responses across a human hematopoietic continuum. Science 332:687-
696.

Berg S, Kutra D, Kroeger T, Straehle CN, Kausler BX, Haubold C, Schiegg M, Ales J,
Beier T, Rudy M, Eren K, Cervantes JI, Xu B, Beuttenmueller F, Wolny A, Zhang
C, Koethe U, Hamprecht FA, Kreshuk A (2019) ilastik: interactive machine
learning for (bio)image analysis. Nat Methods 16:1226-1232.

Black S, Phillips D, Hickey JW, Kennedy-Darling J, Venkataraaman VG, Samusik N,
Goltsev Y, Schirch CM, Nolan GP (2021) CODEX multiplexed tissue imaging
with DNA-conjugated antibodies. Nature Protocols 16:3802-3835.

Blair JD, Hockemeyer D, Bateup HS (2018) Genetically engineered human cortical
spheroid models of tuberous sclerosis. Nature Medicine 24:1568-1578.

Blumcke I, Budday S, Poduri A, Lal D, Kobow K, Baulac S (2021a) Neocortical
development and epilepsy: insights from focal cortical dysplasia and brain
tumours. Lancet Neurol 20:943-955.

Blumcke I et al. (2011) The clinicopathologic spectrum of focal cortical dysplasias: a
consensus classification proposed by an ad hoc Task Force of the ILAE
Diagnostic Methods Commission. Epilepsia 52:158-174.


https://doi.org/10.1101/2024.02.19.581031
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.19.581031; this version posted February 22, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Blumcke I et al. (2021b) Toward a better definition of focal cortical dysplasia: An iterative
histopathological and genetic agreement trial. Epilepsia 62:1416-1428.

Blumcke I et al. (2017) Histopathological Findings in Brain Tissue Obtained during
Epilepsy Surgery. N Engl J Med 377:1648-1656.

Bongaarts A et al. (2017) Subependymal giant cell astrocytomas in Tuberous Sclerosis
Complex have consistent TSC1/TSC2 biallelic inactivation, and no BRAF
mutations. Oncotarget 8:95516-95529.

Brockman AA, Mobley BC, lhrie RA (2021) Histological Studies of the Ventricular-
Subventricular Zone as Neural Stem Cell and Glioma Stem Cell Niche. J
Histochem Cytochem 69:819-834.

Camposano SE, Greenberg E, Kwiatkowski DJ, Thiele EA (2009) Distinct clinical
characteristics of Tuberous Sclerosis Complex patients with no mutation
identified. Annals of Human Genetics 73:141-146.

Carpenter AE, Jones TR, Lamprecht MR, Clarke C, Kang IH, Friman O, Guertin DA,
Chang JH, Lindquist RA, Moffat J, Golland P, Sabatini DM (2006) CellProfiler:
image analysis software for identifying and quantifying cell phenotypes. Genome
Biol 7:R100.

Chang Q, Ornatsky Ol, Siddiqui I, Loboda A, Baranov VI, Hedley DW (2017) Imaging
Mass Cytometry. Cytometry A 91:160-169.

Cheuvrier S, Crowell HL, Zanotelli VRT, Engler S, Robinson MD, Bodenmiller B (2018)
Compensation of Signal Spillover in Suspension and Imaging Mass Cytometry.
Cell Syst 6:612-620 e615.

Choi KC, Kim SW, Kim NH, Kang YJ (1996) Tuberous sclerosis and polycystic kidney
disease. A case report. J Korean Med Sci 11:526-531.

Crino PB (2013) Evolving neurobiology of tuberous sclerosis complex. Acta
Neuropathologica 125:317-332.

Crino PB (2015) Focal Cortical Dysplasia. Semin Neurol 35:201-208.

Crino PB (2016) The mTOR signalling cascade: paving new roads to cure neurological
disease. Nat Rev Neurol 12:379-392.

