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Intracranial aneurysms (IAs) are very rare in children, and the characteristics of the T-cells
in the IA wall are largely unknown. A comatose 7-years-old child was admitted to our
center because of a subarachnoid hemorrhage due to a ruptured giant aneurysm of the
right middle cerebral artery. Two days after the aneurysm clipping the patient was fully
awake with left hemiparesis. T-cells from the |A wall and from peripheral blood of this
patient were analyzed by multi-dimensional flow cytometry. Unbiased analysis, based on
the use of FlowSOM clustering and dimensionality reduction technique UMAP, indicated
that there was virtually no overlap between circulating and tissue-infiltrating T-cells. Thus,
naive T-cells and canonical memory T-cells were largely restricted to peripheral blood,
while CD4 " CD8 T-cells were strongly enriched in the IA wall. The unique CD4*, CD8" and
CD4°CD8T-cell clusters from the IA wall expressed high levels of CCR5, Granzyme B and
CD69, displaying thus characteristics of cytotoxic and tissue-resident effector cells. Low
Ki67 expression indicated that they were nevertheless in a resting state. Among regulatory
T-cell subsets, Eomes*Tr1-like cells were strongly enriched in the I1A wall. Finally, analysis
of cytokine producing capacities unveiled that the IA wall contained poly-functional T-cells,
which expressed predominantly IFN-y, TNF and IL-2. CD4"T-cells co-expressed also
CD40L, and produced some IL-17, GM-CSF and IL-10. This report provides to our
knowledge the first detailed characterization of the human T-cell compartment in the
IA wall.
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T-Cells in the Aneurysm Wall

INTRODUCTION

An intracranial aneurysm (IA) is a focal dilatation of a cerebral
vessel (1). IAs are very rare in children but they cause more than
10% of hemorrhagic strokes in the pediatric population (2) with
high mortality and morbidity (3, 4). The pathogenesis and the
natural history of these pediatric vascular malformations are
largely unknown with 50% of cases presenting without risk
factors or underlying diseases (e.g. head trauma, infections,
tumors, inflammatory diseases, excessive hemodynamic stress)
(5, 6). Data from adult patients and animal experiments
suggested that endothelial damage and dysfunction, vascular
smooth muscle cell modulation and extracellular matrix
remodeling are the main steps, leading to arterial wall
degeneration and to IA formation (7-10) Different pro-
inflammatory mediators seem to be crucial in these complex
processes, including cytokines like IL-1fB, IL-6 and TNF-o,
matrix metalloproteinases (MMP), monocyte chemoattractant
protein 1 (MCP1), reactive oxygen species, complement and
several growth factors. In addition, immune cells were identified
in the aneurysm wall of human subjects, mainly macrophages
and T-cells (11, 12). However, while macrophages are considered
to be fundamental for IA formation, progression and rupture
(13), the role of T-cells is less clear. T-cells play a key role in
orchestrating inflammation, with different sub-populations
involved in the production of pro- or anti-inflammatory
cytokines and in the modulation of the activity of other
immune cells (14). However, the contribution of these sub-
populations in the IA pathogenesis and rupture is largely
unexplored, limiting our understanding of these complex
processes that could represent a new therapeutic target for
intracranial bleeding prevention.

The aim of this study was thus to characterize in depth, for the
first time, T-cells that infiltrate the aneurysm wall, derived from a
pediatric idiopathic IA.

MATERIAL AND METHODS

Cell Isolation and Purification

A blood sample and a piece of the IA wall were collected during
surgery. As a control, peripheral blood from a sex-matched 4
years-old child was obtained. Written informed consent was
signed by both parents for further analysis and data publication.
The study was approved by the Ethics Committee of the
Fondazione IRCCS Ca’ Granda-Ospedale Maggiore Policlinico
(3.11/2021-680). Peripheral blood mononuclear cells (PBMC)
were isolated by density gradient centrifugation by Ficoll density
gradient (Amersham Pharmacia Biotech, Uppsala, Sweden).
Cells from the aneurysm wall were collected using a Tumor
dissociation kit (Miltenyi Biotec, Bergisch Gladbach; Germany)
according to the manufacturer’s instructions. After dissociation,
the sample was filtered (70um) to remove any remaining larger
particles from the single-cell suspension and lymphocytes were
isolated by Ficoll density gradient.

