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Abstract

Brain metastases (BrM) show limited responses to immunotherapy, raising the question of
whether these lesions lack tumor-reactive T cells or whether local anti-tumor immunity is
actively constrained. In this thesis, | characterized the T cell compartment of BrM from non-
small cell lung cancer (NSCLC) by combining single-cell RNA and paired T cell receptor
(TCR) sequencing, matched peripheral blood T cell analysis, functional in vitro assays, and

multiplexed spatial imaging across independent patient cohorts.

Single-cell profiling revealed CD103" tissue-resident memory (Tru) CD8* T cells that
exhibited pronounced clonal expansion and transcriptional features consistent with chronic
antigen exposure, whereas CD103" T cells were largely non-expanded and displayed a
transcriptional memory profile. Tumor reactivity was assessed by candidate TCRs tested
against autologous tumor material. Thereby, | identified a tumor-reactive TCR derived from
a CD103" T cell population, providing direct evidence for the presence of tumor-specific
tissue resident T cells in brain metastases. In contrast, a virus-reactive TCR was identified

from a CD103~ T cell population.

Spatial analyses demonstrated a clear segregation of these populations: CD103* T cells
were preferentially located within tumor cell-rich regions, whereas CD103~ T cells
predominantly resided in the surrounding stroma. In addition, T cell extravasation from the
vasculature and subsequent infiltration into the tumor parenchyma was partially restricted
by a preserved blood-brain barrier and the tumor-stroma interface. Within the stromal
compartment, T cells were further subject to local immunosuppression by IL411-expressing
pro-tumorigenic macrophages and activated Treas, Which were observed in close proximity

to CD8* T cells and may mediate suppressive effects via the granzyme B/perforin axis.

Collectively, these findings suggest that brain metastases harbor spatially and functionally
distinct T cell populations, with clonally expanded CD103* T cells representing a tumor-
reactive intratumoral compartment. However, their anti-tumor reactivity is likely locally
constrained by physical barriers and suppressive cell interactions. These results indicate
that anti-tumor immunity in BrM is not absent but spatially restricted and functionally

constrained.






Zusammenfassung

Hirnmetastasen sprechen nur begrenzt auf Immuntherapien an, was die Frage aufwirft, ob
diesen Lasionen tumorreaktive T Zellen fehlen oder ob die lokale Antitumorimmunitat aktiv
unterdrickt wird. In dieser Arbeit habe ich das T Zell-Kompartiment von Hirnmetastasen
des nicht-kleinzelligen Lungenkarzinoms charakterisiert, indem ich Einzelzell-RNA-
Sequenzierung und gepaarte T Zell-Rezeptor-Sequenzierung mit der Analyse von T Zellen
aus dem peripheren Blut, funktionellen In-vitro-Assays sowie multiplexer rdumlicher

Bildgebung Uber unabhangige Patientenkohorten hinweg kombiniert habe.

Durch die Einzelzell-RNA-Sequenzierung wurden CD103* gewebsresidente CD8* T Zellen
identifiziert, die eine ausgepragte klonale Expansion und Transkriptionsmerkmale
aufwiesen, die mit einer chronischen Antigenexposition Ubereinstimmen. Im Gegensatz
dazu waren CD103" T Zellen weitgehend nicht expandiert und zeigten ein transkriptionelles
Gedachtnisprofil. Die Tumorreaktivitdt wurde anhand ausgewahlter TCRs gegenlber
autologem Tumormaterial getestet. Dabei konnte ich einen tumorreaktiven TCR
identifizieren, der von einer CD103" T Zellpopulation stammte, was einen direkten
Nachweis fur das Vorhandensein tumorspezifischer gewebsresidenter T Zellen in
Hirnmetastasen liefert. Im Gegensatz dazu wurde aus einer CD103~ Population ein

virusreaktiver TCR identifiziert.

Raumliche Analysen zeigten eine deutliche Trennung dieser Populationen: CD103" T
Zellen befanden sich vorwiegend in tumorzellreichen Bereichen, wahrend CD103™ T Zellen
uberwiegend im umgebenden Stroma lokalisiert waren. Zudem war die Extravasation von
T Zellen aus dem Gefaldssystem und deren anschlieBende Infiltration in das
Tumorparenchym teilweise eingeschrankt, was mit einer teilweise erhaltenen Blut-Hirn-
Schranke sowie der Tumor-Stroma-Grenze assoziiert war. Innerhalb des
Stromakompartments waren T Zellen zudem einer lokalen Immunsuppression ausgesetzt,
zum einen durch pro-tumorigene, IL411-exprimierenden Makrophagen und zum anderen
durch aktivierte Trecs, die in enger raumlicher Nahe zu CD8* T Zellen beobachtet wurden

und moglicherweise suppressive Effekte Uber die Granzyme-B/Perforin-Achse vermitteln.

Zusammengenommen zeigen diese Ergebnisse, dass Hirnmetastasen raumlich und
funktionell unterschiedliche T Zell-Populationen beherbergen. Insbesondere definieren

klonal expandierte CD103* T Zellen ein tumorreaktives, intratumorales Kompartiment.

Allerdings sprechen die Daten dafur, dass deren Tumorreaktivitat lokal durch physische
Barrieren und suppressive Zellinteraktionen eingeschrankt ist. Diese Ergebnisse deuten
darauf hin, dass die Antitumorimmunitat in Hirnmetastasen nicht fehlt, sondern raumlich

und funktionell eingeschrankt ist.
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Introduction

1. Introduction

1.1. The role of the immune system in cancer

The concept of the hallmarks of cancer was first introduced by Douglas Hanahan and
Robert A. Weinberg in 2000, describing tumor development as a multistep process primarily
driven by intrinsic properties of malignant cells (Hanahan & Weinberg, 2000). Approximately
a decade later, this framework was revised to incorporate the critical contribution of the
tumor microenvironment (TME) to tumor initiation and progression (Hanahan & Weinberg,
2011). The tumor microenvironment (TME) extends beyond malignant cells and includes
endothelial cells and pericytes that constitute the tumor vasculature, cancer-associated
fibroblasts (CAFs), as well as a broad range of immune and inflammatory cell populations.
This more comprehensive view highlights that immune responses in cancer are not
uniformly protective but can exert opposing effects, contributing either to tumor control or to

tumor progression depending on the context.

The anti-tumor arm of this response, referred to as immune surveillance, was initially
supported by clinical observations demonstrating an increased incidence of malignancies
in immunosuppressed organ transplant recipients (Buell et al., 2005). These findings were
further substantiated by experimental studies in mice, including lymphocyte-deficient
RAG2" and interferon gamma receptor 1-deficient (IFNGR17) models, which exhibit an
approximately threefold increased susceptibility to carcinogen-induced tumorigenesis
(Shankaran, 2001). Consistent results were reported in models of spontaneous tumor
development in IFN-y-deficient mice (Street et al., 2002). The contribution of cytotoxic CD8*
T cells to tumor surveillance was further demonstrated in transplantation models, where
effective lymphoma clearance was observed following depletion of NK cells using anti-
NK1.1 antibodies, thereby isolating T cell-mediated effects (Smyth, 2000).

Under homeostatic conditions, distinct memory T cell subsets exhibit specialized trafficking
patterns: circulating central memory T cells (Tcuw) preferentially localize to secondary
lymphoid organs, effector memory T cells (Tem) patrol non-lymphoid tissues, and tissue-
resident memory T cells (Trm) provide localized immune protection within non-lymphoid
organs throughout the body (Christo et al., 2024). Notably, elevated intratumoral Trm
abundance has been associated with favorable clinical outcomes across multiple human

cancers, as discussed in section 1.1.1.4 (Park et al., 2019).

In 2013, Daniel S. Chen and Ira Mellman proposed the “Cancer-Immunity Cycle”, a

conceptual framework outlining seven sequential steps required for an effective anti-tumor
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immune response (Chen & Mellman, 2013). The cycle is initiated within the tumor, where
cancer cell death results in the release of tumor antigens that are captured by dendritic cells
(DCs). These cells then relocate to the draining lymph nodes, where tumor-derived peptides
are presented to T cells, leading to their activation upon recognition of these antigens as
non-self. Activated cytotoxic T cells then traffic via the vasculature to the tumor site, infiltrate
the tissue, recognize malignant cells through their T cell receptor (TCR) (see sections 1.1.1
and section 1.1.1.2), and mediate target cell killing. This process results in further antigen
release, thereby sustaining and amplifying the cycle. Notably, T cell-dependent phases of
this cycle are particularly vulnerable to disruption, as chronic antigen exposure during
repeated cycles promotes progressive T cell dysfunction. In cancer, this cycle is frequently
impaired, as tumors develop mechanisms to evade or suppress the immune response,

ultimately enabling disease progression.

These dynamic interactions between the immune system and tumor cells led to the
refinement of classical immunosurveillance theory into the concept of the “three Es of
cancer immunoediting”: elimination, equilibrium, and escape (Dunn et al., 2004). The
elimination phase reflects effective immunosurveillance, during which transformed cells are
recognized and eradicated. However, this immune-mediated pressure imposes selective
constraints on tumor cells, favoring the survival of variants with reduced immunogenicity or
acquired immune evasion mechanisms. Tumor cells that are not completely eliminated
enter the equilibrium phase, characterized by a dynamic balance between immune-
mediated killing and tumor cell proliferation. Sustained immune pressure during this phase
drives the gradual selection and expansion of tumor variants with enhanced immune
evasive capacity. For example, in autochthonous lung adenocarcinoma mouse models, pre-
existing lung-resident Tru-like cells were shown to facilitate immune escape through the
coordinated loss of a defined tumor neoantigen and reduced major histocompatibility
complex (MHC) class | expression on tumor cells (Weeden et al., 2023). Eventually, tumors
transition from the equilibrium phase into the escape phase, during which immune control
is lost and clinically manifest disease emerges. Mechanistically, tumor escape is driven by
a range of processes within the TME, including defects in antigen processing and
presentation, downregulation of MHC molecules, resulting in impaired peptide presentation
to T cells. In addition, the TME fosters an immunosuppressive milieu that constrains effector
T cell function, partly through the accumulation and expansion of regulatory cell populations
such as tumor-associated macrophages (TAMs) and regulatory T cells (Treas).
Concurrently, tumor and myeloid cells upregulate inhibitory checkpoint ligands, including
programmed death-ligand 1 (PD-L1), thereby limiting T cell activity. Furthermore, cancer-

associated fibroblasts (CAFs) contribute to the establishment of structural barriers that can
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further restrict effective immune cell infiltration and function. Chronic antigen exposure
additionally promotes progressive T cell exhaustion (section 1.1.1.3 ), characterized by
sustained expression of inhibitory receptors including PD-1, TIM-3, and LAG-3
(Dhatchinamoorthy et al., 2021; Galassi et al., 2024).

1.1.1. Cancer cell recognition by T cells

All nucleated cells continuously present short peptides derived from intracellular protein
degradation on their surface via major histocompatibility complex class | (MHC-1) molecules.
The term MHC refers to a set of antigen-presenting molecules conserved across
vertebrates, whereas in humans it is designated as human leukocyte antigen (HLA). HLA
class | molecules consist of an invariant f2-microglobulin (32M) subunit paired with a
polymorphic a heavy chain, encoded by the highly variable genes HLA-A, HLA-B, and HLA-
C. These genes exhibit extensive diversity across populations, with more than 28,000
distinct alleles reported for HLA-A, -B, and -C as of July 2025. This diversity is predominantly
concentrated within the peptide-binding groove, enabling the presentation of a broad
repertoire of peptide ligands (Barker et al., 2025). Such polymorphism ensures wide

coverage of potential antigenic threats.

Under physiological conditions, presented peptides predominantly originate from normal
protein turnover. Intracellular proteins are degraded by the proteasome into peptide
fragments, which are subsequently transported into the endoplasmic reticulum, trimmed to
optimal length, and loaded onto nascent HLA class | molecules before being trafficked to
the cell surface. This process enables continuous surveillance of intracellular protein

integrity.

In cancer, somatic mutations give rise to neoepitopes, which are altered peptides absent
from healthy tissues and recognized as non-self by T cells. In addition, tumor cells frequently
overexpress or aberrantly express non-mutated endogenous proteins, referred to as tumor-
associated antigens (TAAs), which are typically restricted to low or absent expression in
normal tissues and are often linked to cellular differentiation programs (Shah et al., 2023).
A specific category of tumor-associated antigens comprises cancer-testis (CT) antigens,
which have a highly restricted physiological expression pattern limited to immune-privileged
germline tissues, such as the testis, yet they are aberrantly re-expressed across multiple
cancer types. CT antigens are capable of eliciting spontaneous cytotoxic T cell responses
(Scanlan et al., 2002). A well-characterized example is NY-ESO-1, first described in 1997,

which is expressed in testis and ovary under physiological conditions but is also detected
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in a wide variety of human cancers (Chen et al., 1997). These peptide-HLA complexes
constitute key targets for immune recognition. CD8" cytotoxic T lymphocytes survey these
complexes via their a T cell receptors, which specifically engage the composite peptide-
HLA surface (section 1.1.1.2). This interaction forms the basis for subsequent T cell priming
and activation, ultimately enabling antigen-specific recognition and elimination of tumor

cells.

1.1.1.1. T cell priming and activation in malignancies

Lymph nodes (LNs), as secondary lymphoid organs distributed throughout the body, serve
as key sites for immune surveillance, where naive and memory T and B lymphocytes
encounter cognate antigens presented by antigen-presenting cells (APCs). Conventional
dendritic cells (cDCs), as professional APCs, play a central role in priming and activating T
cells within LNs by capturing and presenting exogenous antigens, including tumor-derived
material. In this context, cDC1s specialize in cross-presentation of exogenous antigens on
MHC class | molecules to CD8* T cells, whereas cDC2s primarily present antigens on MHC
class Il molecules to CD4* T cells (Borst et al., 2018). Productive T cell activation arises
from the integration of three essential signals, comprising antigen recognition via TCR
interaction with peptide—-MHC complexes, co-stimulatory signaling (e.g., CD28-B7), and
cytokine-driven instructions (e.g., by interleukin-12 of type | interferons) that guide T cell
differentiation, as further detailed in section 1.1.1.2. Upon antigen-specific activation, CD4*
T cells upregulate CD40 ligand (CD40L), which, in combination with interferon-y (IFN-y),
licenses cDC1s to enhance MHC-I cross-presentation of peptides to CD8* T cells, thereby
promoting cytotoxic T cell responses (Flinsenberg et al., 2015; Lei et al., 2024). This CD4*
T cell help induces a transcriptional program in CD8" T cells that supports clonal expansion,
effector differentiation, survival, metabolic fithess, tissue infiltration, and cytotoxic function.
Beyond classical priming in secondary lymphoid organs, as outlined in the Cancer-Immunity
Cycle (Chen & Mellman, 2013), sustained anti-tumor T cell responses can also be
maintained within the tumor microenvironment (TME) (Mellman et al., 2023). Within the
TME, T cells interact with dendritic cells in organized immune cell aggregates, often referred
to as tertiary lymphoid structures (TLS), which support CD8" cytotoxic T lymphocyte (CTL)
survival and function (Di Pilato et al., 2021). TLS arise under chronic inflammatory
conditions and exhibit varying degrees of structural organization. Early or immature TLS
consist of loosely arranged T and B cell clusters with limited dendritic cell presence and lack

follicular dendritic cells (fDCs), whereas mature TLS display defined B cell follicles enriched
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in fDCs, surrounded by CD4" T follicular helper cells (Trn), tissue-resident memory T cells
(Trw; see section 1.1.1.4), and mature dendritic cells (Fridman et al., 2023).

TLS are frequently located in proximity to high endothelial venules (HEVs), which facilitate
lymphocyte recruitment from the circulation. Increased TLS density has been associated
with enhanced T cell receptor (TCR) clonality, consistent with local T cell priming and
expansion (Zhu et al., 2015). Moreover, the presence of mature TLS correlates with
improved clinical outcomes across multiple tumor types and with enhanced responses to
immune checkpoint inhibition (ICI) targeting PD-1 or PD-L1 (Fridman et al., 2022; Kroeger
et al., 2016a; Zhao et al., 2022). This prognostic benefit can amongst others be attributed
to TLS-driven intratumoral immune cycles, in which B cell maturation gives rise to plasma
cells secreting high-affinity antibodies. These antibodies opsonize tumor cells and trigger
macrophage- or natural killer (NK) cell-mediated apoptosis. The resulting antigen-antibody
complexes are subsequently internalized by dendritic cells, thereby enhancing T cell cross-
priming (Kroeger et al., 2016b). Collectively, TLS function as dynamic niches that support

local T and B cell activation and sustain anti-tumor immunity within the TME.

1.1.1.2. The aff T cell receptor and its interaction with MHC-peptide complex

In 1984, pioneering studies established that the T cell receptor (TCR) is part of a
multicomponent complex composed of the antigen-binding af heterodimer and the cluster
of differentiation 3 (CD3) signaling modules (Weiss & Stobo, 1984). This co-assembly is
required for stable surface expression of the TCR and functionally couples antigen
recognition to intracellular signaling via the CD3 chains, which contain immunoreceptor
tyrosine-based activation motifs (ITAMs) essential for signal transduction (Shah et al.,
2021).

The a3 TCR consists of an a and a 8 chain, each comprising a membrane-distal variable
(V) domain responsible for antigen recognition and a membrane-proximal constant (C)
domain that associates non-covalently with CD3 through hydrophobic interactions (Weiss
& Stobo, 1984). The variable domains are generated through somatic V(D)J recombination
of germline gene segments during thymocyte development in the thymus, giving rise to a
highly diverse repertoire with a theoretical diversity exceeding 10'® unique specificities. The
B chain incorporates an additional diversity (D) segment, further increasing junctional
variability (Sim & Sun, 2022).

The recombination-activating proteins RAG1 and RAG2 initiate V(D)J recombination
through interaction with recombination signal sequences adjacent to V, D, and J segments,

resulting in the introduction of DNA double-strand breaks at defined sites. Recombination
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proceeds in an ordered manner, with D-J joining preceding V-DJ rearrangement, followed
by ligation via non-homologous end joining. Additional diversity is introduced through the
activity of terminal deoxynucleotidyl transferase, which adds non-templated nucleotides at
the junctions (Roth, 2014). Despite this immense theoretical diversity, the peripheral TCR
repertoire is substantially constrained by thymic selection processes that eliminate non-

functional or autoreactive clones.

During thymic development, thymocytes undergo stringent selection. Positive selection,
mediated by cortical thymic epithelial cells, favors low-avidity interactions with self-peptide-
MHC (pMHC) complexes, ensuring survival and MHC restriction. In contrast, high-avidity
self-reactive clones are eliminated through negative selection, mediated by antigen-

presenting cells, thereby preventing autoimmunity (Spits, 2002).

Binding of the TCR to peptide-MHC complexes relies on six complementarity-determining
regions (CDRs), comprising three within the TCR-a chain and three within the TCR-f chain.
The germline-encoded CDR1 and CDR2 primarily contact conserved regions of the MHC
molecule, whereas the highly variable CDR3, formed at the V(D)J junction, determines
peptide specificity (Rossjohn et al., 2015). Upon ligation with the peptide-MHC complex,
conformational changes within the TCR-CD3 complex occur, facilitating signal initiation
(Rudolph et al., 2006).

TCR engagement alone is insufficient for full T cell activation and requires coordinated
signaling through the CD3 complex (Weiss & Stobo, 1984). The constant domains of the
TCR associate with CD3 dimers (8¢, ye, and ¢C), whose cytoplasmic ITAMs contain tyrosine
residues that are phosphorylated by the SRC-family kinase LCK upon receptor engagement
(Smith-Garvin et al., 2009). The co-receptors CD4 (MHC class ll-restricted) and CD8af
(MHC class I-restricted) bind non-polymorphic regions of MHC molecules, thereby
stabilizing the TCR-pMHC interaction and recruiting LCK to the signaling complex (Shah et
al., 2021). Phosphorylated ITAMs subsequently serve as docking sites for downstream
signaling molecules, leading to the assembly of a signalosome and propagation of

intracellular signaling cascades.

TCR engagement alone is insufficient for full T cell activation. In the absence of co-
stimulatory signals, TCR stimulation can instead induce a state of anergy in naive T cells
(Schwartz, 2003). Productive activation therefore requires additional signals. Co-stimulatory
signaling via CD28 binding to B7-1 (CD80) and B7-2 (CD86) on antigen-presenting cells
provides a critical second signal, promoting T cell expansion, survival, and differentiation
(Chen & Flies, 2013). A third signal, mediated by cytokines such as interleukin-12 or type |

interferons, directs T cell polarization and effector differentiation (Curtsinger & Mescher,
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2010). In contrast, engagement of co-inhibitory receptors, including CTLA-4 and PD-1,
attenuates T cell activation and maintains immune homeostasis (Chen & Flies, 2013). In
settings of persistent antigen exposure, such as cancer, sustained signaling can drive T
cells into a dysfunctional state referred to as T cell exhaustion, as discussed in the following

section.

1.1.1.3. T cell exhaustion and immune checkpoint inhibition

T cell exhaustion represents a distinct differentiation state characterized by the progressive
impairment of effector CD8" T cell functions, including reduced cytotoxicity, cytokine
production, and proliferative capacity. This state arises in the context of sustained antigen
exposure in chronic inflammatory settings such as the tumor microenvironment (Gallimore,
1998; McLane et al., 2019). The phenomenon was first described in 1998 in studies of
lymphocytic choriomeningitis virus (LCMV)-specific cytotoxic T lymphocytes, where high
antigen loads resulted in functional inactivation without immediate cell deletion (Gallimore,
1998).

Effector T cells exposed to persistent antigenic input progressively adopt a receptor profile
marked by PD-1 (PDCD1), TIM-3 (HAVCR2), LAG-3, and CTLA-4 expression. Engagement
of these receptors with their respective ligands on antigen-presenting cells, tumor cells, or
infected cells attenuates T cell receptor signaling and downstream effector functions
(McLane et al., 2019; Wherry & Kurachi, 2015). Importantly, T cell exhaustion does not
represent a binary state but rather a progressive and heterogeneous differentiation
continuum, ranging from progenitor-like populations with retained functionality to terminally
differentiated cells with profound dysfunction (H. Li et al., 2019; Miller et al., 2019; Vardhana
et al., 2020). Progenitor exhausted T cells (Trex) are characterized by intermediate PD-1
expression and the expression of stemness-associated markers such as TCF-1 (encoded
by TCF7), CD62L (encoded by SELL), and CXCRS5. These cells retain the capacity for self-
renewal and can give rise to more differentiated exhausted subsets under conditions of
persistent antigen stimulation (Jansen et al., 2019; Tsui et al., 2022). By contrast, terminally
exhausted T cells display a receptor profile dominated by inhibitory molecules such as PD-
1, TIM-3, and LAG-3, accompanied by a marked loss of effector function. Notably, single-
cell RNA sequencing (scRNA-seq) analyses of melanoma-infiltrating T cells have
demonstrated that subsets with high expression of PDCD1, LAG3, and HAVCR2 can retain
proliferative signatures, further supporting the concept of a functional continuum rather than
a strict dichotomy (H. Li et al., 2019).
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Immune checkpoint inhibitors (ICl) counteract T cell exhaustion by blocking inhibitory
receptor-ligand interactions, thereby restoring effector functions. This reinvigoration
predominantly occurs in progenitor-like exhausted T cells, which retain proliferative capacity
and developmental plasticity (Zebley & Youngblood, 2022). Ipilimumab, a monoclonal
antibody targeting CTLA-4, was the first ICI| approved in 2011 by the U.S. Food and Drug
Administration (FDA) for the treatment of advanced melanoma, based on phase Il trials
demonstrating improved overall survival (Cameron, 2011; Hodi, 2010). This was followed
in 2014 by the approval of the anti-PD-1 antibodies Pembrolizumab and Nivolumab for
unresectable or metastatic melanoma, and in 2016 by the anti-PD-L1 antibody
Atezolizumab for urothelial carcinoma (Gong et al., 2018). As of 2025, multiple ICls
targeting PD-1, PD-L1, and CTLA-4 have been approved across a broad range of
malignancies, including melanoma, non-small cell lung cancer, renal cell carcinoma, and
hepatocellular carcinoma (Park & Skalhegg, 2025). Notably, the efficacy of ICls is closely
linked to the presence of progenitor exhausted T cells, which expand and differentiate into
cytotoxic effector cells following checkpoint blockade, whereas terminally exhausted
subsets remain largely refractory. In melanoma patients, higher pre-treatment frequencies
of TCF1*PD-1* CD8" T cells have been associated with prolonged progression-free survival
(Miller et al., 2019). Combination therapies, such as concurrent PD-1 and CTLA-4 blockade,
can enhance therapeutic responses by targeting complementary inhibitory pathways, albeit

at the cost of increased immune-related adverse events.

1.1.1.4. T resident memory cells exhibit anti-tumor efficiency

Tissue-resident memory T cells (Tru) establish long-term local immunity across diverse
non-lymphoid tissues and play a central role in tumor immunosurveillance and control. Upon
entry into peripheral tissues, a subset of T cells undergoes phenotypic reprogramming
driven by tissue-derived signals and transcriptional regulators. This process suppresses
egress-associated molecules, including sphingosine-1-phosphate receptors (S1PRs) and
the transcription factor KLF2, while promoting the expression of retention-associated
molecules such as integrins, thereby anchoring these cells within tissue sites (Christo et al.,
2024). A defining feature of Trwm cells is the expression of the integrin aef37, also known as
CD103, which binds E-cadherin on epithelial cells and mediates tissue retention (Schenkel
& Masopust, 2014). CD103 expression is particularly prominent in epithelial tissues and is
induced by transforming growth factor- (TGF-B) signaling, which promotes chromatin
accessibility at residency-associated gene loci. Additional markers, including CD69 and

CXCR®, further distinguish Trwm cells from circulating T cell populations.
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Single-cell transcriptomic analyses have identified distinct Trw-like states, including
cytotoxic subsets characterized by high expression of granzyme B (GZMB) and perforin
(PRF1), as well as more exhausted-like populations expressing inhibitory receptors such as
PD-1 (PDCD1), TIM-3 (HAVCR2), and CTLA-4 (CTLA4) (Christo et al., 2024). These
phenotypic states likely reflect adaptation to persistent antigen exposure within tissue

environments.

Experimental models of intracranial infection have demonstrated that CD8* T cells can
infiltrate the brain parenchyma, differentiate into long-lived Trm cells, and persist for
extended periods within specialized niches characterized by slow homeostatic proliferation.
Upon antigen re-exposure, these cells mount rapid effector responses, thereby providing

robust local protection (Brizic et al., 2018).

In human cancer, Tru cells have been consistently associated with favorable clinical
outcomes. In lung adenocarcinoma, Tru cells are enriched within tumor lesions compared
to adjacent tissue and correlate with improved prognosis (Zhao et al., 2022). Similarly, in
stage | NSCLC, increased Trm density is associated with reduced relapse and mortality
(Djenidi et al., 2015). Notably, CD8*CD103* tumor-infiltrating lymphocytes (TILs) often
express inhibitory receptors such as PD-1 and TIM-3, yet display enhanced functional
capacity compared to CD103~ counterparts, as evidenced by increased degranulation
(CD107a) and granzyme B production upon ex vivo stimulation. Among long-term
melanoma survivors, Tru cells represent a predominant and functionally potent TIL
population associated with favorable clinical outcomes (Han et al., 2021). These cells,
frequently characterized by high CD69 and PD-1 expression, have been shown to sustain

tumor-reactive clones for extended periods following tumor resection.

1.2. Epidemiology and clinical burden of lung cancer

Lung cancer is the most commonly diagnosed malignancy worldwide, accounting for
approximately one in eight newly diagnosed cancer cases, and remains the leading cause
of cancer-related mortality, responsible for roughly one in five deaths (Bray et al., 2024).
Tobacco use represents the predominant risk factor and is implicated in more than 80% of
lung cancer cases (Thandra et al., 2021). With smoking prevalence continuing to increase
in several regions globally, the incidence of lung cancer is expected to rise further.
Accordingly, projections estimate a substantial increase in disease burden, with new cases
rising by 86.2% and mortality by 95.2% by 2050 compared to 2022 levels (Ji et al., 2025).

Lung cancers are broadly classified into non-small cell lung cancer (NSCLC), which
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accounts for approximately 85% of cases, and small cell lung cancer (SCLC) (Smolarz et
al., 2025). The World Health Organization classifies lung cancer subtypes based on
morphological criteria, complemented by immunohistochemical and molecular features
(Nicholson et al., 2022). Within NSCLC, adenocarcinoma represents the predominant
histological subtype, comprising nearly 80% of cases, followed by squamous cell carcinoma
(SCC) (Bray et al., 2024).

A substantial proportion of patients are diagnosed at advanced, surgically inoperable
stages, resulting in poor clinical outcomes, with five-year survival rates ranging from 10%
to 20% (Allemani et al., 2018). Notably, approximately 43% of patients with lung
adenocarcinoma present with distant metastases at the time of diagnosis (Xie et al., 2024).
The brain represents a major site of metastatic spread, affecting around 15% of patients
with metastatic lung cancer (J. Li et al., 2019). The following section (1.3) outlines the
mechanisms underlying metastatic dissemination, with a particular focus on brain tropism,
while section 1.4 further addresses brain metastases (BrM) and their microenvironmental

context.

1.3. The Mechanisms of metastasis and brain tropism

The concept of non-random metastasis was first proposed by Stephen Paget in 1889
through the “seed and soil” hypothesis, which posits that disseminating cancer cells
(“seeds”) preferentially colonize distant organs (“soil’) that provide a supportive
microenvironment for their survival and proliferation (Paget, 1889). Circulating tumor cells
(CTCs) capable of initiating metastases display stem cell-like properties, including
anchorage-independent survival, clonal expansion potential, invasive capacity, resistance
to apoptosis, and the ability to evade growth-suppressive signals within foreign
microenvironments. The metastatic cascade comprises a series of sequential steps,
including local invasion, intravasation into the vasculature, survival in circulation,

extravasation, and colonization of distant tissues (Ramakrishna & Rostomily, 2013).

Intravasation, the initial entry of tumor cells into the bloodstream, requires extensive
cytoskeletal remodeling and is largely driven by epithelial-to-mesenchymal transition (EMT).
During EMT, tumor cells lose epithelial characteristics such as apicobasal polarity and cell-
cell adhesion while acquiring mesenchymal features that enhance motility and invasiveness
(Ramakrishna & Rostomily, 2013). A central regulator of EMT is transforming growth factor-
B (TGF-B), which induces transcriptional programs promoting anti-apoptotic signaling, pro-

angiogenic mediators, and repression of E-cadherin expression, while simultaneously
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facilitating extracellular matrix (ECM) degradation (Hao et al., 2019). This process is
accompanied by the “cadherin switch”, characterized by the downregulation of E-cadherin
and upregulation of N-cadherin and vimentin, further enhancing migratory and invasive
capabilities (Loh et al., 2019). In parallel, tumor cells upregulate matrix metalloproteinases
(MMPs), which degrade ECM components such as collagen IV and laminin, thereby

enabling tissue invasion and vascular entry (Heerboth et al., 2015).

Within the circulation, CTCs are exposed to multiple stresses, including shear forces,
nutrient deprivation, oxidative stress, and immune surveillance. Consequently, fewer than
0.01% of CTCs successfully give rise to macroscopic metastases (Ramakrishna &
Rostomily, 2013). Upon arrest in distant capillary beds, surviving CTCs extravasate, often
guided by organ-specific chemokine gradients, and may undergo mesenchymal-to-

epithelial transition (MET) to re-establish proliferative epithelial phenotypes.

