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Abstract 

Classical Hodgkin lymphoma (cHL) features rare Hodgkin/Reed–Sternberg (HRS) cells 

within an immune-dense microenvironment, yet refractory disease persists in a subset of 

patients. This thesis interrogates how PD-1/PD-L1 signaling suppresses CD8⁺ T-cell 

cytotoxic immunity by integrating tumor-intrinsic and microenvironmental mechanisms. 

We combined mechanistic co-cultures, PLA coupled to multiplex immunofluorescence 

(PLA/mIF) on FFPE tissues, and RNA-seq of tumor-educated macrophages to link 

cellular mechanism to tissue context. Using mechanistic co-cultures of antigen-specific 

CD8⁺ T cells with HRS cells, we show that MHC-I–intact HRS cells directly restrain 

CD8⁺ effector function through PD-1/PD-L1 engagement; both PD-1 blockade and HRS 

PD-L1 knockout enhanced CD8⁺ activation and killing. In complementary systems 

incorporating tumor-associated macrophages (TAMs), PD-L1⁺ macrophages suppressed 

CD8⁺ T-cell activity via PD-1, and this inhibition was partially reversed by PD-1 

blockade. Proximity ligation assay combined with multiplex immunofluorescence on 

FFPE sections confirmed in situ PD-1/PD-L1 engagement at two interfaces: CD8⁺ - HRS, 

and CD8⁺-TAMs contacts. Notably, EBV-positive tumors exhibited higher interaction 

rates across both interfaces, consistent with preserved MHC-I and enriched myeloid 

niches. PLA/IF further demonstrated that in tumors with limited CD8–HRS contact, CD8⁺ 

T cells continued to form PD-1/PD-L1 interactions with macrophages, indicating that 

TAMs can function as alternative checkpoint partners when direct tumor engagement is 

reduced. Together, these data support a multilayered model in which HRS cells initiate 

checkpoint-mediated suppression that TAMs amplify and stabilize. Long-term co-

cultures of HRS cells with PD-1–expressing cells revealed no sustained proliferative or 

survival advantage from PD-L1 ligation under nutrient-replete conditions, suggesting 

context dependence of PD-L1 reverse signaling. Finally, RNA-seq of macrophages 

exposed to HRS-conditioned media showed M2-like polarization with increased 

mediators such as VSIG4, MMP9, and PDGF ligands, reinforcing checkpoint-mediated 

suppression and impairing T-cell function. Together, these data support a layered 

model of immune evasion in cHL: HRS cells can initiate PD-1/PD-L1–dependent 

inhibition where MHC-I is intact, while M2-like TAMs act 

as compensatory/alternative partners that sustain suppression when direct CD8–HRS 

engagement is limited. This framework explains the variable efficacy of PD-1 blockade 

and supports macrophage-targeted therapies for more durable responses. 
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Zusammenfassung 

Das klassische Hodgkin-Lymphom (cHL) enthält nur wenige Hodgkin/Reed–Sternberg-

(HRS)-Zellen in einer immunzellreichen Mikroumgebung, doch ein Teil der Patienten 

bleibt refraktär. Diese Arbeit untersucht, wie die PD-1/PD-L1-Signalübertragung die 

zytotoxische CD8⁺-T-Zell-Immunität durch tumorintrinsische und mikroenvironmentale 

Mechanismen unterdrückt. Wir kombinierten mechanistische Kokulturen, PLA/mIF an 

FFPE-Geweben und RNA-Seq von tumorerzogenen Makrophagen, um zelluläre 

Mechanismen mit dem Gewebekontext zu verbinden. In Kokulturen antigen-spezifischer 

CD8⁺-T-Zellen mit HRS-Zellen zeigte sich, dass MHC-I-intakte HRS-Zellen die CD8⁺-

Effektorfunktion direkt über PD-1/PD-L1 hemmen; PD-1-Blockade oder PD-L1-

Knockout steigerten Aktivierung und Zytotoxizität. In Systemen mit tumorassoziierten 

Makrophagen (TAMs) unterdrückten PD-L1⁺-Makrophagen die CD8⁺-Aktivität über PD-

1, was durch PD-1-Blockade teilweise aufgehoben wurde. PLA/mIF bestätigte in 
situ PD-1/PD-L1-Interaktionen an zwei Schnittstellen: CD8⁺–HRS und CD8⁺–TAM. 

EBV-positive Tumoren zeigten an beiden Schnittstellen erhöhte Interaktionsraten, im 

Einklang mit erhaltenem MHC-I und einer myeloid-reichen Umgebung. Zudem 

interagierten CD8⁺-T-Zellen bei eingeschränktem CD8–HRS-Kontakt weiterhin mit PD-

L1⁺-Makrophagen, was TAMs als alternative Checkpoint-Partner ausweist. Diese 

Befunde stützen ein Modell, in dem HRS-Zellen die Suppression einleiten und TAMs sie 

verstärken. Langzeit-Kokulturen zeigten keinen proliferativen oder überlebensbezogenen 

Vorteil durch PD-L1-Ligierung, was eine Kontextabhängigkeit des Reverse-Signalings 

nahelegt. RNA-Seq von Makrophagen, die HRS-konditioniertem Medium ausgesetzt 

waren, zeigte eine M2-ähnliche Polarisierung mit erhöhten Mediatoren wie VSIG4, 

MMP9 und PDGF-Liganden, die die Checkpoint-Suppression verstärken und die T-Zell-

Funktion beeinträchtigen. Insgesamt ergibt sich ein Modell der Immunflucht, in dem 

HRS-Zellen eine PD-1/PD-L1-abhängige Hemmung einleiten, während M2-ähnliche 

TAMs die Suppression bei reduzierter CD8–HRS-Interaktion aufrechterhalten. Dies 

erklärt die variable Wirksamkeit der PD-1-Blockade und unterstützt 

makrophagenorientierte Therapiestrategien für dauerhaftere Antworten.  
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 Introduction 

More than 180 years ago, Thomas Hodgkin described several cases of a disease later 

named Hodgkin disease [1]. Once recognized as a lymphoid malignancy, the disease was 

renamed Hodgkin lymphoma (HL) [2]. It is a rare malignancy, with approximately 83,000 

new cases diagnosed globally each year and an age-standardized incidence rate of 0.98 

per 100,000 [3]. Although it is rare overall, HL shows a characteristic bimodal age 

distribution. It occurs in older individuals as well as in young adults—among whom it is 

one of the most common cancers [4,5]. 

Over time, HL has transformed from a fatal disease into one of the most curable 

malignancies, with modern combined chemotherapy and radiotherapy achieving cure 

rates of approximately 80–90% [6].  

 Hodgkin lymphoma therapy: Milestones and emerging strategies 

The introduction of radiotherapy in the early 1900s marked the first effective treatment, 

particularly for localized disease [7–9]. The 1960s marked a major milestone with the 

development of combination chemotherapy, particularly the MOPP regimen 

(mechlorethamine, vincristine [Oncovin], procarbazine, and prednisone), which achieved 

high rates of treatment response [10,11]. However, MOPP was eventually replaced by the 

ABVD regimen (doxorubicin  [Adriamycin], bleomycin, vinblastine, dacarbazine) in the 

1970s, as the cure rates were higher with ABVD and the long-term side effects were fewer 

[10,12–14]. ABVD remains a cornerstone of HL treatment to this day. In the following 

decades, efforts shifted toward optimizing therapy by balancing efficacy with long-term 

toxicity. Combined modality therapy, chemotherapy followed by involved-site 

radiotherapy, became standard for early-stage disease [14]. For advanced-stage and high-

risk patients, intensified regimens such as BEACOPP (bleomycin, etoposide, doxorubicin 

[Adriamycin], cyclophosphamide, vincristine [Oncovin], procarbazine, and prednisone), 

introduced in the mid-1990s, offered improved disease control at the cost of increased 

toxicity [14,15].  

More recently, response-adapted strategies using interim positron emission 

tomography combined with computed tomography (PET/CT) imaging have enabled 

personalization of treatment, allowing for escalation or de-escalation based on early 

response [7,16]. However, despite these advances and high long-term survival rates, the 
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majority of HL survivors face a significantly increased risk of serious late treatment-

related complications. These include second cancers, cardiovascular and pulmonary 

diseases, thyroid problems, among others [17]. In response to long-term treatment-related 

complications, novel therapeutic agents have emerged over the past decade. Brentuximab 

vedotin, an antibody–drug conjugate targeting the cell surface marker CD30 expressed 

on malignant lymphocytes in HL, was initially approved for relapsed or refractory 

patients [18]. However, based on promising clinical outcomes in combination with AVD 

(ABVD without bleomycin, due to concerns over pulmonary toxicity), it is now 

increasingly incorporated into frontline treatment regimens [18,19].    

 Immune checkpoint inhibitors such as nivolumab and pembrolizumab, which 

target the programmed death-1 (PD-1) receptor to restore anti-tumor immune responses, 

have demonstrated durable efficacy in heavily pretreated patients with relapsed or 

refractory Hodgkin lymphoma [20,21]. Nivolumab is a fully human IgG4 monoclonal 

antibody that binds to PD-1 on activated T cells, preventing its interaction with 

programmed cell death ligand-1 (PD-L1) and programmed cell death ligand-2 (PD-L2). 