Flow Cytometry

T-cell subsets were analysed for the expression of surface
markers, transcription factors and cytokines by staining with
various combinations of fluorochrome-conjugated monoclonal
antibodies (Supplementary Table 1). For intracellular cytokine
detection, T cells were incubated for 4 hours in the presence or
absence of phorbol 12-myristate 13- acetate (PMA), ionomycin
in complete RPMI (10% FBS, 1 mmol/L sodium pyruvate, 10
mmol/L nonessential amino acids, and 1% penicillin/
streptomycin), and with BrefeldinA (Sigma, St Louis, Mo) for
an additional 2 hours. After fixation with Intracellular Fixation &
Permeabilization Buffer Set (Thermo Fisher Scientific, Waltham,
Massachusetts) cells were permeabilized with Permeabilization
Buffer (BD Biosciences). Analysis was performed with a
FACSSymphonyTM cytometer (Becton Dickinson, Franklin
Lakes, NJ) and analysed using FlowJo software (BD Biosciences).

Bioinformatic Analysis

Flow cytometry data were imported into FlowJo software
(version 10.8.0) to compensate fluorescence spreading; dead
cells and debris were excluded from the analysis and CD3+ T
cell population was selected for further analysis. A random
down-sample to 5000 events in the CD3+ T-cells compartment
was exported as FCS file for further analysis in R software
(version 4.0.2).

Sample batches were read using read.flowSet (2.6.0) from the
flowCore R package. We applied the Logicle transformation that
allows the use of multiple samples to estimate transformation
parameters. To reduce batch effect due to technical and not to
biological variation we normalized the signal of each marker with
the function gaussNorm from the flowStat package (4.6.0). After
the batch-specific pre-processing, samples were concatenated
into a SingleCellExperiment object in R using the
function prepData from the CATALYST R package (15).
Dimensionality reduction by UMAP was subsequently applied
to visualize relative proximities of cells within reduced
dimensions. Two parallel analyses were applied for each of the
two panels. We performed high-resolution, unsupervised
clustering and meta-clustering using FlowSOM (2.2.0) and
ConsensusClusterPlus (1.58.0) packages following the workflow
in Nowicka et al. (15). The T cell compartment was clustered
based on the expression of 15 markers for Surface panel (CD4,
CD8, CCR7, CD45RA, CD27, CD25, CD127, EOMES,
GRANZYME_K, GRANZYME_B, CCR6, CXCR3, CCRS5,
CD69, 41BB) and 15 markers for Cytokines panel (CD4, CDS,
CD127, FOXP3, EOMES, GRANZYME_K, GRANZYME_B,
CCR6, CXCR3, T_BET, IL2, GM_CSF, TNFA, IFNG, CD40L).
We excluded from the analysis markers that identified only very
low numbers of positive cells, i.e. IFN-y, FOXP3, KI67, and
CD40L from the surface panel for unstimulated cells and K167,
IL10, IL17A and IL17F for the cytokine panel of PMA and
Ionomycin-stimulated cells. Manually annotated clusters were
subsequently visualized on the UMAP. Functional pseudo-time
analysis to infer the differentiation trajectory of cells was carried
out by DiffusionMaps (15) using the function runDiffusionMap
on the SingleCellExperiment object using default parameters.
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RESULTS

A Pediatric Case of Intracranial Aneurysm

A previously healthy 7-years-old male child had a sudden onset
headache followed by loss of consciousness while he was playing
at home. He was intubated on the scene and transferred to the
emergency department. The head computed tomography scan
(CT) showed a thin subarachnoid hemorrhage (SAH), a large
intra-parenchymal hemorrhage (ICH) and mid-line shift. A
giant aneurysm of the right middle cerebral artery was
identified by angio-CT (Figure 1). The patient underwent
craniotomy for ICH evacuation and intracranial aneurysm (IA)
clipping. He was admitted to the Neuro Intensive Care Unit and
required standard post-operative care with sedation, artificial
ventilation and hemodynamic support. Two days later he was
fully awake with left hemiparesis and was extubated. At 9-
months follow-up, the parents reported resumption of normal
life without significant disabilities despite a mild left hemiparesis.