Prior to overt metastasis formation, primary tumors can condition distant organs through the
release of soluble factors and extracellular vesicles, thereby establishing so-called pre-
metastatic niches that facilitate subsequent tumor cell engraftment. In lung cancer models,
tumor-derived extracellular vesicles have been shown to target brain microvascular
endothelial cells, inducing autocrine secretion of Dickkopf-1 (Dkk-1), which suppresses
microglial activation and promotes an anti-inflammatory microenvironment permissive for

metastatic colonization (Gan et al., 2020).

Extravasation into the brain requires crossing of the blood-brain barrier (BBB), as
discussed in section 1.4. This process involves tumor cell-derived proteases, such as
cathepsin S, which degrade adhesion molecules including N-cadherin and thereby

compromise barrier integrity (Souza et al., 2023).

Following extravasation, metastatic tumor cells further remodel the local
microenvironment. They can induce polarization of resident microglia toward an M2-like,
pro-tumorigenic phenotype through interleukin-6 (IL-6)-mediated signaling, resulting in
the upregulation of immunosuppressive mediators (Jin et al.,, 2022). In turn, these
microglia secrete factors that promote MET in infiltrating tumor cells, restoring epithelial
characteristics such as E-cadherin expression and enabling proliferative outgrowth. Tumor
invasion of the brain parenchyma is accompanied by BBB disruption and
neuroinflammation, during which reactive astrocytes and microglia release damage-
associated molecular patterns (DAMPs). This response facilitates the recruitment of
peripheral immune cells, thereby progressively altering the immune landscape of the brain,

undermining its immune privilege, and promoting metastatic spread.
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1.4. Brain metastases and the brain metastatic niche

Brain metastases represent a frequent complication of advanced cancer, affecting
approximately 20-40% of patients during the course of their disease and constituting the
most common intracranial malignancy. Lung cancer accounts for 40-50% of cases, followed
by melanoma, breast cancer, and renal cell carcinoma (Bertolini et al., 2015; Steindl et al.,
2022; Valiente et al., 2018). Notably, around 28% of patients with advanced non-small cell
lung cancer (NSCLC) present with brain involvement at diagnosis (Gillespie et al., 2023).
Despite multimodal treatment approaches, the prognosis of patients with lung cancer brain
metastases remains poor, with a median overall survival of approximately 7 months (Steind|
et al., 2022).

The brain microenvironment is characterized by a distinct extracellular matrix and a
specialized composition of central nervous system (CNS)-resident cells, including neurons,
microglia, astrocytes, and oligodendrocytes, which collectively maintain homeostasis while
limiting excessive neuroinflammation and anti-tumor responses (Laaker et al., 2023).
Tumor cells exploit brain-specific signaling pathways, such as glutamate and y-
aminobutyric acid (GABA), to support their proliferation and survival, while adapting to
nutrient limitations through metabolic reprogramming. In brain metastases derived from
NSCLC, tumor cells have been shown to preferentially rely on glycolysis over oxidative
phosphorylation, accompanied by increased amino acid catabolism and lipid biosynthesis
(Valiente et al., 2025). Astrocytes, the most abundant glial cell population, regulate
synaptogenesis, neurotransmission, neuronal metabolism, cerebral blood flow, and
blood-brain barrier (BBB) integrity under physiological conditions (Andersen et al., 2021).
The BBB, formed by endothelial cells, pericytes, and astrocytic endfeet, restricts the
paracellular entry of molecules into the healthy brain. Historically, the brain was
considered an “immune-privileged” site based on early observations that systemically
administered dyes failed to penetrate the brain parenchyma. However, this concept has
been revised in light of evidence demonstrating active immune surveillance. For example,
T cells recognizing brain autoantigens contribute to neuronal differentiation and cognitive
function, as immunodeficient mice exhibit impaired spatial learning that can be restored
upon T cell reconstitution (Ziv et al., 2006). In addition, inflammatory conditions enable
the recruitment of peripheral immune cells, including T cells and myeloid populations, into
the brain parenchyma and meningeal compartments (Laaker et al., 2023). Meningeal
lymphatic vessels further facilitate the drainage of CNS-derived antigens to peripheral
lymph nodes, thereby supporting immune priming.
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Microglia, which originate from yolk sac progenitors during embryonic development, act
as resident immune cells of the CNS and contribute to debris clearance and early immune
responses. Upon activation, they can upregulate MHC class Il molecules and function as
antigen-presenting cells (Ginhoux, 2010; Jakel & Dimou, 2017). In the context of
metastasis, disruption of the BBB increases vascular permeability and permits the influx
of immune cells and circulating molecules. Notably, more than 89% of experimental brain
metastases exhibit permeability to molecules of chemotherapeutic size (Karimi et al.,
2023; Lockman et al., 2010).

Tumor-associated macrophages (TAMs), comprising both resident microglia and
infiltrating monocyte-derived macrophages (MDMs), dominate the immune landscape of
brain metastases and can constitute more than 50% of the tumor mass (Andersen et al.,
2021). In contrast to primary brain tumors, brain metastases are characterized by a
predominance of MDMs, which exert strong tumor-promoting effects through
immunosuppressive mechanisms. In addition, astrocytes contribute to the establishment
of a pro-tumorigenic microenvironment by suppressing CD8* T cell function via STAT3
signaling and by modulating TAM activity through the secretion of cytokines, chemokines,

and metabolites (Valiente et al., 2025).

A key mechanism of immunosuppression by myeloid cells involves the activation of the
aryl hydrocarbon receptor (AHR). This pathway can be triggered by ligands produced by
the L-amino acid oxidase IL411, which promotes monocyte recruitment and induces
immunosuppressive transcriptional programs (Andersen et al., 2021). IL411 expression is
elevated in metastatic compared to primary tumors, including melanoma and glioma
(Sadik et al., 2020). Its enzymatic products inhibit T cell proliferation and are associated
with increased frequencies of regulatory T cells and myeloid-derived suppressor cells, as

well as enhanced tumor cell motility, ultimately correlating with poor clinical outcomes

1.4.1. T cell infiltration into brain metastases

Brain metastases (BrM) exhibit higher densities of tumor-infiltrating lymphocytes (TILs)
compared to primary gliomas. The presence and extent of T cell infiltration in BrM have
been consistently associated with prolonged overall survival across multiple studies (Friebel
et al., 2020; lkarashi et al., 2021; Klemm et al., 2020; Pocha et al., 2020). Comparative
analyses of BrM derived from melanoma, lung, and breast cancer have revealed distinct

immune compositions: melanoma-derived BrM are enriched in lymphoid cells, breast
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cancer BrM are predominantly infiltrated by myeloid cells, and lung cancer BrM display a

more balanced immune composition (Klemm et al., 2020).

Previous scRNA-seq studies investigating immune infiltrates in BrM have largely focused
on melanoma-derived lesions (Biermann et al., 2022; Smalley et al., 2021) or included
mixed primary tumor cohorts without prior immune cell enrichment (Gonzalez et al., 2022),
thereby limiting sequencing depth and resolution for detailed T cell sub-clustering. In
contrast, one study performed scRNA-seq on sorted PD-1* CD8" T cells from BrM of lung
cancer and melanoma patients, identifying distinct transcriptional states. These included
terminally differentiated effector CD8" T cells characterized by high expression of inhibitory
receptors such as CTLA4, ENTPD1 (CD39), HAVCR2 (TIM-3), and LAG3; Trum-like cells
with a progenitor-like phenotype marked by CD69, TCF7 (TCF-1), and IL7R (CD127); and
proliferating cells expressing MKI67 (Ki-67) and TOP2A (Sudmeier et al., 2022). This study
highlights the importance of targeted cell enrichment strategies to improve transcriptional

resolution and reveals the functional heterogeneity of BrM-infiltrating T cells.

Bulk TCRp repertoire analyses of TILs in lung cancer-derived BrM have demonstrated
substantial clonal expansion (Kudo et al., 2019; Mansfield et al., 2018). However, the lack
of single-cell resolution and transcriptional integration limits the ability to assign clonotypes
to specific T cell subsets. An integrated scRNA-seq and TCR-seq approach of sorted TILs
from patients with lung cancer and melanoma brain metastases identified Tru-like
populations characterized by co-expression of inhibitory receptors and effector molecules
such as GZMB and IFNG, as well as expression of CXCL13 (Wischnewski et al., 2023).
Notably, 42% of T cells within this population exhibited clonal expansion, with this
transcriptional signature being enriched in lung cancer-derived BrM and corresponding to a
neoantigen-reactive phenotype previously described in primary lung tumors (Hanada et al.,
2022)

Collectively, these findings underscore the prognostic relevance of T cell infiltration in brain
metastases and support the rationale for targeting these populations with immune

checkpoint inhibitors, as discussed in section 1.5.

1.5. Treatment of lung cancer and brain metastases

Mortality rates in NSCLC have declined following the approval of targeted therapies directed
against oncogenic driver mutations and genomic alterations (Nicholson et al., 2022). This
development reflects advances in precision oncology, where molecular profiling enables the

identification of actionable alterations in up to one-third of NSCLC cases, allowing for
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tailored treatments that improve progression-free and overall survival in responsive patient
subsets. However, approximately one-third of patients lack targetable alterations (Pakkala
& Ramalingam, 2018), and even among eligible patients, acquired resistance frequently

limits long-term efficacy (Bui et al., 2018; G. Recondo et al., 2018).

Lung cancer exhibits the second-highest tumor mutational burdens across malignancies,
supporting its susceptibility to immunotherapeutic approaches (Sha et al., 2020). For
patients without targetable mutations or with therapy resistance, ICls represent a key
treatment option under defined clinical criteria. The FDA has approved multiple ICls for
advanced NSCLC, including the PD-1 inhibitors Nivolumab and Pembrolizumab, as well as
the PD-L1 inhibitors Atezolizumab and Durvalumab, for use either following chemotherapy

or as first-line therapy in tumors with high PD-L1 expression (Davies, 2019).

The management of BrM in lung cancer relies on multimodal treatment strategies, including
stereotactic radiosurgery, whole-brain radiotherapy, and systemic therapies guided by
molecular profiling. Corticosteroids, particularly dexamethasone, are commonly used to
reduce cerebral edema and improve neurological symptoms (Bertolini et al., 2015). Surgical
resection is considered in selected patients with symptomatic lesions causing mass effects,
followed by adjuvant radiotherapy; however, only approximately 6% of patients undergo

resection, limiting the availability of BrM tissue for research (Yuan & Zheng, 2024).

Next-generation tyrosine kinase inhibitors, such as osimertinib for EGFR-mutant disease
and alectinib for ALK-rearranged NSCLC, demonstrate improved intracranial progression-
free survival compared to earlier-generation agents and are increasingly used upfront in
patients with asymptomatic brain metastases (Layng et al., 2025; Gonzalo Recondo et al.,
2018). In patients without driver mutations, combination strategies of ICls and

chemotherapy are now standard first-line treatments (Myall et al., 2021).

Immune infiltration differs between primary tumors and brain metastases. While lymphocytic
infiltration is generally higher in primary NSCLC lesions, approximately half of CD45*
immune cells in lung cancer BrM are lymphocytes, indicating a relatively inflamed
microenvironment compared to brain metastases from breast cancer (lkarashi et al., 2021;
Klemm et al., 2020). Clinical trials have demonstrated that immunotherapy can improve
outcomes in patients with brain metastases. For example, combination treatment with
nivolumab (anti-PD-1) and ipilimumab (anti-CTLA-4) in addition to chemotherapy increased
median overall survival from 9.2 to 17.4 months in patients with pretreated or stable BrM
(Peters et al., 2025). Long-term analyses further reported improved 5-year overall survival
rates compared to chemotherapy alone, alongside a reduced incidence of new brain

lesions. Similarly, another study evaluating atezolizumab (anti-PD-L1) in combination with
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chemotherapy demonstrated improved overall survival and an intracranial objective
response rate of 43%, supporting the use of systemic immunotherapy in selected patients
(Nadal et al., 2023).

Collectively, these findings highlight the potential of immunotherapy to enhance anti-tumor
immune responses within the brain metastatic niche. However, a detailed understanding of
the phenotypic and functional properties of T cells in lung cancer brain metastases, as well
as their interactions with the immunosuppressive tumor microenvironment, remains
incomplete. Addressing these questions is essential for identifying key axes of immune

suppression and refining therapeutic strategies to improve patient outcomes.
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2. Aims of the thesis

Despite increasing clinical implementation of immune checkpoint blockade, brain
metastases frequently show limited therapeutic responses. While tumor-infiltrating
lymphocytes are commonly detected in these lesions, it remains unclear whether they
comprise tumor-reactive T cells or predominantly represent non-functional bystander
populations. Moreover, the mechanisms that restrict effective anti-tumor immunity within the
brain metastatic microenvironment are still poorly understood. Addressing these questions
is essential to better define the role of T cells in brain metastasis (BrM) and to identify

potential strategies to improve immunotherapeutic efficacy.

The central aim of this thesis was to address the existing knowledge gap regarding the
nature and functional relevance of T cell infiltration in NSCLC brain metastasis. Specifically,
this work sought to define the phenotypic landscape of infiltrating T cells, to determine
whether these cells exhibit tumor-specific reactivity and thereby contribute to anti-tumor
immunity, and to investigate whether and how their function is shaped or constrained by the

local tumor microenvironment.

2.1. Characterization of the T cell landscape in NSCLC brain

metastases

To define the phenotypic and transcriptional heterogeneity of tumor-infiltrating T cells, |
performed single-cell RNA sequencing combined with paired T cell receptor (TCR) profiling
of BrM samples. Bioinformatic analysis was performed in collaboration with Karol Jacek
(PhD student, group of Prof. Dr. Bozena Kaminska, Nencki Institute, Warsaw) and Dr. Marc
Zapatka (DKFZ). This approach enabled the identification of distinct CD8* T cell states and
the assessment of their clonal expansion. A particular focus was placed on identifying T cell
subsets associated with clonal expansion and potential tumor specificity. In addition, |
analyzed matched peripheral blood samples to evaluate the relationship between

circulating and tumor-infiltrating T cell populations.

2.2. Functional assessment of tumor-reactive T cells

To directly test whether infiltrating T cells recognize tumor-derived antigens, in collaboration

with the group of Dr. Edward Green (DKFZ) | reconstructed selected TCRs identified from
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single-cell analyses and evaluated their specificity using in vitro co-culture systems with
autologous tumor material. This experimental approach was used to determine whether

clonally expanded T cell populations exhibit functional tumor reactivity.

2.3. Spatial organization and regulation of T cells in the metastatic

microenvironment

To investigate how T cells are organized within the tumor tissue and how their localization
relates to tumor architecture, | performed multiplexed immunofluorescence imaging of BrM
tissue sections in collaboration with the group of Prof. Dr. Sascha Dietrich (University clinic
Dusseldorf). This allowed the spatial mapping of distinct T cell populations and their

distribution between tumor cell-rich regions and the surrounding stroma.

In addition, | examined the presence of lymphoid aggregates and tertiary lymphoid
structure-like regions to assess whether local immune activation and potential T cell priming
may occur within the brain metastatic microenvironment. Furthermore, | analyzed the spatial
context of myeloid cell populations and tumor-associated structural features to explore how
local cellular interactions and physical barriers may contribute to the limitation of effective

anti-tumor immunity in brain metastases.
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3. Materials and methods

3.1. Materials

3.1.1. Human fresh frozen single cell suspension samples

Table M 1: Clinical characteristics of the neurosurgical NSCLC BrM cohort used for scRNA/TCR-seq.

Overall survival (OS), and progression free survival (PFS) given in months. Primary tumor (PT) histological
subtypes: AC (adenocarcinoma), SCC (Squamous cell carcinoma), NSCLC-NOS (non-small cell lung cancer
not otherwise specified). Presence of extracranial metastasis (ECM). Pre-treatment is defined as receipt of any
systemic therapy prior to surgery excluding glucocorticoids, listed separately here as dexamethasone (Dex)

administered 7 days preoperatively.

pa (7] w 0o o v °> @ 7] m o =34
e 5§ % 28 2 3§ 59 & & S ¢ 3 2
3 8 e © g 3 52
® 3 & 2 B = <E
3 - 3 3 5
® = s 2
°
RT PT, Cisplatin/
8137 BrM w 0 57 19 53 3B AC 1 yes  Vinorelbin
concurrent, Afatinib
8559 BrM m 0 48 48 62 4 SCC 0 Yes O
8937 BrM m 1 8 4 80 3A  AC 0 Yes O
BrM + NSCLC-
9230 m 1 36 35 69 4 1 Yes O
PBMC NOS
BrM +
9348 m 1 3 2 69 4 SCC 0 Yes O
PBMC
Carboplatin/
9427 BrM w 0 37 37 61 3B AC 0 Yes
Navelbine, RT PT
BrM + NSCLC-
9488 m 0 40 2 65 4 N.A. Yes O
PBMC NOS
BrM +
9587 m 1 12 9 81 4 AC 1 Yes O
PBMC
9904 BrM m 0 34 34 81 3A AC 1 yes RTPT
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3.1.2. Human FFPE tissue samples

Table M 2: Pathological classification of tumor and stroma content of human FFPE BrM tissue slides.

All FFPE tissues were obtained from the National Center for Tumor Diseases in Heidelberg. The investigation
was approved by the ethics committee of the Medical Faculty, University of Heidelberg (S-074/2025).

Pseudonym % Tumor Tumor cells vital Tumor cells avital Stroma
1KZQFG 90 70 3 27
3vD1VD 100 70 5 35
1HDHP8 95 70 0 30
HYBQ1Z 97 60 10 30
10J1VP 100 70 0 20
28X18C_| 100 80 0 20
TVR49P 100 65 5 30
14MV87 97 70 0 30
1R20Q0 100 60 0 40
EGNCTO 80 80 0 20
MVKN8N 70 50 10 40
1076LW 80 50 0 50
1AU7BC 60 50 5 45
14KSG1 100 50 10 40
1JK3DO0 100 40 20 40
LDL8XH 95 45 25 30

Table M 3: Clinical characteristics of the FFPE tissues of brain metastases from primary NSCLC.

Data include de-identified patient pseudonyms, age, sex, NSCLC histological subtype (LUAD, lung adeno
carcinoma; LCNEC, Large cell neuroendocrine carcinoma; NSCC, Non-Small Cell Carcinoma), pathological
stage, preoperative glucocorticoid treatment, and TP53 mutation status (where available). All corresponding

tissues underwent multiplexed imaging by CODEX with a 52-antibody panel.

Age at NSCLC Pathological Gluco-

Pseudonym | Sex surgery subtype stage corticoids TP53 Mutation status
1KZQFG m 71 LUAD 4 yes NA

3vD1VD m 69 LUAD 4 yes no mutation

1HDHP8 w 52 LUAD 4 no no mutation
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10J1VP w 66 LUAD 4 no NA

2SX18C_I w 69 LCNEC 3 no no mutation

HYBQ1Z w 68 LUAD 3 no NA

TVR49P m 55 LCNEC 3 no TP53: Exon 8, p.Arg282Trp,
14MV87 m 60 LCNEC 2 no NA

1R20Q0 m 61 LUAD 3 no NA

EGNCTO m 65 LUAD 3 no no mutation

MVKNSN m 59 LUAD 4 no no mutation

1076LW w 60 LUAD 4 no TP53: Exon 7 — p.Gly244fs*3
1AU7BC m 7 LUAD 3 no no mutation

14KSG1 w 66 LUAD 3 no TP53: Exon 6, p.Pro190Leu;
1JK3DO m 73 NSCC 4 yes TP53:Exon7, p.Arg248Gin
LDL8XH w 48 LUAD 3 no NA

3.1.3. Antibodies and oligonucleotides

Table M 4: Antibodies and stains used for fluorescence-activated cell sorting and flow cytometry

analysis.

Target Fluorochrome Dilution Clone Supplier Reference
CD3 APC 1:100 OCT3 Biolegend 317318
CD8 PerCP 1:50 SK1 Biolegend 344708
CD19 APC 1:100 HIIB19 Biolegend 302212
CD45 Spark UV395 1:50 HI30 Biolegend 304095
CD45 BV421 1:50 HI30 Biolegend 304032
CD45 AF647 1:50 HI30 Biolegend 304020
CD45 AF488 1:200 HI30 Biolegend 304019
HLA-A2 APC 1:100 BB7.2 BioLegend 343308
Mouse TCRp APC 1:100 H57-597 Biolegend 109211
Mouse TCRf PE/Cy7 1:50 H57-597 Biolegend 109222
Live/Dead eFluor 450 1:1000 / eBioscience 65086314
Live/Dead Near-IR 1:1000 / Invitrogen L10119
TNFa BV711 1:50 Mab11 Biolegend 502940
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Table M 5: Antibody for T cell stimulation

Name

MACS® GMP CD3 pure

Purpose

T cell expansion from

PBMCs

Supplier

Miltenyi Biotech

Reference

170-076-124

Table M 6: Oligonucleotide-conjugated antibodies used for CODEX multiplexed immunofluorescent

staining.

Target
Granzyme B
CCRY
CD11b

CD11c

CD103
CD138

CD15
CD163
CD20
CD206
CD21
CD25

CD3

CD31

CD34

CD39
CD4
CD45
CD45RA
CD45R0O

CD56

Clone
EPR20129-217
2H4

EPR1344

EP1347Y

EPR4166(2)
B-A38

MMA
EDHu-1
rGEL/773
poly
Bu32
4C9
MRQ-39

C31.3+C31.7
+C31.10

QBENd/10 +
HPCA1/763

EPR20627
EPR6855
2B11 + PD7/26
HI1100

UCH-L1

MRQ-42

Oligonucl.
81
6
28
49
58
76
14
45
48
3
21
24
55

68

33

43
20
56
63
79

29

Fluorophore
ATTO647
ATTO647
ATTO647

ATTO550

ATTO550
ATTO647

ATTO550
ATTO647
ATTO550
ATTO647
ATTO550
ATTO550

ATTO550

ATTO550

ATTO647

ATTO647
ATTO647
ATTO647
ATTO550
ATTO647

ATTO550

24

Supplier
Abcam
DB
Abcam

Abcam

Abcam

Novus

DB

Novus
Novus

R&D
Biolegend
Cell Marque

Cell Marque

Novus Bio

Novus

Abcam
Abcam
Novus
Biolegend
NovusBio

Cell Marque

Reference

ab219803

550937

ab216445

ab216655

Ab271889
NBP3-14568

559045

NB110-40686

NBP2-54591

AF2534

354902

custom order

custom order

NBP2-47785

NBP2-47909

ab236038

ab181724

NBP2-34528

304102

NBP2-33104

custom order



CD57

CDe62L

CD68

CD69

CD79a

CD8

CD90

CK19
Collagen IV
CXCL13
CXCR5
FoxP3

GFAP
HLA-DR
ICAM-1 (CD54)
ICOS

IKZF2 (Helios)
IKZF3

IL411

KI-67

LAG3
LAMP3/ CD208
Na+/K+-
ATPase

p53

PAX5

PD-1

PD-L1

Podoplanin

HCD57

B-8

KP-1

poly (AF2359)
JBC117
C8/144B
EPR3132
A53-B/A2
EPR20966
polyclonal
D6L3C
236A/E7
GA5
EPR3692
2F9A8
D1K2T
22F6
OTI7TE11
EPR22070
B56
D2G40

1010E1.01

EP1845Y

DO-7

D7H5X

D4w2J

E1L3N

D2-40

30

57

41

36

46

59

111

38

75

62

61

70

65

77

74

15

26

42

114

67

52

1"

23

25

32

Materials and methods

ATTO647

ATTO647
ATTO550
ATTO550
ATTO647
ATTO647
ATTO647
ATTO647
ATTO550
ATTO647
ATTO550
ATTO647
ATTO647
ATTO550
ATTO550
ATTO647
ATTO550
ATTO647
ATTO550
ATTO550
ATTO647

ATTO550

ATTO647

ATTO647

ATTO550

ATTO550

ATTO647

ATTO550
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MyBioSource,
distributed by

Biozol

Santa Cruz
Biolegend
Novus

Cell Marque
NovusBio
Abcam
BioLegend
Abcam

R&D Systems
Cell Signaling
Invitrogen
Cell signaling
Abcam
Ptglab

CST
Biolegend
OriGene
Abcam

BD

CST

Novus

Abcam

Santa Cruz
Biotechnology

CST
CST

Cell Signaling
Technology

Biolegend

MBS140192

sc-390756

916104

AF2359

custom order

NBP2-34588

ab181885

628502

ab226485

AF801

custom order

14-4777-82

56522

ab215985

60299-1-PBS

39740

137202

CF804396

ab237783

556003

25848SF

DDX0191P

ab283340

sc-47698

93009SF

63815SF

85164

916606
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SLAMF6 EPR22170 69 ATTO647 Abcam Ab246707
TCF1 Polyclonal 5 ATTO550 R&D AF5596
TIM3 Polyclonal 44 ATTO550 R&D AF2365
TMEM119 EPR25865-89 72 ATTO647 Abcam ab306584
Name Purpose Supplier Reference

MACS® GMP CD3 pure

Table M 6

T cell expansion from PBMCs

Miltenyi Biotech 170-076-124

Table M 7: Oligonucleotide sequence and reporter oligonucleotide sequence used for CODEX.

Listed is the oligonucleotide internal number, the sequences of the oligonucleotide which is conjugated via

maleimide (mal) to the antibody listed in Table M 6, and the respective reporter oligonucleotide sequence.

Oligonucleotide @ Oligonucleotide sequence (5°-3°)

Reporter oligonucleotide sequence (5-3°)

2 /mal/ATGGTTTAGGACTAC GTAGTCCTAAACCAT
3 /mal/TACTCCTCGCCG CGGCGAGGAGTA

5 /mal/lTCTCCCATTAGTCGG CCGACTAATGGGAGA
6 /mal/lTGGATGTGTTACGAT ATCGTAACACATCCA
7 /mal/CGCTAAGATATTCTAAG CTTAGAATATCTTAGCG
8 /mal/CGCAGATGAATATTC GAATATTCATCTGCG
11 /mal/lGGGTTATACACTCGT ACGAGTGTATAACCC
14 /mal/AGATTCAGTCTCTCG CGAGAGACTGAATCT
15 /mal/CTGTAATAGGCACTA TAGTGCCTATTACAG
20 /mal/ATGTAGGATGGTCTC GAGACCATCCTACAT
21 /mal/lCGTGCCGTTTCAC GTGAAACGGCACG

23 /mal/GGTTTCCTCAGACAC GTGTCTGAGGAAACC
24 /mal/ATAAGGGCTCATTGT ACAATGAGCCCTTAT
25 /mal/GCACGCCCTTTTA TAAAAGGGCGTGC

26 /mal/CACTTGTCTAACCAA TTGGTTAGACAAGTG
28 /mal/lTGGTCCACTAACGTA TACGTTAGTGGACCA
29 /mal/ATAGGGCATTTGAAG CTTCAAATGCCCTAT
30 /mal/CACATGAGCGAATCA TGATTCGCTCATGTG
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33

36

38

41

42

43

44

45

46

48

49

52

55

56

57

58

59

61

62

63

65

67

68

69

70

72

74

75

76

77
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/mal/TACCAAATCCTGATG

/mal/lTTATCATGAGGAGCG

/mal/ACCTACACAATGCTA

/mal/lGCGTCTACTTATAAG

/mal/lTGTATGAGTAGTAATCT

/mal/lTCTAAGTCAGAGAGC

/mal/GACATTATCCGTGAT

/mal/TCACTACTATTAGTACT

/mal/lGCCAGAATGCCA

/mal/GACTCGAACCTGAG

/mal/lGCACGGCAAAGTG

/mal/ATAACGCCTCGTATC

/mal/ACCAGGTGATTGCAT

/mal/AGGTCAACTCGCAC

/mal/GGTCACATGGTCGTT

/mal/lGCGGATTTCGTATTT

/mal/CGTCAGTACTTTCAG

/mal/GCTTATTATGGACTTC

/mal/lTCTTATTCCCGAATA

/mal/TAGGGGAACAGGTTG

/mal/AATTAGCTTAAGAGAGT

/mal/GATAAATATTTTACAGAGT

/mal/lGACGACGAAGGC

/mal/CTTCTTGTGGAACC

/mal/CCCGGCAGTT

/mal/AACCAAACTGACCG

/mal/AACGCGACGGAT

/mal/ATTTGCTTCGACGA

/mal/CGCTTGGGTGTTTA

/mal/lCTGTCGGTCGTCA

/mal/ATTTCAACAAATATTGTT

27

CATCAGGATTTGGTA

CGCTCCTCATGATAA

TAGCATTGTGTAGGT

CTTATAAGTAGACGC

AGATTACTACTCATACA

GCTCTCTGACTTAGA

ATCACGGATAATGTC

AGTACTAATAGTAGTGA

TGGCATTCTGGC

CTCAGGTTCGAGTC

CACTTTGCCGTGC

GATACGAGGCGTTAT

ATGCAATCACCTGGT

GTGCGAGTTGACCT

AACGACCATGTGACC

AAATACGAAATCCGC

CTGAAAGTACTGACG

GAAGTCCATAATAAGC

TATTCGGGAATAAGA

CAACCTGTTCCCCTA

ACTCTCTTAAGCTAATT

ACTCTGTAAAATATTTATC

GCCTTCGTCGTC

GGTTCCACAAGAAG

AACTGCCGGG

CGGTCAGTTTGGTT

ATCCGTCGCGTT

TCGTCGAAGCAAAT

TAAACACCCAAGCG

TGACGACCGACAG

AACAATATTTGTTGAAAT
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79 /mal/GCCGGAAGTGGT

81 /mal/CAAGGAACTACCGA

111 /mal/GCTGGCTTCAAA

114 /mal/ATTGACGCTAGC
3.1.4. Primers

ACCACTTCCGGC

TCGGTAGTTCCTTG

TTTGAAGCCAGC

GCTAGCGTCAAT

All primers used in this work were purchased from Sigma-Aldrich.

Table M 8: Primers used in this work.

Target

Cloned TCR (plasmid linearization)

Cloned TCR (plasmid linearization)

Reactivity
Human

Human

3.1.5. Chemicals and reagents

Table M 9: Chemicals and reagents used in this work.