By interrupting the inhibitory PD-1/PD-L1 interaction, nivolumab restores T-cell effector 

functions, including proliferation, cytokine secretion, and cytotoxic activity against HRS 

cells. In an expanded phase 2 trial involving patients with relapsed or refractory disease 

following brentuximab vedotin treatment and stem cell transplant, nivolumab achieved 

an objective response rate of 66.3%, with 76.9% of patients remaining progression-free 

at 6 months; some experienced long-lasting responses [22]. Comparable clinical 

outcomes were observed with pembrolizumab, another PD-1–targeting antibody [23].  

Initially approved for patients who had failed prior therapies, nivolumab and 

pembrolizumab are now increasingly integrated into earlier lines of treatment, reflecting 

a shift toward immunotherapy-based strategies in HL management. These promising 

outcomes offer the potential not only to improve cure rates but also to reduce the side 

effects and long-term toxicities associated with conventional chemotherapy. The 

mechanism of action of nivolumab in the context	of cHL will be discussed in detail in a 

later section. 

 Classification of Hodgkin lymphoma 

Hodgkin lymphoma is subdivided into two main subtypes, classical Hodgkin lymphoma 

(cHL) and nodular lymphocyte predominant Hodgkin lymphoma (NLPHL), based on 
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differences in the morphology and phenotype of the lymphoma cells, as well as the 

composition of the background cellular infiltrate [24]. NLPHL is a relatively rare subtype, 

accounting for approximately 5–10% of all HL cases and is characterized by the presence 

of neoplastic lymphocyte predominant (LP) cells.  

The cHL is further subdivided into four histological subtypes: nodular sclerosis, 

mixed cellularity, lymphocyte-rich classic, and lymphocyte-depleted [25,26]. All cHL 

subtypes are characterized by neoplastic mononuclear Hodgkin cells and bi- or 

multinucleated Reed–Sternberg (HRS) cells. Nodular sclerosis, which accounts for about 

70% of classical Hodgkin lymphoma cases, is characterized by collagen bands (sclerosing 

fibrosis) that separate nodules composed of inflammatory cells and a specific variant of 

HRS cells known as lacunar cells, which appear to sit in clear spaces (“lacunae”) due to 

fixation artifacts. In contrast, mixed cellularity Hodgkin lymphoma lacks such bands, and 

HRS cells are scattered within a mixed inflammatory infiltrate, accounting for 

approximately 20-25% of cases. Lymphocyte-rich cHL, accounting for about 5% of 

cases, is a less common subtype characterized by a predominance of reactive lymphocytes 

in the background with scattered HRS cells. This subtype generally has fewer 

inflammatory cells compared to mixed cellularity and lacks the sclerosing fibrosis that is 

characteristic of nodular sclerosis. Additionally, it typically lacks neutrophils and 

eosinophils in the cellular infiltrate. Lymphocyte-depleted cHL is the rarest subtype, 

accounting for less than 1% of cases, and is characterized by a diffuse infiltration of HRS 

cells with minimal or absent reactive inflammatory cells in the background. 

 Cellular origin and phenotypic complexity of HRS cells 

A defining feature of cHL is the presence of neoplastic mononuclear Hodgkin cells and 

bi- or multinucleated Reed–Sternberg cells (HRS) within a reactive, mixed inflammatory 

background (see Figure 1). Due to their rarity and atypical immunophenotype, the cellular 

origin of HRS cells remained uncertain for nearly a century, despite their initial 

description in the early 20th century.  
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Figure 1. Cellular composition of classical Hodgkin lymphoma (cHL). Hematoxylin & eosin 
(H&E)–stained tissue shows malignant Reed–Sternberg cells with characteristic “owl-eye” bi- or 
multinucleated nuclei and mononuclear Hodgkin cells (HRS), highlighted separately from the 
surrounding normal lymphocytes. The tumor microenvironment also contains plasma cells, 
eosinophils, and macrophages, which collectively form a supportive niche that promotes HRS 
cell survival and immune evasion. (Image adapted from MDC Berlin, 2021). 
 

The immunophenotypic profile of HRS cells does not resemble any normal 

immune cell subset, making it difficult to determine their lineage. Their phenotype is 

heterogeneous, showing co-expression of markers typically associated with multiple 

hematopoietic lineages, including dendritic cells, B cells, T cells, macrophages, and 

granulocytes [27,28]. The absence of B-cell receptor (BCR) expression and other 

characteristic B-cell markers further complicated their identification as B cells; however, 

the expression of the B-cell specific transcription factor PAX5 suggested a B-cell origin 

[28,29].	Despite this apparent contradiction, subsequent molecular studies have provided 

further insight into the true origin of HRS cells. Multiple lines of evidence support the 

view that HRS cells originate from pre-apoptotic germinal center (GC) B cells  [29,30]. 

One of the key indicators of B-cell lineage is the presence of immunoglobulin variable 

(IgV) region gene rearrangements in HRS cells, a feature exclusive to B cells. The 

identification of somatic mutations within the IgV genes further supports a GC B-cell 
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origin, as somatic hypermutation is a process that occurs exclusively in germinal centers. 

Additionally, the detection of immunoglobulin class switching in HRS cells reinforces 

their derivation from GC B cells. Evidence for a pre-apoptotic origin comes from the 

observation that HRS cells often harbor deleterious somatic mutations, such as nonsense 

mutations in the IgV genes, which would normally lead to apoptosis in functional GC B 

cells. Collectively, these findings indicate that HRS cells are derived from crippled, pre-

apoptotic GC B cells.  

Although molecular evidence strongly supports a B-cell origin for HRS cells, their 

atypical phenotype can include expression of T-cell–associated markers such as 

granzyme B [31], CD3, and CD4 among others [27,32]. This unusual expression pattern 

has led to speculation that, in rare instances, the HRS cells may arise from T lymphocytes. 

Indeed, some studies of cHL cases expressing T-cell markers have revealed T-cell 

receptor (TCR) gene rearrangements in the absence of immunoglobulin (Ig) gene 

rearrangements, suggesting a true T-cell origin in a small subset of cases [33,34]. 

However, in the majority of cHL cases with T-cell marker expression, the HRS cells are 

still derived from B cells and simply display abnormal expression of T-cell–associated 

proteins [33–35]. Their expression of T-cell markers reflects abnormal expression rather 

than true lineage, further emphasizing the phenotypic complexity of these cells. Further 

investigation is needed to clarify the rare instances in which HRS cells may originate 

from T lymphocytes, as it remains uncertain whether these represent true T cell–derived 

Hodgkin lymphomas or rather some T-cell lymphomas that morphologically and 

immunophenotypically mimic classical Hodgkin lymphoma or cases in which T cells 

have acquired an HRS cell–like gene expression program [30].  

A hallmark morphological feature of classical cHL is the distinctive owl-eye 

appearance of Reed-Sternberg cells, resulting from their bi- or multinucleated structure 

(see Figure 1). Time-lapse microscopy studies of HL cell lines revealed that mononuclear 

Hodgkin cells frequently fail to complete cytokinesis, leading to the formation of Reed-

Sternberg cells through the re-fusion of sister cells that remain connected by microtubule 

bridges [36]. This suggests that mononuclear Hodgkin cells of GC B-cell origin give rise 

to Reed-Sternberg cells due to a defective cytokinesis process. 
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 Dysregulation of JAK/STAT and NF-κB Signaling in cHL 

Two major signaling pathways, JAK/STAT and NF-κB, are frequently altered in cHL, 

and their constitutive activation provides essential survival advantages to HRS cells while 

promoting profound immune evasion.		Among these, the JAK/STAT pathway serves as	  
a central mediator of cytokine signaling [30,37,38]. The JAK/STAT cascade is composed 

of transmembrane cytokine receptors, Janus kinases (JAKs), and the signal transducers 

and activators of transcription (STATs). Through this coordinated signaling module, the 

pathway governs diverse cellular processes, including differentiation, metabolic 

reprogramming, and immune regulation [38,39]. 

 Upon binding of cytokines or growth factors to their specific transmembrane 

receptors, associated JAKs become activated and phosphorylate tyrosine residues in the 

receptor’s intracellular domains, generating docking sites for STAT proteins. Once 

recruited, STATs are phosphorylated by JAKs to form pSTATs, which subsequently 

dissociate from the receptor complex and dimerize. These activated dimers then 

translocate into the nucleus, where they bind promoter regions of target genes and 

regulate transcription. Tight control of this signaling axis is maintained by several 

negative regulators, including SOCS proteins, PIAS family members, and protein 

tyrosine phosphatases (PTPs), which collectively prevent excessive or prolonged 

JAK/STAT activation [38,39]. 