Unbiased Analysis of T-Cell Phenotypes
Unveiled Virtually No Overlap Between
T-Cell Subsets From the Blood and the
Aneurysm Wall

T-cells from the IA wall and from peripheral blood were analyzed
by multi-dimensional flow cytometry ex vivo. UMAP analysis
resulted in the clear separation of T-cells derived from the IA wall
and T-cells from peripheral blood (Figure 2A). UMAPs for CD4
and CD8 expression unveiled that CD4 " T-cells were separated
from CD4T-cells, i. e. from both CD8"T-cells and CD4 CD8
double-negative (DN) T-cells, in Dimension 1 (Figure 2B).
Notably, Dimension 2 separated instead T-cells from peripheral
blood and from the IA wall, with hardly any overlap between cells
from the two sites (Figures 2A, B). CD45RA and CCR7

expression unveiled that the major clusters in peripheral blood
in the patient and in the pediatric control represented naive T-cells
(Figure 2B). Conversely, T-cells from the IA wall expressed high
levels of CD69 and GzmB (Figure 2B).

We next performed high-resolution, unsupervised clustering
and meta-clustering (Supplementary Figure 1A) (15).
Clustering resolution was chosen based on delta area plots and
visual inspection of the expression of 15 markers
(Supplementary Figure 1B). We first applied an “over-
clustering” strategy choosing the maximum number of clusters
(K=20) in order to optimally discriminate T cell sub-populations
(Supplementary Figure 1A). Subsequently, clusters with similar
expression profiles (Supplementary Figure 1B) were manually
annotated. In this way we identified 9 distinguishable major
clusters: three CD4+, three CD8+ and three DN T-cell clusters
(Figure 2C and Supplementary Figures 2A-C). Among these
three clusters we identified one naive (CD45RA+CCR7+) and
one memory (CD45RA-CCR7+/- in the CD4 compartment) or
effector memory subsets (CD45RA+/-CCR7- in the CD4-
compartments) that were largely restricted to peripheral blood
(Figure 2C and Supplementary Figure 2C). In addition, we
identified in all three T-cell compartments also a third cluster,
which was derived from the IA wall and expressed high levels of
CD69 and GzmB (Figure 2C and Supplementary Figure 2C).

Notably, the UMAP analysis suggested that IA T-cells were
more closely located to circulating memory T-cells then to
naive T-cells (Figure 2C). Indeed, trajectory analysis by
DiffusionMap unveiled higher proximity of IA-T cells to
circulating memory T-cells as compared to naive T-cells along
the second diffusion component (Supplementary Figure 3A).
We also observed a clear differentiation pattern from naive
phenotype towards memory in CD4+, CD8+ and DN T-cells
(Supplementary Figure 3B).

cerebral artery (blue arrow).