Name
10% Tween 20

16 % Formaldehyd (w/v),
Methanol-free

4’ 6-diamidino-2-
phenylindole (DAPI)

Accumax™ solution

Agarose

Agencourt® AMPure® XP,

60 mL

B-27 serum-free 50x

Biocoll separating solution

Bovine Serum Albumin
(BSA), Fraction V

Purpose

scRNA sequencing

CODEX

Flow cytometry

Lightning loading
Gel electrophoresis

scRNA sequencing/ PCR

cleanup

Lightning™ loading

media

PBMC isolation

FC
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Primer Sequence

Forward TAAGTGCAGTAGTCGCCGTG

Reverse GTGTGGCTGGCACGAAATTG
Supplier Reference
Biomol GmbH E108
EMS 15710
Sigma-Aldrich D9542-1MG
Sigma-Aldrich A7089
Sigma-Aldrich 9012-36-6
Beckman Coulter A63881
Gibco 17504044
Biochrom BS.L6115
Biomol 9048-46-8



Cytoseal 60 mounting

medium
Dimethylsulfoxide (DMSO)

DNAsel from bovine

Pancreas

dNTPs

Dulbecco’s Modified Eagle’s
Medium (DMEM)

Dulbecco’s Phosphate
Buffered Saline (PBS)

DynabeadsTM MyOneTM
SILANE

DynaMag™-2 magnetic

separator rack

eBioscience Fixable
Viability Dye eFluor 450

EDTA 0.5 M, pH 8.0
Ethanol

Fetal Bovine Serum (FBS)
Gel Green

Gel loading dye, blue (6x)

GeneRuler 1 kb Plus DNA
Ladder

Gibco
Penicillin/Streptomycin
(10,000 U/mL)

Glycerol (50%), Sterile

Solution

High Sensitivity D1000
Reagents

High Sensitivity D5000

Reagents

Human serum type AB

Materials and methods

CODEX

Cell culture

Lightning™ loading

media

PCR linearization and
amplification by PCR

Cell culture

Miscellaneous

scRNA sequencing

Magnetic bead
seperation

Flow cytometry

scRNA sequencing
Miscellaneous
Miscellaneous
Gel electrophoresis

Gel electrophoresis

PCR

Cell culture

scRNA sequencing

scRNA sequencing/
FUME-TCR

scRNA sequencing

FACS sort
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EMS

Sigma-Aldrich

Roche

Invitrogen, ThermoFisher

Scientific

Sigma-Aldrich

Sigma-Aldrich

10X Genomics

Thermo Fisher Scientific

eBioscience

ThermoFisher Scientific
Fischer Scientific GmbH
Sigma-Aldrich

Biotium

New England Biolabs

ThermoFisher Scientific

ThermoFisher Scientific

BioVision BV

Agilent Technologies

Agilent Technologies

Sigma-Aldrich

18996

41639

11284932001

R0192

D6046

D8537

PN-2000048

12321D

65086314

R1021

10342652

S0165

41005-T

B7021S

SM1331

15140122

B1012-100

5067-5585

5067-5593

H3667-100ML



Human serum type AB In vitro TCR validation Sigma-Aldrich H4522-100ML
Methanol CODEX VWR 32213-2.5
PepTivator® CEF MHC TCR-validation, viral
Miltenyi Biotec 130-098-426
Class | Plus target
Phusion high fidelity
TCR linearization and
proofreading DNA o ThermoFisher Scientific F530S
amplification by PCR
polymerase
PureProteome™ Magnetic TCR-validation, positive
Merck LSKMAGT02
Beads control
RPMI Medium 1640 without ) )
mRNA transfection Gibco 11835-063
Phenol Red
Synth-a-Freeze™ medium Freezing of BrM samples = Thermo Fisher Scientific A1254201
TexMACS Medium without Medium after utologous T
Miltenyi Biotec 170-076-306
phenol red cell transfection
TCR-validation, TCR-
T Cell TransAct™, human ) ) ) Miltenyi Biotec 130-111-160
independent stimulation
) scRNA sequencing/ PCR )
Qiagen Buffer EB Qiagen 19086
cleanup
RNAse free water Miscellaneous Ambion AM9937
RNase inhibitor TCR transfection New Englands Biolabs MO0307S
Tris-(2-carboxyethyl)
phosphine hydrochloride CODEX Sigma-Aldrich 646547-10x 1ml
(TCEP, 0.5 M, pH 7.0)
Tris—EDTA Buffer Solution,
CODEX Morphisto 1,232,802,500
pH=9.0
Xylene CODEX Sigma-Aldrich 534056-41

Materials and methods

3.1.6. Buffers, solutions and media

Table M 10: Buffers, solutions and media used in this work, and their respective components.

Name Components

CODEX antibody stabilizer solution 1 mL 5 M NaCl solution, 100 uL 500 mM EDTA

(pH 8.0), 9 mL stock antibody stabilizer solution
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CODEX Buffer C

CODEX bleaching solution

CODEX blocking buffer

CODEX Ha2 buffer

DMEM complete medium

High-salt PBS

FC buffer for surface staining
FC buffer for T cell barcoding with anti-CD45

Freezing medium

Lightning™ loading media

PBS-T (0.1% Tween-20)

Tris—EDTA (TE) buffer

Wash buffer for FACS sorting before scRNA

sequencing

MACS buffer for FACS sorting before scRNA

sequencing

TAE buffer

3.1.7. Kits

Table M 11: Commercial kits used in this work.

Name

Purpose

1mL 1 M Tris (pH 7.0), 1 mL of 1 M Tris (pH 7.5),
30 mL 5 M NaCl solution, 2 mL 0.5 M EDTA (pH 8.0),
0.02% NaNs, and 1 L with ddH20.

25 mL PBS, 4.5 mL 30% (w/v) H202, 0.8 mL 1 M
NaOH.

285.21 pL H2 buffer, 14.29 pL salmon sperm DNA
(10 mg/mL), 0.5 yL DAPI (5 mg/mL stock solution)

30 mL 5 M NaCl solution, 10 mL 1 M Tris (pH 7.5),
0.943 mL of Triton X-100, 2.03 g of MgCl2:6H20,
0.02% (w/v) NaNs, and 1 L with ddH20

DMEM high Glucose + 10% FBS + 1% Pen/Strep

45 mL 5 M NaCl solution, 25 mL 10x DPBS, 0.02%
(w/v) NaNs, and 250 mL with ddH20.

PBS + 10% FBS + 0.05% NaNs
PBS + 3 mg/mL BSA + 2 mM EDTA
90% FBS + 10% DMSO

basal RPMI lacking standard additives, + 20% 50x
B27, + 20% Accumax, + 5 uL100 U/mL DNasel

500 mL PBS, 0.5 mL Tween-20

1 mL of 1 M Tris (pH 8.0), 200 pL of 500 mM EDTA
(pH 8.0), 0.02% (w/v) NaNs, and 100 mL with ddH20

PBS + 2mM EDTA + 0.5% human Serum

PBS + 5% human Serum

40 mM Tris, 20 mM acetate, 1 mM EDTA, pH 8.0

Supplier

CD8* T cell isolation of

expansion from PBMCs

CD8* T cell isolation kit, human

Miltenyi Biotech
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Akoya Staining Kit: Staining, hydration

and storage buffer, N-, J-, S-blocker and

final fixative reagent (Akoya Biosciences).

Chromium™ Next GEM Chip K Single

Cell Kit, 16 rnxs

Chromium™ Next GEM Single Cell 5’ Kit

v2, 16 rnxs

Dual Index Kit TT Set A, 96 rnxs

EasySep™ Dead cell removal (Annexin V)

Library Construction Kit, 16 rnxs

Neon Transfection System

T7 mScript Standard mRNA Production

System

X-Vivo™ 20 Serum-free Hematopoietic

Cell Medium

3.1.8. Consumables

Materials and methods

CODEX staining

scRNA sequencing

scRNA sequencing

scRNA sequencing

Dead cell removal

scRNA sequencing
mRNA transfection

In Vitro transcription of

TCR constructs

T cell expansion from
PBMCs

Table M 12: Consumables used in this work.

Name

12-Well Flat Bottom
Plate
50-kDa Amicon Ultra

0.5-mL centrifugal filter
columns

Black 96-well plate

Corning® Plastic
Serological Pipettes (5
mL, 10 mL, 25 mL, 50
mL)

Corning® Costar®
Reagent Reservoirs (50
mL)

Cryo.s, 2 mL

Purpose

Cell culture

Conjugation of CODEX

antibodies

Miscellaneous

FC staining

Cell culture

Supplier

Akoya 7000008
10X Genomics PN-1000287
10X Genomics PN-1000263
10X Genomics PN-1000215
StemCell
17899
Technologies
10X Genomics PN-1000190
Invitrogen MPK1025
CellScript )
MSC100625
Lonza 04-448Q
Reference

Techno Plastic Products

(TPP)

EMD Millipore

Corning

Corning

Greiner Bio-one
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Z707775-126EA

41104916

CLS4487, CLS4488,
CLS4489, CLS4490

CLS4870-5EA

TPP91014,
TPP91050



DNA LoBind Tubes,
DNA LoBind, 1.5 mL

Eppendorf Safe-Lock
Microcentrifuge Tubes

Falcon® Polystyrene
Round Bottom Tubes (5
mL)

Falcon® 70 ym Cell
Strainer

Flow cells
gentleMACS™ C Tubes

High Sensitivity D1000
ScreenTape

High Sensitivity D5000
ScreenTape

Leucosep™ tubes

Pipette Tips (10 uL, 20
pL, 100 pL, 200 uL, 300
pL, 1000 pL)

Vi-CELL™ XR Tubes

Materials and methods

scRNA sequencing

Miscellaneous

FACS/ FC staining

Cell culture

CODEX imaging

Tissue dissociation

scRNA sequencing

scRNA sequencing

PBMC isolation

Miscellaneous

Cell culture

3.1.9. Equipment and devices

Eppendorf

Eppendorf

Corning

Corning

Akoya Biosciences

Miltenyi Biotec

Agilent Technologies

Agilent Technologies

Greiner Bio-One

Steinbenner Laborsysteme

Beckman Coulter

Table M 13: Equipment and devices used in this work.

Name

10x Magnetic Separator
10x Vortex Adapter
4150 TapeStation

4200 TapeStation

Axygen® Gel Documentation

System

Accu-jet® pro Pipette Controller

BD FACSAriaTM Fusion

Purpose

scRNA sequencin
scRNA sequencin
TCR mRNA QC

scRNA sequencin

PCR product
Miscellaneous

FACS sorting
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Length determination of

Supplier
g 10X Genomics
g 10X Genomics

22431021

22363204

352052

352350

240204

130-093-237

5067-5584

5067-5592

227288

TP50010, TP50020,
TP50100, TP50200,
TP50300, TP51250

383721

Agilent Technologies

g Agilent Technologies

BrandTech

Corning, Life Sciences

BD (Becton, Dickinson & Company)



BD LSRFortessa™
C1000 Touch™ Thermal Cycler
Mastercycler X40

Cell Culture Safety Cabinet,
Herasafe KS

Centrifuge Rotina 380R
Centrifuge Varifuge 3.0R
Cetntrifuge Heraeus Fresco 17

Chromium™ Next GEM

Secondary Holder

Chromium™ Single Cell Controller

Instrument

EasySep™ Magnet
Eppendorf ThermoMixer C
FastGene Mini Centrifuge

Flow cell mounting device

gentleMACS™ Octo Dissociator
Heracell 150i Incubator

Heracell 240i Incubator

lllumina HiSeq 4000

LED Panel (4100-4600LUX)

Mr. Frosty™ Freezing Container
NanoDrop

PhenoCycler (CODEX)

PIPETMAN L Multichannel
P8x200L, 20-200 pL

Pipettes (2 pL, 20 uL, 100 uL, 200

pL, 1000 pL)
Qubit 4.0 Fluorometer

Thermo electrophoresis power

supply
Vi-CELL XR 2.03

Vortex Mixer Neolab 7-2020

Materials and methods

FC measurement
scRNA sequencing

TCR mRNA generation

Cell culture

Miscellaneous

Miscellaneous

Miscellaneous

scRNA sequencing

scRNA sequencing

Cell culture
scRNA sequencing
scRNA sequencing

CODEX imaging

Tissue dissociation
Cell culture

Cell culture

scRNA sequencing
CODEX staining
Cell culture

RNA isolation

CODEX imaging

Miscellaneous

Miscellaneous

scRNA sequencing

Gel electrophoresis

Cell culture

Miscellaneous
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BD (Becton, Dickinson & Company)

Bio-Rad Laboratories

Eppendorf

ThermoFisher Scientific

Hettich Zentrifugen

Heraeus Sepatech

ThermoFisher Scientific

10X Genomics

10X Genomics

StemCell Technologies
Eppendorf
Nippon Genetics

Akoya Biosciences

Miltenyi Biotec
ThermoFisher Scientific
ThermoFisher Scientific
lllumina Inc.

AGPTEK

ThermoFisher Scientific
NanoDrop Technologies

Akoya Biosciences

Gilson

Gilson

ThermoFisher Scientific

Thermo EC250-90

Beckman Coulter Inc.

neolLab Migge



Water Bath Julabo SW-20C

3.1.10. Software

Materials and methods

Miscellaneous

Table M 14: Software used in this work.

Name

Affinity Designer

BD FACSDiva™

BioRender

ChatGPT

EndNote™

FlowJo

GraphPad Prism

Microsoft Excel
Microsoft PowerPoint
Microsoft Word

R

Purpose

Figure-making

FC data acquisition

Figure-making

Language refinement

Reference management

FC data analysis
Statistical analysis,
graphic-making
Data analysis

Data presentation
Document-writing

Bioinformatics analysis

Julabo

Source
Serif Ltd, West Bridgford

BD (Becton, Dickinson &
Company), Franklin
Lakes

BioRender, Toronto,

Canada
OpenAl

Thomson Reuters,
Carlsbad

BD (Becton, Dickinson &
Company)

GraphPad Software,
San Diego, USA

Microsoft, Redmond
Microsoft, Redmond
Microsoft, Redmond

The R Foundation

3.1.11. Declaration of the use of artificial intelligence (Al)

The Al-based language model ChatGPT (OpenAl) was used exclusively for linguistic

refinement; all scientific content, data analysis, and interpretation were developed and

verified by me.
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Version

V2.0

V9.0

2023

GPT-5.3

X 20

V10

V9.0

2016

2016

2016

V4.2.2
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3.2. Methods

3.2.1. Single-cell transcriptome and TCR analysis

Fresh-frozen single-cell suspensions were provided by the research group of Prof. Dr.
Herold-Mende at the University Hospital Heidelberg. The study was conducted with
approval from the Ethics Committee of the Medical Faculty, Heidelberg University
(reference no. 005/2003). Written informed consent was secured from all patients prior to
inclusion, in accordance with the principles outlined in the Declaration of Helsinki and its

subsequent amendments.

3.2.1.1. Clinical sample processing and cryopreservation of BrM tissue

Immediately following neurosurgical resection, brain metastatic tissue was transported to
the laboratory. Under sterile conditions, visibly cauterized or necrotic areas were
macroscopically excised. The remaining tissue was minced into approximately 1 mm?
fragments and transferred into gentleMACS™ C Tubes (Miltenyi Biotec). Combined
mechanical and enzymatic dissociation was performed utilizing a gentleMACS™ Octo
Dissociator (Miltenyi Biotec) in Hank's Balanced Salt Solution (HBSS) supplemented with
0.0125% Liberase and 0.04% DNase | for subsequent functional assays. Following
dissociation, erythrocytes were lysed for 3 minutes using an ammonium chloride lysis buffer
(150 mM NH,CI, 10 mM KHCO3, 0.1 mM EDTA). The resulting single-cell suspensions were
filtered through 100 ym and 40 pm cell strainers, cryopreserved in Synth-a-Freeze™

medium (Thermo Fisher Scientific), and stored in liquid nitrogen.

3.2.1.2. Peripheral Blood Mononuclear Cell (PBMC)isolation

Matched peripheral blood was collected on the day of surgery for the isolation of PBMCs.
Density gradient centrifugation was performed using 20 mL of heparin-anticoagulated blood
loaded into Leucosep™ tubes (Greiner Bio-One) containing 15 mL of Biocoll separating
solution (Biochrom). Samples were centrifuged at 700 x g for 20 minutes at room
temperature. The mononuclear cell layer was carefully harvested, washed twice with PBS,

cryopreserved, and stored in liquid nitrogen until further use.

3.2.1.3. Fluorescence-Activated Cell Sorting (FACS) of Lymphocytes

Cryopreserved single-cell suspensions of human BrM and matched PBMCs were

processed for downstream single-cell RNA sequencing (scRNA-seq). For BrM samples,
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both T cells and B cells were isolated, whereas only T cells were isolated from the PBMC

samples.

Samples were thawed in 20 mL of Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. The cell
suspensions were passed through a 70 pym cell strainer and centrifuged at 2000 rpm for 2
minutes at 4 °C. The resulting cell pellets were washed once in wash buffer PBS containing
2 mM EDTA and 0.5% human AB serum (Sigma-Aldrich, #H3667), centrifuged again, and

resuspended to a concentration of 5 x 107 cells/mL in wash buffer.

To maximize the viability of the sorted populations, dead cells were magnetically depleted
utilizing the EasySep™ Dead Cell Removal (Annexin V) Kit (STEMCELL Technologies,
#17899). Briefly, 50 uL/mL of Annexin V Dead Cell Removal Cocktail and 50 pyL/mL of
Biotin Selection Cocktail were added to the samples and incubated for 3 minutes at room
temperature (RT). Subsequently, 100 yL/mL of pre-vortexed Magnetic RapidSpheres™
were added. Immediately following mixing, 2.5 mL of wash buffer was added. The
suspension was incubated for an additional 3 minutes at RT, and the supernatant containing
the live cell fraction was collected into 5 mL polystyrene round-bottom tubes. Cells were
washed once with 2 mL of wash buffer, centrifuged (2000 rpm, 2 minutes, 4 °C), and

maintained on ice.

For flow cytometric sorting, cells were resuspended at a density of 1 x 10° cells per 100 L
of wash buffer. To exclude dead cells, eBioscience™ Fixable Viability Dye eFluor™ 450
(Thermo Fisher Scientific, #65-0863-14; 1:1000 dilution) was applied. Single-cell
suspensions from BrM tissue were co-stained with APC-conjugated anti-human CD3
(BioLegend, #317318; 1:200 dilution) and APC-conjugated anti-human CD19 (BioLegend,
#302212; 1:50 dilution) for 30 minutes at 4 °C in the dark. Because physical separation of
T and B cells was not required for the downstream scRNA-seq pipeline, both targeting
antibodies utilized the same fluorophore (APC). For PBMC samples, only the anti-CD3

antibody was utilized.

Following staining, cells were washed twice with 1 mL of ice-cold wash buffer, centrifuged,
and resuspended at a concentration of 6 x 10° cells/mL in MACS buffer. Cell sorting was
performed on a BD cell sorter operated with BD FACSDiva™ software (version 8.0.2; BD
Biosciences), utilizing a 100 ym nozzle and the "4-way purity" sort mode. The gating
strategy (Figure M 1) consisted of an initial morphological gate to identify singlets, followed
by the exclusion of dead cells (eFluor 450-positive) and the positive selection of target
lymphocytes (APC-positive). The sorted lymphocytes were collected directly into 1.5 mL

Safe-Lock tubes and stored on ice for immediate downstream processing.
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Figure M 1: Representative sorting-strategy for brain metastasis-infiltrating lymphocytes

Single cell suspensions stained with fluorescent-labelled antibodies against CD3 (APC) and CD19 (APC).
Viability was assessed with the fixable viability dye eFluor450. Sorting was performed in collaboration with the
FACS core facility at DKFZ at a DB FACSAria™ Fusion machine with a 100M nozzle and a 4-way purity. The

plots were automatically generated in the software BD FACSDiva 9.4.

3.2.1.4. Generation of cDNA from lymphocytes coming from human BrM

samples or PBMCs

Single-cell transcriptomes were generated from the samples using the Chromium Next
GEM Single Cell 5 GEM Kit v2 (10X Genomics; #PN-1000190, #PN-1000263), following
the manufacturer’s protocol. For a target recovery of 10,000 cells per sample, 20,000 cells
were loaded onto the Chromium Next GEM Chip K, except for two brain metastases
samples. For NCH8937 and NCH9348, only 12,928 and 11,000 cells were loaded,
respectively, due to limited lymphocytes available after FACS sorting. The loaded cells were
processed in the Chromium Single Cell Controller to generate Gel Bead-in-Emulsion

(GEMs), which were then transferred from the chip’s recovery wells to an ice-chilled tube
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strip. The tube strip underwent reverse transcription and barcoding in a thermal cycler using

the following program:

Lid temperature Reaction volume Run time
53 °C 125 pL ~ 55 min
Step Temperature Time
1 53 °C 00:45:00
2 85°C 00:05:00
3 4 °C Hold

Before post-GEM reverse transcription cleanup, all reagents were equilibrated to room
temperature (RT). The recovery agent was added to the samples in the tube strip, mixed
by gentle inversion (four times), and incubated for 2 min. The oil phase was then carefully
aspirated and discarded from the biphasic mixture, avoiding disturbance of the aqueous
phase. Dynabeads Cleanup Mix was prepared according to the manufacturer’s instructions
and added to the samples, followed by thorough pipetting to resuspend. The mixture was
incubated at RT for 10 min, with additional mixing after 5 min. The tube strip was placed on
a 10x Magnetic Separator (High position) for 2 min; the supernatant was discarded, and
beads were washed twice with 80% ethanol (30 s each). After brief centrifugation, the tube
strip was repositioned on the magnet (Low position), residual ethanol was removed, and
samples were air-dried for 1.5 min. The tube strip was removed from the magnet, and 35.6
pL Elution Solution | was added to each tube. Samples were incubated at RT for 1 min,
placed on the magnet (Low position), and 35 pL of cleared eluate was transferred to a new
tube strip. cDNA Amplification Mix was prepared on ice and added to each sample.

Amplification proceeded in a thermal cycler as follows:
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Lid temperature Reaction volume Run time
105 °C 100 pL ~ 25-50 min
Step Temperature Time
1 98 °C 00:00:45
2 98 °C 00:00:20
3 63 °C 00:00:30
4 72 °C 00:01:00
5 Go to step 2 (x12) 13 cycles
6 72°C 00:01:00
7 4°C Hold

cDNA amplification cycles were adjusted based on target cell recovery and RNA content,
for a total of 13 cycles. AMPure beads (Beckman Coulter, #A63881) were vortexed and
added at a 0.6x ratio to each sample, followed by thorough mixing. The mixture was
incubated for 5 min at room temperature (RT), placed on a 10x Magnetic Separator (High
position) for 2 min, and the supernatant was discarded. Samples were washed twice with
80% ethanol (30 s each), briefly centrifuged, repositioned on the magnet (Low position),
residual ethanol removed, and air-dried for 1.5 min. The tube strip was removed from the
magnet, 45.5 pL Buffer EB added, and incubated at RT for 2 min. Samples were placed on
the magnet (High position) for 2 min, and 45 pL of cleared eluate transferred to a new tube
strip kept on ice. cDNA concentration was quantified using a NanoDrop spectrophotometer
(NanoDrop Technologies), and quality assessed via Agilent TapeStation (Agilent
Technologies).

3.2.1.5. Single cell gene expression library construction

Gene expression (GEX) libraries were generated from cDNA (section 3.2.1.4) via
fragmentation, end repair, and A-tailing. Fifty ng of cDNA per sample was transferred to a

new tube strip and adjusted to 20 pyL with Buffer EB. Fragmentation Mix (30 pL) was
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prepared on ice and added to the cDNA (also on ice). Samples were incubated in a thermal

cycler as follows:

Lid temperature Reaction volume Run time
65 °C 50 uL ~ 35 min
Step Temperature Time
Pre-cool block 4°C Hold
Fragmentation 32°C 00:05:00
End repair and A- 65 °C 00:30:00
tailing
Hold 4°C Hold

Post-fragmentation, end repair, and A-tailing were performed, followed by double-sided size
selection of cDNA fragments. AMPure beads (0.6%) were added to the samples, which were
placed on a 10x Magnetic Separator; supernatants were collected and mixed with AMPure
beads (0.8x). Two washes with 80% ethanol (30 s each) were performed as described
previously. Tubes were removed from the magnet, 50.5 uL Buffer EB added, and incubated
at room temperature (RT) for 2 min. Samples were placed on the magnet (High position)

for 2 min, and 50 L of cleared eluate transferred to a new tube strip.

Adaptor Ligation Mix was prepared and added at a 1:1 ratio to each sample, followed by

thorough pipetting. Ligation proceeded in a thermal cycler as follows:

Lid temperature Reaction volume Run time
30°C 100 pL ~ 15 min
Step Temperature Time

1 20°C 00:15:00
2 4°C Hold

Post-ligation cleanup was performed by adding 0.8x AMPure beads, followed by 80%
ethanol washes as described previously. 30 uL of each sample was transferred to a new
tube strip for Sample Index PCR. Amp Mix (50 pyL) and 20 pL of individual Dual Index TT
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Set A wells (PN-3000431) were added to each sample. Indexing proceeded in a thermal

cycler as follows:

Lid temperature Reaction volume Run time

105 °C 100 pL ~ 30 min
Step Temperature Time

1 98 °C 00:00:45

2 98 °C 00:00:20

3 54 °C 00:00:30

4 72°C 00:00:20

5 Go to step 2 (x13) 14 cycles

6 72°C 00:01:00
7 4°C Hold

Double-sided size selection of GEX libraries was performed using AMPure beads and 80%
ethanol washes. AMPure beads (0.6x) were added to the samples, which were placed on
a 10x Magnetic Separator; supernatants were collected and mixed with AMPure beads
(0.8x). Two washes with 80% ethanol (30 s each) were performed as described previously.
The tube strip was removed from the magnet, 35.5 pL Buffer EB added to each sample,
and incubated at room temperature (RT) for 2 min. Samples were placed on the magnet
(Low position), and 35 uL of cleared eluate transferred to DNA-low-binding 1.5 mL safe-
lock tubes. Library quality was assessed using Agilent TapeStation, and concentrations

quantified via NanoDrop (NanoDrop Technologies).

3.2.1.6. Single cell V(D)J cDNA amplification

V(D)J genes were amplified from 2 pL of amplified cDNA (section 3.2.1.4) mixed with V(D)J
Amplification 1 Reaction Mix prepared on ice. A customized T cell Mix 1 v2 was obtained

from the Single-cell OpenLab. Reactions were incubated in a thermal cycler as follows:
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Lid temperature Reaction volume Run time
105 °C 100 pL ~ 20 - 30 min
Step Temperature Time
1 98 °C 00:00:45
2 98 °C 00:00:20
3 62 °C 00:00:30
4 72 °C 00:01:00
5 Go to step 2 (x11) 12 cycles
6 72°C 00:01:00
7 4°C Hold

Double-sided size selection was performed on the amplified V(D)J cDNA. AMPure beads
(0.5%) were added to the samples, which were placed on a 10x Magnetic Separator;
supernatants were collected and mixed with AMPure beads (0.8x%). Two washes with 80%
ethanol (30 s each) were performed as described previously. Tubes were removed from the
magnet, 35.6 pL Buffer EB added, and incubated at room temperature (RT) for 2 min.
Samples were placed on the magnet (High position) for 2 min, and 35 yL of cleared eluate
transferred to a new tube strip. V(D)J Amplification 2 Reaction Mix was prepared on ice

using customized T Cell Mix 2 v2 from the Single-cell OpenLab, followed by thermal cycling:
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Lid temperature Reaction volume Run time
105 °C 100 pL ~ 20 - 30 min
Step Temperature Time
1 98 °C 00:00:45
2 98 °C 00:00:20
3 62 °C 00:00:30
4 72 °C 00:01:00
5 Go to step 2 (x9) 10 cycles
6 72°C 00:01:00
7 4°C Hold

Cleanup and double-sided size selection of V(D)J libraries were performed using AMPure
beads. AMPure beads (0.5%) were added to the samples, placed on a 10x Magnetic
Separator, and supernatants recovered; these were then mixed with AMPure beads (0.8x)
as described previously. After two 80% ethanol washes (30 s each), beads were air-dried
for 1 min, resuspended in 45.5 uL Buffer EB, and incubated at room temperature (RT) for 2
min. Samples were placed on the magnet (Low position), and 45 pL of cleared eluate
transferred to new tubes. Library quality was assessed using Agilent TapeStation, and

concentrations quantified via NanoDrop (NanoDrop Technologies).

3.2.1.7. Single cell V(D)J library construction
V(D)J libraries were generated from V(D)J cDNA (section 3.2.1.6) via initial fragmentation.

50 ng of V(D)J cDNA per sample was transferred to a new tube strip and adjusted to 20 pL
with Buffer EB. Fragmentation Mix (30 yL) was prepared on ice and added to the cDNA

(also on ice). Samples were incubated in a thermal cycler as follows:
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Lid temperature Reaction volume Run time
65 °C 50 uL ~ 35 min
Step Temperature Time
Pre-cool block 4°C Hold
Fragmentation 32°C 00:02:00
End repair and A- 65 °C 00:30:00
tailing
Hold 4°C Hold

Adaptor Ligation Mix was prepared and added at a 1:1 ratio to each sample, followed by

thorough pipetting. Ligation proceeded in a thermal cycler as follows:

Lid temperature Reaction volume Run time
30°C 100 pL ~ 15 min
Step Temperature Time

1 20°C 00:15:00
2 4°C Hold

Post-ligation cleanup was performed by adding 0.8x AMPure beads, followed by 80%
ethanol washes as described previously. 30 uL of each sample was transferred to a new
tube strip for Sample Index PCR. Amp Mix (50 uL) and 20 pL of individual Dual Index TT
Set A wells (PN-3000431) were added to each sample. Indexing proceeded in a thermal
cycler as follows:
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Lid temperature Reaction volume Run time

105 °C 100 pL ~ 30 min
Step Temperature Time

1 98 °C 00:00:45

2 98 °C 00:00:20

3 54 °C 00:00:30

4 72 °C 00:00:20

5 Go to step 2 (x7) 8 cycles

6 72°C 00:01:00
7 4°C Hold

Cleanup of V(D)J libraries was performed using AMPure beads and 80% ethanol washes.
AMPure beads (0.8x) were added to the samples, which were placed on a 10x Magnetic
Separator. Two washes with 80% ethanol (30 s each) were performed as described
previously. The tube strip was removed from the magnet, beads air-dried for 1.5 min, and
35.5 yL Buffer EB added to each sample. Samples were incubated at room temperature
(RT) for 2 min, placed on the magnet (Low position), and 35 uL of cleared eluate transferred
to DNA-low-binding 1.5 mL safe-lock tubes. Library quality was assessed using Agilent

TapeStation, and concentrations quantified via NanoDrop (NanoDrop Technologies).

3.2.1.8. Sequencing of single cell libraries

GEX and V(D)J libraries were pooled at a 4:1 ratio (GEX:V(D)J) and sequenced on a
NovaSeq 6000 (lllumina) using paired-end 150 bp reads on an S4 flow cell. Sequencing
was conducted at the DKFZ Next-Generation Sequencing (NGS) Core Facility.

3.2.2. Bioinformatic processing of single cell RNA and TCR sequencing data

Processing of scRNA/TCR-seq data including dimensional reduction, cell cluster
visualization and identification of differentially expressed genes was performed by Karol
Jacek (PhD student, group of Prof. Dr. Bozena Kaminska, Nencki Institute, Warsaw) under

supervision of Dr. Marc Zapatka (DKFZ) for the BrM-derived T cells, while Dr. Marc Zapatka
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performed the bioinformatic analysis of the peripheral blood-derived T cells and the

bioinformatic analysis of TCR sharing between the blood and BrM compartment.

3.2.2.1. Bioinformatic processing of brain metastasis-derived T cells

Single-cell RNA-seq data analysis was performed using R (v4.4.0) and the Seurat package.
For the brain metastases dataset, raw feature-barcode matrices from 9 samples were
loaded and merged. Quality control (QC) was performed by filtering cells based on
mitochondrial content (percent_mito < 5%) and total unique molecular identifiers (UMIs)
(nCount_RNA < 1200; see note above regarding this value). Doublets were identified and
removed using the “scDblFinder” package, applying a score threshold of > 0.9 to each
sample independently. Cell cycle phase scores were assigned using the “CellCycleScoring”
function based on standard S and G2/M gene sets. A similar preprocessing pipeline was
applied to the paired PBMC-derived T cell dataset, including independent normalization and

variable feature selection.

To correct for batch effects, the data was integrated using Seurat’s Reciprocal PCA (RPCA)
workflow. Features were selected for integration, and anchors were identified using
“FindIntegrationAnchors” (reduction = "rpca", dims = 1:13). The integrated data was scaled
and subjected to Principal Component Analysis (PCA). Uniform Manifold Approximation and
Projection (UMAP) was calculated using the first 13 principal components to visualize the
data. For the brain dataset, a second processing step was applied to mitigate stress-
response artifacts. Heat shock protein (HSP) related genes were regressed out during the
“ScaleData” step, followed by re-clustering and recalculation of UMAP visualization to better
preserve local density information. Clustering was performed using the Louvain algorithm
(“FindClusters”) at resolutions ranging from 0.7 to 1.1. | performed manual cluster-
annotation by cross-referencing cluster-specific marker genes and canonical marker

expression and visualized using “DimPlot” and “FeaturePlot”.