In cHL, dysregulation of the JAK/STAT pathway is common and is driven by frequent 

genetic lesions affecting key components of this signaling system. Mutations in STAT6, 

STAT3, STAT5B, JAK1, and JAK2 cause these proteins constitutively active, thereby 

promoting the survival and proliferation of HRS cells. In addition, inactivating mutations 

in the negative regulators PTPN1 and SOCS1—among the most frequent mutations in 

cHL—further enhance pathway activity by abolishing essential inhibitory checkpoints 

[30,37,38,40]. Beyond these somatic mutations, constitutive JAK/STAT signaling in 

HRS cells is amplified by extensive autocrine and paracrine cytokine networks. HRS cells 

produce multiple interleukins and simultaneously express their corresponding receptors, 

enabling sustained autocrine stimulation. In parallel, immune cells within the cHL 

microenvironment supply additional cytokines that act in a paracrine manner, reinforcing 

JAK/STAT activation in HRS cells and contributing to the characteristic inflammatory 

milieu of the disease [30,37,38,41]. 
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In addition to dysregulated JAK/STAT signaling, multiple other genes in cHL can be 

mutated or dysregulated, often altering pathways that support cell survival and immune 

evasion. Among these, mutations that drive constitutive nuclear factor-κB (NF-κB) 

activation represent a major hallmark of cHL and play a central role in its pathogenesis. 

Genomic gains and amplifications of REL are frequently detected and are associated with 

increased c-Rel protein expression, thereby enhancing NF-κB transcriptional activity 

[30,37,42]. Furthermore, inactivating mutations in negative regulators of NF-κB provide 

another mechanism driving persistent pathway activation [30,37]. Beyond these intrinsic 

alterations, NF-κB signaling is also activated by external cues such as cytokines, 

chemokines, and ligands associated with interleukins and tumor necrosis factor receptors 

(TNFRs) within the tumor microenvironment. Several TNFR family members, including 

CD30 and CD40, deliver potent pro-survival, anti-apoptotic, and pro-proliferative signals 

through NF-κB, as their ligands are abundantly provided by cells within the cHL 

microenvironment [30,37,43]. 

 Tumor microenvironment in cHL 

In cHL, HRS cells are scattered throughout a highly reactive tumor microenvironment 

(TME). This microenvironment is predominantly composed of non-tumor cells and 

accounts for the majority of the tumor mass, whereas HRS cells themselves make up only 

about 1–5% of it. This unique cellular composition represents another defining feature of 

cHL, distinguishing it from most other malignancies. 

The TME consists of a diverse mixture of immune and non-immune cells, 

including T and B lymphocytes, neutrophils, eosinophils, macrophages, plasma cells, 

mast cells, fibroblasts, and a rich vascular network [44]. Owing to these variations in 

cellular composition each of the four histological subtypes of cHL (nodular sclerosis, 

mixed cellularity, lymphocyte-rich, and lymphocyte-depleted) exhibits characteristic 

patterns that reflect their distinct microenvironmental profiles [30,45–49]. 

HRS cells actively shape their tumor microenvironment by secreting a broad 

spectrum of cytokines, chemokines, and growth factors, thereby spatially remodeling the 

surrounding cellular landscape. They recruit various immune cells from the peripheral 

circulation and promote the local expansion of these populations, a process further 
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reinforced by reactive macrophages and mast cells. Specifically, HRS cells produce 

factors such as IL-5, IL-7, IL-8, IL-9, CCL5, CCL17, CCL20, and CCL22, which 

facilitate the recruitment of lymphocytes, granulocytes, macrophages, and mast cells 

[45,49,50]. Among these, chemokines such as CCL5, CCL17, CCL20, and CCL22 

specifically attract Th2 and Treg subsets. Th2 cells support tumor growth by promoting 

angiogenesis and suppressing cell-mediated immunity, reducing the efficacy of tumor 

cell killing. Treg cells inhibit cytotoxic activity through multiple mechanisms, including 

IL-10 secretion and CTLA-4 or LAG3-mediated downregulation of CD3 signaling, 

specifically suppressing Th1 effector cells [45,48,49,51,52]. 

HRS cells are typically in close contact with, and surrounded by, CD4⁺ T cells—

predominantly Th2 and Treg subsets—forming characteristic ‘rosettes’. These rosettes 

act as a protective wall around HRS cells, shielding them from cytotoxic attacks and 

exemplifying how HRS cells spatially organize their microenvironment to reinforce 

survival and immune evasion [45,49,52]. They also deliver pro-survival signals via 

CD40–CD40L interaction, leading to NF-κB activation. Interestingly, in HIV-associated 

cHL, these T-cell rosettes are often replaced by spindle-shaped CD163⁺ macrophages, 

highlighting a distinct microenvironmental adaptation [53,54]. 

Importantly, HRS cells do not only shape their microenvironment by attracting 

immune cells but also modulate their functional state and differentiation through the 

secretion of critical factors. Although HRS cells themselves have limited proliferative 

capacity, they strategically manipulate surrounding normal cells to create a supportive 

microenvironment. For example, they can reprogram tumor-infiltrating T cells by 

skewing CD4⁺ differentiation toward Th2 and Treg phenotypes, both of which favor 

immune suppression and tumor progression [45,49,52]. 

This reprogramming illustrates that the interactions between HRS cells and the 

surrounding microenvironment are not unidirectional. In fact, the dynamic interplay 

between HRS cells and the TME is bidirectional: while HRS cells actively recruit and 

shape immune populations, the recruited cells, in turn, secrete factors that further promote 

HRS survival and proliferation. This bidirectional crosstalk extends beyond immune cells 

to stromal components as well. For example, extracellular vesicles released by HRS cells 

can reprogram fibroblasts into cancer-associated fibroblasts with tumor-supportive 

functions. Although HRS cells do not produce eotaxin themselves, they secrete IL-13 and 

TNF-α, which stimulate fibroblasts to release eotaxin, thereby promoting the recruitment 

of eosinophils and T cells into the TME [48,49]. 
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This bidirectional crosstalk illustrates how HRS cells not only shape their 

microenvironment but also exploit the recruited cells to reinforce their own survival and 

proliferation. In doing so, HRS cells employ multiple complementary strategies to 

establish and maintain a supportive tumor microenvironment. First, they actively recruit 

immune cells through the secretion of cytokines and chemokines. Second, they modulate 

the phenotype of recruited immune cells, reprogramming T cells, macrophages, and other 

components toward tumor-promoting functions. Third, HRS cells promote the local 

expansion of Th2 and Treg cells, fibroblasts, endothelial cells, and monocytes, 

reinforcing the structural and functional network of the TME. Finally, they can 

exert direct inhibitory effects on cytotoxic T and NK cells, limiting effective anti-tumor 

immunity [30,45–49,55]. 

The cumulative outcome of these strategies is a tumor microenvironment capable 

of suppressing immune responses, sustaining HRS survival and proliferation, and 

contributing to therapy resistance. This coordinated remodeling underscores the 

complexity of cHL’s TME and highlights why disrupting these interactions is a critical 

focus for therapeutic development [30,45–49,55].  

 Epstein–Barr Virus–Associated cHL 

Epstein–Barr virus (EBV) infection represents an additional layer of immune 

modulation in a substantial subset of classical Hodgkin lymphoma cases. Approximately 

40% of patients harbor EBV-positive HRS cells [56], and the virus is thought to 

contribute to lymphomagenesis through the expression of latent genes that provide 

survival and immune-evasive advantages [57]. In EBV-positive cHL, the viral proteins 

latent membrane protein 1 (LMP1) and latent membrane protein 2A (LMP2A) are 

consistently expressed. LMP1 functions as a constitutive mimic of CD40 signaling, while 

LMP2A imitates BCR signaling—both of which are critical for the survival of germinal 

center–derived B cells [57]. In addition to promoting HRS cell persistence, LMP1 has 

been shown to induce PD-L1 expression, further reinforcing local immunosuppression 

[58]. Clinically, EBV-positive cHL is often associated with a poorer prognosis, and 

circulating EBV DNA has been identified as an independent predictor of treatment failure 

[59]. In addition to promoting HRS cell survival, EBV-driven immune modulation—

particularly increased PD-L1 expression and alterations of the surrounding 

microenvironment—facilitates immune escape in EBV-positive cHL. 
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 Tumor-associated macrophages in cHL 

Tumor-associated macrophages (TAMs) are among the most abundant and functionally 

diverse immune cells in the tumor microenvironment. They actively shape the local 

milieu, influencing tumor growth, progression, and response to therapy [60,61]. In 

classical Hodgkin lymphoma (cHL), TAMs play a particularly important role in 

remodeling the immune and stromal landscape, where they contribute to immune evasion 

mechanisms that protect HRS cells. Their remarkable plasticity allows them to adopt 

different functional states, ranging from pro-inflammatory to immunosuppressive, 

depending on environmental stimuli. 

Macrophages represent one of the most adaptable immune cell types, capable of 

switching their roles depending on the signals they receive. They may stimulate or 

suppress immune activity, drive inflammation or resolve it, and within tumors they can 

either limit or promote disease progression [60,62,63]. To simplify this diversity, the 

concept of macrophage polarization has been proposed, categorizing them into two 

functional states M1 and M2, each shaped by distinct cytokine environments [62,63]. 

These heterogeneous cells originate from circulating monocyte precursors and 

differentiate under the influence of cytokines and growth factors within the tissues they 

infiltrate, acquiring distinct functional phenotypes.   