FIGURE 1 | Computed tomography (CT) scan after intracranial aneurysm rupture. (A) The initial head CT showed a thin subarachnoid hemorrhage and a large intra-
parenchymal hemorrhage (yellow arrow) including an iso-dense region (red arrow). (B) The angio-TC showed a cerebral aneurysm originating from the right middle
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FIGURE 2 | Unsupervised ex vivo flow cytometric analysis reveals unique T-cell clusters in the IA wall. (A) UMAP projections of normalized expression of markers colored
according to the analysed sample. Red: T-cells from the IA wall (IA_WALL), blue: T-cells from peripheral blood of the same patient (PT_PBMCs), green: T-cells from
peripheral blood of a pediatric control (CTR_PBMCs). (B) Two-dimensional illustration of CD4, CD8, CD45RA, CCR7, GRANZYME B and CD69 expression by UMAP.
Blue denotes low, green intermediate and red high expression. (C) Nine different T-cell clusters, i.e. three CD4+, three CD8+ and three DN clusters, were identified by
UMAP and colored according to cell phenotypes as indicated. CCR7, CD45RA, CD69 and GZMB expression identified three naive (CCR7+CD45RA+CD69-GZMB-), one
memory (CCR7+/-CD45RA-CD69-GZMB-) and two effector memory clusters (‘EM”, CCR7-CD45RA+/-CD69-GZMB+/-) in peripheral blood. In addition, three CD69
+GZMB+ clusters were identified in the IA wall (‘“TRM”). Upper panel: overlay of the 3 samples. Lower panels: UMAP Plots stratified according to sample origin:
“IA_WALL” (left), “PT_PBMGCs” (middle) and “CTR_PBMCs” (right).
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T-Cells From the IA Wall Lack Canonical
Naive and Memory Subsets, But Display a
Phenotype of Cytotoxic Effector Cells

We then compared the T-cell compartments of the IA wall and
the blood more in detail. DN T-cells were strongly enriched in
the IA wall as compared to peripheral blood, and conventional
CD4" and in particular CD8"T-cells were consequently reduced
(Figure 3A, Gating strategy: Supplementary Figure 4, absolute
cell numbers: Supplementary Table 2). We then quantified the
co-expression of differentiation-associated surface markers and
of intracellular expression of cytotoxic mediators (Figures 3B-
E). The large majority of CD4"T-cells from pediatric blood
displayed the canonical CCR7"CD45RA" phenotype of naive
T-cells (Figure 3B). Similar results were obtained when CD8"T-
cells from peripheral blood were analyzed, while T-cells with a
naive phenotype were virtually absent in the IA wall (Figure 3B).
CD4"T-cells from peripheral blood expressed as expected low
levels of GzmB and CD69 (Figures 3C, D). In marked contrast,
GzmB", but not GzmK", T-cells were overall strongly enriched in
the TA wall [Figure 3C and Supplementary Table 3 (reports
MFI)]. Moreover, the majority of T-cells from the IA wall
expressed the activation/tissue residency marker CD69 (16),
but lower levels of the memory-associated costimulatory
receptor CD27 (Figure 3D and Supplementary Table 3). We
next analyzed if T-cells from the IA wall were positive for the
Ki67 proliferation marker, which is expressed in T-cells that have
divided in the last few days. However, both T-cells in peripheral
blood and those from the IA wall expressed only very low levels
of Ki67 (<2%), indicating that the large majority was in a resting
state (Figure 3E). This was true for CD4"T-cells, CD8"T-cells
and also for DN T-cells. Notably, also CD69 " T-cells from the IA
wall were largely K167 (Figure 3E and data not shown),
consistent with the notion that also in the IA wall CD69 is a
marker of tissue-resident rather than of activated cells.

Composition of the CD4" T-Cell
Compartment in the 1A Wall

We next focused on well-defined memory/regulatory subsets of
the CD4"T-cell compartment (Figure 4). An unexpected feature
of CD4"T-cells in the IA wall was the low expression of CXCR3
and CCR6, well-established differentiation markers of
respectively Th1l and Th17 memory cells in the blood (15). In
particular, while >15% of cells of the IA patient expressed
CXCR3 in peripheral blood, CXCR3" cells were rare in the IA
wall (Figure 4A and Supplementary Table 1). This was also true
for CD8'T-cells and DN T-cells. Surprisingly, CXCR3" and
CCR6'CD4"T-cells in pediatric blood were highly
heterogeneous for CD127 and CCR7 expression, indicating
that they contained not only the immature CCR7"central
memory cells, but also the more differentiated CCR7"
CD127"effector memory (17) and even some CDI127 effector-
like cells (18)(Supplementary Figure 5A). In contrast, the few
CXCR3" and CCR6'CD4"T-cells in the IA wall had
predominantly an effector memory phenotype. T-cells from
pediatric control blood expressed much lower levels of CXCR3
as compared to the IA patient. Importantly, the majority of T-