Single-cell TCR-seq data was processed using the “scRepertoire” package. Contig
annotation files for the BrM samples were loaded, and non-cellular barcodes were removed.
Clonotypes were defined based on the “CTstrict” metric (combined nucleotide sequence of
TRA and TRB chains). Clonal expansion were visualized using custom scripts. The relative
abundance of clonotypes was categorized into expansion groups (Hyperexpanded, Large,
Medium, Small, Rare, Unique) and visualized using 100% stacked bar plots to compare the
clonal landscape between samples. To identify putative virus-reactive T cells, TCRb CDR3
amino acid sequences were matched against the VDJdb database (filtered for

"HomoSapiens" and "synthetic" epitopes). Matching was performed using the Levenshtein
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distance metric via the “stringdist” package, allowing for a maximum edit distance of 1 amino

acid mismatch to account for cross-reactivity or sequencing errors.

A composite cytotoxicity score and a memory score were calculated using the
“AddModuleScore” function based on the expression of PRF1, NKG7, GZMB, and FASL
(cytotoxicity score) and IL7R, CCR7, SELL, CXCR3, EOMES, and CD44 (memory score).
Visualization of continuous variables (gene expression and module scores) was performed
using Nebulosa, which utilizes kernel density estimation to visualize expression distinctness
in sparse single-cell data. Categorical data and cluster distributions were visualized using
Seurat and “SCpubr”. All plots were generated using ggplot2 with custom color palettes for

consistency.

3.2.2.2. Bioinformatic processing of peripheral blood-derived T cells and TCR

sharing

For preprocessing and quality control raw 10x Genomics feature-barcode matrices were
loaded into R (v4.5.2) using Seurat (v5.4.0). For each sample, per-cell quality metrics were
computed, including the percentage of mitochondrial and ribosomal reads. Doublets were
identified with “scDblFinder” using default parameters. Cells were filtered to retain those
with 500-6,000 detected genes, <20,000 UMI counts, <5% mitochondrial reads, <60%

ribosomal reads, and classified as singlets by “scDblFinder”.

For normalization, cell cycle scoring, and integration, filtered objects were normalized with
“SCTransform”. Samples were integrated using the SCT workflow: 3,000 integration
features were selected with “SelectintegrationFeatures”, prepared via PrepSCTlIntegration,
merged, and subjected to PCA (50 PCs). Batch correction across samples was performed
with “IntegrateLayers” using reciprocal PCA (RPCA). Downstream neighbor graph
construction, Louvain clustering (resolutions 0.2-0.8), and UMAP embedding were

computed on the first 30 RPCA dimensions.

For cell type annotation cell identities were assigned by reference mapping with Azimuth
using the human PBMC reference (pbmcref), providing predicted labels at levels 1 and 2
with associated prediction scores. Annotations were retained at score thresholds of =0.4;
cells below threshold were labeled "Unassigned." Non-T-cell populations (B naive, B
memory, B intermediate, dnT) were removed, and clustering, UMAP, and Azimuth
annotation were re-run on the filtered object. Marker gene expression (e.g., PTPRC, CD3D,
CD4, CD8A, FOXP3, GZMB, MKI67) was visualized on the RNA assay after “JoinLayers”

and log-normalization.
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For the TCR repertoire analysis filtered contig annotations from Cell Ranger VDJ output
were processed with “scRepertoire”. Per-sample TCR contigs were combined with
“‘combineTCR”, and clonotype metadata (CTaa, CTnt, CTstrict, clonal frequency and
proportion) were added to the Seurat object with “combineExpression”. Clonal expansion
was categorized into homeostatic size bins (Unique, Rare, Small, Medium, Large,
Hyperexpanded) based on clonal proportion. Shared clonotypes between matched blood
and tumor samples from the same patient were identified on amino acid CDR3af
sequences (CTaa) and visualized as scatter plots of per-compartment clone fractions and

Venn diagrams (“ggVennDiagram”).

Known antigen specificities were annotated by querying VDJdb (human TRA/TRB entries).
For each (chain, CDR3) pair the highest-confidence record was retained, and hits were
mapped to cells by matching the TRA and TRB CDR3 amino acid sequences parsed from

CTaa, annotating epitope, epitope gene/species, and MHC class/allele.

QC metrics, UMAPs, dot plots of marker genes, cell-type distribution bar plots, clonal
expansion projections, and shared-clonotype plots were generated with ggplot2, patchwork,
and Seurat visualization functions. All analyses used a fixed random seed (42) for

reproducibility.

3.2.3. Bulk-TCR sequencing

Bulk-TCRpB sequencing was performed of T cells from cryopreserved PBMCs of patient
samples NCH9230, NCH9348, NCH9488, and NCH9587 by the group of Dr. Isabel
Poschke at the German Cancer Research Center (DKFZ). The raw data was obtained and
bioinformatic analysis was performed by Karol Jacek (PhD student, group of Prof. Dr.
Bozena Kaminska, Nencki Institute, Warsaw) under supervision of Dr. Marc Zapatka
(DKFZ).

Initial quality control and basic repertoire profiling were conducted by quantifying the total
number of unique clonotypes and overall sequence read depth for each sample. To
evaluate the complexity and clonal evenness of the T-cell repertoires, multiple established
diversity metrics were computed, specifically the D50 index, Gini-Simpson index, and
Inverse-Simpson index. These metrics were chosen to provide a comprehensive
assessment of both species richness and dominant clonal expansion within the tissue. All
repertoire processing, diversity estimations, and subsequent visualizations were performed
in the R statistical computing environment, primarily utilizing the “immunarch” framework for

“immunosequencing” analysis.
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3.2.4. Generation of TCR-transgenic cells

The following sub-chapters describe step by step the generation of TCR-transgenic cells.

3.2.4.1. Cloning of selected TCRs into Lentiviral Vectors

Output files containing selected TCR sequences from the 10x Genomics scRNA/TCR-seq
analysis of patient samples NCH8937 and NCH9348 were processed using the open-
source software platform "makeTCR" (https://maketcr.com). The selected sequences were
cloned into a third-generation lentiviral transfer plasmid conferring ampicillin resistance, with
the TCR cassette expressed under the control of a T7 promoter. For downstream
experiments, to prevent mispairing with endogenous human TCRs and to facilitate the
unambiguous detection of transgenic TCR expression via flow cytometry, murine constant
regions were incorporated into the constructs. The cloning procedure was performed by the
research group of Dr. Edward Green at the DKFZ, following the protocol described by
(Hamberger et al., 2025).

3.2.4.2. Linearization and amplification of TCR DNA

Plasmid vectors containing the TCR sequences of interest were linearized and
subsequently amplified via polymerase chain reaction (PCR). A PCR master mix was
prepared on ice, consisting of 1x Phusion™ HF Buffer, 200 yM dNTPs, 0.5 uM of both
forward and reverse primers (detailed in Table M 8), 0.5 ng of template vector DNA, and
0.02 U/uL of Phusion™ High-Fidelity DNA Polymerase (Thermo Fisher Scientific, # F530S).

The reaction was performed in a thermal cycler according to the following protocol:
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Step Temperature Time
Initial denaturation 95°C 00:03:00
Denaturation 98 °C 00:00:20
Annealing 60 °C 00:00:15
Extension 72°C 00:02:00
Go to step 2 (x34) 35 cycles
Final extension 72°C 00:02:42
Hold 4°C Hold

Following amplification, the PCR products were purified using AMPure XP magnetic beads
(Beckman Coulter, #A63881). Briefly, a 1.8% volume of AMPure XP beads was added to
each PCR sample, mixed, and incubated for 5 minutes at RT. The tubes were then placed
on a magnetic rack for 2 minutes to allow for bead separation. The supernatant was carefully
aspirated, and the bead pellet was washed twice with 70% ethanol. The beads were air-
dried for 2 minutes and subsequently resuspended in 16 uL of Elution Buffer (EB, Qiagen,
#19086). Following a 5-minute incubation at RT, the tubes were placed back on the
magnetic rack for 2 minutes. The cleared supernatant containing purified DNA was
transferred into a fresh DNA low-binding Safe-Lock tube. The final DNA concentration was
quantified using a NanoDrop spectrophotometer (NanoDrop Technologies), and the purified
DNA was stored at -20 °C until further use.

3.2.4.3. Agarose gel electrophoresis

The correct length of the PCR product was validated by gel electrophoresis. A 1.5x agarose
(Sigma-Aldrich, #9012-36-6) gel was prepared containing gel-green (Biotium, #41005-T). 2
pl of the PCR product after cleanup was mixed with loading buffer (New England Biolanbs,
#B7021S) and filled up to 10 ul with water. The mix was loaded into the gel chambers within
1x TAE buffer and run for 50 minutes at 130 V and 500 mA (Thermo EC250-90) taking
along a gene ruler DNA ladder (Thermo Fisher, SM1331). Subsequently, DNA bands on
the gel were investigated at the Axygen® gel documentation system (Corning, Life
Sciences). Correctly amplified TCR DNA has a length of 2.7 kB.
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3.2.4.4. Generation of TCR mRNA

TCR mRNA was performed by in vitro transcription (IVT) using the T7 mScript™ Standard
mRNA Production System (Cellscript™, #C-MSC100625), using either the original protocol
or half of the volumes mentioned in the original protocol. In case of the reduced protocol,
RNA was generated by mixing 3.15 ul of linearized RNA template DNA containing the T7
RNA promoter with 1 pl mScript T7 transcription buffer, 3.6 yl NTP solution, 1l of 100mM
DTT, 0.25 pl ScriptGuard RNase Inhibitor and 1 pl mScript T7 Enzyme Solution. This mix
was incubated for 60 minutes at 37°C in a headblock of a thermal cycler. Subsequently the
DNA template was removed by the addition of 0.5 pl RNase-Free DNase | and incubated
for 15 minutes at 37°C. RNA was purified using RNA-Clean-XP beads in a 1x ratio. For this,
RNase-free water was added to the samples to reach a volume of 40 ul and then the XP
beads were added (1x) and pipette mixed. After 5 minutes of incubation at RT the samples
were subjected to a magnet for 2 minutes. Supernatant was aspirated and the beads
washed twice with 80 % ethanol. Beads were dried for 1.5 minutes and then resuspended
in 70 ul of RNase-free water. After 5 minutes of incubation at RT, magnetic separation was
performed for 2 minutes and the supernatant transferred into a new tube. The RNA
concentration was measured by Nanodrop. In the next step the 5°-cap was added to the
RNA. 60 ug of RNA was filled up with RNase-free water to reach a volume of 72 ul and
incubated for 10 minutes at 65°C followed by an incubation on ice for 2 minutes.
Subsequently, 10 pl of 10X ScriptCap Capping Buffer, 5 pyl of 20 mM GTP, 2.5 pl of 20 mM
SAM, 2.5 ul of ScriptGuard RNase Inhibitor, and ScriptCap 2'-o-Methyltransferase, and 4
I of ScriptCap Capping Enzyme 10 U/ul) were added to the RNA, mixed and incubated for
30 minutes at 37°C. In the next step, the 3'-Poly(A)-Tailing was performed. Therefore, 0.5
Ml ScriptGuard RNase Inhibitor, 12 pl of 10X A-Plus Tailing Buffer, 6 yl of 20 mM ATP and
5 ul of A-Plus Poly(A) Polymerase (4 U/ul) were added, mixed, and incubated for 30 minutes
at 37 °C. The reaction was stopped by immediately proceeding to the mRNA cleanup using
1x XP beads (Beckman Coulter, #A63881) and 80% ethanol as described previously. The
mRNA was eluded in 33 pl EB buffer (Qiagen, #19086) and aliquoted in small volumes to
prevent unnecessary thaw-freeze cycles and stored at -80°C. The concentration was
measured by Nanodrop and the mRNA integrity by TapeStation (4150 TapeStation System,
Agilent Technology).

3.2.4.5. Electroporation for transfer of TCR mRNA into recipient cells

To functionally evaluate TCR reactivity against autologous tumor single-cell suspensions,
two distinct analytical platforms were employed. For the Lightning™ system (Bruker Cellular
Analysis) based assay, the Jurkat JE6-1-NF-kB::eGFP-endoTCRaB-KO-CD8af reporter
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cell line (kindly provided by Assoc. Prof. Dr. Peter Steinberger, Medical University of Vienna;
hereafter referred to as JE6-1-NF-kB::eGFP) was utilized as the recipient cell line for TCR
mMRNA transfection. Conversely, for the flow cytometry-based assay, primary autologous T
cells expanded from patient PBMCs were used. Irrespective of the recipient cell type, mMRNA
transfection was performed utilizing an identical electroporation protocol. For brevity within
this section, both primary autologous T cells and Jurkat reporter cells are collectively

referred to as recipient T cells.

Recipient T cells were washed with PBS and resuspended in Resuspension Buffer T
(Neon™ Transfection System, Invitrogen, # MPK1025) at a density of 0.5 x 10° cells per 10
ML. To prevent RNA degradation, each 10 pL reaction was supplemented with 0.25 pL of
RNase inhibitor (New Englands Biolabs, #M0307S). The cell suspension was maintained
on ice. A Neon™ tube filled with 3 mL of Electrolytic Buffer E2 was inserted into the
electroporation pipetting station. Immediately prior to electroporation, 1 pg of in vitro-
transcribed TCR mRNA was added per 0.5 x 10° cells. Using a 10 yL Neon™ tip attached
to the electroporation pipette, the cel-mRNA mixture was aspirated and electroporated
using the following parameters: 1600 V pulse voltage, 10 ms pulse width, and 3 pulses.
Depending on the required total cell yield, this process was repeated up to four times

utilizing the same Neon™ tip.

Following electroporation, cells were immediately transferred into pre-warmed culture
media at a density of 0.5 x 10° cells/mL. JEG-1-NF-kB::eGFP cells were cultured in phenol
red-free RPMI 1640 medium, while primary autologous T cells were cultured in phenol red-
free TexMACS™ medium (Miltenyi Biotec); both media were initially unsupplemented with
serum. After a 1.5-hour recovery period in a humidified incubator at 37 °C and 5% CO,, the
cultures were supplemented with serum. FBS was added to the JE6-1-NF-kB::eGFP
cultures to achieve a final concentration of 10%, whereas human AB serum was added to
the autologous T cell cultures to reach a final concentration of 2%. The cells were returned

to the incubator and allowed to rest overnight (14 to 16 hours).

Transfection efficiency and TCR surface expression were validated via flow cytometry using
a fluorophore-conjugated anti-mouse TCR[ antibody. For the JEG-1-NF-kB::eGFP cells,
this validation was performed 24 hours post-electroporation, coinciding with the initiation of
tumor cell co-cultures on the Lightning™ system (Bruker Cellular Analysis). For the primary
autologous T cells, validation was conducted simultaneously with the functional readout

experiment.
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3.2.4.6. Surface staining for flow cytometry

Cells were washed with flow cytometry (FC) buffer, consisting of phosphate-buffered saline
(PBS) supplemented with 2% FBS and 0.05% sodium azide (NaN3), and centrifuged at 300
x g for 5 minutes. Cells were immunostained with a APC-conjugated anti-mouse TCR[J
antibody (Biolegend, #109211) diluted 1:100 in FC buffer for 30 minutes at 4 °C in the dark.
Following surface staining, the samples were washed twice with FC buffer and resuspended
in an appropriate volume of FC buffer for flow cytometric data acquisition. DAPI was utilized

as the viability dye and added to the final resuspended cells immediately prior to analysis.

3.2.4.7. Data acquisition and analysis of TCR expression

Expression of markers was assessed with a BD LSRFortessa™ (from BD Biosciences) flow
cytometer. Data analysis was performed using FlowJo v10 software (FlowJo, LLC, BD
Biosciences). Single antibody stainings were used as compensation controls. Spectral
overlap was corrected before data acquisition. Expression of the transfected TCR of interest
were analyzed out of all single cell, viable JE6-1-NF-kB::eGFP cells were set according to

the negative mock condition (Figure M 2).

wTCRb=
0.064

Figure M 2: Gating strategy to determine TCR expression post TCR mRNA transfection.

Gating strategy based on the mock condition. Sequential gating on cells, exclusion of doublets and dead cells,

followed by selection of mTCRb* cells or eGFP* cells.

3.2.5. TCR validation by co-culture of tumor cells with TCR-transgenic Jurkat

reporter cells

Reactivity of selected TCRs against respective tumor single-cell suspensions of the patient
samples NCH8937 and NCH9348 were tested on the Lightning™ system equipped with
OptoSelect™ 1500 chips (Bruker Cellular Analysis). For this assay the JE6-1-NF-kB::eGFP
reporter cell line was transfected with the mRNA of the TCRs of interest as described in
section 3.2.4.5 and expression of eGFP was used as readout for TCR-specific T cell

activation. As positive control JE6-1-NF-kB::eGFP cells were transfected with mRNA
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encoding the 1G4-a95LY TCR, this well-characterized TCR specifically recognizes a
peptide derived from the cancer-testis antigen NY-ESO-1, and co-cultured with magnetic
beads coupled with the respective cognate NY-ESO-1 peptide. Coupling of the beads and

the co-culture set-up are outlined in the following sections 3.2.5.1 and 3.2.5.2.

3.2.5.1. Magnetic bead coupling

The peptide-bead coupling procedure was performed by Katharina von Werthern from the
research group of Dr. Patrick Schmidt at the German Cancer Research Center (DKFZ).
PureProteome™ Magnetic Beads (Merck, #L.SKMAGTO02; hereafter referred to as PP
beads) were coupled with NY-ESO-1 single-chain trimers (SCTs; kindly provided by Marten
Meyer, construct #16396.1) in accordance with the manufacturer’s instructions. To minimize
potential bead loss resulting from nonspecific surface adhesion, all microcentrifuge tubes
were pre-coated with FBS for 20 minutes at 37 °C prior to use. Successful conjugation of
NY-ESO-1 SCTs to the PP beads was verified via flow cytometry. The coupled PP beads
were incubated with an APC-conjugated anti-human HLA-A2 antibody (BioLegend, clone
BB7.2, 343308) for 30 minutes at 4 °C. Following incubation, the beads were washed twice
utilizing a DynaMag™-2 magnetic separator rack (Thermo Fisher Scientific, #12321D) to
remove unbound antibody and subsequently analyzed on a flow cytometer. Uncoupled PP
beads subjected to the identical staining protocol were utilized as a negative control to

establish baseline fluorescence.

3.2.5.2. In vitro co-culture of T cells and BrM single-cell suspension on the

Lightning™ platform

Live single-cell cultivation and activation analyses were conducted using the Lightning™
system equipped with OptoSelect™ 1500 chips (Bruker Cellular Analysis). The technical
operation of the machine was performed by Felix Andres from the research group of Prof.
Dr. Stefan Eichmdiller at the DKFZ. This platform employs Opto-Electronic Positioning
(OEP) to generate non-destructive, light-induced electric fields, allowing for the precise
manipulation of individual cells into the chip's 1500 NanoPen™ chambers. Before and after
every workflow, a system full clean was performed as per the manufacturers® suggestion.
Prior to cell loading, the microfluidic chips were flushed with wetting solution and wetting
additive (Bruker Cellular Analysis), followed by priming the fluidics with a 1:1 mixture of
fresh RPMI and conditioned medium. As conditioned medium, the supernatant of JE6-1-

NF-kB::eGFP cultures was used, which had been centrifuged at 500 x g for 5 minutes.
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Prior to on-chip loading, cryopreserved single-cell suspensions of the brain metastases
(samples NCH8937 and NCH9348) single cell suspensions were carefully thawed using a
fractional thawing protocol to maximize cell viability and retain not used material. The
cryovial was maintained on dry ice under a tissue culture laminar flow hood, while pre-
warmed complete DMEM (supplemented with 10% FBS, 100 U/mL penicillin, and 100
Mg/mL streptomycin) was sequentially applied to the frozen suspension. The melted
fractions were immediately transferred into a conical tube containing 20 mL of warm
complete DMEM. The pooled cell suspension was centrifuged at 400 x g for 5 minutes. The
supernatant was partially removed, leaving a residual volume of 1 mL in which the cell pellet
was resuspended for cell counting. Following a second centrifugation step and complete
removal of the supernatant, the BrM cells were resuspended at a density of 6 x 10° cells/mL
in loading medium (basal RPMI lacking standard additives, supplemented with 20% 50x
B27 Supplement, 20% Accumax, and 100 U/mL DNase).

Cells were loaded to the OptoSelect™ 1500 chip using a workflow utilizing a small-volume
import protocol and an OEP waveform voltage of 4.7 V to maintain cell viability. First, NY-
ESO-1 SLLMWITQC (WT)-pulsed beads (kindly provided by the Schmidt laboratory, DKFZ)
were loaded by bulk-penning into a single positive-control designated field of view (FOV).
Next, the prepared BrM NCH8937 cell suspension was imported and bulk-penned into all
FOVs designated to have reporter cells transgenic for patient-individual TCRs or Mock-
electroporated reporter cells. Lastly, the different TCR-transgenic JEG-1-NF-kB::eGFP
reporter cells were resuspended in the aforementioned loading medium to a concentration
of 3 x 10° cells/mL each. These reporter cells were sequentially loaded into their designated
FQOV, aiming for an occupancy of 3 to 10 cells per NanoPen. Aliquots of the remaining TCR-
transgenic reporter cell suspensions were retained for flow cytometric validation of
transgenic TCR expression via anti-mouse TCRp staining. Staining and analysis was
performed according to sections 3.2.4.6 and 3.2.4.7. Finally, the on-chip co-cultures were
incubated under standard physiological conditions (37°C, 5% CO,, complete RPMI
supplemented 1:1 with conditioned media) on the chip for 43 hours with a constant media
flow rate of 4 yL/min. During this culture, imaging was performed in the brightfield and FITC
channel to assess target cell-contact dependent activation of the reporter cells, with an

imaging interval of 20 minutes and 4000 ms exposure time for FITC imaging.

3.2.5.3. Analysis of tumor-reactive TCRs on the Lightning™ platform

TCR-specific activation was defined on basis of several conditions. First, in the brightfield
images the TCR-transgenic JE6-1-NF-kB::eGFP needed to be in direct cell contact with the

tumor cells prior to eGFP detection. Second, eGFP signal emerging earlier than 6 h after
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initiation of the co-culture was excluded. Third, the strength of the eGFP signal had to
exceed the threshold of 4000 MFI in the FITC channel.

3.2.6. TCR validation by co-culture of tumor cells with TCR-transgenic

autologous T cells

Autologous T cells expanded from the cryopreserved PBMCs of patient NCH9348 were
utilized to functionally validate selected TCRs identified via scRNA/TCR-seq. Expanded T
cells were electroporated with nine distinct IVT TCR mRNAs, generated as described in
section 3.2.4.4. As a negative mock-transfection control, T cells were electroporated with
Elution Buffer (EB). As a positive control, T cells were transfected with NY-ESO-1 TCR
MRNA and co-cultured with the A375 melanoma cell line, which endogenously expresses
the cognate target peptide (SLLMWITQC).

To comprehensively evaluate TCR functionality, specificity, and background activity, the
transfected T cells were subjected to five distinct co-culture conditions listed below (Table

M 15). All experimental conditions were performed in biological triplicates.

Table M 15: Culture conditions of TCR-transgenic autologous NCH9348 T cells.

Condition Stimulus/ Target cell Purpose of assessment

Baseline TCR-transgenic T cells cultured alone Spontaneous background activation
Autoimmunity Autologous PBMCs Auto-reactivity against healthy tissue
Tumor-specific Autologous tumor single-cell suspension | Specific recognition of tumor antigens

Activation capacity | Human T cell TransAct® (Miltenyi Biotec) | TCR-independent, universal T cell

activation

Viral-specific PepTivator® viral peptide pool (Miltenyi Viral-specific memory reactivity

Biotec)

The specific methods for T cell expansion from cryopreserved PBMCs and the subsequent

co-culture setups are outlined in the sections below.

3.2.6.1. T cell expansion from cryopreserved PBMCs

T cell expansion from cryopreserved PBMCs was performed in collaboration with the

research group of Prof. Dr. Eichmuller at the German Cancer Research Center (DKFZ).
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Cryopreserved PBMCs (patient NCH9348) were thawed in pre-warmed X-VIVO™ 20
medium (Lonza, #04-448Q) supplemented with 2% human AB serum (hAB, Sigma-Aldrich,
#H4522-100ML). Cells were centrifuged at 400 x g for 5 minutes, resuspended in 10 mL X-
VIVO™ 20/ 2% hAB medium containing 60 ng/mL anti-human CD3 antibody (clone OKT3,
Miltenyi Biotec, #170-076-124), and seeded into a T25 culture flask. Irradiated (30 Gy)
allogeneic PBMC feeder cells, pooled from three healthy donors, were added to the culture
at a 100-fold excess in 10 mL X-VIVO™ 20 /2% hAB medium. This resulted in a final culture

volume of 20 mL and a final OKT3 concentration of 30 ng/mL.

On days 1 and 4 post-thawing, 50% of the culture medium was exchanged with fresh X-
VIVO™ 20 / 2% hAB medium supplemented with interleukin-2 (IL-2) to achieve a final
concentration of 300 IU/mL. On day 6, CD8* T cells were isolated using the CD8* T cell
isolation kit (Miltenyi Biotec, 130-096-495). The CD8* enriched and CD8" depleted fractions
were subsequently cultured in parallel at a density of 0.6 x 10° cells/mL in IL-2-
supplemented medium. Following a complete media exchange on day 8, cells were
harvested on day 10 for downstream applications. Prior to transfection 9 x 10® CD8*
enriched T cells were recombined with 2 x 10° cells from the autologous CD8" depleted
fraction. The resulting mixed T cell population was subsequently subjected to TCR mRNA

electroporation as detailed in Section 3.2.4.5.

3.2.6.2. Barcoding and multiplexing of TCR-transgenic T cells

At 15 hours post-electroporation, TCR-transgenic T cells were washed with FC buffer (PBS,
3 mg/mL BSA, 2 mM EDTA) and centrifuged at 400 x g for 5 minutes. To enable multiplexed
functional screening within single co-culture wells, cells expressing distinct TCRs were
barcoded using 4 different fluorophore-conjugated anti-human CD45 antibodies (Table M
4) as outlined below. The experiment was conducted in collaboration with Felix Andres
(from the research group of Prof. Dr. Stefan Eichmiuiller), who established the anti-CD45

barcoding strategy for pooling of T cells with distinct TCRs.

Table M 16: Pooling of barcoded TCR-transgenic NCH9348 T cells and the respective fluorophore-
conjugated anti-human CD45 antibodies.

Fluorophore

Pool 1

Pool 2

Pool 3

Spark PLUS UV395

NCH9384 TCR-1

NCH9384 TCR-4

NCH9384 TCR-7

BVv421

NCH9384 TCR-2

NCH9384 TCR-5

/

AF488

NCH9384 TCR-3

/

NCH9384 TCR-13

AF647

Mock

NCH9384 TCR-6

NCH9384 TCR-14
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Mock-electroporated cells (0.181 x 10°%) and NY-ESO-1 TCR-transfected positive controls
(0.525 x 10°) were equally divided and stained with all four CD45 fluorophores to serve as
internal controls across all pools. Barcoding was performed in FC buffer for 15 minutes at
RT in the dark. Cells were washed twice and resuspended at 1 x 108 cells/mL in assay
medium (X-VIVO™ 20, 2% hAB) containing PE-conjugated anti-human CD107a (1:40;
BioLegend, #328608). Barcoded cell populations were subsequently pooled according to

the experimental design outlined above.

Co-cultures were established in a 96-well plate in technical triplicates. For each pooled TCR
set, five conditions were evaluated: (1) baseline activation (TCR-transgenic T cells only);
(2) auto-reactivity (co-culture with autologous PBMCs, E:T ratio 1:1); (3) tumor-reactivity
(co-culture with autologous tumor single-cell suspension, E:T ratio 1:1); (4) viral reactivity
(1 pg/mL PepTivator® CEF MHC Class | Plus, Miltenyi Biotec, #130-098-426); and (5) TCR-
unspecific activation (1:100 T Cell TransAct™, Miltenyi Biotec, #130-111-160). Cultures
were incubated at 37 °C and 5% CO,. After 1 hour, protein transport inhibitors (Brefeldin A
and Monensin; 1:1000) were added to block cytokine secretion, and cultures were
incubated for an additional 5 hours. Following the 6-hour incubation, cells were harvested
and subjected to surface and intracellular staining (section 3.2.6.3). Transgenic TCR
expression and functional activation were quantified via flow cytometry by assessing murine

TCRP chain expression, intracellular TNFa production, and surface CD107a mobilization.

3.2.6.3. Cell surface and intra-cellular staining for flowcytometric readout

For patient sample NCH9348, flow cytometry-based functional testing of selected TCRs
was performed with a modified cell surface staining protocol. Briefly, cells were washed in
FC buffer (PBS supplemented with 3 mg/mL bovine serum albumin (BSA) and 2 mM EDTA)
and centrifuged at 400 x g for 5 minutes. The cell pellet was resuspended in a staining
master mix prepared in FC buffer, consisting of a fixable near-infrared (NIR) viability dye
(Invitrogen, #L10119, 1:1000 dilution), PE/Cyanine7-conjugated anti-mouse TCRp
(BioLegend, Cat# 109222, 1:50 dilution), and PerCP-conjugated anti-human CD8
(BioLegend, Cat# 344708, 1:50 dilution). Cells were incubated in the dark for 10 minutes at
room temperature (RT), followed by an additional 10 minutes at 4 °C. Following surface
staining, samples were washed twice with FC buffer, resuspended in Cytofix/Cytoperm
solution (BD Biosciences, Cat# 554714), and incubated for 20 minutes at 4 °C in the dark
for fixation and permeabilization. Fixed and permeabilized cells were then washed twice
with freshly prepared 1x Perm/Wash buffer (BD Biosciences, Cat# 554714). For
intracellular cytokine detection, cells were incubated with Brilliant Violet 711-conjugated
anti-human TNFa (BioLegend, Cat# 502940, 1:50 dilution in 1x Perm/Wash buffer) for 30
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minutes at 4 °C in the dark. Finally, the samples were washed twice with 1x Perm/Wash
buffer and resuspended in 180 L of FC buffer prior to flow cytometric data acquisition. Data

acquisition and analysis was performed as described in method section 3.2.4.7.

3.2.6.4. Data acquisition and analysis of T cell activation and TCR expression

Expression of markers was assessed with a BD LSRFortessa™ (from BD Biosciences) flow
cytometer. Data analysis was performed using FlowJo X v10 software (FlowJo, LLC, BD
Biosciences). Single antibody stainings were used as compensation controls. Spectral
overlap was corrected before data acquisition. In the gating was established on the mock
control condition (Figure M 3) and applied to all other conditions. Doublets were excluded
from the cells, followed by gating on viable cells. Subsequently the differentially barcoded
TCR conditions were separated by the CD45 staining. mTCRB expression was set
according to be negative for the CD8" T cell in the EB condition. To set the gates for the T
cell activation marker TNFa and CD107a the non-stimulated mock control was used but first
gated on all CD8" T cells for all barcoded conditions (in the mock condition mTCR-

negative).
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Figure M 3: Gating strategy for TCR expression and functional activation of the autologous TCR-

transfected T cells.