D’Gama AM, Woodworth MB, Hossain AA, Bizzotto S, Hatem NE, Lacoursiere CM,
Najm I, Ying Z, Yang E, Barkovich AJ, Kwiatkowski DJ, Vinters HV, Madsen JR,
Mathern GW, Blumcke I, Poduri A, Walsh CA (2017) Somatic Mutations
Activating the mTOR Pathway in Dorsal Telencephalic Progenitors Cause a
Continuum of Cortical Dysplasias. Cell Reports 21:3754-3766.

Day NJ, Wang X, Voronina E (2020) In Situ Detection of Ribonucleoprotein Complex
Assembly in the C. elegans Germline using Proximity Ligation Assay. J Vis Exp.

De Vries PJ, Whittemore VH, Leclezio L, Byars AW, Dunn D, Ess KC, Hook D, King BH,
Sahin M, Jansen A (2015) Tuberous Sclerosis Associated Neuropsychiatric
Disorders (TAND) and the TAND Checklist. Pediatric Neurology 52:25-35.

Diggins KE, Greenplate AR, Leelatian N, Wogsland CE, Irish JM (2017) Characterizing
cell subsets using marker enrichment modeling. Nat Methods 14:275-278.

DiMario FJ, Jr. (2004) Brain abnormalities in tuberous sclerosis complex. J Child Neurol
19:650-657.

Eichmuller OL, Corsini NS, Vertesy A, Morassut I, Scholl T, Gruber VE, Peer AM, Chu J,
Novatchkova M, Hainfellner JA, Paredes MF, Feucht M, Knoblich JA (2022)


https://doi.org/10.1101/2024.02.19.581031
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.19.581031; this version posted February 22, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Amplification of human interneuron progenitors promotes brain tumors and
neurological defects. Science 375:eabf5546.

Fan C, Cai X, Zhang F, Hochstetler C, Chen X, Guo F, Tian W, Zheng Y (2018)
Precision Assessment of on- and Off-Target Effects of mTOR Kinase Inhibitors in
a Mouse Model. Blood : journal of the American Society of Hematology
132:2632-2632.

Gelot AB, Represa A (2020) Progression of Fetal Brain Lesions in Tuberous Sclerosis
Complex. Front Neurosci 14:899.

Giannikou K, Malinowska IA, Pugh TJ, Yan R, Tseng Y-Y, Oh C, Kim J, Tyburczy ME,
Chekaluk Y, Liu Y, Alesi N, Finlay GA, Wu C-L, Signoretti S, Meyerson M, Getz G,
Boehm JS, Henske EP, Kwiatkowski DJ (2016) Whole Exome Sequencing
Identifies TSC1/TSC2 Biallelic Loss as the Primary and Sufficient Driver Event for
Renal Angiomyolipoma Development. PLoS genetics 12:€1006242.

Gleeson JG, Lin PT, Flanagan LA, Walsh CA (1999) Doublecortin Is a Microtubule-
Associated Protein and Is Expressed Widely by Migrating Neurons. Neuron
23:257-271.

Hilbig A, Babb TL, Najm I, Ying Z, Wyllie E, Bingaman W (1999) Focal cortical dysplasia
in children. Dev Neurosci 21:271-280.

Huang G, Yan H, Ye S, Tong C, Ying QL (2014) STAT3 phosphorylation at tyrosine 705
and serine 727 differentially regulates mouse ESC fates. Stem Cells 32:1149-
1160.

Ichikawa T, Wakisaka A, Daido S, Takao S, Tamiya T, Date |, Koizumi S, Niida Y (2005)
A case of solitary subependymal giant cell astrocytoma: two somatic hits of TSC2
in the tumor, without evidence of somatic mosaicism. J Mol Diagn 7:544-549.

Jesmanas S, Norvainyte K, Gleizniene R, Simoliuniene R, Endziniene M (2018)
Different MRI-defined tuber types in tuberous sclerosis complex: Quantitative
evaluation and association with disease manifestations. Brain Dev 40:196-204.

Karalis V, Caval-Holme F, Bateup HS (2022) Raptor downregulation rescues neuronal
phenotypes in mouse models of Tuberous Sclerosis Complex. Nature
Communications 13:4665.