cells from the IA wall expressed instead the chemokine receptor
CCR5 (Figure 4B), which is known to promote migration to
non-lymphoid tissues. This was true both for CD4*, CD8" and
also DN T-cells. Moreover, a relevant fraction of the
CD4"CCR5"T-cells had down-regulated CD127 expression
(Figure 4B), a phenotype displayed by Eomes'Trl-like cells
(19). Notably, these cells expressed CD27, but lacked CCRS, as
is characteristic for these Trl-like cells (19) (Supplementary
Figure 5B). Analysis of intracellular transcription factor
expression in CD4"CD127'°FOXP3" cells (gating strategy is
shown in Supplementary Figure 5C) confirmed that
Eomes*Tbet”'® cells were strongly enriched in the IA wall
(Figure 4C), consistent with the view that these cells represent
Eomes*Tr1-like cells (19-21). In contrast, FOXP3*CD127"°Tregs
were present at largely similar frequencies in the blood and the
IA wall (Figure 4D).

T-Cells From the Aneurism Wall Produce
IFN-y and Contain Poly-Functional Cells

To assess the cytokine producing capacities of T-cells from the
IA wall, cells were poly-clonally stimulated and analyzed for
intracellular cytokines together with selected differentiation and
activation markers (Supplementary Figures 6A, B). UMAP
analysis unveiled again that T-cells from peripheral blood and
the TA wall were largely distinct (Figure 5A). It resulted also
again in the separation of CD4" from CD4 T-cell subsets
(Figure 5B). We identified 10 different major clusters
(Figure 5C), including 3 clusters that were abundant in the IA
wall, but absent from pediatric blood (Supplementary
Figure 6C). Intriguingly, these 3 clusters represented CD4+,
CD8+ and DN T-cells with polyfunctional capabilities, i.e.
that could produce several different cytokines. Conversely,
CD4" T-cells that expressed only IL-2 or CD40L were largely
restricted to peripheral blood, whereas T-cells that produced
TNF-o. could be identified both in peripheral blood and in the
IA wall (Figure 5C).

A major feature of T-cells in the IA wall was the high
production of IFN-y, TNF and IL-2 from the IA wall
(Figures 6A, B). Thus, approximately 20% of CD4 " T-cels from
the TIA wall produced IFN-y, while only very few T-cells from
peripheral blood were able to do so. This was true for CD4" and
CD8" T-cells (Figure 6A); only double-negative T-cells from the
pediatric control also produced relevant amounts of IFN-y. T-
cells from the IA wall produced also IL-2 and TNF, while in
peripheral blood only CD8"T-cells from the IA patient produced
TNF (Figure 6B). Notably, some T-cells from the IA wall were
indeed poly-functional, since they co-produced IFN-y, TNF and
IL-2 (Figure 6B). CD4 "T-cells producing IL-17 or GM-CSF were
also enriched in the IA wall (Figure 6C). They were however
rather rare (1-2%), but some of these cells co-produced
nevertheless IFN-y (Figure 6C). Finally, CD4"T-cells from
peripheral blood expressed higher levels of CD40L post-
stimulation as compared to CD4"T-cells from the IA wall
(Figure 6D). IL-10 production was overall low (<1-2%), but
we detected nevertheless co-expression with IFN-y and a
selective increase of CD4'T-cells with an IL-10"CD40L
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radiological long-term follow-up are necessary to detect
aneurysm recurrence or de-novo formation (1). This approach,
as in our case report, can lead to favorable outcome even in
severe patients. However, the pathogenesis and the natural
history of pediatric IAs is still not fully elucidated and
investigations aimed at identifying the mechanisms underlying
aneurysm rupture could lead to new therapeutic interventions
and primary prevention measures.