Gating strategy based on the mock condition. (A) Sequential gating on cells, exclusion of doublets and dead
cells, followed by selection of CD8" T cells. (B) Subsequent discrimination of pooled TCR conditions using four
distinct CD45-barcoded fluorophores. Transgenic TCR expression was defined by detection of the murine
constant TCR chain. (C) Functional marker gates were established by first including mTCR™ cells, followed by
gate setting for CD107a and TNFa.
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3.2.7. Multiplexed tissue imaging using co-detection by indexing (CODEX)

3.2.7.1. Clinical samples and tissue preparation

Formalin-fixed paraffin-embedded (FFPE) tissue sections of 16 human brain metastases
were received from the tissue bank of the National Center of Tumor Diseases (NCT) in
Heidelberg. Pathological information and clinical characteristics are listed in Table M 2 and
Table M 3 respectively. Tissue thickness was 4 ym and it was mounted on positively
charged microscopy slides to avoid tissue detachment. Antibody conjugation, CODEX
antibody staining of FFPE tissues, and image acquisition were performed by the group of
Prof. Dr. Dietrich at the University clinic in Disseldorf according to their published protocol

(Schniederjohann et al., 2025). The main steps are described in short below.

3.2.7.2. Antibody Conjugation and validation

Custom antibody conjugation to maleimide-modified DNA oligonucleotides was performed
at a 2:1 oligonucleotide-to-antibody weight ratio. Briefly, centrifugal filter columns were pre-
conditioned with 0.1% PBS-Tween-20 to minimize nonspecific binding prior to antibody
loading. To generate reactive thiol groups for conjugation, antibodies (=30 ug) were partially
reduced using a 2.5 mM TCEP/EDTA (Sigma-Aldrich, #646547-10x) solution for 30 minutes
at RT, followed by washing with Buffer C. To prevent premature maleimide degradation,
lyophilized maleimide-oligonucleotides were reconstituted in PBS under an inert nitrogen

atmosphere immediately prior to use.

The reduced antibodies and activated oligonucleotides were subsequently co-incubated in
the filter columns for 2 hours at room temperature to facilitate site-unspecific conjugation.
Following incubation, unreacted oligonucleotides were removed via three consecutive wash
steps with High Salt PBS. The conjugated antibodies were recovered by inverting the filter
columns and centrifuging (3000 x g, 2 minutes) into CODEX antibody stabilizer solution at
a 1:2 (w/v) ratio. Conjugated antibodies were stored at 4 °C. Functional validation of the
conjugated antibodies was performed via multiplexed imaging using a standard starting
dilution of 1:150 and an exposure time of 300 ms. Based on these validation runs, optimal
concentrations and exposure times were titrated for subsequent experimental runs on BrM

tissue.
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3.2.7.3. FFPE tissue preparation and multiplexed staining

FFPE slides were baked at 65 °C for 60 minutes, deparaffinized in xylene (Sigma-Aldrich,
#534056-41) 3 x 5 min, and rehydrated through a descending ethanol gradient (100% to
30%, 5 min each) ending in double-distilled water (ddH,O). Heat-induced epitope retrieval
was performed in Tris-EDTA buffer (pH 9.0, Morphisto, #1,232,802,500) using a pressure
cooker on a high-pressure setting for 20 minutes, followed by a 30-minute RT equilibration
and ddH,O rinses. To minimize intrinsic tissue autofluorescence, slides were
photobleached in freshly prepared bleaching solution under high-power LED arrays for two
45-minute cycles (with reagent exchange between cycles) and subsequently washed in
PBS (4 x 5 min).

Tissues were conditioned in hydration buffer (Akoya, #7000008) 2 x 2 min, equilibrated in
staining buffer (20 to 30 min), and blocked for 30 minutes at RT in a humidity chamber. The
multiplex antibody cocktail was prepared in staining buffer utilizing pre-centrifuged custom-
conjugated antibodies and proprietary Akoya blocking buffer. The cocktail was applied to

the tissues and incubated overnight at 4 °C on an orbital shaker (~30 rpm).

Post-staining, slides were washed in staining buffer (2 x 2 min) and subjected to sequential
fixation to crosslink the bound antibodies: 1.6% paraformaldehyde for 10 minutes, ice-cold
methanol for 5 minutes, and freshly prepared BS3 homobifunctional crosslinker (20 uL/mL
in PBS) for 20 minutes at RT. Intermediate PBS washes were performed between each
fixation step. Slides were then either immediately mounted with flow cells (Akoya

Biosciences) or maintained in storage buffer at 4 °C for up to 5 days.

3.2.7.4. Automated CODEX image acquisition

For cyclic multiplexed imaging, 96-well reporter plates were assembled by dispensing 245
ML of reporter stock solution containing sequence-specific fluorescent oligonucleotides (10
pmol/uL each) per well, alongside blank wells for background subtraction. Plates were
sealed with pierceable aluminum foil. Multiplexed automated image acquisition was
executed using the PhenoCycler®-Fusion System (Akoya Biosciences) in accordance with

the manufacturer's established protocols.
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3.2.8. Author contributions and collaborations

Several components of this study were performed in collaboration with external partners.
The respective contributions are detailed below to clearly delineate experimental, analytical,

and conceptual responsibilities.

3.2.8.1. Generation and analysis of scRNA-seq, TCR-seq, and bulk RNA-seq
data

The nine human brain metastasis samples and four matched PBMC samples were provided
as cryopreserved single-cell suspensions by the group of Prof. Dr. Christel Herold-Mende

(University Hospital Heidelberg).

The experimental generation of scRNA-seq and paired TCR-seq data from these samples
was performed entirely by me. Bulk RNA sequencing experiments were conducted by the

group of Dr. Isabel Poschke (German Cancer Research Center).

Bioinformatic processing of scRNA-seq, TCR-seq, and bulk RNA-seq data was performed
in close collaboration with Karol Jacek (PhD student, group of Prof. Dr. Bozena Kaminhska,
Nencki Institute, Warsaw) and Dr. Marc Zapatka (DKFZ). Specifically, computational
preprocessing and pipeline implementation were carried out by Karol Jacek, and Dr. Marc
Zapatka, while | defined biologically meaningful clustering parameters, performed cluster
annotation, and led the biological interpretation of the data. | directed the analytical strategy
of the study, including the introduction of tumor reactivity prediction scores, developed all

hypotheses and performed all data interpretations.

3.2.8.2. Selection and cloning of TCRs

Candidate TCRs for functional validation were selected based on criteria defined by me,
including clonal expansion (=4 cells per clonotype), localization within CD103* Trw clusters,
and predicted tumor reactivity across the two applied scoring approaches. In addition,

selected clones outside predicted tumor-reactive regions were included as controls.

Based on these criteria, Karol Jacek selected and extracted TCR sequences from the 10x
Genomics dataset and uploaded them to the “makeTCR” platform. The cloning of TCR-
encoding DNA constructs into viral vectors was performed by the group of Dr. Edward

Green.

All subsequent experimental steps, including DNA linearization, amplification, and in vitro

transcription, were performed exclusively by me.
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3.2.8.3. Functional validation of TCRs

Functional testing of the selected TCRs was performed using two complementary assay

systems.

The Jurkat-based reporter assay was established in collaboration with Katharina von
Werthern (PhD student, group of Dr. Patrick Schmidt, DKFZ) and Felix Andres (PhD
student, group of Prof. Dr. Stefan Eichmdller, DKFZ). Katharina von Werthern provided
expertise in handling the reporter cell line and established the positive control system based
on an NY-ESO-1-specific TCR and peptide-loaded beads. The Lightning™ assay platform

was implemented in collaboration with Felix Andres.

An alternative assay based on primary T cells was developed by Felix Andres. He expanded
T cells from cryopreserved PBMCs of sample NCH9348. The pooling of T cells expressing
distinct TCRs by barcoding via different anti-human CD45 fluorophore-labelled antibodies

was previously established by Felix Andres (methodological publication in preparation).

For both assay systems, all experimental procedures, including TCR mRNA electroporation,

co-culture setup, and flow cytometry staining, were performed by me.

3.2.8.4. CODEX multiplexed tissue imaging

An initial panel of validated antibodies was provided by the group of Prof. Dr. Sascha
Dietrich (University Hospital Dusseldorf). Based on my scRNA-seq analysis and relevant

literature, | selected additional antibodies to refine and extend the panel.

All experimental procedures, including tissue staining and imaging, were performed by the
group of Prof. Dr. Sascha Dietrich. Following image acquisition, | received the imaging data
and performed quality control, including evaluation of antibody specificity and optimization

of antibody dilution and exposure parameters.

Once the antibody panel was established, patient tissue samples were stained and imaged
by the collaborating group in Dusseldorf. | subsequently performed independent qualitative
analysis of the imaging data. All downstream analyses, including spatial interpretation,

hypothesis generation were conducted by me.
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4, Results

4.1. Single-cell profiling of the transcriptomic landscape and TCR

repertoire of brain metastases-infiltrating T cells

To characterize the T cell compartment in NSCLC brain metastases, | performed single-cell
RNA sequencing (scRNA-seq) combined with paired T cell receptor (TCR) sequencing of
FACS-sorted CD3" T cells isolated from resected brain metastasis tissue of nine patients.
For four patients, matched peripheral blood mononuclear cells (PBMCs) were analyzed in

parallel, enabling comparison between tumor-infiltrating and circulating T cell populations.

This approach allowed the simultaneous assessment of transcriptional states and clonal
relationships of T cells at single-cell resolution. In particular, it enabled the identification of
distinct CD4" and CD8" T cell populations and the direct linkage of their transcriptional
profiles to TCR-defined clonal expansion. Furthermore, | functionally evaluated selected
TCRs identified from the BrM single-cell analyses using in vitro co-culture systems with

autologous tumor material (Figure 1).

The integration of matched blood samples provided a framework to assess the degree of
overlap between tumor-infiltrating and circulating T cell repertoires and to investigate
whether clonal expansion occurs locally within the metastatic niche. Bioinformatic
processing and downstream computational analyses of the scRNA-seq and TCR-seq
analysis auf der BrM-derived T cells and the bulk-TCRB analysis were performed in
collaboration with Karol Jacek (PhD student, group of Prof. Dr. Bozena Kaminska, Nencki
Institute, Warsaw) under supervision of Dr. Marc Zapatka (DKFZ). Analysis of the scRNA-
seq and TCR-seq for the peripheral blood-derived T cells and TCR sharing between TCRs
of blood and BrM of the same patient were directly performed by Dr. Marc Zapatka (DKFZ).

Together, this dataset enables the high-resolution characterization of T cell heterogeneity
and clonal expansion in NSCLC brain metastases and provides the basis for subsequent

analyses of tumor reactivity and spatial organization.
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scRNA/TCR-seq of T cells from brain metastasis and peripheral blood
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Figure 1: Experimental workflow for single-cell profiling and functional analysis of T cells.

Schematic overview of the study design. Single-cell gene expression and paired T cell receptor (TCR) libraries
were generated from FACS-sorted CD3* T cells isolated from brain metastases (n = 9) and matched peripheral
blood (n = 4). TCR repertoire overlap between tumor and blood compartments was analyzed. Selected BrM-
derived TCR sequences were reconstructed in vitro and functionally tested by transfection into T cells followed

by co-culture with autologous tumor cells.

4.1.1. Distinct transcriptional T cell phenotypes in NSCLC brain metastases

To define the transcriptional landscape of tumor-infiltrating T cells in NSCLC brain
metastases, | performed single-cell RNA sequencing on FACS-enriched CD3* T cells
derived from nine patient samples, yielding 53,220 high-quality cells after quality control
filtering. Unsupervised clustering identified multiple transcriptionally distinct T cell
populations, visualized by UMAP (Figure 2E), which were broadly assigned to CD4* and
CD8" lineages based on the expression of CD4 and CD8A, respectively (Figure 2A, Figure
2B). In addition, a small population of y& T cells was identified by expression of TRDV1 and
TRGVA.

Within the CD4* compartment, | identified central memory (Tcm) cells characterized by
expression of TCF7, CCR7, and IL7R (Figure 2C, 2F), as well as effector memory (Tewm)
populations with increased expression of inflammatory genes such as GZMK and IFNG.
Furthermore, distinct clusters corresponding to regulatory T cells (FOXP3, IL2RA) and T
follicular helper-like cells expressing CXCL13 and PDCD1 were observed (Figure 2F).

68



Results

Proliferating T cell populations were detected in both CD4* and CD8* compartments based

on expression of cell cycle-associated genes.

Within the CD8* T cell compartment, in addition to effector memory populations, | identified
a distinct subset characterized by the tissue-residency markers /ITGAE (CD103) and
CXCRS6. Notably, this population was characterized by high expression of cytotoxic effector
molecules, including PRF1 and GZMB, alongside the expression of inhibitory receptors
such as PDCD1, HAVCR2, and TIGIT (Figure 2D, 2F). Based on this transcriptional profile,

| annotated this cluster as CD8* tissue-resident memory T cells (TRM).

To further resolve lineage-specific differentiation states and functional programs, CD4* and

CD8" T cells were subsequently analyzed separately.
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Figure 2: Single-cell transcriptomic landscape of brain metastases (BrM)-infiltrating T cells.

UMAP visualization of scRNA-seq data from T cells isolated from BrM of nine patients. (A-C) Feature plots
showing expression of CD4 (A), CD8A (B), and IL7R (C). (D) Cytotoxicity score based on expression of GZMB,
PRF1, NKG7, and FASLG. (E) UMAP colored by cluster annotation. (F) Selected differentially expressed genes

supporting cluster annotation.
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4.1.2. CD4* T cells in NSCLC brain metastases comprise distinct memory,

regulatory, and helper subsets

To further resolve the CD4* T cell compartment, CD4* T cells were extracted from the global
dataset based on expression of PTPRC (CD45), CD3D, and CD4, yielding 25,300 high-
quality cells. Independent unsupervised re-clustering identified seven transcriptionally
distinct CD4* T cell states (Figure 3A), which were annotated based on characteristic

marker gene expression (Figure 3B).

Three clusters exhibited memory phenotypes, including one central memory population
(CD4" Tcm) characterized by CCR7, TCF7, KLF2, and IL7R, and two effector memory
populations (CD4* Tem) with increased expression of activation-associated genes such as
CD69 and GZMK. In addition, a distinct cluster of T follicular helper (Trn) cells was identified
based on expression of CXCL13, PDCD1, and ICOS. Regulatory T cells (Trec) segregated
into two subsets, including an activated population (Trec-act) characterized by high
expression of FOXP3, IL2RA, CTLA4, TIGIT, and /COS. Notably, this activated Trec
population also expressed PRF1. A proliferative cluster (TcycL) was defined by expression
of cell cycle-associated genes such as MKI67 and TOP2A. This cluster showed overlapping
transcriptional features with both Trq and Tresc.act populations, suggesting that the

proliferating CD4* T cells originate from these two subsets.

Across patients, all major CD4* T cell states were consistently detected but varied in relative
abundance, indicating substantial inter-patient heterogeneity (Figure 3C). Notably, the
proliferative TcycL population was absent in two patients, suggesting variability in local T cell

activation states across the cohort.
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Figure 3: Sub-clustering of CD4* brain metastases (BrM)-infiltrating T cells.

(A) UMAP visualization of CD4* T cells colored by subclusters. (B) Dot plot showing expression of selected

marker genes used for cluster annotation. (C) Proportion of cells from each patient within each subcluster.
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4.1.3. Distinct differentiation states and tissue-resident subsets define the

CD8* T cell compartment in NSCLC brain metastases

Focusing on the CD8* T cell compartment, 23,689 cells were extracted from the global
dataset based on expression of PTPRC (CD45), CD3D, and CD8A and subjected to
independent unsupervised re-clustering, identifying seven transcriptionally distinct subsets
(Figure 4A, Figure 4B).

Among these, a cluster characterized by expression of CCR7, TCF7, KLF2, and IL7R was
annotated as stem-like memory T cells (CD8" Tscm). A related population displaying
elevated GZMK expression (CD8" Tscm GzmK) suggested an early transition toward effector
differentiation. Two effector memory populations (CD8" Tem and CD8* Tem GzmK) were
identified based on reduced expression of stemness-associated genes and increased
expression of cytotoxic markers such as GZMB and NKG7. To further characterize these
populations, a memory score was applied, revealing variation in memory-associated

transcriptional programs across clusters (Figure 4C).

In addition to these populations, three clusters displayed features of activated and
exhausted T cells (Figure 4D, Figure 4E). One cluster exhibited high expression of multiple
inhibitory receptors and exhaustion markers, including PDCD1, HAVCR2, LAG3, TIGIT, and
TOX, consistent with a terminally exhausted phenotype (Tex). Two additional clusters co-
expressed exhaustion markers together with tissue-residency genes, including ITGAE
(CD103) and CXCR6, and were annotated as tissue-resident memory exhausted (Trv-ex)
and proliferating Trm (Trum-cycL), the latter defined by expression of MKI67 and TOP2A.
Notably, both Trm clusters showed strong expression of ENTPD1 (CD39), a marker

associated with chronic antigen stimulation (Figure 4B).

Across patients, all CD8* T cell subsets were detected, but their relative abundance varied
substantially (Figure 4F). While memory-associated populations were broadly represented
across patients, activated and tissue-resident subsets displayed higher variability. In
particular, the proliferative Tru-cvcL population was reduced or absent in selected patients,

indicating inter-patient differences in T cell activation states.
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Figure 4: Sub-clustering of CD8* brain metastases (BrM)-infiltrating T cells.

(A) UMAP visualization of CD8* BrM-infiltrating T cells colored by subclusters. (B) Dot plot showing expression
of selected differentially expressed genes used as marker genes for cluster annotation. (C-E) Feature plots over
the CD8* subclustered UMAP showing a memory score based on expression of genes IL7R, CCR7, SELL,
CXCR3, EOMES, and CD44 (C), an exhaustion score based on the transcriptomic signature of Zheng et al. (D),
and the cytotoxicity score based on expression of GZMB, PRF1, NKG7, and FASLG (E). (F) Proportion of cells

from each patient sample within each subcluster.
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4.1.4. Clonal expansion is enriched in tissue-resident CD8" T cell subsets in

NSCLC brain metastases

The co-expression of CD103 and CD39 has been linked to tumor-reactive CD8* T cell
populations in multiple tumor types (Duhen et al., 2018; Workel et al., 2019). In line with
these observations, the presence of this phenotype within my BrM dataset suggests that
tumor-associated T cell populations may be enriched within the tissue-resident
compartment. To further explore this possibility, | analyzed the clonal architecture of these
populations, as antigen-specific T cell responses are typically associated with clonal
expansion. Upon recognition of cognate antigen, T cells can undergo clonal expansion,
giving rise to populations of cells sharing identical T cell receptors (TCRs) (Sanroman et al.,
2023).

To investigate the clonal architecture of BrM-infiltrating T cells, | generated paired V(D)J
libraries alongside the gene expression libraries, enabling integrated analysis of
transcriptional state and TCR sequence at single-cell resolution. Clonotypes were defined

by matching nucleotide sequences of both TRA and TRB chains.

To stratify the extent of clonal expansion, clonotypes were classified according to their
relative abundance within the repertoire. TCRs detected only once were classified as
singlets; clones representing <0.1% of the repertoire as rare; >0.1% to 0.5% as small;
>0.5% to 1% as medium; >1% to 10% as large; and >10% as hyperexpanded. Clonal
expansion patterns varied substantially across patients; however, in most cases, more than
50% of T cells belonged to expanded clonotypes (Figure 5A). All patients harbored large
clones representing 1% to 10% of the total repertoire. While a subset of patients exhibited
predominantly rare to small clones with only limited expansion, others showed a
substantially higher fraction of expanded clonotypes. Notably, one patient displayed a

hyperexpanded clone representing more than 10% of all recovered TCRs.

Projection of clonal fractions onto the global UMAP revealed that expanded clonotypes were
not uniformly distributed across the T cell compartment, but were predominantly localized
within CD8* T cell clusters (Figure 5B). When mapped onto the CD8" subclustered UMAP,
the most expanded clonotypes were concentrated within the Tru-ex and Tru-cycL populations
(Figure 5D). In contrast, memory-associated clusters showed markedly lower degrees of

clonal expansion.

This spatial restriction of expanded clonotypes to tissue-resident CD8* T cell states is
consistent with the hypothesis that these populations are enriched for antigen-experienced
cells. Notably, the Trv-ex and Tru-cycL Clusters were defined by co-expression of ITGAE
(CD103), ENTPD1 (CD39), and CXCL13 (Figure 4B), a phenotype previously associated
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with tumor-reactive CD8* T cells in multiple solid tumor types (Duhen et al., 2018; Hanada
et al., 2022; Oliveira et al., 2021; Simoni et al., 2018; Wischnewski et al., 2023). Together,
these observations support the notion that the tissue-resident compartment contains the
most strongly expanded candidate tumor-associated clonotypes in the BrM

microenvironment.

To further assess this possibility, we applied two complementary approaches to infer tumor
reactivity. First, a transcriptional tumor-reactivity score based on the signature described by
Hanada et al. was projected onto the CD8* UMAP (Hanada et al., 2022). This score showed
strongest enrichment within the resident-memory clusters, with lower enrichment in the Tex
population (Figure 5E). Second, a machine-learning-based classifier was applied to predict
tumor-reactive TCRs from integrated scRNA-seq and V(D)J data (Tan et al., 2025). These
predictions largely overlapped with the signature-based approach, while extending into the

Tex cluster and a subset of GZMK-positive populations (Figure 5F).

To assess the contribution of potential viral-reactive bystander T cells, TCRB CDR3 amino
acid sequences were cross-referenced against VDJdb, a curated database of
experimentally validated antigen-specific TCRs. Only few virus-associated matches were
detected within the CD4* compartment, whereas a more notable fraction localized to CD8*
T cells (Figure 5G). Surprisingly, these hits were enriched within the Tru cluster and

originated exclusively from a single patient, NCH9587 (Figure 5H).

Although clonal expansion was most pronounced in CD8* T cells, analysis of the isolated
CD4* compartment also revealed selective expansion within activated subsets. Expanded
CD4" clonotypes were primarily detected in TrH, Trec-act, and Tem GzmK populations
(Figure 5C). This observation is compatible with localized activation of distinct helper T cell
populations within the BrM niche and further supports the presence of structured

intratumoral immune responses, which are examined spatially in section 4.3.5.
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4.1.5. Low clonal expansion in peripheral blood T cells contrasts with the

tumor-infiltrating compartment

The pronounced clonal expansion observed within BrM-infiltrating T cells suggested
antigen-driven activation within the metastatic niche. However, it remained unclear whether
these expanded clonotypes were restricted to the intracerebral compartment or were also
present in the peripheral circulation. Resolving this question provides indirect insight into
whether these T cells represent locally expanded populations or reflect systemic immune
responses potentially primed outside the brain. To address this, | performed paired single-
cell transcriptomic and TCR profiling of peripheral blood (PB) T cells and tumor-infiltrating

T cells from four patients.

CD3* T cells were isolated by FACS from cryopreserved peripheral blood mononuclear cells
(PBMCs) obtained from four patients whose BrM samples had been profiled previously.
Unsupervised clustering identified distinct transcriptional states within the peripheral T cell
compartment (Figure 6A) and cluster annotation was performed based on differentially
expressed genes (Figure 6B). Naive T cells were defined by high expression of SELL,
TCF7, CCR7, LEF1, KLF2, and IL7R. Central memory T cells retained expression of KLF2
and /L7R while exhibiting reduced levels of naive-associated markers. Effector memory T
cells showed further downregulation of naive markers and upregulation of effector-
associated genes, including KLRB1 in CD4* cells and cytotoxic molecules such as GZMB,
PRF1, and NKG7 in CD8" cells. Cytotoxic CD4* T cells were defined by high expression of
PRF1and NKG7 in the absence of memory-associated gene expression. Regulatory T cells
were identified by FOXP3 and IL2RA expression together with inhibitory receptors including
TIGIT and CTLA4. Natural killer (NK) cells were annotated on the expression of NKG7, and
KLRB1, mucosal-associated invariant T (MAIT) cells were annotated based on TRAV1-2,
SLC4A10, and KLRB1 expression, while yd T cells were defined by TRGV9 and TRDV2

expression. No cluster of proliferative cells could be detected.

Analysis of TCR clonality revealed markedly lower levels of clonal expansion in peripheral
blood compared to matched BrM samples, with the majority of peripheral T cells
represented by unique TCRs (Figure 6C). This observation is consistent with the expected
diversity of circulating T cell repertoires. Notably, one patient (NCH9230) exhibited
substantially higher clonal expansion in peripheral blood, with more than 50% of T cells
belonging to expanded clonotypes, whereas the remaining patients showed markedly lower

levels of expansion.

Projection of clonal expansion onto the PB UMAP revealed that expanded clonotypes were

primarily localized within the CD8* effector memory compartment (Figure 6D). These T cells
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co-expressed cytotoxic effector molecules and activation-associated genes in combination

with memory genes, consistent with an re-activated T cell state.

To further characterize the antigen specificity of the expanded TCR repertoire, TCR
sequences were compared against the VDJdb. This analysis identified some TCRs with
virus-associated entries. However, only a negligible number of fully matching TCRs, defined

by identical a- and B-chain pairing (Figure 6E).

Taken together, these findings indicate that clonal expansion is generally less pronounced
in peripheral blood than in the tumor microenvironment, although a slight clonal expansion
can be observed in one patient and is associated with activated CD8* Tem cell states.
Compared to the BrM T cells, T cells from the peripheral blood are more frequently
annotated with known viral-reactivity in the VDJdb. These virus-directed TCRs were
predominantly found in distinct clusters within the CD4* and CD8" effector memory clusters.
However, the extent to which clonally expanded T cells are shared between brain

metastases and the peripheral circulation remains unresolved.

To directly address this, | next performed a comparison of TCR-sequences between patient

matched BrM and PB T cells, as described in section 4.1.6.
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Figure 6: Single-cell transcriptomic and clonal profiling of peripheral blood (PB) T cells.
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(A) UMAP of PB T cells colored by cluster annotation. (B) Dot plot showing expression of selected marker genes

used for cluster annotation. (C) Distribution of clonal expansion frequencies of PB T cells based on paired
TCRoaf sequences. (D) Projection of clonal expansion onto the PB T cell UMAP. (E) UMAP highlighting TCRs

with virus-associated matches in VDJdb.
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4.1.6. TCR sharing between brain metastasis-infiltrating and peripheral blood

T cells

To assess whether clonally expanded T cells are shared between the tumor and the
peripheral circulation, BrM-infiltrating and matched peripheral blood (PB) T cells were

directly compared based on identical TCR amino acid sequences.

The extent of TCR sharing between compartments varied markedly across patients (Figure
7A-D). Notably, this heterogeneity was not explained by differences in the number of
sequenced T cells. For example, patient NCH9348, despite having the lowest number of
sequenced BrM T cells (Appendix Figure 1A), exhibited 122 shared clonotypes, whereas
patient NCH9587, with the highest number of sequenced BrM T cells, displayed only 37
shared clonotypes. Beyond the absolute number of shared clonotypes, substantial
variability was observed in their clonal sizes and relative distribution between

compartments.

In patient NCH9230, a prominent shared clonotype comprised several hundreds of cells
and represented a highly expanded population in the peripheral blood, accounting for nearly
10% of all detected TCRs, while constituting less than 1% of the BrM TCR repertoire (Figure
7A). In contrast, patient NCH9587 harbored two shared clonotypes that were highly
expanded within the brain compartment, each comprising more than 100 cells and
accounting for approximately 9% of all sequenced TCRs, while representing less than 0.1%
of the peripheral blood repertoire (Figure 7D). Beyond these compartment-skewed
extremes, a subset of smaller clonotypes displayed comparable relative frequencies across
both compartments, consistent with a more balanced distribution between circulation and

tumor tissue.

It is important to consider that single-cell sequencing captures only a small fraction of the
highly diverse circulating TCR repertoire. As a result, rare clonotypes present in peripheral
blood may not be detected, potentially leading to an underestimation of true systemic TCR
sharing. To address this limitation, bulk TCRB sequencing of peripheral blood T cells was
performed to assess whether the clonal expansion patterns observed in the single-cell
dataset accurately reflect the underlying peripheral TCR repertoire. While this approach
does not preserve a-B chain pairing information, it provides substantially increased
sampling depth and enables more sensitive detection of low-frequency clonotypes. Bulk
TCR analysis showed strong concordance with the single-cell data, with similar proportions
of clonally expanded T cells observed across patients (Figure 7E, Figure 6C). In addition,

analysis of the 10 most expanded clonotypes revealed that peripheral clonal expansion in
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patient NCH9230 was driven by a small number of dominant clones rather than broad
polyclonal expansion (Figure 7F).
While these analyses provide evidence for compartmental overlap of clonally expanded T

cells, they do not resolve their antigen specificity. To directly the antigen specificity of

selected BrM-derived TCRs, | performed functional in vitro assays which are described in

the next section 4.2.
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Figure 7: TCR sharing between brain metastasis-infiltrating and peripheral blood T cells

(A-D) Clonotype overlap between brain metastasis-infiltrating (tumor) and PB (blood) T cells across four
patients. Dot size indicates the number of cells per clonotype, which is furthermore indicated by log. size color
coding. Number of shared clonotypes are indicated. (E) Clonal fraction of the PB TCR repertoire determined by

bulk TCRP sequencing. (F) Proportion of the top 10 clonotypes per sample based on bulk TCR{ sequencing.
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4.2. Functional validation of tumor reactivity of selected TCRs from

brain metastases-infiltrating T cells

To directly test whether T cells identified in the BrM microenvironment recognize tumor-
derived antigens, | performed in vitro functional assays using selected TCRs derived from
the single-cell RNA/TCR-seq dataset.

A maijor limitation in studying brain metastases is the scarcity of viable patient material. For
this analysis, | obtained cryopreserved single-cell suspensions of BrM tissue from two
patients (NCH8937 and NCH9348), as well as matched PBMCs from patient NCH9348.

To functionally assess whether selected TCRs mediate tumor antigen-specific T cell
activation, | applied two complementary experimental systems based on TCR-transgenic
cells. Selected TCR sequences were cloned in collaboration with Dr. Edward Green
(DKF2), transcribed into mRNA, and transfected into either a Jurkat reporter cell line or
autologous T cells. Functional responses were then measured upon co-culture with patient-

derived tumor cells using reporter activation or flow cytometric readouts of T cell activation.
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Figure 8: Workflow for functional validation of candidate T cell receptors (TCRs).

Schematic overview of the experimental pipeline for functional testing of TCRs identified from scRNA/TCR-seq
of brain metastases (BrM)-infiltrating T cells from patients NCH8937 and NCH9348. (1.) Selected TCR
sequences were cloned, in vitro transcribed, and transfected as mRNA into either JE6-1 reporter cells or
autologous T cells (available for NCH9348). (2. A) TCR-transgenic JE6-1 reporter cells were co-cultured with
patient-derived tumor cells using the Lightning™ optofluidic platform, with NF-kB-driven eGFP expression as a
readout of T cell activation. (2. B) TCR-transgenic autologous T cells were co-cultured with tumor cells, and
activation was assessed by flow cytometric detection of CD107a surface expression and TNFa production.
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4.2.1. Selection and characterization of candidate TCR clonotypes for

functional testing

TCR candidates for functional validation were selected based on the integrated single-cell
transcriptomic and clonal analyses described in sections 4.1.3 and 4.1.4. | focused on
clonally expanded CD8* T cells, defined as clonotypes represented by at least four cells
sharing identical paired TCRap sequences. To capture a broad spectrum of transcriptional
states, TCRs were selected from clusters associated with predicted tumor reactivity based
on transcriptomic and machine learning-based approaches (Figure 4D, Figure 4E, and
shown again in Figure 9B and Figure 9C for reference), as well as from clusters not

classified as tumor-reactive.

For patient NCH8937, eight TCR clonotypes were selected. Three clonotypes originated
from clusters predicted to be tumor-reactive based on both transcriptomic signatures and
machine learning-based classification, predominantly mapping to the Trm-ex cluster (Figure
9D, clones 1 to 3). Three further clonotypes were selected from the GZMK-positive effector
memory cluster (Figure 9D, clones 4 to 6). One additional clonotype (Figure 9D, clone 7)
localized to an intermediate transcriptional state spanning features of exhausted and
effector memory populations, while one clonotype mainly originated from the stem-like

memory cluster (Figure 9D, clone 8).
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Figure 9: Distribution of TCR clonotypes selected from sample NCH8937 for functional validation.