Classically activated M1 macrophages typically develop in response to IFN-γ or 

bacterial components. They secrete pro-inflammatory cytokines that enhance adaptive 

immune responses and can induce apoptosis in malignant cells. Alternatively activated 

M2 macrophages arise in cytokine-rich environments, particularly in the presence of 

Interleukins 4 and 13 (IL-4 and IL-13). They release anti-inflammatory cytokines, growth 

factors, and immunosuppressive mediators that support tissue repair and promote 

apoptosis resistance in malignant cells. In sharp contrast to the tumor-suppressive 

potential of M1 macrophages, M2 macrophages are generally associated with 

immunosuppression and tumor progression [45,60,62,63]. Although macrophage 

polarization is often described as two opposing subsets, many markers overlap across 

populations and are expressed at varying levels. For example, M2 macrophages may still 

express certain M1 markers, albeit at lower levels, and vice versa [64]. Thus, the M1/M2 

distinction should be understood as a spectrum rather than two fixed categories. 

Macrophages display substantial plasticity and can shift their phenotype in response to 

microenvironmental conditions [62,64]. In cancer, however, M2-like states are often 
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predominant and strongly associated with tumor-promoting function [46,65,66]. These 

macrophages secrete cytokines such as IL-6 and growth factors that drive tissue 

remodeling, angiogenesis, and immune suppression, ultimately facilitating tumor growth 

[46]. Additionally, these macrophages contribute to tumor progression by suppressing 

cytotoxic T cell activity and recruiting regulatory T cells, thereby promoting immune 

evasion. Recent studies have shown that HRS cells recruit peripheral monocytes into the 

tumor microenvironment but secrete cytokines such as IL-10, TGF-β, GM-CSF, IL-13, 

and CCL5, collectively driving macrophages toward an M2-like phenotype [46]. This 

polarization is often reflected by the expression of CD163, a marker proposed to identify 

immunosuppressive TAMs [66,67]. Increased macrophage expression has been 

consistently linked to poorer outcomes in cHL patients [60,66]. Notably, TAMs are more 

abundant in EBV-positive cHL than in EBV-negative cases, and in EBV-positive tumors, 

they are strongly associated with CD163 expression, indicating a predominance of the 

M2-like phenotype. In contrast, CD68 is more broadly expressed on monocytes and 

macrophages, as well as on subsets of dendritic cells, neutrophils, basophils, and mast 

cells, highlighting the more restricted specificity of CD163 for M2-like macrophages 

[68,69]. Notably, M2-like TAMs often express immune checkpoint molecules such as 

PD-L1, contributing to an immunosuppressive microenvironment that facilitates tumor 

immune evasion in cHL. This aspect, including PD-L1 expression, will be explored in 

the next section.  

 Immune evasion mechanisms of HRS cells in cHL 

Through this dynamic crosstalk, HRS cells not only remodel their surroundings but also 

progressively disable effective anti-tumor immunity, ensuring that infiltrating immune 

cells are recruited to support, rather than attack, the malignant HRS cells. Numerous 

strategies of immune evasion have been described in cHL. These include the recruitment 

and expansion of immunosuppressive cell populations such as regulatory T cells and 

TAMs, the secretion of cytokines and chemokines that skew immune responses toward 

tumor-promoting phenotypes, genetic alterations or infrequent expression of major 

histocompatibility complex (MHC) molecules to impair antigen presentation, and the 

upregulation of inhibitory immune checkpoint pathways, including PD-1/PD-L1 and 

CTLA-4. Collectively, these mechanisms enable HRS cells to escape immune response 

and maintain a supportive tumor microenvironment. 
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1.8.1 MHC class I–antigen presentation mediated immune evasion in cHL 

T cells use their surface receptor, the T cell receptor (TCR), to recognize peptides 

presented on major histocompatibility complex (MHC) molecules. These peptides can be 

derived from normal host proteins (self-peptides), invading pathogens such as viruses and 

bacteria, or from tumor-associated proteins. A key feature of immune surveillance is the 

ability of T cells to distinguish between self and non-self (including modified self) 

peptides.  

MHC molecules, also known as human leukocyte antigens (HLA) in humans, are 

extremely polymorphic, which allows them to present a broad and diverse range of 

peptides to T cells. They are divided into two main classes: Class I MHC molecules, 

expressed on all nucleated cells, present endogenous peptides to CD8⁺ cytotoxic T cells, 

whereas class II MHC molecules, restricted to professional antigen-presenting cells, 

present exogenous peptides to CD4⁺ helper T cells. T cell activation occurs only when 

the TCR specifically recognizes and binds to an MHC molecule displaying a foreign or 

altered peptide (see Figure 2). This recognition step is tightly regulated, ensuring that 

immune responses are directed against potentially harmful pathogens or tumor cells, 

rather than healthy tissues [70–74]. Thus, TCR–MHC–peptide recognition forms the 

cornerstone of adaptive immunity, guiding precise activation of T cells against specific 

antigens. Although inactivating alterations of the MHC class II transactivator, CIITA, 

have been described in cHL, highlighting potential suppression of CD4⁺ T cell–mediated 

immunity [75,76], the focus of this thesis is on CD8⁺ T cell–mediated immune 

surveillance. This distinction allows us to concentrate on mechanisms of MHC class I 

disruption and B2M alterations, which are central to HRS cell evasion of cytotoxic T cell 

responses. 

Given the central role of MHC molecules in initiating T cell–mediated immunity, 

disruptions in their expression or function provide tumor cells with an efficient means of 

immune evasion.	 In cHL, disruptions of MHC class I expression on HRS cells, most 

notably through genetic alterations in β2-microglobulin (B2M), play a central role in 

evading CD8⁺ T cell–mediated immune surveillance. B2M encodes an essential structural 

subunit of MHC class I molecules, required for their stability and surface expression. 

Inactivating mutations or copy number loss of B2M in HRS cells prevent proper assembly 

of MHC class I complexes, leading to absent or reduced MHC class I expression on the 

cell surface [77–79]. As a result, these cells are unable to present antigenic peptides 
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effectively to CD8⁺ cytotoxic T cells, impairing one of the most critical mechanisms of 

anti-tumor immunity.  

HRS cell expression of β2M, MHC class I, and MHC class II has been evaluated 

in patients with relapsed/refractory cHL treated with nivolumab.	In this study, HRS cell 

membrane expression of β2M was negative in 71% of tumors, decreased in 22%, and 

positive in 7%. Similarly, MHC class I expression was negative in 64% of patients, 

decreased in 29%, and positive in 7% [80].	Thus, loss of β2M is a key driver of impaired 

MHC class I expression in cHL. Overall, 93% of evaluable patients had absent or 

decreased expression of β2M and MHC class I, underscoring the high prevalence of 

disrupted antigen presentation in cHL [80]. These findings provide quantitative evidence 

of the frequent loss or reduction of MHC class I–related antigen presentation in HRS 

cells, supporting the role of B2M alterations in impairing CD8⁺ T cell–mediated immune 

surveillance [79–81].  

However, more recent studies reported lower frequencies of B2M and MHC class 

I loss in cHL cases, ranging from ~22–39% [82–88], suggesting that suppression of CD8⁺ 

T cell–mediated immunity may also be driven by PD-1/PD-L1 interactions rather than 

MHC class I deficiency alone, emphasizing that B2M loss is only one mechanism of 

immune evasion, and other pathways, including checkpoint-mediated suppression, are 

also important. These observations also highlight cohort variability and set the stage for 

a closer examination of these findings.  

In this context, noninvasive cfDNA profiling has recently emerged as a powerful 

approach to overcome the scarcity of HRS cells in tissue, enabling comprehensive 

characterization of the genetic heterogeneity of cHL. This approach enabled genomic 

characterization of the largest cHL cohort to date and revealed two distinct genetic 

subtypes, H1 and H2. H1 tumors, characterized by a cytokine-driven phenotype and 

crosstalk signaling within the cHL TME, are frequently paired with MHC class I loss, 

serving as a mechanism of immune evasion. By contrast, H2 tumors, in which B2M 

mutations are infrequent, show higher CD8⁺ T cell infiltration and PD-L1 amplifications 

that drive T cell exhaustion, indicating that immune escape in this subgroup relies less on 

MHC class I disruption and more on PD-1/PD-L1–mediated suppression [86]. 

Building on these genomic insights, a complementary study applied spatially 

resolved multiplexed protein imaging with transcriptomic sequencing, profiling over 23 

million cells from EBV-positive and EBV-negative cHL tumors. This high-resolution 

approach enabled detailed characterization of HRS cell states and their 
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microenvironmental interactions. Strikingly, HRS cells in EBV-positive cHL show nearly 

universal membranous positivity for B2M and MHC-I, whereas fewer than 25% of EBV-

negative cases express these molecules. This observation has also been corroborated by 

other studies reporting that EBV-associated cHL retains or even overexpresses MHC 

class I [77,89]. Furthermore, EBV-positive HRS cells frequently exhibit increased triple-

positive expression of B2M⁺/MHC-I⁺/MHC-II⁺, underscoring coordinated upregulation 

of antigen-presenting machinery. Notably, MHC-I–positive HRS cells were also 

identified in EBV-negative cHLs, and their associated neighborhoods closely resembled 

those of EBV-positive cases. This suggests that MHC-I–positive HRS cells foster an 

immune-enriched tumor microenvironment even in the absence of EBV positivity, with 

neighborhoods characterized by enriched infiltration of CD8⁺ T cells, activated PD-1⁺ and   

V-domain immunoglobulin suppressor of T cell activation (VISTA⁺) T and B cells, and 

PD-L1⁺ macrophages,	 reinforcing the notion that immune escape in cHL involves 

multiple complementary mechanisms, including but not limited to MHC class I loss [82]. 