Karimi E et al. (2023) Single-cell spatial immune landscapes of primary and metastatic
brain tumours. Nature 614:555-563.

Keren L, Bosse M, Thompson S, Risom T, Vijayaragavan K, Mccaffrey E, Marquez D,
Angoshtari R, Greenwald NF, Fienberg H, Wang J, Kambham N, Kirkwood D,
Nolan G, Montine TJ, Galli SJ, West R, Bendall SC, Angelo M (2019) MIBI-TOF:
A multiplexed imaging platform relates cellular phenotypes and tissue structure.
Science Advances 5:eaax5851.

Kovermann P, Kolobkova Y, Franzen A, Fahlke C (2022) Mutations associated with
epileptic encephalopathy modify EAAT2 anion channel function. Epilepsia
63:388-401.

Lamparello P, Baybis M, Pollard J, Hol EM, Eisenstat DD, Aronica E, Crino PB (2007)
Developmental lineage of cell types in cortical dysplasia with balloon cells. Brain
130:2267-2276.

Lancaster MA, Renner M, Martin C-A, Wenzel D, Bicknell LS, Hurles ME, Homfray T,
Penninger JM, Jackson AP, Knoblich JA (2013) Cerebral organoids model human
brain development and microcephaly. Nature 501:373-379.


https://doi.org/10.1101/2024.02.19.581031
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.19.581031; this version posted February 22, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Leelatian N, Doxie DB, Greenplate AR, Mobley BC, Lehman JM, Sinnaeve J,
Kauffmann RM, Werkhaven JA, Mistry AM, Weaver KD, Thompson RC, Massion
PP, Hooks MA, Kelley MC, Chambless LB, Ihrie RA, Irish JM (2017) Single cell
analysis of human tissues and solid tumors with mass cytometry. Cytometry B
Clin Cytom 92:68-78.

Li D, Takeda N, Jain R, Manderfield LJ, Liu F, Li L, Anderson SA, Epstein JA (2015)
Hopx distinguishes hippocampal from lateral ventricle neural stem cells. Stem
Cell Res 15:522-529.

Li Y, Muffat J, Omer A, Bosch I, Lancaster MA, Sur M, Gehrke L, Knoblich JA, Jaenisch
R (2017) Induction of Expansion and Folding in Human Cerebral Organoids. Cell
Stem Cell 20:385-396.e383.

Lipton JO, Sahin M (2014) The neurology of mMTOR. Neuron 84:275-291.

Mao B, Zhang Q, Ma L, Zhao D-S, Zhao P, Yan P (2022) Overview of Research into
MTOR Inhibitors. Molecules 27:5295.

Mizuguchi M, Takashima S (2001) Neuropathology of tuberous sclerosis. Brain Dev
23:508-515.

Mizuguchi M, Yamanouchi H, Becker LE, Itoh M, Takashima S (2002) Doublecortin
immunoreactivity in giant cells of tuberous sclerosis and focal cortical dysplasia.
Acta Neuropathol 104:418-424.

Najm | et al. (2022) The ILAE consensus classification of focal cortical dysplasia: An
update proposed by an ad hoc task force of the ILAE diagnostic methods
commission. Epilepsia 63:1899-1919.

Neligan A, Sander JW (2011) Premature mortality in epilepsy: is it preventable? Expert
Review of Neurotherapeutics 11:767-770.

Nowicka M, Krieg C, Crowell HL, Weber LM, Hartmann FJ, Guglietta S, Becher B,
Levesque MP, Robinson MD (2017) CyTOF workflow: differential discovery in
high-throughput high-dimensional cytometry datasets. F1000Res 6:748.

Orlova KA, Tsai V, Baybis M, Heuer GG, Sisodiya S, Thom M, Strauss K, Aronica E,
Storm PB, Crino PB (2010) Early progenitor cell marker expression distinguishes
type Il from type | focal cortical dysplasias. J Neuropathol Exp Neurol 69:850-
863.