For reference, the BrM CD8* TIL UMAP (A), the anti-tumor reactivity score based on the signature by Hanada
et al. (B), and the predicTCR score (C) are shown again. (D) UMAP projection of the BrM CD8* T cell
compartment showing the distribution of eight selected TCR clonotypes from patient NCH8937.

For patient NCH9348, nine clonotypes were selected for downstream analysis. The majority
of these (clones 1-7; Figure 10A) were derived from the predicted tumor-reactive clusters
Trmex and Trucver. Two additional clonotypes (clones 8 and 9; Figure 10A) originated from
Tsem GZMK memory clusters, thereby extending the analysis to T cell populations outside

the predicted tumor-reactive clusters.

For this patient, matched peripheral blood T cells were also profiled by scRNA-seq and TCR
sequencing (see section 4.1.5). Notably, of the nine selected TCRs, only the two clonotypes
derived from the BrM Tscu GZMK TIL cluster (clones 8 and 9) were also detectable in the

peripheral blood based on shared TRAV and TRBV gene usage as well as identical CDR3a
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amino acid sequences (compare with Table 1). For each of these two clonotypes, one
clonally expanded population was identified within the peripheral CD8" Tem compartment,
accompanied by one to two additional T cells exhibiting alternative CDR3B chain pairing
(Figure 6C). However, none of the remaining seven clones coming from the tumor-predicted

CD103* Tru clones were detectable in the peripheral blood.
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Figure 10: Distribution of TCR clonotypes selected from sample NCH9348 for functional validation.

(A) UMAP projection of the BrM CD8* T cell compartment showing the distribution of eight selected TCR
clonotypes from patient NCH9348. (B) For reference, the peripheral blood (PB) UMAP. (C) Localization on the
PB UMAP of T cells carrying TCRs with identical TRAV/TRBV genes, and identical TCRa chain amino acid
sequences to the selected clones of sample NCH9348 for the in vitro testing. Corresponding paired

TCRa_TCRp amino acid sequences are indicated.
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The selected TCR clonotypes for both patient samples are summarized in Table 1, including
their CDR3a amino acid sequences and corresponding TRAV and TRBV gene usage.
Notably, several clonotypes shared identical TRBV gene segments while pairing with
distinct TRAV chains. For example, in patient NCH8937, clonotypes 1 and 3 both utilized
TRBV20-1, and clonotypes 5 and 6 shared TRBV12-5. Similarly, in patient NCH9348,
clonotypes 1 and 2 both utilized TRBV2 but differed in their associated TRAV genes.
Despite sharing identical TCRB chains, these clonotypes represent distinct TCRaf
receptors due to their unique a-chain pairing. As antigen recognition is determined by the
combined af TCR structure, these receptors are expected to exhibit distinct antigen

specificities.

Table 1: Sequence features of selected TCR clonotypes.

Selected TCR clonotypes derived from single-cell RNA/TCR sequencing of brain metastases (BrM)-infiltrating
T cells from patients NCH8937 and NCH9348. The table summarizes CDR3 amino acid sequences and
corresponding TRAV and TRBV gene usage for each clonotype.

Clone CDR3a sequence TRAV TRBV
NCH8937 clone 1 CALSDWNNNARLMF TRAV19 TRBV20-1
NCH8937 clone 2 CAGGRSTSGTYKYIF TRAV25 TRBV9
NCH8937 clone 3 CLVVLPWMDTGRRALTF TRAV4 TRBV20-1
NCH8937 clone 4 CAMDSNYQLIW TRAV38-2 TRBV6-5
NCH8937 clone 5 CIVRVNNDMRF TRAV26-1 TRBV12-5
NCH8937 clone 6 CAFIVIYNQGGKLIF TRAV24 TRBV12-5
NCH8937 clone 7 CGTETGANNLFF TRAV30 TRBV5-1
NCH8937 clone 8 CAVSPDGQKLLF TRAV12-2 TRBV7-8
NCH9348 clone 1 CILGGGTSYGKLTF TRAV26-2 TRBV?2
NCH9348 clone 2 CAVKDDYKLSF TRAV12-2 TRBV2
NCH9348 clone 3 CALSESPGGSEKLVF TRAV19 TRBV19
NCH9348 clone 4 CAVTGDYGGSQGNLIF TRAV21 TRBV27
NCH9348 clone 5 CAMREILRGANSKLTF TRAV14/DV4 TRBV?2
NCH9348 clone 6 CALSEQTGANNLFF TRAV19 TRBV6-5
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NCH9348 clone 7 CAVKDGADKYIF TRAV12-2 TRBV5-1
NCH9348 clone 8 CVVSDPTGFQKLVF TRAVS-2 TRBV7-2
NCH9348 clone 9 CAVTTGGFKTIF TRAV12-2 TRBV2

To generate the selected TCRs for functional testing, TCR sequences were processed
using the open-source “makeTCR” cloning platform and cloned in collaboration with Dr.
Edward Green’s group into a T7 promoter-containing expression backbone (Appendix
Figure 2A). The resulting constructs were used to generate in vitro-transcribed mRNA

encoding both TCR a- and (3-chains.

Due to the availability of autologous T cells only for patient NCH9348, two complementary
experimental systems were established for functional testing. TCR mRNA was introduced
either into a Jurkat-based reporter cell line or into autologous primary T cells, followed by
co-culture with patient-derived tumor cells. The functional outcomes of these assays, which
directly assess tumor reactivity of the selected TCRs, are presented in sections 4.2.1.1 and
4.21.2.

4.2.1.1. Functional assessment of TCRs using a Jurkat-reporter line identifies

anti-tumor reactivity in CD103* T cells

To functionally assess tumor reactivity of selected TCRs, | utilized the JE6-1-NF-kB::eGFP
Jurkat reporter system, developed by the group of Assoc. Prof. Dr. Peter Steinberger
(Medical University of Vienna), in which TCR engagement induces NF-kB-dependent eGFP

expression as a direct readout of antigen-specific TCR signaling.

The assay was performed in two independent experiments using patient-specific TCRs and
matched autologous brain metastases samples from patients NCH8937 and NCH9348. To
enable high-throughput functional testing despite limited availability of primary tumor
material, co-culture experiments were performed using the Lightning™ optofluidic platform
(Bruker). This system allows single-cell-resolved co-culture in nanoliter-scale NanoPens™,
enabling parallel analysis of more than 100 independent co-cultures per TCR candidate
while minimizing consumption of BrM cells. Tumor cells were first loaded at a concentration
adjusted to achieve approximately 10 cells per NanoPen™. Subsequently, TCR-transgenic
Jurkat reporter cells were introduced, with each TCR condition assigned to a separate field

of view comprising 101 to 156 NanoPens™. Jurkat cells were loaded at a concentration
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corresponding to approximately 5 cells per NanoPen™, resulting in a 1:2 effector to target

ratio.

TCRs of interest were introduced into reporter cells by mRNA electroporation, resulting in
efficient surface expression across all constructs (>80%) (Figure 11A, Figure 11B). Baseline
reporter activity at the start of co-culture was low across all conditions, with mean eGFP
positivity of approximately 4% to 5% among mRNA-transfected populations (Appendix
Figure 2B-D). To further assess unspecific reporter induction in the absence of TCR
stimulation, | monitored eGFP expression over an additional 24-hour period. This analysis
showed only a minor increase in spontaneous eGFP positivity (Figure 11C), providing an
important reference for distinguishing background reporter induction from bona fide TCR-
dependent activation during co-culture. To define the dynamic range and background
activity of the assay, both negative and positive controls were included. Mock-transfected
cells (electroporated with elution buffer EB but without TCR mRNA) were used to quantify
unspecific eGFP expression in the absence of TCR-mediated activation, thereby
establishing the baseline level of reporter induction. As a positive control, reporter cells were
transfected with the well-characterized NY-ESO-1-specific TCR 1G4-a95LY (referred to as
TCR ¢259) and co-cultured with beads loaded with the cognate NY-ESO-1 peptide
(SLLMWITQC). NY-ESO-1 is a highly immunogenic cancer-testis antigen frequently
expressed in solid tumors (Chen et al., 2024). This condition provided a defined, antigen-
specific stimulus to confirm functional responsiveness of the reporter system. Importantly,
peptide presentation on beads represents a non-physiological setting with high local antigen
density and therefore does not reflect endogenous antigen presentation by tumor cells.
Consequently, this condition serves as a benchmark for maximal reporter activation rather
than a direct comparator for physiological TCR activation in tumor co-culture experiments.
Under these conditions, none of the tested TCRs from patient NCH9348 induced reporter
activation above background levels (data not shown). Notably, the corresponding BrM
single-cell suspension consisted entirely of non-viable cells, in contrast to the NCH8937
sample, which contained viable tumor cells. This lack of viable target cells likely limited
antigen presentation and may explain the absence of detectable TCR activation in this
experiment. Subsequent analyses were therefore restricted to patient sample NCH8937, in
which TCR-dependent reporter activation was detectable. For this sample, one clonotype
(NCH8937 clone 1) induced reporter activation, with 9.2% of NanoPens™ (12/130)
containing eGFP-positive cells (Figure 11D-F). Time-resolved imaging confirmed that eGFP
expression was induced upon direct contact of the TCR-transgenic Jurkat cells and the

tumor cells and increased over time (Figure 11G).
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Longitudinal analysis of fluorescence intensity revealed marked variability in eGFP signal
strength across positive NanoPens™, reflected by differences in MFI values (Figure 11G).
This variability is consistent with the peptide dose-dependent nature of the reporter system
(Muller et al., 2020), in which fluorescence intensity scales with the strength of TCR-peptide
interactions and the density of cognate antigen presented by target cells. Independently of
signal intensity, in some NanoPens™ multiple reporter cells were simultaneously activated,
suggesting that local presentation of sufficiently high levels of cognate antigen by tumor
cells may enable coordinated activation of the TCR-identical reporter cells. Importantly, the
activation of one T cell did not impact on the other T cells in the same NanoPen™. The
magnitude of the eGFP expression for this positive hit must be interpreted in the context of
the assay’s dynamic range. Even under optimized conditions, the positive control reached
only ~60% NanoPen™ positivity, indicating intrinsic sensitivity limitations of the reporter
system. In addition, the use of unselected tumor single-cell suspensions introduces

substantial cellular heterogeneity, including antigen-negative and non-malignant cells.

Taken together, the detection of contact-dependent activation in 9.2% of NanoPens™
provides strong functional evidence that the selected NCH8347 clonotype 1 recognizes

antigens presented by autologous brain metastatic cells.
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Figure 11: Functional identification of a tumor-reactive TCR in NCH8937 using a Jurkat reporter assay

Flow cytometric assessment of surface expression of transfected mTCRs for candidate clonotypes from
NCH8937 (A) and NCH9348 (B). (C) Increase in unspecific eGFP expression in reporter cells transfected with
TCRs of interest over 24 h (24-48h post-transfection) in the absence of target cell stimulation. (D) Fraction of
NanoPens™ containing eGFP-positive cells after 43 h of co-culture with autologous BrM cells from NCH8937,
meeting predefined criteria for TCR-dependent activation (contact-dependent signal induction and onset 26 h
after co-culture initiation). Representative FITC-channel images of positive NanoPens™ for clonotype 1
(NCH8937) at baseline (E) and after 43 h (F). (G) Longitudinal mean fluorescence intensity (MFI) of the 12

NanoPens™ exhibiting TCR-dependent activation.

4.2.1.2. Functional assessment of TCRs using autologous T cells identifies

anti-viral reactivity in T cells outside the tumor-reactive predicted cluster

To exclude that the absence of tumor reactivity observed for NCH9348-derived TCRs in the
Jurkat reporter assay was due to limited assay sensitivity, | performed complementary
functional testing using autologous primary T cells. T cells were expanded from
cryopreserved PBMCs of patient NCH9348 and transfected with mRNA encoding the nine
candidate TCRs selected from this patient. TCR-transgenic T cells were co-cultured with
autologous tumor single-cell suspensions at an effector-to-target ratio of 1:1 for 6 hours. T
cell activation was assessed by flow cytometric detection of degranulation by CD107a and

effector function and cytokine production by TNFa.

To validate assay performance under physiological conditions, multiple control conditions
were included. As a positive control for antigen-specific activation, T cells expressing the
NY-ESO-1-specific TCR ¢259 were co-cultured with the melanoma cell line A375, which
endogenously expresses high levels of NY-ESO-1. Baseline activation was assessed using
TCR-transgenic T cells cultured alone, while co-culture with autologous PBMCs served to
exclude nonspecific or autoreactive activation. In addition, TCR-independent stimulation
using TransAct™, a polymeric nanomatrix conjugated to humanized CD3 and CD28
agonists, confirmed the general activation capacity of transfected T cells. Finally, a viral
peptide pool (PepTivator®) containing 32 MHC-I-restricted peptides from cytomegalovirus
(HCMV), Epstein-Barr virus (EBV), and influenza virus was used to assess potential virus-

specific reactivity.

Efficient TCR expression was achieved across all constructs, with >90% of viable CD8* T
cells staining positive for the transgenic TCR at the time of analysis (Figure 12A). The use
of murine constant regions prevented mispairing with endogenous TCR chains and enabled

specific detection of transgenic TCR expression using an anti-mouse TCR[ antibody.
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No activation was observed in T cells cultured alone or in co-culture with autologous
PBMCs, indicating absence of nonspecific or autoreactive responses. Upon TCR-
independent stimulation, all conditions showed robust activation, with >50% of TCR-positive
cells expressing CD107a and/or TNFa (Figure 12C-K), confirming functional competence

of the transfected T cells.

The positive control condition (TCR-c259 + A375 cells) resulted in clear antigen-specific
activation, with approximately 25% of T cells expressing CD107a and/or TNFa (Figure 12B),
demonstrating that the assay is capable of detecting physiologically relevant TCR-mediated

responses.

In contrast, none of the nine NCH9348-derived TCRs induced detectable activation upon
co-culture with autologous tumor cells, indicating absence of measurable tumor reactivity
under these conditions. This finding is consistent with the results obtained for patient
NCH9348 in the Jurkat reporter assay from section 4.2.1.1 and supports the conclusion that

the lack of activation is not attributable to insufficient assay sensitivity.

Notably, one clonotype (clone 9) exhibited strong activation in response to the viral peptide
pool, indicating virus-specific reactivity (Figure 12K, Figure 12L). This clonotype was
transcriptionally annotated as belonging predominantly to the Tscm GZMK cluster (Figure

10 A), consistent with a non-tumor-specific memory phenotype.

Taken together, these results demonstrate that one of the two clonotypes selected from
non-tumor-predicted transcriptional states in patient NCH9348, which was furthermore
detectable in the patients peripheral blood, exhibits clear functional reactivity toward viral
antigens. This finding provides direct evidence that TCRs outside of tumor-associated
clusters can represent virus-specific bystander populations within the BrM-infiltrating T cell

compartment.

In contrast, none of the NCH9348-derived TCRs induced detectable activation upon co-
culture with autologous tumor cells. As noted above in section 4.2.1.1, the cryopreserved
tumor single-cell suspension used in this assay consisted entirely of non-viable cells, likely
limiting antigen presentation. Consequently, the absence of tumor-directed activation

cannot be interpreted as evidence for a lack of tumor reactivity.

92



Results

fremrreryrem—rrrye
N .

s . .

) N 5

A NCH9348 T cells 24h post-transfection B Contol Cc NCH9348 TCR-1
100 952 964 937 985 g, 958 952 955 100 100—
1
2 PP 2 =
LS 3§ 80 8§ 80
3 £ Mock (EB) £
° ’ . oc! ) s .
r é é 60 -4 § 60
8 s 59 e TCRc259 5 o
3 ‘w3 a0 ‘=8 40+
i giw
E 25 as as
¥ ; 3 20+ g H 20
° Oe; N D B P A D D S 0 0-
FEFFFFFEFE P S & O SO vg‘ &£
< ) & © N $T & P
F F PP S FFLFSFE " & » N & ¥ &€ & &£
FFFFTFFFF S R \\;9 & \\;9 S qe“‘ R ;,\‘ o
3 W ©
S & > o /\‘? ,\cﬁ\\
NEPCA
PCAR
D NCH9348 TCR-2 E NCH9348 TCR-3 F NCH9348 TCR-4 G NCH9348 TCR-5
100+ 1004 100 100
23 25 2 = 2 &
] % 80 3 % 80+ 3 % 80 3 % 80+
£8 £8 £ 7 £8
5 o S o 5 5
w8 40 w8 40 o 2 40 ‘o 3 40
&= &= §% 5%
Qs Qs o' o
0- R 0- R 0 0
S N &3 ® S N N3 & 8 N AN @ 8 N N @
\"oe ) & Jp & \‘soe AN Js} & e°& Q:\ QT\ ’5‘0@ c,°& 2N &
& ¥ & S & ¥ & L &F & & F & ¢ & & &
_‘2‘° & <% _Q‘b & <% AT R 69 R AN &‘9 R
S & e &P e A A
o A N A & A & ¥ xT g
P NaPta o & ° Nt A
PCAR PCAR &P & PCANEN
H NCH9348 TCR-6 | NCH9348 TCR-7 J NCH9348 TCR-8 K NCH9348 TCR-9
1001 100 100 100
O o~ 9D o~ 0 o~ B o~
2 £ 804 T2 804 32 80+ 32 80
‘8 ] 3% '8 3 '8 3
g a5 oL oL
g § 604 g é 60 g § 60 g é 60
>3 >3 o o
as as as as
O3 204 Os5 204 O3 204 O3 204
®Ee =L REe Re
0- 0- 0- 0-
& & N
S D NF e S D5 e S D& S D8
&g,o & c'?& &\“"\o & C & & y e"yg «\*'b\o @"’o & «"‘Q o"vs} «\“’b\op (ﬁg’o < «"‘Q ¢ <\§°@
< &é 6_@ <& R A Q@‘} e'@ <& R < q‘b“‘ R NP < q@ &@ x,\(o &
& $ & & R
& J}\g AT L \\e' N AT L o (5}\@ AT g \\%_ - PSR
<
PEANEN i FEANEN & <
L
NCH9348 TCR-9 NCH9348 TCR-9 NCH9348 TCR-9 NCH9348 TCR-9 NCH9348 TCR-9
T cell only T cell + autol. PBMCs (1:1) T cell + autol. tumor cells (1:1) T cell + TransAct™ T cell + PepTivator®
a2 st a2 5 _ar 3 a2
o073 “ oM 0.063 " Toar 0019 16 %7
o © © o
~ b ~ ~ ~
Ot 7 - S St St
a i o a a
Qo ] o O ©
s, ] @ @G @
277 & a" 3
o, 4 1) o o
>0 > > >
a3 o4 a a3 a3 a3
036 e 02 02 82 s
RS B . \ -

0 w0
" vi710:TNFa

VL710:TNFa

VL710:TNFa

* VL710:TNFa

* VL710:TNFa

Figure 12: Functional assessment of NCH9348-derived TCRs in autologous primary T cells.

(A) Flow-cytometric assessment of transfection efficiency, showing mTCRp expression in CD8* T cells. (B)

Percentage of CD107a* and/or TNFa* T cells following co-culture of mock- or c259-transfected T cells with

A375 melanoma cells or culture without target cells. (C-K) Percentage of CD107a* and/or TNFa* T cells

transfected with NCH9348-derived TCRs following 6 h under the indicated conditions: T cells alone, co-culture

with autologous PBMCs, co-culture with autologous tumor cells, TCR-independent stimulation (TransAct™), or

stimulation with a viral peptide pool (PepTivator®). (L) Representative flow cytometry plots showing CD107a and

TNFa expression for NCH9348 clonotype 9 under the indicated conditions.
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4.3. Spatial organization of T cell populations in brain metastases

The single-cell transcriptomic and TCR-based analyses presented above identified clonally
expanded CD8* T cell populations with transcriptional features consistent with antigen-
driven activation within brain metastases. These populations were predominantly enriched
within tissue-resident CD103* T cell states, suggesting local activation and retention within
the metastatic niche. Independent tumor-reactivity prediction approaches, based on both
transcriptomic signatures and machine learning-based classification, consistently predicted

tumor reactivity for cells within these states.

Functional validation further demonstrated that selected TCRs can mediate antigen-specific
responses. Notably, the clonotype identified as tumor-reactive originated from a tissue-
resident cluster, predicted to be tumor-reactive by both transcriptomic and machine
learning-based approaches, whereas the clonotype exhibiting viral specificity was derived
from a non-tumor-predicted state, specifically the Tscm GZMK cluster. These findings
provide functional support for the predictive frameworks and highlight the functional

heterogeneity of the intratumoral T cell repertoire.

The limited overlap of TCR clonotypes between peripheral blood and brain metastases,
together with the presence of highly expanded CD103* tissue-resident T cells within the
tumor, suggests that clonal expansion may predominantly occur locally within the metastatic

niche rather than being driven by continuous recruitment from the periphery.

This observation led to the hypothesis that clonally expanded and functionally distinct T cell
populations are spatially organized within defined microenvironmental niches that support
local activation, differentiation, and retention. In particular, | sought to determine whether
putative tumor-reactive CD103* T cells preferentially localize to specific anatomical regions
and whether they engage in direct interactions with tumor cells. Furthermore, | aimed to
assess the presence of tertiary lymphoid structures (TLS) as potential sites of local T cell

priming.

However, dissociation-based single-cell analyses inherently lack spatial context, as tissue
disruption abolishes architectural integrity and precludes assessment of cellular
organization and interactions within the tumor microenvironment. Moreover, understanding
anti-tumor immunity requires analysis beyond isolated T cells, incorporating the broader
cellular and structural context, including other immune populations, stromal components,
and tumor architecture. To address these limitations, we performed multiplexed tissue
imaging using co-detection by indexing (CODEX, PhenoCycler) in collaboration with the
group of Prof. Dr. Sascha Dietrich (University clinic Dusseldorf) to resolve the spatial

distribution, cellular composition, and interaction networks within brain metastases.
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Importantly, the presence of clonally expanded CD103* T cells with cytotoxic features did
not uniformly associate with effective tumor control. For example, in patient NCH8937, |
functionally validated a tumor-reactive TCR, demonstrating the presence of clonally
expanded T cells capable of recognizing tumor-derived antigens. Despite this, this patient
exhibited the shortest overall survival within the cohort (4 months; Table M 1). While this
observation is limited to a single case and does not allow for generalizable conclusions, it
highlights that the presence of tumor-reactive T cells alone may not be sufficient to mediate
effective tumor control. Additional clinical and tumor-intrinsic factors are likely to critically

influence patient outcome.

Resolving these mechanisms requires analysis of tumor-infiltrating lymphocytes within their
native spatial context. However, existing spatial studies of brain metastases are limited by
restricted multiplexing capacity, incomplete tissue coverage, or insufficient single-cell
resolution, leaving the spatial organization of immune cell populations in brain metastases
incompletely defined (AIvarez-Prado et al., 2023; Biermann et al., 2022; Lu et al., 2021;
Widodo et al., 2023).

To address these limitations, | performed multiplexed tissue imaging using CODEX to
resolve the spatial distribution, cellular composition, and interaction networks within brain
metastases. All brain metastases analyzed originated from primary NSCLC. Pathological
classifications and clinical characteristics are summarized in Table M 2 and Table M 3. A

schematic overview of the experimental workflow is shown in Figure 13.

This analysis aimed to define the spatial organization and interaction networks of tumor-
infiltrating T cells, with a particular focus on CD103" populations as a surrogate for clonally
expanded T cells, in order to identify microenvironmental factors that may limit effective
anti-tumor immunity. While the current analysis is based on qualitative interpretation of
multiplexed imaging data, comprehensive quantitative and computational analyses of
spatial architecture, cellular neighborhoods, and cell-cell interactions are ongoing and were

beyond the scope of this thesis.
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Multiplexed spatial proteomics of the brain metastatic immune-environment
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Figure 13: Multiplexed tissue imaging by CODEX (PhenoCycler).

Schematic overview of co-detection by indexing (CODEX) imaging based on iterative cycles of reporter
hybridization and removal. Brain metastasis tissue sections (n = 16; NSCLC origin) were stained with a 52-plex
panel of oligonucleotide-conjugated antibodies and DAPI. In each cycle, complementary fluorophore-labeled
reporter oligonucleotides were hybridized, imaged, and subsequently removed to enable sequential detection

of all markers.

4.3.1. Design and application of a high-dimensional CODEX panel for spatial

profiling of brain metastases

To enable high-resolution spatial characterization of the brain metastatic microenvironment,
we designed and optimized a custom 52-plex oligonucleotide-conjugated antibody panel
(Table 2) to capture the cellular, structural, and functional complexity of the metastatic
niche. | specifically designed the panel to integrate three key biological dimensions: tissue

architecture, immune composition, and T cell functional states.

To delineate the tumor compartment, the epithelial marker cytokeratin-19 (CK19) was
included to identify metastatic NSCLC cells. In addition, p53 was incorporated because
NSCLC cells frequently harbor TP53 alterations or exhibit p53 overexpression, resulting in
intracellular protein accumulation detectable by immunostaining. Notably, such p53
accumulation has been linked to clinical outcome and response to immune checkpoint
inhibition (Mathiot et al., 2024; Mogi & Kuwano, 2011). Vascular and stromal components
were resolved using markers of endothelial cells and extracellular matrix organization
(CD31, CD34, CD90, Collagen IV, Podoplanin), while brain-resident cell types were
captured using GFAP for astrocytes and TMEM119 for microglia, to define the anatomical
context of the central nervous system. CD34 was included to identify endothelial progenitor
cells and thereby enable assessment of angiogenic activity (Hassanpour et al., 2023). In
parallel, Podoplanin (PDPN) was incorporated to capture cancer-associated fibroblasts
(CAFs), as PDPN* CAFs are linked to localized immunosuppression via TGF-f signaling
and correlate with poor clinical outcome (Hu et al., 2018; Suzuki et al., 2021).
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| comprehensively profiled the immune compartment using the lineage-defining marker
CD45 to resolve major leukocyte populations, including T cells (CD3, CD4, CD8, FOXP3),
B cells and plasma cells (CD20, PAX5, CD79a, CD138), myeloid cells (CD11b, CDGE8,
CD15), dendritic cell subsets (CD11c, CD21, CD208), and NK cells (CD56). Notably, the
combination of CD11b and CD56 additionally captures a subset of highly cytotoxic NK cells
(Fu et al.,, 2011). Within the T cell compartment, particular emphasis was placed on
resolving differentiation states, tissue residency, and functional phenotypes. Core lineage
markers were complemented by markers of naive, memory, and stem-like states (CD45RA,
CD45R0, CD62L, TCF1), as well as markers of terminal differentiation (CD57) and tissue
retention and migration (CD103, CD69, CCR7, ICAM-1). To further dissect functional states,
markers of activation and proliferation were included (CD25, ICOS, Ki-67), antigen
presentation (HLA-DR), and cytotoxicity (Granzyme B), alongside inhibitory receptors
associated with T cell exhaustion and chronic antigen exposure (PD-1, LAG-3, TIM-3,
CD39). These were paired with markers of immunosuppressive microenvironmental signals
(PD-L1, CD163, CD206, IL4I1). In addition, chemokine axes associated with B cell
recruitment and tertiary lymphoid structure formation (CXCL13, CXCRS5) were included to
facilitate identification of organized immune niches. For accurate single-cell segmentation
and downstream spatial analysis, nuclear and membrane markers (DAPI, Na*/K*-ATPase)
were integrated to enable robust cell boundary detection across heterogeneous tissue

regions.

Following extensive optimization, | achieved robust signal detection for the majority of
markers. Representative fluorescence images for selected markers are shown in (Appendix
Figure 3). A subset of targets (CD39, CD45R0O, CD62L, SLAMF6, TMEM119, CXCRS5)
exhibited lower signal-to-noise ratios and higher background staining, limiting direct visual
interpretation. However, their suitability for downstream computational analysis remains to

be determined.

Collectively, this high-dimensional panel provides a comprehensive framework to resolve
the spatial organization, functional states, and interaction networks of immune and tumor

cells within NSCLC brain metastases.
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Table 2: Multiplexed antibody panel for spatial immune profiling.

Overview of all oligonucleotide-conjugated antibodies included in the 52-plex CODEX panel, grouped by

biological category and annotated according to their primary cellular or functional associations.
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Category Subcategory Marker Category Subcategory Marker
Pan-leukocyte CD45 Activation CcD25,
CD3, CD69,
CD4, ICOS
T cells
CDs, Antigen HLA-DR
FOXP3 presentation
CD138, Proliferation KI-67
B cells/ CD20, Cytotoxic Granzyme B
Plasma cells PAXS5, ; :
Lineage oro Migration/ CCRY7,
Marker Retention CD103,
CD11b, CXCRS,
CD11c,
Myeloid/ oo CXCL13,
DCs , ICAM-1
CD15, Differentiation CD208,
CD68 Functional CD45RA,
NK/ Neurons CD56 Marker CD45RO
Astrocytes GFAP CD57,
Microglia TMEM119 CD62L,
SLAMFB®,
CD31
Vasculature TCF1
Structural/ Progenitor/ CD34 Exhaustion/ CD163,
Vascular Vasculature Inhibition/ CD206,
Marker CD90, Regulation CD39,
Stromal /ECM Collagen-1V, Helios,
Podoplanin IKZF3,
Cytokeratin- IL411,
Tumor/Epithelial
Tumor Marker 19 PD1,
Tumor p53 PD-L1,
Nucleus DAPI TIM3
Segmentation Na*/K*-
Membrane
ATPase
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4.3.2. Spatial heterogeneity of immune infiltration in human brain metastases

Analyses of whole-slide CODEX images across all brain metastases samples revealed that
distinct microenvironmental niches coexist within individual tumors, as exemplified by the
representative tissue shown in Figure 14A. Regions composed of densely packed malignant
cell clusters were largely devoid of immune infiltration (Figure 14A-1), whereas adjacent
areas exhibited highly inflamed stromal compartments characterized by aberrant
vasculature and dense accumulation of T cells, B cells and macrophages (Figure 14A-2).
In addition, localized niches at the edge of the metastasis were identified in which infiltrating
immune cells were embedded within reactive astrocytic networks, reflecting the influence
of the brain-specific microenvironment (Figure 14A-3). These observations demonstrate
pronounced intra-tumoral heterogeneity and highlight the importance of whole-slide spatial
profiling, as such contrasting niches would not be captured by spatially restricted sampling

approaches such as tissue microarrays.

While immune infiltration exhibited marked intra-tumoral heterogeneity, consistent patterns
emerged when assessing the overall immune landscape at the level of entire lesions. This
revealed substantial inter-patient heterogeneity in the magnitude of immune infiltration.
Across the cohort, tumors could be broadly classified into three phenotypic categories. A
subset of tumors displayed an immune-desert phenotype, characterized by a near-complete
absence of peripheral immune cell infiltration across the whole tissue (Figure 14B). In
contrast, other tumors exhibited an intermediate inflammatory state characterized by
stromal immune infiltration composed predominantly of T cells and abundant macrophages
(Figure 14C). Finally, a distinct group of tumors showed a highly inflamed phenotype with
markedly denser immune infiltration, dominated by T cells and prominent B cell populations

within the stromal compartment (Figure 14D).

Together, these spatial archetypes highlight the profound variability of the immune
landscape across brain metastases and establish a framework for subsequent analysis of

T cell localization and function.
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Figure 14: Spatial heterogeneity of immune infiltration in NSCLC brain metastases.