The role of T-cells in aneurysms is largely unclear (23). A
recent study of human abdominal aortic aneurysms unveiled an
association of tissue-infiltrating T-cells with disease severity (24).
A study of a mouse model for intracranial aneurysms suggested
that T-cells could be dispensable for the formation of an
aneurysm (10), but their role in aneurysm rupture remained
unclear. It seems likely that the role of tissue-infiltrating T-cells
in TA depends on their pro- or anti-inflammatory properties.
While T-cells were studied in liquor and plasma of patients with
ruptured aneurysm and subarachnoid hemorrhage (25, 26), this
is to our knowledge the first report that analyses the human T-
cell compartment directly in the IA wall by multi-dimensional
flow cytometry. We found that the human wall of this pediatric
case of a giant IA was heavily infiltrated by T-cells, comprising
both CD4" and CD8" as well as CD4 CD8™ DN T-cells. The latter
were enriched, and it seems likely that they contained both o/f3
and V/8-T-cells. Comparison with the T-cell compartment of
peripheral blood of the same patient and a pediatric control
unveiled that T-cells in the IA wall were completely different
from the very well-characterized circulating T-cells, and UMAP
analysis confirmed that there was virtually no overlap between
the T-cell clusters in the two tissues. Thus, T-cells from pediatric
blood contained as expected mainly naive T-cells, which were in
contrast completely absent from the IA wall, excluding also a
contamination of the here analyzed tissue sample. A more
detailed analysis of antigen-experienced CD4 T-cells unveiled
further that also conventional CXCR3"Thl and CCR6'Th17
memory subsets were large absent in the IA wall.
Unexpectedly, however, in spite of the abundance of
CXCR3"Thl-cells, which included both CCR7 effector
memory and CD127 effector-like cells (27), IFN-y production
was hardly detectable in the blood of the SA patient. IFN-y
producing T-cells in the IA wall were in general much more
abundant then in the blood, and co-produced several other
cytokines, in particular TNF and IL-2, indicating that they
were poly-functional. Moreover, they expressed high levels of
the cytotoxic effector molecule Granzyme B. Thus, they had a
cytotoxic effector phenotype, and this was not only true for CD8"
and DN T-cells, but also for CD4"T-cells. Notably, T-cells from
the TA wall expressed also high levels of the chemokine receptor
CCR5, which is considered to be a therapeutic target for recovery
after brain injury (28). In addition, they had up-regulated CD69,
as is characteristic for tissue-infiltrating T-cells (16). CD69 is
rapidly induced upon T-cell activation in vitro, but is associated
with tissue residency in vivo. Indeed, both CD69" and CD69 T~
cells in the TA wall were largely negative for the proliferation
marker Ki67, indicating that they were in a resting state. Finally,
regulatory FOXP3"CD4"T-cells were present at similar low

frequencies in peripheral blood and in the IA wall, where they
might promote brain repair (29, 30). In addition, Eomes*Tr1-like
cells (25) were strongly enriched in the IA wall, indicating the
presence of different regulatory T-cell subsets. IL-10 is
challenging to detect ex vivo intracellularly in particular in
human tissues (21), and it is thus possible that our analysis
underestimated IL-10 production in particular in the IA wall.
Nevertheless, we were able to detect an increase of CD4"T-cells
that expressed IL-10 in the IA wall, consistent with the observed
enrichment of Eomes " Tr1-like cells that produce very high levels
of this anti-inflammatory cytokine. Indeed, IL-10 was produced
by CD4"T-cells that failed to up-regulate the helper molecule
CD40L, as is characteristic for regulatory T-cells (22, 31).

In conclusion, we provided here the first detailed analysis of
the T-cell compartment in the IA wall in a pediatric case. The
dominance of cytotoxic effector T-cells suggests a predominantly
pro-inflammatory, and thus presumably detrimental (32), role of
these T-cells in the IA growth and rupture. The strong
enrichment of Eomes™Trl-like cells might reflect an
unsuccessful attempt to control the large majority of effector
cells. Future studies including a larger number of patients with
ruptured and unruptured aneurysm could be helpful to
understand the role of immunity in this rare and complex disease.
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