Palmini A, Najm I, Avanzini G, Babb T, Guerrini R, Foldvary-Schaefer N, Jackson G,
Luders HO, Prayson R, Spreafico R, Vinters HV (2004) Terminology and
classification of the cortical dysplasias. Neurology 62:S2-8.

Ribierre T, Deleuze C, Bacq A, Baldassari S, Marsan E, Chipaux M, Muraca G, Roussel
D, Navarro V, Leguern E, Miles R, Baulac S (2018) Second-hit mosaic mutation
in mMTORC1 repressor DEPDCS5 causes focal cortical dysplasia-associated
epilepsy. J Clin Invest 128:2452-2458.

Rossini L, Villani F, Granata T, Tassi L, Tringali G, Cardinale F, Aronica E, Spreafico R,
Garbelli R (2017) FCD Type Il and mTOR pathway: Evidence for different
mechanisms involved in the pathogenesis of dysmorphic neurons. Epilepsy Res
129:146-156.

Ruppe V, Dilsiz P, Reiss CS, Carlson C, Devinsky O, Zagzag D, Weiner HL, Talos DM
(2014) Developmental brain abnormalities in tuberous sclerosis complex: a
comparative tissue analysis of cortical tubers and perituberal cortex. Epilepsia
55:539-550.


https://doi.org/10.1101/2024.02.19.581031
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.19.581031; this version posted February 22, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Rushing GV, Brockman AA, Bollig MK, Leelatian N, Mobley BC, Irish JM, Ess KC, Fu C,
Ihrie RA (2019) Location-dependent maintenance of intrinsic susceptibility to
mMTORC1-driven tumorigenesis. Life Sci Alliance 2:e201800218.

Ruvinsky I, Meyuhas O (2006) Ribosomal protein S6 phosphorylation: from protein
synthesis to cell size. Trends in Biochemical Sciences 31:342-348.

Ruvinsky I, Sharon N, Lerer T, Cohen H, Stolovich-Rain M, Nir T, Dor Y, Zisman P,
Meyuhas O (2005) Ribosomal protein S6 phosphorylation is a determinant of cell
size and glucose homeostasis. Genes & development 19:2199-2211.

Saxton RA, Sabatini DM (2017) mTOR Signaling in Growth, Metabolism, and Disease.
Cell 168:960-976.

Schreiber KH, Ortiz D, Academia EC, Anies AC, Liao CY, Kennedy BK (2015)
Rapamycin-mediated mTORC?2 inhibition is determined by the relative
expression of FK506-binding proteins. Aging Cell 14:265-273.

Sloan SA, Andersen J, Pasca AM, Birey F, Pasca SP (2018) Generation and assembly
of human brain region-specific three-dimensional cultures. Nat Protoc 13:2062-
2085.

Sridharan G, Shankar AA (2012) Toluidine blue: A review of its chemistry and clinical
utility. J Oral Maxillofac Pathol 16:251-255.

Szwed A, Kim E, Jacinto E (2021) Regulation and metabolic functions of mMTORC1 and
MTORC2. Physiological reviews 101:1371-1426.

Thiele EA (2010) Managing and understanding epilepsy in tuberous sclerosis complex.
Epilepsia 51 Suppl 1:90-91.

Urbach H, Scheffler B, Heinrichsmeier T, von Oertzen J, Kral T, Wellmer J, Schramm J,
Wiestler OD, Blumcke | (2002) Focal cortical dysplasia of Taylor's balloon cell
type: a clinicopathological entity with characteristic neuroimaging and
histopathological features, and favorable postsurgical outcome. Epilepsia 43:33-
40.

Windhager J, Zanotelli VRT, Schulz D, Meyer L, Daniel M, Bodenmiller B, Eling N
(2023) An end-to-end workflow for multiplexed image processing and analysis.
Nat Protoc 18:3565-3613.