Representative CODEX images of brain metastases (BrM) tissues stained for dendritic cells (CD11c, magenta),
T cells (CD3, yellow), vasculature (CD31, red), macrophages (CD68, orange), tumor cells (CK19, turquoise), B
cells (PAX5, green), and astrocytes (GFAP, white). Nuclei are counterstained with DAPI (dark blue). (A) Whole-
slide view of a representative BrM section illustrating spatially distinct microenvironmental niches, including
immune-excluded tumor regions (1), inflamed stromal areas (2), and immune cell infiltration within astrocyte-
rich regions (3). Scale bar, 800 ym. Magnified view, 100 pm. (B-D) Representative examples of distinct immune
infiltration patterns across BrMs: immune-desert tumors (B), tumors with intermediate stromal infiltration
dominated by T cells and macrophages (C), and highly inflamed tumors with dense T cell and B cell infiltration
(D). Scale bars, 100 um. Patient pseudonyms are indicated in the images; corresponding pathological

classification are provided in Table M 2 and clinical characteristics in Table M 3.
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4.3.3. Spatially defined barriers to T cell infiltration and function in brain

metastases

Based on the pronounced inter-tumoral heterogeneity of immune infiltration described
above, | investigated the structural and cellular determinants underlying these distinct

spatial patterns.

Analysis of vascular architecture revealed three recurrent structural phenotypes associated
with differential immune infiltration. In immune-desert tumors, the metastatic tissue formed
a dense, stroma-poor lesion in which blood vessels were ensheathed by a continuous
astrocytic layer, consistent with preservation of blood-brain barrier-like features. In these
regions, immune cell infiltration was minimal, suggesting that intact vascular barriers restrict
leukocyte extravasation (Figure 15A). In contrast, tumors with low to intermediate immune
infiltration exhibited vessels directly adjacent to tumor cells but lacking a continuous
astrocytic covering. This structural disruption was associated with detectable, albeit limited,
immune cell extravasation into the tumor-adjacent stroma (Figure 15B). Highly inflamed
tumors displayed a markedly altered vascular architecture characterized by abundant
stromal regions and disorganized vessel networks, accompanied by extensive immune

infiltration, including dense accumulations of T cells and macrophages (Figure 15C).

Beyond vascular entry, T cells encountered additional structural constraints at the tumor-
stroma interface. In multiple samples, the invasive margin was characterized by a dense
and continuous CK19* tumor cell layer forming a physical boundary separating tumor nests
from the surrounding stroma. At sites where T cells penetrated tumor nests, | observed local
disruption of this boundary (Figure 15D, arrows). Moreover, tumor cells at this tumor-stroma
boundary exhibited elevated expression of CD138 (Syndecan-1), forming a gradient with
highest expression at the stromal interface and decreasing toward the tumor core. Given
the reported association of SDC1 expression with T cell exclusion (Y. Liu et al., 2024), this
pattern suggests another potential barrier function at the tumor margin. Further analysis
revealed that tumor cells at the stromal interface were largely non-proliferative, in contrast
to highly proliferative regions within the tumor core, suggesting that tumor cells at the tumor-

stroma boundary represent a distinct, spatially defined state compared to those in the core.
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Figure 15: Structural barriers in NSCLC brain metastases.

(A-C) Representative CODEX images of brain metastases (BrM) tissues stained for T cells (CD3, yellow),
vasculature (CD31, pink; Collagen IV, red), macrophages (CD68, orange), tumor cells (CK19, turquoise), and
astrocytes (GFAP, magenta). Intact astrocyte-covered vasculature (A), blood vessels in direct contact with tumor
cells lacking astrocytic coverage (B), and disorganized vascular structures with extensive stromal immune
infiltration (C). Scale bars, 50 ym. (D) Tumor-stroma boundary stained for tumor cells (CK19, turquoise), CD138
(red), proliferating cells (Ki-67, green), and T cells (CD3, yellow). Arrows indicate sites of T cell infiltration. Scale
bar, 800 ym. Magnified view, 100 um. Patient pseudonyms are indicated in the images; corresponding

pathological classification are provided in Table M 2 and clinical characteristics in Table M 3.

Strikingly, T cells infiltrating tumor nests differed markedly from those located within the

stromal compartment. Tumor-infiltrating T cells were predominantly CD8" and exhibited a
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tissue-resident phenotype, defined by CD103 expression (Figure 16A). These cells
frequently expressed the cytotoxic effector molecule Granzyme B, indicating preserved
effector potential, while only a small fraction expressed PD-1 (Figure 16B). Additional
inhibitory receptors, including TIM-3 and LAG-3, were largely absent (not shown). This
phenotype is consistent with an active cytotoxic state rather than canonical T cell

exhaustion.

Together, these findings identify CD103* tissue-resident T cells as a dominant tumor-
infiltrating population and indicate that their infiltration is shaped by structural barriers at

both the vascular and tumor-stroma interface.

“-—- >

-~

38
:

./ :
1JK3DO @ 3 1JK3DO
CD3 CK19 ’

Figure 16: Phenotype of tumor-infiltrating T cells in NSCLC brain metastases.

(A) Representative CODEX image of BrM tissue showing T cells (CD3, yellow) located within the stromal
compartment or infiltrating tumor regions (CK19, turquoise). T cell phenotypes are defined by CD103 (red), CD8
(white), Granzyme B (green), and PD-1 (orange) (B). Scale bar, 50 um. Magnified view, 20 pm.

Nuclei are counterstained with DAPI (dark blue). Patient pseudonyms are indicated in the images;

corresponding pathological classification are provided in Table M 2 and clinical characteristics in Table M 3.
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4.3.4. Macrophage-driven T cell suppression and Trec induced CD8* T cell

apoptosis

While the previous section focused on structural barriers limiting T cell extravasation and
tumor infiltration, these findings raised the question of whether T cells that successfully
enter the tumor microenvironment remain functionally competent. Here, | investigated the
local immunosuppressive interactions within the tumor stroma that may further constrain T

cell activity.

Spatial profiling of exhaustion-associated markers revealed that TIM-3 expression was
predominantly localized to CD3" cells rather than T cells. | identified these cells as CD68*
macrophages co-expressing CD163, CD206, and IL4l1, consistent with an
immunosuppressive M2-like phenotype. Notably, these TIM-3* macrophages accumulated
at the vascular interface, forming a dense perivascular layer surrounding blood vessels
(Figure 17A). This spatial organization places immunosuppressive myeloid cells at a critical
entry point of the tumor, suggesting that infiltrating T cells encounter suppressive signals

immediately upon extravasation into the BrM niche.

A central and previously unrecognized finding of this analysis is the high expression of |L4I1
by macrophages in NSCLC brain metastases. | observed that IL411* CD68* macrophages
were consistently present across all analyzed samples and independent of overall immune
infiltration levels and tumor cell density (Figure 17B, Figure 17C). Importantly, 1L411-
expressing macrophages were frequently found in direct physical contact with T cells and
were co-expressing the typical tumor-associated macrophage marker CD206 and CD163
(Figure 17D). In contrast, metastatic tumor cells lacked detectable IL4l1 expression,
indicating that this immunosuppressive pathway is not tumor-intrinsic but instead driven by
infiltrating myeloid cells. Given the established role of IL411 in amino acid depletion and the
generation of immunosuppressive metabolites (Sadik et al., 2020), these findings suggest
that macrophage-derived IL411 represents a dominant metabolic mechanism limiting T cell
proliferation and effector function within the BrM microenvironment. Consistent with their
peripheral origin, these CD68* macrophages lacked expression of the microglia-specific
marker TMEM119 (not shown), indicating recruitment from the circulation rather than local

expansion of brain-resident cells.

In addition to myeloid-driven suppression, | identified direct immunoregulatory interactions
between regulatory T cells (Trees) and CD8* T cells within the tumor stroma. High-resolution
spatial analysis revealed close membrane apposition consistent with immunological
synapse formation. Tregs in direct contact with CD8" T cells exhibited Granzyme B

expression, indicating a cytotoxic mechanism that may directly contribute to the elimination
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of adjacent CD8" T cells. CD8" T cells engaged in these interactions displayed
morphological alterations, including loss of a round cell shape and reduced cell size, which

may be indicative of early apoptosis (Figure 17E).

Together, these findings demonstrate that, beyond structural barriers, T cell function within
brain metastases is critically constrained by localized immunosuppressive interactions
Immune suppression involved multiple mechanisms, including a metabolic axis mediated
by IL411-expressing tumor-associated macrophages and Treg-mediated cytotoxicity as an
additional layer of immune regulation.
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Figure 17: Spatial mapping of immunosuppressive interactions in NSCLC brain metastases.

(A) Blood vessels (CD31, red) surrounded by TIM-3* cells (white) co-expressing CD68 (turquoise), CD163
(magenta), CD206 (pink), and IL4I1 (green). Scale bar, 50 ym. (B, C) Representative CODEX images showing
IL411 expression (red) in brain metastases with high (B), and low (C) general immune infiltration. T cells (CD3,
yellow), macrophages (CD68, orange), dendritic cells (CD11c, magenta), and tumor cells (CK19, light blue) are
indicated. Scale bars, 50 um. (D) Spatial distribution of CD68* macrophages (orange) in proximity to T cells
(CD3, yellow) and tumor cells (CK19, turquoise). Macrophages are of tumor-associated phenotype expressing
CD163 (green), CD206 (magenta) and IL411 (red). Scale bar, 40 um. (E) Representative image of direct cell-
cell interactions between regulatory T cells (Trecs; ICOS, pink; FOXP3, orange) and CD8* T cells (green).
Granzyme B expression (red) is detected at sites of contact. Tumor cells are shown by CK19 (turquoise). Scale
bar, 50 ym. Magnified view, 30 ym. Nuclei are counterstained with DAPI. Patient pseudonyms are indicated in
the images; corresponding pathological classification are provided in Table M 2 and clinical characteristics in
Table M 3.

4.3.5. Spatial analysis of tertiary lymphoid-like structures in brain metastases

Despite the presence of extensive structural barriers and immunosuppressive interactions,
my single-cell transcriptomic and TCR analyses suggested ongoing T cell activation and
clonal expansion within brain metastases. This raised the question of whether local T cell
priming may occur directly within the tumor microenvironment. In this context, | investigated
the spatial presence and organization of tertiary lymphoid-like structures (TLS) as potential

sites of in situ immune activation.

Across the cohort, | identified lymphoid aggregates of varying sizes and cellular
compositions, representing a continuum of architectural organization. The majority of these
structures corresponded to early-stage TLS-like aggregates, characterized by loosely
organized clusters of T cells with only sparse B cell infiltration (Figure 18A). In many of
these early aggregates, dendritic cells (DCs) were absent, indicating limited potential for
coordinated antigen presentation and T cell priming. In contrast, a subset of aggregates
displayed increased structural organization, with clear compartmentalization of immune cell
populations. These structures contained dense B cell regions interspersed with CD3* T cells
and CD11c* DCs (Figure 18B).

Strikingly, in some cases, highly organized lymphoid structures were observed, consisting
of a central core of CD138" plasma cells surrounded by CD20* B cells and associated CD3*
T cell populations, consistent with germinal center-like architectures (Figure 18C).
Phenotypic analysis of the T cell compartment within these structures revealed the

presence of CD8" T cells and CD4"* regulatory T cells. In addition, | identified a subset of
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CD4* T cells co-expressing CXCL13 and ICOS, consistent with T follicular helper cells
(Figure 18D). These cells were spatially localized within B cell-rich regions, in line with their
known role in supporting B cell organization and function. Within the plasma cell
compartment, | observed CD138* cells co-expressing the proliferation marker Ki-67. This
phenotype has previously been associated with highly active plasma cells in specialized
niches such as the bone marrow (Martinez-Murillo et al., 2016). The presence of
proliferating plasma cells within these structures suggests ongoing local humoral immune

activity within the tumor microenvironment.

Spatially, TLS-like structures were consistently located in close proximity to the tumor-
associated vasculature. Analysis of the surrounding blood vessel network revealed that
smaller vessels co-expressed CD31 and CD34 (Figure 18D), consistent with angiogenic
vasculature. This spatial association suggests that TLS may depend on continuous cellular

recruitment via the local vasculature.

Notably, canonical markers associated with fully mature TLS, including CD21 and LAMP3
(CD208), were not detected (not shown). CD21 staining was consistently absent across all
analyzed tissues, whereas LAMP3 signal was detectable but did not co-localize with any
other markers in the panel, preventing unambiguous assignment to a defined cell
population. Nevertheless, the observed degree of cellular organization and
compartmentalization indicates the presence of functionally relevant TLS-like structures

within brain metastases.

Together, these findings demonstrate that, despite a highly immunosuppressive
microenvironment, brain metastases can harbor spatially organized lymphoid aggregates
with features consistent with local immune activation, supporting the possibility of in situ T

cell priming and coordinated immune responses.
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Figure 18: Tertiary lymphoid structures (TLS) in NSCLC brain metastases.

(A, B) Representative CODEX images of lymphoid aggregates in brain metastatic (BrM) tissue. (A) Early,
unorganized aggregates composed predominantly of T cells (CD3, yellow) with sparse B cells (CD20, green).
Scale bar: 100um. (B) Organized lymphoid aggregate with compartmentalized architecture comprising a core
of B cells (PAX5, green), surrounded by T cells (CD3, yellow), and a few DCs (CD11c, magenta). Scale bar:
100pm. (C) TLS comprising plasma cells (CD138, orange), B cells (CD20, green), T cells (CD3, yellow), and
dendritic cells (CD11c, magenta). Tumor cells (CK19, light blue) and blood vessels (CD31, red) are indicated.
Aggregates lacking dendritic cells (CD11c, magenta). Tumor cells are shown by CK19 (light blue), and blood
vessels by CD31 (dark red). Scale bar: 50um. (D) Single-channel and composite images showing of the
structure shown in C showing the location of T cells and B cells, proliferating plasma cells (CD138, orange; Ki-
67, green), T follicular helper cells indicated by arrows (CXCL13, green; ICOS, red), regulatory T cells
(FOXP3,yellow; ICOS), and vascular structures (CD31, red; CD34, yellow; Collagen 1V, magenta). Nuclei are
counterstained with DAPI. Patient pseudonyms are indicated in the images; corresponding pathological
classification are provided in Table M 2 and clinical characteristics in Table M 3.
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5. Discussion

Historically, the brain was considered an immune-privileged organ, largely shielded from
peripheral immune surveillance by the blood-brain barrier. This concept has been
fundamentally revised. During the development of intracranial metastases, the blood-brain
barrier is disrupted and remodeled into a more permeable blood-tumor barrier, thereby
enabling immune cell infiltration into the metastatic niche (Lockman et al., 2010). In parallel,
while surgical resection remains an important treatment modality, non-surgical
management has shifted from a predominant reliance on radiotherapy and chemotherapy

toward the integration of immunotherapy.

Clinical studies have shown that immune checkpoint blockade targeting the PD-1/PD-L1
axis, including pembrolizumab and atezolizumab, induces intracranial responses in a
substantial proportion of patients, with response rates of 42% and 45%, respectively
(Brastianos et al., 2023; Nadal et al.,, 2023). In addition, combination regimens with
chemotherapy prolong survival compared with chemotherapy alone. These advances have
led to the approval of multiple PD-1/PD-L1 inhibitors for metastatic NSCLC (Mansfield et
al., 2018). Nevertheless, patient outcomes remain limited, with median overall survival

ranging from 15 to 17 months (Peters et al., 2025).

Although insufficient drug penetration across the BTB may prevent therapeutics from
reaching the metastatic niche at effective concentrations, this alone may not explain the
limited response to immunotherapy in BrM. Increasing evidence indicates that the functional
state, spatial organization, and cellular composition of tumor-infiltrating lymphocytes (TILs)
within the brain microenvironment are critical determinants of therapeutic response.
However, these parameters remain incompletely understood, particularly with respect to
tumor-specific reactivity, clonal dynamics, and the spatial constraints shaping T cell

behavior within brain metastatic lesions.

In this thesis, | addressed the unresolved question of whether T cells infiltrating NSCLC
brain metastases include tumor-reactive populations or are predominantly bystanders, and
which mechanisms within the metastatic niche restrict effective anti-tumor immunity. To this
end, | combined single-cell transcriptomic and paired TCR profiling, functional TCR
validation, and multiplexed spatial imaging to define the phenotypic states, clonal
architecture, functional potential, and spatial organization of BrM-infiltrating T cells. | further
investigated whether the BrM microenvironment contains lymphoid structures compatible
with local immune activation and T cell priming. Focusing on a single primary tumor entity,

NSCLC, minimizes confounding effects inherent to prior studies that aggregate brain
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metastases across multiple cancer types (Gonzalez et al., 2022; Sudmeier et al., 2022;
Wischnewski et al., 2023).

Collectively, the findings presented in this thesis provide a framework for understanding
why T cell-mediated anti-tumor immunity remains poor in NSCLC brain metastases despite
the presence of tumor-reactive clones. They also provide a rationale for combinatorial
therapeutic strategies aimed at enhancing T cell infiltration, restoring effector function, and

improving the efficacy of immune checkpoint blockade in brain metastasis.

5.1. Spatial organization of the brain metastatic niche constrains T

cell access and function

The spatial organization of the brain metastatic niche imposes multiple, sequential
constraints on T cell infiltration and function. In the following sections, | dissect these
barriers at the level of vascular access, tissue architecture, and stromal

immunosuppression.

5.1.1. Heterogeneous vascular remodeling enables but spatially restricts

immune cell entry into brain metastases

Effective anti-tumor immunity in brain metastases first requires that circulating immune cells
gain access to the metastatic niche. My whole-slide spatial analyses suggest that immune
cell entry is not uniformly permitted, but varies substantially across and within individual
NSCLC BrM lesions. Even within a single metastasis, regions differed markedly in immune
cell density, stromal organization, vascular architecture, and the integration of brain-resident
structures. This complexity underscores a major limitation of many previous spatial studies
of brain metastases, which have relied on tissue microarrays or selected regions of interest
and therefore cannot resolve the full architectural and immunological diversity of intact
metastatic lesions (Alvarez-Prado et al., 2023; Biermann et al., 2022; Lu et al., 2021;
Widodo et al., 2023).

A central determinant of immune cell entry in my dataset was the integrity of the perivascular
astrocytic niche. In some regions, blood vessels remained tightly ensheathed by GFAP*
astrocytes, consistent with preserved blood-brain barrier-like architecture, whereas other
areas lacked this astrocytic boundary. Importantly, this variability occurred both within

individual lesions and across patients. Some metastases showed partial loss of astrocytic
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vessel coverage, particularly in the tumor core, whereas others retained dense astrocytic
ensheathment throughout the whole lesion. Areas with preserved astrocytic vessel
coverage were associated with minimal immune infiltration, whereas regions lacking this

boundary showed markedly increased immune cell accumulation.

This pattern is consistent with the vascular evolution of brain metastases. Metastatic cells
initially exploit pre-existing cerebral vessels through vascular co-option (Donnem et al.,
2013), but progressive tumor growth can be accompanied by neoangiogenic remodeling,
which alters vascular architecture and permeability to meet the increasing metabolic and
nutrient demands of the expanding lesion. In line with this concept, | frequently observed
GFAP* astrocytes displaced toward the tumor margins in lesions with higher immune
accessibility. This spatially heterogeneous accessibility also provides an anatomical
framework for the clinical observation that immune checkpoint blockade can induce
intracranial responses in a subset of patients with BrM. My data suggest that regions
permissive to immune cell extravasation are likely also more accessible to systemically
administered therapeutics, whereas regions retaining intact blood-brain barrier-like
structures may remain comparatively protected from both immune cell entry and drug
delivery. However, these spatial constraints alone are unlikely to fully explain the limited
efficacy of immunotherapy, indicating that additional suppressive mechanisms within the
tumor microenvironment must further restrict effective anti-tumor immunity. This
interpretation is consistent with clinical data demonstrating about 40% intracranial activity
of PD-1- and PD-L1-directed therapies in NSCLC BrM (Brastianos et al., 2023; Nadal et al.,
2023). Overall, my spatial data indicate that vascular remodeling in NSCLC BrM generates
a mosaic of preserved and permissive vascular states rather than a uniform loss of barrier
function. This heterogeneity defines where immune cells can extravasate into the metastatic
niche and constitutes the first spatial checkpoint shaping the downstream anti-tumor

response.

5.1.2. Structural barriers at the tumor-stroma interface restrict T cell

infiltration into the metastatic parenchyma

Although vascular remodeling permits immune cell entry into parts of the lesion, my spatial

analyses showed that the majority of infiltrating T cells remain confined to perivascular and

stromal compartments and fail to penetrate deeply into tumor cell-dense regions. Thus,

immune cell extravasation and effective tumor infiltration represent biologically distinct

steps. At the tumor-stroma interface, | identified regions in which a dense and spatially

continuous CK19" epithelial boundary sharply delineated the tumor border. The few sites at
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which T cells appeared to penetrate the parenchyma coincided with localized disruptions of
this structure, suggesting that the epithelial tumor margin itself may act as a physical barrier
to infiltration. Although my data does not allow me to distinguish whether T cells actively
remodel this interface or preferentially exploit pre-existing discontinuities, the spatial
coincidence between barrier disruption and T cell entry strongly indicates that the tumor

border is a biologically relevant regulator of T cell access to tumor cells.

A second key observation was the pronounced spatial gradient of CD138 (Syndecan-1,
SDC1) across the tumor border, with highest expression at the tumor-stroma interface and
a progressive decline toward the tumor core. Notably, infiltrating T cells were largely
excluded from regions with high tumoral SDC1 expression and instead accumulated in
areas where this signal was low or absent, suggesting a spatial association between SDC1
expression and immune exclusion. CD138/SDC1 is a multifunctional transmembrane
proteoglycan which is widely used as a plasma cell marker due to its role in plasma cell
homing and survival within the bone marrow niche (Ren et al., 2021). Beyond its role as a
plasma cell marker, it has a broad regulatory capacity in tissue organization. Structurally,
SDC1 consists of an extracellular domain carrying covalently attached glycosaminoglycan
(GAG) chains, a transmembrane region, and a cytoplasmic tail. Through its GAG side
chains, SDC1 can bind a wide range of ligands, including growth factors, cytokines,
chemokines, and extracellular matrix components, thereby modulating signaling pathways
that regulate cell adhesion, migration, and tissue architecture (Yang et al., 2022). In
addition, proteolytic shedding of its extracellular domain generates a soluble form with
autocrine, paracrine, and systemic signaling functions (Diab et al., 2024). Consistent with
this broad interactome, syndecans have been reported to engage hundreds of molecular
partners, underscoring their central role in coordinating cell-matrix interactions, adhesion
and extracellular organization (Yang et al.,, 2022). In cancer, SDC1 is frequently
overexpressed and has been linked to tumor cell proliferation, invasion, and metastatic
behavior. High SDC1 expression has also been reported in brain metastases of breast
cancer origin (Cerbelli et al., 2023). Moreover, recent studies have demonstrated that
elevated SDC1 expression can directly impact anti-tumor immunity by limiting CD8* T cell
infiltration, whereas its experimental depletion restores T cell entry, enhances cytotoxicity,
and increases MHC class | expression on tumor cells (Y. Liu et al., 2024). In this context,
the spatially organized SDC1 gradient observed in my dataset suggests that tumor-derived
SDC1 may actively contribute to the establishment of a localized immune-excluded niche
in NSCLC brain metastases. To my knowledge, such a spatially resolved pattern of tumoral
SDC1 expression has not previously been described in this setting, identifying a potentially

novel mechanism of immune regulation. Furthermore, the relevance of this finding may
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extend beyond local T cell exclusion. In breast cancer, aberrant SDC1 expression has been
implicated in brain tropism by facilitating both transmigration across the BBB and
subsequent perivascular adhesion (Sayyad et al., 2019). In the same study, elevated SDC1
expression was associated with poor clinical outcome. In this light, SDC1 may represent a
candidate mediator linking metastatic brain colonization with active immune evasion and

immune exclusion once the lesion is established.

Interestingly, tumor cells forming the stromal-facing outer layer displayed a distinct
morphology, characterized by tight epithelial organization and reduced proliferative activity
compared with cells located deeper within the tumor bed. This observation aligns closely
with work by Baldominos et al., who described quiescent tumor cell populations at the tumor
margin that resist both immune infiltration and therapeutic intervention (Baldominos et al.,
2022). The tumor border in my samples may therefore represent a specialized barrier state
in which structural organization, reduced proliferation, and matrix-associated molecules
such as SDC1 converge to create an interface that is simultaneously immune-restrictive
and potentially therapy-resistant. Thus, even in lesions where vascular remodeling permits
immune cell extravasation, effective access to tumor cells remains constrained at the level
of tissue architecture. In this framework, the metastatic niche imposes a second spatial

checkpoint after vascular entry.

5.1.3. Myeloid and regulatory T cells contribute to suppression of infiltrating

T cells in the tumor stroma

Following extravasation into the metastatic niche, infiltrating T cells are immediately
exposed to a highly immunosuppressive microenvironment. My spatial analyses showed
that the stromal compartment of NSCLC BrM is densely populated by monocyte-derived
CD68*TMEM119~ macrophages, which markedly outnumber resident TMEM119*
microglia. These macrophages consistently exhibited a phenotype characterized by
expression of CD206 and CD163, indicative of an immunoregulatory state. A particularly
striking feature of these cells was their robust expression of IL411. IL4I1 is a secreted L-
amino acid oxidase that primarily metabolizes aromatic amino acids. Through the
generation of reactive oxygen species and metabolic intermediates, IL411 has been shown
to inhibit T cell proliferation and effector function while also promoting tumor cell motility
(Sadik et al., 2020). In line with these reports, the consistent presence of IL411-expressing
macrophages across all analyzed BrM samples suggests that this pathway represents a
conserved component of the immunosuppressive landscape in NSCLC brain metastases.
Notably, in contrast to other tumor entities, in which IL411 expression has also been detected
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in malignant cells, including glioma cells (Sadik et al., 2020), | observed IL411 expression to
be restricted to the myeloid compartment in NSCLC BrM, with no detectable expression in
metastatic tumor cells. To my knowledge, IL4l1 expression has not previously been
described in the microenvironment of NSCLC brain metastases. This finding therefore
identifies a previously unrecognized, macrophage-driven immunosuppressive pathway

within the brain metastatic niche.

In a subset of tumors, particularly in immunologically cold lesions, some of these tumor-
associated macrophages appeared as concentric perivascular accumulations, consistent
with structures resembling the “perivascular cuffs” previously described in brain metastases
(Sun et al., 2023). These structures are thought to trap newly extravasated immune cells in
the immediate vicinity of blood vessels and thereby prevent further migration into the

surrounding tissue.

While perivascular macrophages establish an immunosuppressive and spatially restrictive
niche immediately following immune cell extravasation, my data indicate that this is not the
only layer of regulation within the stromal compartment. Within the CD4* T cells of my
scRNA-seq dataset, | identified a distinct cluster of Tregs characterized by high activation
signatures and robust expression of perforin (PRF1). Although perforin- and granzyme-
mediated cytotoxicity is classically associated with cytotoxic CD8* T cells, previous studies
have shown that activated Tregs can use similar effector mechanisms to limit excessive
immune responses by targeting activated T cells (Grossman et al., 2004). Based on this
transcriptional profile, | hypothesized that a comparable mechanism may operate in the BrM
microenvironment. My multiplex immunofluorescence data revealed close spatial proximity
between Treas expressing granzyme B and adjacent CD8* T cells, frequently forming tight
immunological synapse-like interactions. Notably, CD8" T cells engaged in these
interactions frequently displayed altered cellular morphology, including loss of their typical
rounded shape and reduced cell size, features consistent with cellular distress or apoptosis.
The detection of PRF1-expressing Tregs in my transcriptomic data, together with the spatial
observation of targeted granzyme B deposition onto CD8* T cells, suggests that Tregs in
NSCLC brain metastases may engage the perforin/granzyme axis to directly modulate
CD8* T cells. However, this interpretation remains tentative and requires direct functional

validation before final conclusions can be made.

Together, these data support a model in which multiple layers of immunosuppression
converge within the BrM microenvironment. Following vascular entry and partial stromal
retention, infiltrating T cells are exposed not only to myeloid-derived suppressive signals,
but also to localized regulatory T cell activity that may further limit their expansion and
effector function.
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While my multiplexed spatial imaging analyses revealed clear and reproducible patterns of
cellular organization and interaction within NSCLC brain metastases, the current
interpretation is solely based on qualitative assessment of spatial relationships. Systematic
quantitative analyses, including cell-cell proximity measurements, neighborhood analyses,
and cross-patient comparisons, were beyond the scope of this study but will be essential to
rigorously validate and generalize these observations. In particular, quantitative
characterization of CD103* T cell neighborhoods, spatial niches, such as perivascular
myeloid structures, tumor-stroma interfaces, and TLS-like aggregates, will provide a more
comprehensive understanding of the spatial determinants governing immune cell

localization and function in the brain metastatic microenvironment.

5.2. Clonally expanded CD103"* tissue-resident T cells define a
spatially localized and tumor-reactive T cell compartment in

NSCLC brain metastases

To better understand the functional capacity of T cells infiltrating NSCLC brain metastases,
| characterized their transcriptional states using single-cell RNA sequencing. My analysis
revealed multiple CD8* T cell populations with distinct functional profiles. Among these were
classical memory-like populations, including Tscm and Tewm clusters, within which a subset of
cells was characterized by elevated expression of GZMK accompanied by low transcript
levels of perforin (PRF1). Although GZMK* CD8" T cells have been described across
multiple tumor types, their functional role remains incompletely understood. Recent studies
challenge the classical view of GZMK as a purely cytotoxic effector molecule. In lung
adenocarcinoma, GZMK has been shown to exert perforin-independent functions, including
cleavage of protease-activated receptors on tumor cells, thereby inducing PD-L1
expression and promoting immune evasion (Feng et al., 2026). In colorectal cancer, GZMK
produced by Tem cells has been associated with reduced E-cadherin expression, tissue
remodeling, and epithelial-to-mesenchymal transition-like features linked to tumor
progression and poor clinical outcome (Tiberti et al., 2022). In this context, the GZMK*
populations in my dataset may represent a functional state not primarily defined by
cytotoxicity but rather associated with alternative roles in shaping the tumor

microenvironment.

In contrast, | identified a distinct population of CD8* tissue-resident memory T cells, defined
by high transcription of the residency marker ITGAE (CD103). CD103 is an integrin that

binds E-cadherin and mediates tissue retention, enabling sustained interactions with target
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cells within epithelial environments. At the transcriptional level, these cells displayed a
highly activated phenotype characterized by robust expression of cytotoxic effector genes.
A subset also exhibited features of active proliferation, consistent with ongoing local
expansion within the metastatic niche. Notably, Tru cells represented the predominant
clonally expanded CD8* T cell population in BrM, with substantially higher clonal expansion
than the GZMK* subsets. Despite their activated state, they displayed only moderate
expression of canonical exhaustion markers and remained transcriptionally distinct from the

Tex cluster, indicating a functionally active, non-terminally exhausted phenotype.

Integration of transcriptomic data with spatial protein-level analyses further supported this
interpretation. Although GZMK was not included in the multiplex imaging panel, evaluation
of canonical exhaustion markers revealed that the majority of infiltrating T cells expressed
only low levels of PD-1, TIM-3, and LAG-3. This finding was consistent with the
transcriptional profiles and indicates that classical T cell exhaustion is not a dominant
feature of the BrM-infiltrating T cell pool. Instead, exhaustion marker expression was
restricted to a minor fraction of T cells, while TIM-3 expression was predominantly observed
in the myeloid compartment. These observations are in line with previous reports
demonstrating lower exhaustion marker expression in BrM compared to matched primary
tumors (Lu et al., 2021). One explanation for this phenotype is the spatial organization of
the tumor microenvironment. Because a large proportion of T cells remain confined to the
stromal compartment and do not engage in sustained interactions with tumor cells, they
may not receive the chronic antigen stimulation required to drive terminal exhaustion. In
addition, tumor-intrinsic heterogeneity, including the presence of poorly immunogenic tumor
cell states with reduced MHC class | expression, may further limit effective T cell activation
(Gonzalez et al., 2022).