 

1.8.2 PD-1/PD-L1 pathway mediated immune evasion in cHL 

Following recognition of peptide–MHC complexes, T cells require additional 

signals to become fully activated and initiate an effective immune response. An effective 

T-cell response to a target antigen requires two distinct signals. Signal 1 is delivered 

through the TCR upon binding of antigenic peptides presented on MHC molecules. 

However, TCR engagement alone is insufficient to induce cytokine production or sustain 

T-cell proliferation and instead leads to anergy (i.e., functional unresponsiveness to 

subsequent stimulation with the same antigen or to IL-2) [90–94]. 

 To achieve full activation, T cells require a second, co-stimulatory signal that 

amplifies TCR-derived signaling and enables clonal expansion and 

differentiation. This co-stimulatory signal is provided by antigen-presenting cells through 

engagement of co-stimulatory receptors on the T-cell surface [90–93]. A subset of co-

stimulatory receptors, such as CD28, is expressed constitutively on resting and activated 

T cells, whereas others are induced only after T-cell activation [90–92,95,96]. Among the 

inducible receptors, 4-1BB (CD137) is upregulated following antigen-dependent 

activation and serves as a hallmark of antigen-experienced T cells. Signaling through 4-

1BB promotes T-cell proliferation, survival, and sustained effector function, particularly 
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within the CD8⁺ T-cell compartment. Because its expression is tightly linked to antigen-

driven activation, 4-1BB is widely recognized as a sensitive marker of activated T cells 

[93,95–98]. 

Once activated, CD8⁺ T cells initiate effector functions, but their activity must be 

tightly controlled to maintain immune homeostasis. Following this engagement, T cells, 

particularly CD8⁺ cytotoxic T cells, become activated and induce effector responses. 

However, to prevent excessive tissue damage and autoimmunity, these responses are 

tightly regulated through inhibitory immune checkpoint pathways, which act as 

physiological brakes that restrain T cell proliferation, cytokine production, and cytotoxic 

activity once an immune response is underway [99–102].  

In the tumor microenvironment, these inhibitory pathways become especially 

important.	Tumor cells, including HRS cells in cHL, take advantage of these inhibitory 

pathways to suppress CD8⁺ cell function despite adequate antigen presentation, 

complementing evasion strategies such as MHC class I downregulation (see Figure 2). 

PD-1 is an inhibitory receptor expressed on the surface of activated T cells, after 

antigen recognition. Its ligands, PD-L1 and PD-L2, are expressed on antigen-presenting 

cells, including dendritic cells, macrophages, and some B cells, as well as by tumor cells. 

Both ligands deliver inhibitory signals upon binding PD-1, initiating intracellular 

cascades that attenuate TCR signaling, reduce cytokine secretion, and limit T cell 

proliferation and cytotoxicity. In physiological conditions, the PD-1/PD-L1 checkpoint 

functions as a critical regulatory “brake” on T cell activity, maintaining self-tolerance, 

preventing autoimmunity, and minimizing tissue damage, thereby ensuring that immune 

responses remain proportional, appropriately targeted, and well-controlled [99–103] (see 

Figure 2). 
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Figure 2. The PD-1/PD-L1 immune checkpoint pathway and its therapeutic blockade. CD8⁺ 
T cells require recognition of antigenic peptides presented on MHC class I molecules via their T 
cell receptor (TCR), together with co-stimulatory signals, to become activated. Upon activation, 
they proliferate and exert cytotoxic effects on target cells. Engagement of PD-1 on T cells by its 
ligands PD-L1 or PD-L2, expressed on antigen-presenting cells or tumor cells, transmits 
inhibitory signals that attenuate TCR signaling, reduce cytokine production, and limit T cell 
proliferation and cytotoxicity. HRS cells take advantage of this pathway by upregulating PD-L1, 
thereby suppressing anti-tumor CD8⁺ T cell responses even in the presence of adequate antigen 
presentation. Therapeutic immune checkpoint inhibitors, such as anti–PD-1 antibodies, restore T 
cell function by disrupting PD-1/PD-L1 interactions, effectively “releasing the brake” on 
cytotoxic T cells and enabling restored immune responses against tumor cells. (Created using 
BioRender). 
 

While essential for preserving peripheral tolerance, PD-1-mediated inhibition can 

be hijacked in pathological contexts such as cancer and chronic infections. Sustained PD-

1 engagement contributes to T cell exhaustion, a dysfunctional state marked by reduced 

cytokine production (IL-2, IFN-g, TNF), impaired proliferation, and diminished cytotoxic 

activity. Exhausted T cells also display persistent expression of inhibitory receptors such 

as PD-1, TIM-3, and LAG-3, reflecting ongoing negative regulatory signaling and limited 

capacity to generate durable memory responses [99,100,102,104–107].  

PD-1/PD-L1 interactions also influence CD4⁺ T cells and NK cells by inducing 

exhaustion of these cells within the tumor microenvironment [80,107–109].  

In cHL, inhibitory immune checkpoints represent a particularly important 

mechanism of immune evasion. Among these, the PD-1/PD-L1 axis is most significant. 

HRS cells commonly overexpress PD-L1 and PD-L2 as a result of genetic alterations in 
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the 9p24.1 locus. This region contains the PD-L1 and PD-L2 genes, which are directly 

amplified, as well as the JAK2 gene, whose enhanced activity further promotes PD-

L1/PD-L2 expression via the JAK–STAT signaling pathway. These 9p24.1 alterations 

are among the most characteristic genetic lesions in cHL, occurring in approximately 75% 

of cases [110,111]. EBV infection can also contribute to PD-L1 upregulation in HRS cells  

[58]. PD-L1 and PD-L2 overexpression by HRS cells provides a major 

immunosuppressive mechanism, as binding to PD-1 inhibits the activity of cytotoxic T 

cells and other PD-1–expressing immune cells [104].  
Notably, PD-L1 is expressed not only by HRS cells but also by TAMs, which 

constitute a major component of the tumor microenvironment [107,112]. PD-L1–positive 

TAMs are spatially organized in defined niches surrounding HRS cells, where their close 

proximity is likely to reinforce local immunosuppression and facilitate tumor immune 

evasion [113].  

Interestingly, a recent study demonstrated that a fraction of PD-L1 expressed by 

TAMs may in fact be acquired from HRS cells through trogocytosis, a process involving 

the intercellular transfer of membrane fragments from HRS cells to monocytes in cHL. 

This phenomenon was	 not observed in monocytes co-cultured with PD-L1/PD-L2–

deficient HRS cells [114]. Since trogocytosis requires direct cell–cell contact, this 

mechanism could explain the enrichment of PD-L1⁺/PD-L2⁺ TAMs in close proximity to 

HRS cells and may further contribute to immune evasion [113]. The expression of PD-

L1 can also be upregulated by cytokines such as IFN-γ and GM-CSF, secreted by HRS 

cells and other components of the tumor microenvironment, further amplifying local 

immunosuppression [112]. CD8⁺ T cells, including the PD-1⁺ subset, are more frequently 

found near PD-L1⁺ TAMs than PD-L1⁻ TAMs, suggesting that these TAMs may either 

enhance antitumor immunity through antigen presentation or mediate 

immunosuppression via engagement of PD-1 [82,113]. Other inhibitory receptors also 

contribute to T-cell regulation in cHL, including CTLA-4, LAG-3, TIM-3, and TIGIT 

[75,115–117]. 

Together, the spatial distribution of PD-L1–positive HRS cells, PD-L1–

expressing TAMs, and PD-1–expressing lymphocytes, including cytotoxic CD8⁺ T cells, 

highlights the central role of the PD-1/PD-L1 pathway in cHL [82,113]. This organization 

is thought to create a synergistic immunosuppressive niche that further facilitates tumor 

immune evasion. 
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This spatially organized, PD-1/PD-L1–driven immunosuppression provides the 

rationale for therapeutic PD-1 blockade in cHL. Nivolumab disrupts PD-1–mediated 

inhibitory signaling and thereby restores T-cell function, enhancing TCR signaling, 

cytokine production, and the cytotoxic activity of CD8⁺ T cells within the tumor 

microenvironment.  

 Motivation and Objectives 

Although modern therapies, including combination chemotherapy and immune 

checkpoint inhibitors, have markedly improved outcomes in cHL, a subset of patients 

continue to experience refractory disease. This persistence highlights the unique immune-

privileged niche of HRS cells. Understanding the specific mechanisms 

that suppress cytotoxic immunity in this disease therefore remains a critical unresolved 

question. 
Loss of MHC class I through genetic alterations (e.g., B2M inactivation) is a well-

characterized escape mechanism [30]. Yet a substantial fraction of HRS cells retain MHC 

class I, and CD8⁺ T cells are often present in their vicinity, implying that additional 

checkpoint-mediated pathways constrain cytotoxic function even when antigen 

presentation is preserved [82,86]. The PD-1/PD-L1 axis has emerged as a central immune 

checkpoint in this context. Although PD-1 blockade (e.g., nivolumab) shows high clinical 

efficacy in cHL, the precise contribution of PD-1/PD-L1 interactions to CD8⁺ T cell 

inhibition in MHC class I–intact HRS cells remains incompletely understood. 