Wu X, Sosunov AA, Lado W, Teoh JJ, Ham A, Li H, Al-Dalahmah O, Gill BJA, Arancio O,
Schevon CA, Frankel WN, Mckhann GM, Sulzer D, Goldman JE, Tang G (2022)
Synaptic hyperexcitability of cytomegalic pyramidal neurons contributes to
epileptogenesis in tuberous sclerosis complex. Cell Reports 40:111085.

Yasin SA, Latak K, Becherini F, Ganapathi A, Miller K, Campos O, Picker SR, Bier N,
Smith M, Thom M, Anderson G, Helen Cross J, Harkness W, Harding B, Jacques
TS (2010) Balloon cells in human cortical dysplasia and tuberous sclerosis:
isolation of a pathological progenitor-like cell. Acta Neuropathol 120:85-96.

Zimmer TS, Broekaart DWM, Gruber VE, van Vliet EA, Muhlebner A, Aronica E (2020)
Tuberous Sclerosis Complex as Disease Model for Investigating mTOR-Related
Gliopathy During Epileptogenesis. Front Neurol 11:1028.


https://doi.org/10.1101/2024.02.19.581031
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.19.581031; this version posted February 22, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

List of Tables

Table 1: Custom Imaging Mass Cytometry Panel

Table 2: Control Core Microarray

Table 3: Patient Demographics and Clinical Information

Supplemental Table 1: Spillover Matrix for Compensation Correction


https://doi.org/10.1101/2024.02.19.581031
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.19.581031; this version posted February 22, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Figure Legends

Figure 1: A machine-learning workflow and imaging mass cytometry to study balloon cells in

tubers. A) Schematic of BAIDEN. Balloon Identifier (BAIDEN) partitions each input whole-slide
image (WSI) into several tiles, each undergoing a model evaluation to probabilistically estimate
the occurrence of BCs. BC hotspot regions can subsequently be identified by the user and
situated in the context of the WSI for ensuing IMC analysis. B) Pseudo-colored imaging mass
cytometry (IMC) image of the full imaged region of interest (ROI) for an example tuber specimen
(VUTO34). Yellow box delineates area detailed on the right and below. Scale bar = 100 um for
all images. 6 of 36 antigens are shown. Samples include histone H3 (HH3; blue) as the nuclear
marker. Pseudo-colored images of detailed area. Yellow arrowheads denote listed antigens.
Image on the left highlights MBP (red) and SMI-311 (cyan). Image in the middle highlights GFAP
(green) and EAAT1 (magenta). Image on the right highlights p-ERK1/2+1202/v204 (grey) and CD45

(yellow).

Figure S1: BAIDEN Performance. Comparison of neuropathologist-annotated hematoxylin and

eosin (H&E) tiles with BAIDEN's estimates. BAIDEN incurs relatively few false positives (FPs)

but fails to identify every BC, resulting in a precision of 0.9273 and a recall of 0.6892.

Figure 2: Construction and validation of custom imaging mass cytometry panel. A) Example

images for individual antigens on positive and negative control cores. Scale bar = 100 um for all
images. B) Summary Tukey box-and-whisker plots of mean mass intensity (MMI) values for all
events in each displayed antigen (top). Black arrowheads denote the positive core for a given
antigen. Summary Tukey box-and-whisker plots of MMI values for antigens with high- and low-
dynamic ranges (bottom). The legend to the far right shows the corresponding color for the

control cores used.
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Figure S2: A control core microarray for validation of antibodies. Rows show a paired positive

(upper) or negative (lower) control core for a given protein or phosphorylation event (arranged
by columns). Protein or phosphorylation event is pseudo-colored in grey while HH3 is pseudo-
colored in blue. Yellow text in the top left corner of each image indicates the control core shown.

Scale bar = 100 um for all images.

Figure S3: Compiled mean mass intensity (MMI) values for the control core microarray.

Summary Tukey box-and-whisker plots of arcsinh-transformed MMI values of the remaining
twenty-seven proteins and / or phosphorylation events for the control cores. Heavy line

demarcates median while bars show maximum and minimum.