Importantly, the transcriptional profile of CD103* Tru cells was consistent with tumor-
reactive T cell populations. These cells co-expressed CXCL13 and ENTPD1 (CD39), a
combinatorial signature that has emerged as a robust marker for tumor-specific CD8* T
cells across multiple malignancies (Duhen et al., 2018; Hanada et al., 2022; Meng et al.,
2023). The presence of this signature, together with their pronounced clonal expansion,
strongly suggests antigen-driven proliferation within the metastatic niche. This interpretation
is further supported by recent single-cell studies in brain metastases. Wischnewski et al.
identified maximal clonal expansion specifically within T cell subsets co-expressing
CXCL13, and cytotoxicity-associated genes (Wischnewski et al., 2023), a transcriptional
profile highly consistent with the Tru clusters observed in my dataset. Moreover, a recent
meta-analysis across multiple tumor types demonstrated that CXCL713 expression

represents a key determinant distinguishing clonally expanded from non-expanded T cells
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following immune checkpoint inhibitor treatment (Shorer et al., 2025) further reinforcing its
association with antigen-driven T cell responses. These observations are consistent with
findings by Jassowicz et al. in brain metastases of primary breast cancer, where single-
nucleus sequencing identified a GZMK™* CD8* T cell population and an unrelated distinct
CD8* Trm population with a proliferative subcluster and a transcriptional signature
suggestive of tumor reactivity (Jassowicz et al., 2026, in press). In line with these findings,
computational prediction approaches consistently assigned higher tumor reactivity scores

to CD103" Trm cells compared to other T cell subsets within my dataset.

My multiplexed imaging data enabled contextual validation of these findings. CD103
staining was used as a surrogate to identify the tissue-resident population corresponding to
the clonally expanded cells observed in the transcriptomic data. CD103* T cells were
predominantly located within the tumor parenchyma, in direct proximity to metastatic cells,
whereas CD103™ T cells were largely confined to the perivascular stroma. This spatial
segregation is consistent with antigen-driven tissue retention, as CD103-mediated binding
to E-cadherin facilitates stable interactions with epithelial target cells. Although technical
limitations precluded simultaneous visualization of CD39 and CXCL13, the concordance
between transcriptional identity, clonal expansion, and spatial localization supports a
coherent model in which CD103* Trwm cells represent the primary tumor-reactive T cell
population in NSCLC brain metastasis. Similar observations were reported by Jassowicz et
al. in breast cancer brain metastases, where Tru cells were found to predominantly infiltrate
tumor cell-dense regions (Jassowicz et al., 2026, in press). Notably, a high Tru signature
was significantly associated with prolonged overall survival, further supporting the

hypothesis that these cells represent a tumor-reactive T cell population.

5.2.1. Functional validation reveals tumor-reactive TCRs within the CD103*

Trm compartment but highlights technical and biological constraints

To directly assess whether the transcriptionally and spatially defined CD103* Trum
populations indeed contain tumor-reactive T cells, | functionally tested selected TCRs
derived from clonally expanded T cell populations. Given the limited availability of viable
tumor material, these experiments were restricted to two patient samples and required

assay systems that could operate with very low target-cell numbers.

Interestingly, among the selected TCRs, | observed that several clones from the same
patient shared identical TRBV gene usage while pairing with distinct TRAV genes. This

observation can be explained by the sequential nature of TCR recombination, in which
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rearrangement of the TCRp locus precedes that of the TCRa locus. As a result, a single
progenitor cell carrying a successfully rearranged B-chain can give rise to multiple daughter
cells that each express a distinct a-chain, thereby generating a diverse set of TCRaf
combinations from a shared (B-chain backbone (Dupic et al., 2019; Tanno et al., 2020).
Since antigen specificity is determined by the combined configuration of the CDR3 regions
of both TCR chains (Rossjohn et al., 2015), these receptors are expected to recognize

distinct epitopes despite their shared (3-chain usage.

TCR reactivity was assessed using a Jurkat-based reporter system that enables detection
of NF-kB activation upon TCR engagement. Although this system provides high sensitivity,
it also exhibited measurable baseline activation independent of antigen-specific stimulation.
This background signal is likely attributable to technical factors, including transient calcium
flux induced by electroporation and innate immune sensing of in vitro-transcribed mRNA,
both of which can activate NF-kB signaling (Hanna et al., 2017; Kavaliauskaité et al., 2021;
Muslimov et al., 2023). Despite the baseline activity observed in the reporter system, one
TCR derived from a clonally expanded Tru population (NCH8937 TCR-1) showed a clear
increase in reporter activation upon co-culture with autologous tumor material, indicating
antigen-specific reactivity. This observation is consistent with previous reports identifying
CD103* T cells as a bona fide tumor-reactive population in brain metastases (Wischnewski
et al., 2023).

However, additional TCRs derived from Tru clones (TCR-2 and TCR-3) did not show
detectable activation in this assay. Several technical factors may account for this
observation. The heterogeneous composition of the tumor cell suspension, combined with
the stochastic distribution of cells within the Lightning™ optofluidic system, likely reduces
the probability of productive encounters between T cells and their tumor-associated antigen.
Consistent with this, only a small fraction of NanoPens (9 out of 130) containing NCH8937
TCR1-transgenic Jurkat reporter cells exhibited TCR-induced reporter activation, and signal
intensity varied considerably across positive pens. This variability is in line with differences
in TCR affinity for cognate peptide-MHC complexes, which directly influence reporter signal
strength in this system (Mdiller et al., 2020). Furthermore, in most positive pens, activation
was observed in only a single TCR-transgenic cell, despite the fact that all carry the same
TCR, suggesting that the corresponding antigen is not abundantly presented across the
tumor cell population. Furthermore, tumor cells may evade immune recognition by
downregulating antigen presentation via MHC class I. The consistently low levels of T cell
exhaustion observed across both transcriptomic and protein-level datasets in my study
support this interpretation, as insufficient antigen presentation would limit sustained T cell

activation required to drive exhaustion.
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At the same time, it remains possible that some Tru-derived TCRs are not tumor-specific.
Computational prediction models and transcriptional signatures, although informative, are
not fully specific for tumor reactivity and may overestimate the likelihood of tumor-antigen
recognition. For example, CD103 expression is not restricted to tumor-reactive T cells but
can also be acquired by bystander memory T cells that establish tissue residency following

prior antigen exposure (Simoni et al., 2018).

Consistent with this, | observed one TCR with known viral specificity within the tissue-
resident compartment of sample NCH9587. While this may reflect long-lived tissue-resident
memory T cells generated during prior infections, it also raises the possibility of cross-
reactive TCR recognition, as described in glioblastoma (Naghavian et al., 2023). In such
cases, T cells originally primed against viral antigens may be locally reactivated through
recognition of structurally related tumor-derived peptides. The clonal expansion within the
BrM in combination with the typical phenotype of tumor-reactivity T cells further support the
possibility of such cross-reactivity. However, the proposed anti-tumor reactivity remains
hypothetical and requires direct functional validation, which was not feasible in this study

due to the lack of biological brain metastatic material of NCH9587.

On the other hand, in patient NCH9348, no TCR reactivity could be detected across all
tested TCRs, including multiple candidates derived from Trm populations. Importantly, the
tumor material available for this sample consisted predominantly of non-viable cells,
rendering antigen presentation non-functional and thereby preventing effective TCR-
mediated T cell activation. In addition to the Jurkat reporter cell-based assay, the availability
of endogenous T cells was used to set up an assay with a more physiological readout.
Importantly, this approach increased the absolute number of tumor and T cells per well from
low-input conditions on the Lightning platform (approximately 5 T cells and 10 tumor cells
per co-culture) to 40,000 tumor cells and 40,000 T cells per co-culture. While increasing
effector-to-target ratio this approach furthermore enhanced the probability of productive
tumor-T cell interactions. Even under these modified conditions, no reactivity was observed.
This is most likely attributable to the severely compromised viability of the tumor material,
which limited the presence of functional antigen-presenting cells even at higher input
numbers. These findings underscore the substantial technical challenges associated with
functional TCR validation in human BrM samples, particularly with respect to the viability

and integrity of tumor cells following surgical resection and processing.

However, the functional testing against the viral peptide pool enabled me to identify one
TCR (NCH9348 TCR-9) as virus-specific, which will be further discussed in the later section
5.3.1.
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Taken together, my functional data provide direct evidence that tumor-reactive TCRs are
present within the clonally expanded Tru compartment while also highlighting the
substantial technical and biological constraints that limit comprehensive validation.
Importantly, the identification of even a single tumor-reactive TCR within this population
supports the conclusion that functional anti-tumor immunity is present within NSCLC brain

metastases.

5.3. Integrated analysis of TCR repertoire and Ilymphoid
architecture supports localized T cell immunity in NSCLC brain

metastases

To determine whether anti-tumor T cell responses in NSCLC brain metastases are locally
maintained or systemically derived, | integrated TCR repertoire analyses with spatial

characterization of lymphoid structures within the metastatic niche.

5.3.1. Differential TCR repertoire overlap between peripheral blood and brain

metastases suggests localized T cell responses

To determine whether anti-tumor T cell responses in NSCLC brain metastases are locally
generated or systemically derived, | compared the TCR repertoires of BrM-infiltrating
lymphocytes with those of matched peripheral blood samples. This analysis aimed to
distinguish locally expanded, tumor-reactive populations from systemically primed T cells,
including those activated in lymph nodes or the primary tumor, as well as non-specific

bystander infiltration.

Across the analyzed patients, | observed a heterogeneous degree of TCR sharing between
the peripheral and intracranial compartments. This variability extended beyond the absolute
number of shared clonotypes to their clonal architecture and compartmental distribution.
Notably, smaller clonotypes were detected at comparable frequencies across both
compartments, whereas highly expanded clonotypes were typically skewed toward either
the peripheral blood or the brain metastasis. Importantly, this skewing was mutually
exclusive at the patient level, with no patient exhibiting dominant shared clonotypes in both
compartments. Clonotypes predominantly detected in the circulation may reflect virus-

specific effector memory T cells that infiltrate the BrM niche in response to inflammatory
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cues, whereas clonotypes enriched within the brain compartment might be a result of local

antigen-driven expansion.

However, both the antigen specificity and the origin of these shared clonotypes remain
unresolved. It is unclear whether they represent tumor-reactive or bystander T cells. If
tumor-reactive, it remains to be determined whether they are primed in peripheral lymphoid
organs and subsequently expand within the metastatic niche, or whether they are locally
primed within the brain metastasis, potentially in TLS-like structures, with limited
recirculation into the peripheral blood. Furthermore, the phenotypic identity of shared
clonotypes across compartments remains to be systematically resolved, which will require

dedicated bioinformatic analyses beyond the scope of this study.

An important technical consideration is that single-cell TCR sequencing captures only a
limited fraction of the highly diverse peripheral repertoire, potentially underestimating true
clonal overlap. To address this limitation, | performed bulk TCRB sequencing of the same
PBMC samples. Despite the loss of a— pairing information, this approach provides
substantially increased sampling depth. Importantly, bulk TCRB sequencing revealed highly
similar patterns of clonal expansion across patients, validating that the single-cell data

accurately reflect the peripheral T cell repertoire in this cohort.

Among the nine selected clonotypes tested in patient NCH9348, only those derived from
the Tscm GZMK population were detectable in the peripheral blood, whereas the remaining
seven clonotypes originating from tumor-predicted CD103* Tru clusters were not identified
in the circulation. This dichotomy is consistent with previous reports demonstrating that T
cells with features of chronic antigen exposure are enriched for tumor specificity, whereas
cells with conventional memory phenotypes more frequently recognize viral antigens and
thus represent bystander populations (Oliveira et al., 2021). In line with this, the CD103*
Tru cells identified in my dataset display hallmarks of local antigen engagement, including
strong expression of cytotoxic effector genes and pronounced clonal expansion. Given that
tissue residency is typically established following antigen recognition and sustained local
stimulation, these observations support the interpretation that Trm populations are driven by
tumor-antigen-specific responses within the metastatic niche and are unlikely to recirculate
into the peripheral compartment. In contrast, the Tscu and Tem subsets lack evidence of
prominent local expansion in the BrM. Importantly, | functionally identified one of the shared
clones between the peripheral CD8* Tem compartment and the intro-cranial CD8" Tscwm
GZMK compartment in the BrM (NCH9348 TCR-9) as virus-specific. This provides direct
functional evidence that shared clonotypes between blood and BrM can represent non-
tumor-reactive, virus-specific T cells. This observation further supports a functional and

spatial separation between circulating memory-like T cells and tumor-resident populations.
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Given that the viral peptide pool used in this study covered only 32 peptides, it remains
possible that clone 8, which was as well shared between the two compartments, may also

exhibit viral specificities which were not captured in this assay.

One limitation of the current analysis is that shared clonotypes in the peripheral
compartment were inferred based on identical TRAV/TRBV gene usage and matching
CDR3a sequences. Final confirmation of clonal identity requires the demonstration of
identical paired CDR3a and CDR3B sequences, which was not resolved in the present

dataset and will require further dedicated bioinformatic validation.

Taken together, these findings support a model in which a substantial fraction of CD103™ T
cells in NSCLC brain metastases represents transiently infiltrating bystander populations
with viral specificity. This interpretation is consistent with previous studies demonstrating
that 37-50% of tumor-infiltrating lymphocytes across solid malignancies are non-tumor-
reactive bystander T cells, predominantly directed against viral epitopes (Simoni et al.,
2018). In contrast, effective anti-tumor immunity has been shown to rely on the local
expansion and maintenance of tumor-resident T cell populations rather than continuous
recruitment from the circulation (Shorer et al., 2025). Consistently, high TCR sharing
between tumor and blood has been associated with bystander infiltration and reduced

responsiveness to immunotherapy.

Importantly, alternative explanations cannot be excluded. If future functional analyses were
to demonstrate tumor reactivity of shared clonotypes, this could support a model of systemic
anti-tumor immunity involving migration of tumor-experienced T cells either egressing from
the primary tumor (Torcellan et al., 2017) or being primed in extracranial draining lymph
nodes which then migrate to the metastatic site. However, limited sample availability

precluded such comprehensive validation in the present study.

Overall, my findings support a model in which the T cell compartment in NSCLC brain
metastases consists of two distinct populations. The first comprises peripheral bystander T
cells that transiently infiltrate the tumor microenvironment without substantial expansion and
may include virus-specific clones, as demonstrated by the functional validation of a viral-
reactive Tscm GZMK clonotype. The second represents a locally enriched CD103* Trwm
population that exhibits features consistent with tumor-antigen-driven retention and clonal

expansion, as demonstrated by the functional validation of a tumor-reactive Tru clonotype.
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5.3.2. TLS-like structures suggest local T cell activation within NSCLC brain

metastases

The presence of clonally expanded and spatially localized CD103* Trum cells within NSCLC
brain metastases, together with limited overlap with the peripheral blood repertoire, raises
the question of where these cells are activated and maintained within the brain metastatic
lesion. While classical models of anti-tumor immunity place T cell priming primarily in
secondary lymphoid organs, my data suggest that at least part of this immune organization

may occur locally within the metastatic niche.

My scRNA-seq data provided an initial indication that BrM can support such local immune
organization. Within the CD4* T cell compartment, | identified a distinct population with
features consistent with T follicular helper (Trn) cells. CXCL13 is a key chemokine that
mediates the recruitment of CXCR5-expressing B cells and plays a central role in the
formation and organization of tertiary lymphoid structures (TLS). In NSCLC, intratumoral
Ten cells and CXCL13-associated programs have been linked to improved prognosis and
durable anti-tumor immunity, particularly in the context of immune checkpoint blockade
(Gutiérrez-Melo & Baumjohann, 2023; W. Liu et al., 2024; Magen et al., 2023). Importantly,
in my dataset, CXCL13 expression was not confined to CD4* Try cells but was also
observed in the clonally expanded CD8" Trm compartment, suggesting that local immune

organization in BrM may be reinforced by both helper and cytotoxic T cell populations.

These transcriptomic findings were strongly supported by my spatial analyses. Across the
analyzed cohort, | identified lymphoid aggregates in all stages of organization, ranging from
relatively loose perivascular accumulations of T and B cells to highly structured TLS-like
formations with clear compartmentalization of immune cell subsets. These findings suggest
that lymphoid organization in BrM exists along a continuum of maturation rather than as a
strictly binary present-or-absent phenomenon. Interestingly, the presence of TLS in brain
metastases of primary breast cancer has been associated with improved overall survival,
highlighting the functional relevance of these lymphoid structures as sites of active anti-
tumor immunity (Jassowicz et al., 2026, in press). A defining feature of the most organized
aggregates was a dense core enriched for CD138" plasma cells, a subset of which
displayed proliferative activity. Notably, a fraction of these cells co-expressed CD31,
resulting in a CD138"CD31* phenotype that is atypical in peripheral tissues. This phenotype
has been primarily described in the bone marrow, where it is associated with plasma cells
exhibiting exceptionally high antibody secretory capacity (Martinez-Murillo et al., 2016). In
this context, the presence of CD138*CD31" plasma cells suggest the existence of a highly

active local humoral compartment within BrM. Spatially, this plasma cell-rich core was
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positioned in close proximity to Trx cells and surrounded by B cell-enriched regions, forming
an architecture consistent with coordinated local humoral immune activity. Such locally
produced antibodies may contribute to anti-tumor immunity, for example through antibody-
dependent cellular cytotoxicity (ADCC) mediated by innate immune effector cells. In other
solid tumors, in situ B cell maturation within TLS has been linked to plasma cell generation,
IgG deposition on tumor cells, and improved overall survival (Kroeger et al., 2016b; Meylan
et al., 2022). Notably, IgG-coated tumor cells were associated with increased tumor cell
death, suggesting a functional role of antibody-mediated effector mechanisms.
Mechanistically, these effects have been attributed to ADCC; however, they were not
associated with natural killer (NK) cell abundance but instead with macrophage proximity,
indicating a dominant role for macrophage-mediated phagocytosis (Meylan et al., 2022).
This is particularly relevant in the context of my data, in which tumor-associated
macrophages expressed TIM3, a molecule linked to enhanced phagocytic capacity in
myeloid cells (Nakayama et al., 2009), as well as high levels of IL411, recently proposed as
a marker of highly phagocytic macrophage states (Matusiak et al., 2024). Together, these
findings suggest a potential mechanistic link between TLS-associated anti-tumor humoral
immunity driving a pro-tumorigenic macrophage-driven effector function in NSCLC brain

metastases.

At the same time, these structures did not fully conform to the classical definition of a mature
germinal center-like TLS. In my dataset, CD21* follicular DCs and LAMP3* mature DCs
were not detectable, in line with previous reports in BrM (Nohira et al., 2024; Zhao et al.,
2022). However, my data argue that such a strict definition may underestimate functionally

relevant local immune structures in the metastatic brain microenvironment.

Furthermore, | observed CD317CD34* vascular structures in close proximity to these
lymphoid aggregates. Given the association of CD34 with endothelial progenitor-like states
and neoangiogenic remodeling (Hassanpour et al., 2023), these vessels may facilitate
continuous immune cell recruitment into the TLS-like niche. In this context, vascular
remodeling likely contributes not only to the metabolic demands of the tumor, but also to
the maintenance of organized immune cell accumulation. TLS are not only defined by the
accumulation of B cells, T cells, and dendritic cells, but also by the presence of high
endothelial venules (HEVs) (Vella et al., 2021), which represent specialized vascular
structures that facilitate lymphocyte recruitment in secondary lymphoid organs. HEVs are
characterized by high expression of L-selectin ligands, collectively referred to as peripheral
node addressin (PNAd) (Browning et al., 2005; Hua et al., 2022). The PNAd glycan is
assembled, among others, on CD34, which has been described as a binding partner for L-

selectin (Baumhueter et al., 1994; Puri et al., 1995). This axis mediates the recruitment of

126



Discussion

circulating naive T cells into lymphoid structures. Although a specific HEV marker was not
included in my CODEX panel, CD34 staining in the context of TLS-like structures may
therefore serve as a surrogate indicator of specialized vascular features associated with
lymphocyte recruitment. However, this does not allow for conclusive identification of HEVs

in the present dataset.

Taken together, my data support the presence of spatially organized lymphoid structures
within NSCLC brain metastases that are consistent with local immune activation. Notably,
these structures contain a prominent plasma cell-rich CD138* core, which, to my
knowledge, has not previously been described in the context of NSCLC BrM. This finding
suggests that humoral immune responses may play a more substantial role in the brain
metastatic niche than previously appreciated. More broadly, these TLS-like structures
provide a plausible framework for the local generation and maintenance of tumor-reactive
CD103* Tru cells, although direct evidence for de novo priming remains beyond the scope

of this study.
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6. Conclusion and Perspectives

6.1. Summary of findings

This thesis establishes a mechanistic framework to explain why T cell-mediated anti-tumor
immunity remains ineffective in NSCLC brain metastases despite detectable immune
infiltration. By integrating single-cell transcriptomics, TCR profiling, spatial imaging, and
functional validation, | dissect the cellular composition, spatial organization, and functional

constraints of the brain metastatic immune microenvironment.

A central finding of this work is the identification of a clonally expanded CD103" tissue-
resident memory (Trm) CD8* T cell population that exhibits multiple features consistent with
tumor reactivity. The convergence of transcriptional signatures, clonal expansion, spatial
localization within the tumor parenchyma, and the direct functional validation of a tumor-
reactive TCR provides converging evidence that tumor-reactive T cells are present within
NSCLC brain metastases. This finding challenges the notion that ineffective immunity in the
brain is primarily due to the absence of tumor-specific T cells and instead identifies a
spatially confined, tissue-resident compartment as the key site of tumor-specific immune

activity.

At the same time, this work resolves the apparent paradox that tumor-reactive T cells are
present but fail to control tumor growth. My data reveal a multi-layered system of immune
restriction that operates across distinct spatial scales. Vascular heterogeneity defines where
immune cells can access the metastatic niche, while structural barriers at the tumor-stroma
interface limit penetration into tumor cell-dense regions. Within the stromal compartment,
infiltrating T cells are further constrained by immunosuppressive niches, including 1L411-
expressing pro-tumorigenic macrophages and cytotoxic Tress that engage the
perforin/granzyme axis. Together, these mechanisms form a coordinated restrictive network

that limits effective T cell infiltration, persistence, and effector function.

Beyond these suppressive constraints, this thesis provides evidence that the brain
metastatic microenvironment supports localized immune organization. The limited overlap
between peripheral and intracranial TCR repertoires, combined with the presence of
structured, plasma cell-rich TLS-like aggregates, supports a model in which anti-tumor
immunity is at least partially established and maintained locally. The identification of a
plasma cell core within these structures further suggests that humoral immune responses
may contribute to this local immune landscape, extending current concepts of BrM

immunology beyond a purely T cell-centered view.
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Collectively, these findings redefine the basis of immune dysfunction in NSCLC brain
metastases. Rather than reflecting a lack of tumor-specific immunity or widespread terminal
exhaustion, ineffective immune control emerges as a consequence of spatial restriction,
localized immunosuppression, and constrained antigen exposure. By identifying the cellular
and structural determinants that limit T cell function in the brain metastatic niche, this work
provides a foundation for the development of therapeutic strategies aimed at overcoming

these constrains and enabling effective anti-tumor immunity.
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1. Heterogeneous vascular access defines T cell entry into brain metastases
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Figure 19: Integrated model of spatial and functional mechanisms of anti-tumor immunity in NSCLC

brain metastases.

1. T cell entry into brain metastases is spatially heterogeneous and depends on the integrity of the perivascular
niche. Regions with preserved astrocytic coverage maintain blood-brain barrier-like properties and restrict
immune cell extravasation, whereas vascular remodeling associated with the blood-tumor barrier permits
infiltration.

2. Following entry, T cells remain largely confined to the stromal compartment. At the tumor-stroma interface, a
spatially organized CK19* barrier and an SDC1 (CD138) gradient restrict T cell penetration into the tumor
parenchyma. Within the stroma, IL411-expressing macrophages and activated regulatory T cells further
suppress T cell function, the latter via granzyme B-mediated mechanisms.

3. Despite these constraints, a subset of CD103" tissue-resident memory CD8* T cells localize within the tumor
parenchyma. These cells exhibit clonal expansion, a transcriptional profile consistent with tumor reactivity, and
include T cell receptors with confirmed tumor-specific activity, indicating the presence of functional anti-tumor
immunity.

4. Spatially organized tertiary lymphoid structure (TLS)-like formations are present, characterized by a plasma
cell-rich core surrounded by B cells, T cells, Ten cells, and dendritic cells. These structures suggest local immune

organizations and may support the generation and maintenance of tumor-reactive T cells.

6.2. Therapeutic perspectives and future directions

The findings of this thesis delineate distinct, targetable mechanisms that actively suppress
anti-tumor immunity in NSCLC brain metastases while also uncovering additional layers of
immune organization that remain incompletely understood. Rather than reflecting a passive
failure of immune infiltration, my data identify defined structural and cellular barriers,
including the tumor-stroma interface, and suppressive myeloid compartments. These
findings define rational points of therapeutic intervention, while other observations, such as
the presence of plasma cell-rich TLS-like structures, highlight independent areas that

require further investigation.

A key next step will be the systematic quantitative analysis of the multiplexed spatial imaging
data. This includes the application of computational approaches to define cell-cell
interactions, spatial neighborhoods, and higher-order tissue structures across patients. In
particular, quantitative assessment of CD103" T cell localization relative to tumor cells,
macrophage-rich niches, and TLS-like structures will be critical to validate the spatial
relationships described here and to determine their consistency across the cohort. Such
analyses will also enable the identification of spatial correlations of T cell functionality and
may uncover patient-specific differences in immune organization that are not captured by

qualitative observation alone.
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Beyond these methodological considerations, a central finding of this work is the
identification of a previously unrecognized barrier at the tumor-stroma interface in BrM that
actively restricts T cell entry into the tumor parenchyma. While SDC1 has been implicated
in T cell exclusion in other tumor settings, my data reveal its spatially organized distribution
at the tumor border as a key determinant of immune exclusion in NSCLC brain metastases,
thereby defining a novel and targetable mechanism in this context. In solid tumor models,
monoclonal antibodies targeting SDC1 have demonstrated potent anti-tumor activity by
promoting CD8* T cell infiltration and inducing NK cell-mediated ADCC (Yang et al., 2026).
However, in the context of brain metastases, such approaches require careful
consideration. While systemic targeting of SDC1 may alleviate tumor-associated immune
exclusion, it also risks disrupting plasma cells within TLS-like structures and thereby
compromising local humoral immunity. In addition, the pleiotropic functions of SDC1 in
tissue organization and its extensive interactome raise significant concerns regarding
unintended off-target effects, complicating its use as a therapeutic target. A more selective
strategy, such as the development of bispecific antibodies combining SDC1 targeting with
a tumor-restricted epithelial marker, may allow disruption of the tumor barrier while

preventing off-target effects.

In parallel, the suppressive stromal microenvironment represents a second key therapeutic
axis. The identification of IL411-expressing macrophages as a conserved feature of NSCLC
brain metastases suggests that metabolic immune suppression is a central component of
the local niche (Matusiak et al., 2024; Sadik et al., 2020). Notably, specific IL4I1 inhibitors
have already been developed, highlighting the translational potential of this pathway
(Sabnis, 2023). Targeting IL4l1 may therefore restore T cell proliferation and effector
function while limiting tumor cell motility. However, effective delivery remains a major
challenge, particularly in regions with preserved barrier function. The use of targeted
delivery systems, such as nanoparticle-based approaches, may in this context be required

to achieve sufficient drug penetration (Cheng et al., 2014).

Beyond T cell-directed immunity, the identification of highly organized, plasma cell-rich TLS-
like structures points to a previously underappreciated role of humoral immunity in brain
metastases. Integrating single-cell RNA sequencing with B cell receptor (BCR) profiling will
be critical to resolve the clonal architecture and somatic hypermutation dynamics of BrM-
infiltrating B cells and plasma cells. This will provide key insights into their role in shaping

anti-tumor immunity within the brain metastatic niche.

In addition to these therapeutic considerations, several targeted experimental approaches
are required to further refine the mechanistic insights generated in this study. First,

computational inference of cell-cell communication, for example using CellChat, should be
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applied to the single-cell transcriptomic data to systematically characterize interactions
between CD8* T cells and Tregs. This would provide transcriptional-level support for the
direct suppressive interaction suggested by spatial proximity and granzyme B deposition.
Second, the antigen specificity of selected TCRs requires further clarification. The TCR
identified as virus-reactive in patient NCH9348 should be cross-referenced against publicly
available databases such as VDJdb to verify prior annotation and determine whether this
TCR represents an already annotated virus-specific sequence. In parallel, the selected
NCH9348 clonotype 9 from the BrM, which was validated to be viral-reactive, and which
was observed to be also present in the peripheral blood based on concordant TRAV and
TRBV gene usage and identical CDR3a sequences should be validated as true clone
through comprehensive pairing analysis of the CDR3[ region. Building on this, future
analyses should systematically extend this approach to all clonotypes shared between brain
metastases and peripheral blood across the four patients with matched sequencing data.
In particular, it will be important to determine the extent to which these shared clonotypes
correspond to previously annotated virus-specific sequences in VDJdb, and to define their
phenotypic distribution within each compartment. Such analyses will provide critical insight
into whether circulating-intratumoral overlap is predominantly driven by bystander, virus-

specific T cells or includes clonotypes with potential tumor reactivity.

Third, the functional validation platform established in this study can be further strengthened
by extending TCR testing of sample NCH8937 to PBMC-derived T cells. In particular, for
patient NCH8937, where autologous PBMCs were not available, the use of HLA-matched
healthy donor PBMCs would allow independent validation of the optofluidic assay results.
Inclusion of viral peptide pools in this system would further allow for discrimination between

tumor-specific and virus-specific TCR reactivity.

Taken together, these approaches will refine the mechanistic understanding of T cell
function in NSCLC brain metastases and facilitate translation into clinically actionable
strategies. By targeting the structural, cellular, and functional constraints identified in this
work, future therapies may enable effective engagement of the resident tumor-reactive T

cell compartment and thereby improve outcomes for patients with brain metastases.

133



Appendix

7. Appendix
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Appendix Figure 1: Cell count of T cells from scRNA/TCR-seq analysis including clonotype group
(A) Cell counts of BrM-infiltrating T cells with detectable TCR-sequence after quality control from the

scRNA/TCR-seq dataset.
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Appendix Figure 2: Lentiviral TCR construct and baseline reporter activation in JE6-1-NF-kB::eGFP cells
(A) Schematic representation of the lentiviral backbone used for cloning of TCR sequences of interest,
combining TRBV, TRBC, TRAV, and TRAC within a single construct under the control of a T7 promoter. (B, D)
Unspecific reporter activation, quantified as the percentage of eGFP* JE6-1-NF-kB::eGFP cells 24 h post-
transfection with TCRs derived from sample NCH8937 (B) or NCH9348 (D), cultured in the absence of target
cells. (C) Unspecific reporter activation, quantified as the percentage of eGFP* JE6-1-NF-kB::eGFP cells 48 h

post-transfection with TCRs derived from sample NCH8937, cultured in the absence of target cells.
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Appendix Figure 3: Representative multiplexed CODEX imaging of marker expression in brain
metastases

Representative single-marker fluorescence images illustrating spatially resolved expression of selected markers
within brain metastatic tissue. Signals are shown for individual markers, with nuclei counterstained by DAPI.

Scale bars and marker identities are indicated.
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