Beyond tumor-intrinsic mechanisms, the cHL microenvironment is enriched with 

PD-L1⁺ tumor-associated macrophages (TAMs) [82,113] that are spatially organized near 

CD8⁺ T cells, suggesting that macrophages may serve as checkpoint partners sustaining 

local immune suppression. However, direct evidence that TAMs functionally inhibit 

antigen-specific CD8⁺ T cell activity via PD-1/PD-L1 interactions in situ remains limited, 

and the extent to which PD-1 blockade can reverse this macrophage-mediated inhibition 

has not been systematically defined. In parallel, whether long-term effects of sustained 

PD-L1 signaling provide autonomous survival cues to HRS cells remains unclear.  

TAMs in cHL frequently display M2-like phenotype, and yet the mechanisms 

driving their polarization—and how such macrophages, in turn, regulate CD8⁺ T-cell 

effector function—remain not fully elucidated. Emerging evidence suggests that PD-

1/PD-L1 signaling functions across distinct immune cell populations in cHL, involving 
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both MHC-I–intact HRS cells and PD-L1⁺ macrophages.	 However, the relative 

contributions of these populations to CD8⁺ T-cell suppression, and the extent to which 

PD-1 blockade can reverse these effects, are not fully defined.  

 This thesis aims to define how the PD-1/PD-L1 axis regulates CD8⁺ T-cell 

suppression, macrophage-mediated regulation, and its effects on HRS cell survival in 

cHL. To achieve this, a controlled experimental model is required to dissect the individual 

contributions of HRS cells, macrophages, and CD8⁺ T cells to immune evasion. 

Specifically, it will: 

1. Establish an engineered antigen-specific co-culture model incorporating HRS 

cells, macrophages, and CD8⁺ T cells. While some components of such systems 

have been used previously, this integrated configuration has not been applied to 

interrogate PD-1/PD-L1–dependent suppression in cHL and will provide a 

controlled framework to dissect the individual contributions of each cell type. 

2. Determine whether MHC-I–intact HRS cells suppress CD8⁺ T cells via PD-1/PD-

L1 and test the reversibility of this suppression with nivolumab. 

3. Investigate how TAMs suppress CD8⁺ T cell activity through PD-1/PD-L1 

interactions and evaluate the extent to which PD-1 blockade can reverse this 

inhibition. 

4. Evaluate whether sustained PD-1/PD-L1 engagement delivers reverse signals to 

HRS cells that affect survival/proliferation. 
5. Establish how HRS-derived soluble factors influence TAM polarization and 

contribute to the development of an immunoregulatory phenotype that constrains 

CD8⁺ T cell function. 

 By dissecting tumor-intrinsic (HRS/CD8) and microenvironmental (TAM/CD8) 

checkpoint interactions,	 establishing an integrated experimental model, and testing 

their pharmacologic reversibility, this work seeks to clarify why PD-1 blockade succeeds 

in cHL and to identify complementary targets (e.g., macrophage markers) that 

could enhance CD8⁺ T-cell immunity. To achieve these aims, the thesis 

combines mechanistic co-cultures, proximity ligation assays (PLA) integrated with 

multiplex immunofluorescence (mIF) for spatial validation in formalinfixed, paraffin-

embedded (FFPE) cHL tissue, and transcriptomic profiling of tumor-educated 

macrophages, thereby linking cellular mechanisms to tissue context. 
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 Materials and Methods 

This chapter describes the materials and experimental approaches used to investigate the 

interactions between engineered human primary CD8⁺ T cells, NY-ESO-1-expressing 

HRS cells, and macrophages. The generation and expansion of T cells expressing an 

HLA-A*02-restricted anti-NY-ESO-1 TCR are detailed, along with the generation of 

NY-ESO-1-expressing HRS cells and gene-edited variants. Methods for differentiating 

and polarizing macrophages to express NY-ESO-1 are also outlined, enabling functional 

studies. RNA-seq–based transcriptional profiling of macrophages polarized with HRS 

cells conditioned media is also included. A series of co-culture assays were performed to 

assess T cell cytotoxicity, activation, and degranulation, both with and without immune 

checkpoint inhibition. Finally, proximity ligation assays (PLA) combined with multiplex 

immunofluorescence (mIF) were conducted on cHL tissue sections to visualize PD-1/PD-

L1 interactions and identify the involved cell populations using confocal microscopy.  

The materials section that follows lists all reagents, biological samples, equipment 

and other key components used throughout this study. 

 

 Experimental Materials and Resources 

 
Table 1. Commercial reagents used in this study 
 

Reagent Supplier Catalog 
Number 

7-AAD Viability Staining Solution BioLegend 420404 
AIM-V Medium Gibco A3830801 
Alexa Fluor 488 tyramide reagent Invitrogen B40953 
Alexa Fluor 568 tyramide reagent Invitrogen B40956 
Alexa Fluor 647 tyramide reagent Invitrogen B40958 
Antibody Diluent with Background  
Reducing Components 

DAKO S3022 

Blasticidin InvivoGen Ant-bI-05 
Brilliant Violet 421 Annexin V BioLegend 640924 
BSA (Bovine Serum Albumin) Sigma-Aldrich 7906-100G 
CellTracker Deep Red Dye Invitrogen C34565 
Cytofix/Cytoperm™ Fixation and 
Permeabilization Solution 

BD Biosciences 554722 
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CytoFLEX Daily QC Fluorospheres Beckman 
Coulter 

B53230 

DMEM Capricorn DMEM-HA 
DNase I, Bovine Pancreas Sigma-Aldrich 260913-10MU 
Doxycycline Hydrochloride Sigma-Aldrich D3447-500MG 
DPBS Gibco 14190144 
FBS Gibco 10270106 
FcR Blocking Reagent, human Miltenyi Biotec 130-059-901 
GolgiStop BD Biosciences 554724 
L-Glutamine (200 mM) Thermo Fisher 

Scientific 
25030081 

Lenti -X  Concentrator Takara 631232 
Lipopolysaccharides from Escherichia 
coli O55:B5 

Sigma-Aldrich L4005-100MG 

Lymphoprep STEMCELL 
Technologies 

07811 

Lymphoprep Axis-shield 1114544 
Lysing Buffer BD Biosciences 555899 
Macrophage-SFM (1X) Gibco 12065074 
NaCl Carl Roth 3957.1 
Opti-MEM™ I  Gibco 11058021 
Penicillin- Streptomycin- Glutamine (100x) Gibco 10378016 
Penicillin/Streptomycin (100x) Cegrogen P0100-790 
Perm/Wash buffer BD Biosciences 554723 
Prolong Diamond Antifade  Mountant Invitrogen P36961 
Puromycin Sigma-Aldrich P7255-25MG 
Recombinant Human GM-CSF Protein ImmunoTools 11343125 
Recombinant Human IFN-gamma Protein R&D systems 285-IF-100 
Recombinant Human Inerleukin-2 (IL-2) ImmunoTools 11340027 
Recombinant Human Interleukin-4 (rh IL-4)  ImmunoTools 11340045 
Recombinant Human M-CSF, research 
grade 

ImmunoTools 11343115 

Recovery™ Cell Culture Freezing Medium Gibco 12648010 
RetroNectin® Recombinant Human 
Fibronectin Fragment 

Takara  T100A 

RotI®Histofix, 10L Carl Roth 2213.1 
RPMI 1640 Capricorn RPMI-A 
Spectral DAPI Akoya 

Biosciences 
FP1490 

SuperBoost Goat anti-Mouse Poly HRP Invitrogen B40961 
SuperBoost Goat anti-Rabbit Poly HRP invitrogen B40962 
Tag-it Violet Proliferation and Cell Tracking 
Dye 

BioLegend 425101 

TransIT-293  Mirus MIR 2706 
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Tris base Carl Roth 4855.2 
Tris-HCL Carl Roth 9090.3 
Trypan Blue Stain (0.4%) Gibco 15250061 
TrypLE Express Enzyme (1X) Thermo Fisher 

Scientific 
12604013 

Trypsin EDTA (0.05%) in DPBS (1x) Cegrogen N0100-720 
Tween® 20 Carl Roth 9127.2 
ULTRA Cell Conditioning Solution 
(ULTRA CC2)  

Ventana-Roche  950-223 

UltraPure 0.5M EDTA Invitrogen 15575038              
 

 
 
Table 2. Commercial kits and assay systems used in this study 
 
Kits and Assay systems  Supplier Catalog Number 
ALEXA Fluor 488 Tyramide Super Boost 
Kit 
 goat anti-mouse IgG 

Invitrogen B40912 

ALEXA Fluor 488 Tyramide Super Boost 
Kit  
goat anti-rabbit IgG 

Invitrogen B40922 

Amax Human Macrophage Nucleofector 
Kit 

Lonza VPA-1008 

BOND™ Polymer Refine Detection Kit Leica 
Biosystems 

DS9800 

CD14 MicroBeads, human Miltenyi Biotec 130-050-201 
CD56 MicroBeads, human Miltenyi Biotec 130-050-401 
CD8 MicroBeads REALease, human Miltenyi Biotec 130-117-036 
Duolink In Situ Detection Reagents Red Sigma-Aldrich DUO92008-