Figure 3: Balloon cells show elevated mTOR-dependent phosphorylation events. Rows show

different stains and / or pseudo-colored phosphorylation events while the columns show normal
brain and two tuber samples (DUHO1 and DUHO2I), respectively. A) Hematoxylin and eosin
(H&E) staining of adjacent serial sections. Scale bar = 100 um for all images. B) Toluidine blue
O (TBO) staining of regions prior to ablation for IMC. C) Pseudo-colored IMC images of p-S6s240
1 s244 (green) and p-S6s;3s; s236 (red) with HH3 (blue) as the nuclear marker. Yellow boxes are the
areas of the insets to the right for all images. Yellow arrowheads denote identified balloon cells
(BCs). MMI values are provided for each identified BC in the insets. D) Pseudo-colored IMC
images of p-STAT3s727 (green) and p-4EBP 137,146 (red) with HH3 (blue) as the nuclear marker.
E) Violin plots comparing hyperbolic arcsine (arcsinh)-transformed MMI values between non-
BCs and BCs for p-S6s40 / 5244, P-S6s235 / s236, P-STAT3s727, and p-4EBP1+137 /146, respectively.
Heavy and light dashed lines demarcate median, 25", and 75" percentiles, respectively. ****p <

0.0001; two-tailed, Mann-Whitney test.
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Figure 4. Balloon cells express progenitor-associated proteins. Rows show different proteins

and phosphorylation events while the columns show two tuber samples (LBH002-2 and
VUTO037), respectively. A) Pseudo-colored IMC images of vimentin (grey), SOX2 (green), and p-
S6s240/ 5244 (red) with HH3 as the nuclear marker. Yellow boxes are the areas of the insets to the
right for all images. Yellow arrowheads denote identified balloon cells (BCs). MMI values are
provided for each identified BC in the insets. Scale bar = 100 um for all images. B) Pseudo-
colored IMC images on the left depict B-llI-tubulin (cyan), SMI-311 (yellow), and p-S6s240 / s244
(red) with HH3 as the nuclear marker. Pseudo-colored IMC images on the right depict B-llI-
tubulin (cyan), EAAT1 (yellow), and p-S6s240; s244 (red) with HH3 as the nuclear marker. C) Violin
plots comparing arcsinh-transformed MMI values between non-BCs and BCs for vimentin,
SOX2, EMX1, and TTF-1, respectively. Heavy and light dashed lines demarcate median, 251
and 75" percentiles, respectively. **p < 0.01, ****p < 0.0001; two-tailed Mann-Whitney test. D)
Violin plots comparing arcsinh-transformed MMI values between non-BCs and BCs for CD133,
DCX, EGFR, and FABP7, respectively. Heavy and light dashed lines demarcate median, 25",
and 75" percentiles, respectively. **p < 0.01, ****p < 0.0001, ns = not significant; two-tailed
Mann-Whitney test. E) Marker enrichment modeling (MEM) labels for non-BCs and BCs for
each analyzed sample. The superscripts are on a scale between -10 (selectively de-enriched;
¥) and 10 (selectively enriched; A). Emboldened labels highlight common labels amongst all

analyzed samples.

Figure S4: Agaregated, per-sample mean mass intensity (MMI) values for the analyzed patient

samples. Summary Tukey box-and-whisker plots comparing arcsinh-transformed MMI values
between non-BCs and BCs of thirty-two collected proteins and / or phosphorylation events.
Heavy line demarcates median while bars show maximum and minimum. Bonferroni correction

was applied, resulting in a p-value significance cutoff of 0.0003.
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Figure S5:. Aggregated, per-cell descriptors for the analyzed patient samples. Violin plots

comparing arcsinh-transformed MMI values between non-BCs and BCs for the remaining
twenty-three descriptors of the analyzed patient samples. Heavy and light dashed lines
demarcate median, 25", and 75™ percentiles, respectively. Bonferroni correction was applied,
resulting in a p-value significance cutoff of 0.002. *p < 0.05, **p < 0.01, ***p < 0.001, **p <

0.0001, ns = not significant; two-tailed Mann-Whitney test.
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