100RXN 
Duolink In Situ PLA Probe Anti- Mouse 
Minus 

Sigma-Aldrich DUO92004-
100RXN 

Duolink In Situ PLA Probe Anti- Mouse 
Plus 

Sigma-Aldrich DUO92001-
100RXN 

Duolink In Situ PLA Probe Anti-Rabbit 
Minus 

Sigma-Aldrich DUO92005-
100RXN 

Duolink In Situ PLA Probe Anti-Rabbit 
Plus 

Sigma-Aldrich DUO92002-
100RXN 

LNGFR MicroBeads, MACSelect Miltenyi Biotec 130-091-330 
PD-1/PD-L1 Blockade Bioassay Promega J1250 
QuantSeq 3’mRNA-seq Library 
Pre Kit FWD with UDI12 nt Set A1 

Lexogen 191.96 

RNeasy Plus Mini Kit  QIAGEN 74136 
VenorGem Advance  MB minera 

biolabs  
11-7024 
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 Table 3. Cell culture media and buffers used in this study 
 
Description Composition 

D10 medium DMEM, 10% FBS, 2 mM, L-glutamine, 1% 
penicillin-streptomycin 

Complete RPMI RPMI, 20% FBS, 2 mM L-glutamine, 1% 
penicillin-streptomycin 

AIM-V Medium AIM-V, 10% FBS, 2 mM L-glutamine 1% 
penicillin-streptomycin 

FACS staining buffer DPBS, 2% FBS, 5 mM EDTA  
PFA  4% paraformaldehyde (PFA) 
MACS buffer (version 1) PBS, 0.5% BSA, 2 mM EDTA, pH 7.2 
MACS buffer (version 2) PBS, 0.5% BSA, 5 mM EDTA, pH 7.2 
Macrophage differentiation 
medium 

RPMI, 10% FBS, 50 ng/ml M-CSF (or GM-
CSF for M1), 2 mM L-glutamine, 100 U/ml 
penicillin, 100 μg/ml streptomycin  

M1 macrophage polarization 
medium 
(complete) 

RPMI, 10% FBS, 2 mM L-glutamine, 100 
U/ml penicillin, 100 μg/ml streptomycin, 50 
ng/ml GM-CSF, 100 ng/ml LPS, 25 ng/ml IFN-
γ 

M2 macrophage polarization 
medium 
(complete) 

RPMI, 10% FBS, 2 mM L-glutamine, 100 
U/ml penicillin, 100 μg/ml streptomycin, 50 
ng/ml M-CSF, 20 ng/ml IL-4 

Macrophage culture medium  Macrophage-SFM, 10% FBS, 2 mM glutamine 
Cell culture freezing medium RPMI, 20% FBS, 10% DMSO 

 
 
Table 4. Buffers used in PLA in this study 
 
Description Composition 
Duolink PLA In Situ Wash Buffer 
A 

0.01 M Tris, 0.15 M NaCl, 0.05% Tween 20, 
pH 7.4 

Duolink PLA In Situ Wash Buffer 
B 

0.2 M Tris, 0.1 M NaCl, pH 7.5 

0.01x Wash Buffer B Wash buffer B diluted 1:100 in Millipore H2O 
 
 
Table 5. Fluorochrome-conjugated antibodies used for flow cytometry and cell 
sorting 
 
Antibodies*  Supplier Catalog 

Number 
Clone Working 

Dilution 
CD3-FITC BioLegend 344804 SK7 1:500 
CD4-PE BioLegend 344605 SK3 1:500 
CD8a-APC BioLegend 301049 RPA-T8  1:250 
CD8-PerCP BioLegend 344707 SK1 1:500 
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CD56-PE BioLegend 318305 HCD56 1:500 
CD271 (NGFR)-APC BioLegend 345108 ME20.4  1:500 
CD271 (NGFR)-PE BioLegend 345106 ME20.4  1:250 
CD279 (PD-1)-PE Invitrogen 12-2799-42 J105 1:100 
CD137-PE BD 

Pharmingen 
555956 4B4-1 1:10 

CD14-PE Biolegend 367104 63D3 1:500 
Active Caspase 3-PE  BD 

Pharmingen 
570183 C92-

605.rMAb 
1:25 

CD107a (LAMP-1)-APC BioLegend 328608 H4A3 1:20 
CD80-APC BioLegend 305220 2D10 1:500 
CD86-APC BioLegend 374207 BU63 1:500 
CD274 (PD-L1)- Alexa 
Fluor 647 

Cell Signaling 41726S D8TAX 1:500 

HLA-A2-APC BD 
Pharmingen 

561341 BB7.2 1:20 

NY-ESO-1-PE Cell Signaling 65699S D1Q2U 1:50 
CD163-PerCP BioLegend 333625 GHI/61 1:500 
CD197-PE BioLegend 353203 G043H7 1:500 
CD206-APC BioLegend 321109 15-2 1:500 
HLA-DR, DP, DQ-APC BioLegend 361713 Tü39  1:500 
HLA-A, B, C -APC BioLegend 311410 W6/32 1:20 

*All antibodies listed here are anti-human 
 
 
Table 6. Isotype control antibodies used in flow cytometry and magnetic activated 
cell sorting (MACS) 
 
Isotype Control Antibody  Supplier Catalog 

Number 
     Clone 

Mouse IgG1, κ isotype - FITC BioLegend 400107 MOPC-21 
Mouse IgG1, κ isotype - APC BioLegend 400122 MOPC-21 
Mouse IgG1, κ isotype - PE BioLegend 400112 MOPC-21 
Mouse IgG1, κ isotype - PerCP BioLegend 400148 MOPC-21 
Mouse IgG1, κ isotype - PE BD 

Pharmingen 
555749 MOPC-21 

Mouse IgG2b, κ isotype - APC BD Bioscience 555745 27-35 
Rabbit IgG, isotype - Alexa 647 Cell Signaling 2985S DA1E 
Rabbit IgG, isotype - PE Cell Signaling 5742S DA1E 
Human IgG4 Isotype BioLegend 403702 QA16A15 
Human IgG1 Isotype BioLegend 403502 QA16A12 
MACSelect Control Antibody-
FITC 

Milteny Biotec 130-090-326 Polyclonal 
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Table 7. Antibodies used for cell culture in this study 
 
Antibodies  Supplier Catalog 

Number 
Clone 

Anti-PD-1 antibody (Nivolumab) Selleckchem A2002  N/A 

Anti-PD-L1 antibody (Avelumab) Selleckchem A2015  N/A 

Anti-human CD3 mouse antibody  
(Purifed NA/LE) 

BD Bioscience 566685 OKT3 

 
 
Table 8. Antibodies used for IHC, PLA and mIF in this study 
 
Antibodies Supplier Catalog 

Number 
Clone Dilution Applied 

PD-1  Cell Signaling 43248S EH33  1:50 PLA 
PD-L1  Cell Signaling 15165S E1J2J 1:100 PLA 
CD8   Agilent DAKO M7103 CD8/144B 1:100 IF, IHC 
CD68   Agilent DAKO M0876 PG-M1 1:250 IF, IHC 
CD3  Agilent DAKO M7254 F7.2.38 1:250 IF, IHC 

CD30  Agilent DAKO M075101-2 Ber-H2  1:100-
PLA+IF 
1:250-IHC 

IF, IHC 

CD30   Leica 
Bioscience 

NCL-L-CD30-
591 

 JCM182  1:100-IHC IF, IHC 

CD163  Leica 
Bioscience 

NCL-L-CD163 10D6  1:100-
PLA+IF   
1:50-IHC 

IF, IHC 

CD4  Abcam ab133616 EPR6855 1:200 IF, IHC 
 
 
Table 9. Commercial cell lines used in this study 
 
Cell Lines  Supplier Catalog Number 
HEK293FT Thermo Fisher Scientific R70007 
L1236 DAMZ ACC530 
PG13 ATCC CRL-10686 
Phoenix Eco cell ATCC CRL-3214 

 
 
Table 10. Other cell lines and biological samples used in this study 
 
Cell lines and tissue Source Description / Notes  
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Primary human T cells PBMCs* from healthy 
donors 

Provided by Blood 
Donation Center, 
UKGM  

Primary human 
macrophages 

PBMCs* from healthy 
donors 

Provided by Blood 
Donation Center, 
UKGM 

FFPE** tissue of cHL Institute of Pathology 
JLU Gießen (clinical) 
 

cHL (Classical 
Hodgkin Lymphoma) 
tissue             
 

* PBMCs – peripheral blood mononuclear cells; ** FFPE - Formalin-Fixed, Paraffin-
Embedded 
 
 
Table 11. Plasmids used in this study 
	
Plasmid Name Supplier/source Catalog 

Number/ 
reference 

TCR-alpha-p2a-TCR-beta-ihres-
NGFR-MSCV-BCL6-t-2A-BCL2 

GeneScript SC0001 

pcDNA3.1-NY-ESO-1-p2a-eGFP  GeneScript SC0001 
PDCD1-Ptwist-Lenti SFFV Puro 
WPRE 

TWIST Bioscience 107452 

pLenti-guide-BFP2 Addgene 99374 
pLenti-guide-dsRed Addgene 128055 
pLenti-guide-GFP Schmitz lab  

(generated in house) 
N/A 

pLenti-guide-Hygro-mTagBFP2 Addgene 99374 
pLVX-TRE3G  Clontech Laboratories N/A 
pLVX-Tre3G-NY-ESO-1-BSR Constructed in-house                 See Section 

3.2.1 
pmaxGFP  Lonza N/A 
pMD2.G Addgene 12259 
psPax2 Addgene 12260 

 
 
 
Table 13. sgRNA sequences, target genes, and corresponding vectors used in this 
study 
 
sgRNA ID Target Gene Target Sequence (5′→3′) Vector 

Used 
AAVS1 PPP1R12C GGGGCCACTAGGGACAGGAT pLenti-

Guide-
DsRed 
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sgB2M-44711569 Beta-2-
Microglobulin GAGTAGCGCGAGCACAGCTA 

pLenti-
Guide-
GFP 

sgCD274-5462888 CD274 
(PD-L1) ACATGTCAGTTCATGTTCAG 

pLenti-
Guide 
DsRed 

sgCD274-5462933 CD274 
(PD-L1) ACTGCTTGTCCAGATGACTT 

pLenti-
Guide-
DsRed 

 
 
Table 14. Plastic ware and consumables used in this study 
 
Item Supplier Catalog 

Number 
15ml conical centrifuge tubes Falcon 352096 
50ml conical centrifuge tube  Greiner Bio-

One 
227261 

96 Well Round (U) Bottom Plate, TC Surface Thermo Fisher 
Scientific 

163320 

CellTrics 30µm sterile Sysmex Partec  04-004-2326  
Cover glasses Marienfeld 

superior 
102192 

CryoPure tubes, 2 ml, QuickSeal screw cap Sarstedt 72.380.992 
Disposal bags Carl Roth  E706.1 
Filter tip PP, premium surface 0-100µl rack 
pack 

Nerb Plus 06-642-5300 

Filter tip PP, premium surface 0-200µl rack 
pack 

Nerb Plus 06-662-5300 

Filter tip PP, premium surface 100-1000µl rack 
pack 

Nerb Plus 06-695-5300 

LS Colums Miltenyi Biotec 130-042-401 
Millex-HV Syringe Filter Unit, 0.45 µm, PVDF, 
33 mm, gamma sterilized 

Merckmillipore SLHV033RS  

Millipore® Stericup® Quick Release Vacuum 
Filtration System 

Merck S2HVU05RE 

Non-tissue culture-treated 24- well plates Falcon 351147 
Non-tissue culture-treated 6- well plates Thermo 

Scientific 
150239 

Omnifix® Luer Solo, Single-use 3-piece syringe B. Braun 4616103V 
Parafilm® M Sealing Film Merck HS234526C 
S-Monovette® Lithium heparin, 7.5 ml tube Sarstedt 01-1604 
SafeSeal SurPhob Spitzen Biozym VT0200 
Sterile Plastic Pasteur Pipettes Cole-Parmer 439511 
SuperFrost Plus adhesion Microscope slides Epredia J1800AMNZ 
Tissue culture dish, 100x20mm surface Sarstedt 3.3902.300 
Tissue culture flask, T-175, surface Greiner Bio-

One 
660175 

Tissue culture flask, T-25, surface Sarstedt 83.3910.002 
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Tissue culture flask, T-75, surface Sarstedt 83.3911.002 
Tissue culture treated 12 well plate  CytoOne CC7682-7512 
Tissue culture treated 24 well plate  CytoOne CC7682-7524 
Tissue culture treated 6 well plate  CytoOne CC7682-7506 
Transfer pipette, 3.5 ml Sarstedt 86.1172 
Tube, 5 ml, (LxØ): 75 x 12 mm, PP Sarstedt 55.1578 
Tube, 5 ml, (LxØ): 75 x 12 mm, PS Sarstedt 55.1579.002  
   

 
Table 15. Laboratory equipment and devices used in this study 
 
Devices Supplier 
12-channel microlitre pipette (Eppendorf 
Research® plus, 30–300 µl) 

Eppendorf, Hamburg, Germany 

CytoFLEX S Flow Cytometer Backman Coulter, Brea, USA 
FACSMelody Cell Sorter Becton Dickinson, Franklin 

Lakes, USA 
Heidolph Unimax 1010 DT Platform Shaker Heidolph, Schwabach, 

Germany 
Heracell™ 150i CO2 incubator Thermo Fisher Scientific, 

Dreieich, Germany 
Heraeus Megafuge 16 Centrifuge Thermo Fisher Scientific, 

Dreieich, Germany 
Heraeus Multifuge X3 FR Thermo Fisher Scientific, 

Dreieich, Germany 
HERAfreeze™ HFU T Series ultra-low 
temperature freezer 

Thermo Fisher Scientific, 
Waltham, USA 

Leica THUNDER Imager DM i8 Leica Microsystems, Wetzlar, 
Germany 

LS4800 Series Liquid Nitrogen Refrigerator Worthington Industries, 
Columbus, USA 

LSM 800 Confocal Laser Scanning Microscope Carl Zeiss, Oberkochen, 
Germany 

MEMMERT WNE 7 water bath, 7L Memmert, Scwabach, Germany 
MSC-Advantage™ Class II Biological Safety 
Cabinets 

Thermo Fisher Scientific, 
Waltham, USE 

NextSeq 500/550 Sequencing System  Illumina, San Diego, USA 
Nikon Eclipse TS2-FL inverted microscope  Nikon Corporation, Tokyo, 

Japan 
Nucleofector 2b device Lonza, Basel, Switzerland 
Pannoramic SCAN II slide scanner 3DHistech, Budapest, Hungary 
Siemens iQ500 Freestanding Fridge KS36VAXEP Siemens AG, Munich, Germany 
Single-channel microlitre pipette (Eppendorf 
Research® plus,100-1000 µl: 20-200 µl: 10-100 µl: 
2-20µl: 0.5-10 µL:) 

Eppendorf, Hamburg, Germany 

Test Tube shaker; Vortex mixer uniTEXER1 LLG Labware, Chicago, USA 
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Test tube shakers Genie® Vortex Mixer Model Scientific Industries, Bohemia, 
USA 

Vacusafe INTEGRA Bioscience, Zizers, 
Switzerland 

Water bath WBT 1 series round bath opening Carl Roth, Karlsruhe, Germany 
Zeiss Primovert microscope Carl Zeiss, Oberkochen, 

Germany 
 
 
Table 16. Software and digital tools used in this study 
 
Software Name Version Provider/Develope

r 
Purpose 

FlowJo  10.10 BD Biosciences Flow cytometry data 
analysis 

BioRender Web-based BioRender Scientific illustration 
creation 

GraphPad Prism  7.05 GraphPad software Data visualization, 
statistical testing 

ImageJ/Fiji  2.3.0/Fiji 1.53 NIH/Fiji 
Community 

Image analysis 

Pannoramic 
Viewer 

2.2.0 3DHISTECH Ltd Viewing and annotating 
scanned digital slides 

SnapGene  6.0 Dotmatics DAN seq analysis and 
cloning maps 

ZEN (Blue 
Edition)  

2.6 Carl Zeiss Microscope image and 
analysis 

 
 
Table 17. List of figures used in this study 
 
Figure Number and Name 
1- Cellular composition of classical Hodgkin lymphoma (cHL) 

2- The PD-1/PD-L1 immune checkpoint pathway and its therapeutic blockade 

3- Schematic workflow for generation of anti-NY-ESO-1 CD8⁺ T cells 

4 -Schematic representation of the generation of NY-ESO-1-expressing macrophages 

5- Workflow of the PLA to detect PD-1/PD-L1 interactions 

6- Schematic illustration of the TSA system 

7- Generation of monoclonal PG13 retroviral producer clones 

8- Validation of retroviral transduction and NGFR-based enrichment of NY-ESO-1-

reactive TCR T cells 

9- Validation of CD56 depletion and CD8⁺ T-cell enrichment during generation of NY-

ESO-1–reactive TCR T cells 
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10- Antigen-dependent induction of PD-1 expression in NY-ESO-1–reactive CD8⁺ T 

cells following co-culture with NY-ESO-1⁺ L1236 HRS cells 

11- Validation of endogenous HLA A2 expression and generation of MHC I–deficient 

B2M knockout (KO) L1236 cells by flow cytometry Generation of monoclonal PG13 

retroviral producer clones 

12- Validation of NY-ESO-1 transduction in L1236 cells by flow cytometry 

13- Validation of endogenous PD-L1expression and generation of PD-L1–knockout 

(KO) L1236 cells by flow cytometry 

14-Validation of endogenous PD-1 expression and PD-1 transfection in HEK293FT 

cells by flow cytometry 

15-Validation of M1 and M2 macrophage polarization by light microscopy 

16-Validation of NY-ESO-1 expression in M2 macrophages by fluorescence 

microscopy 

17-Validation of antibodies by IHC 

18-Validation of PD-1 and PD-L1 antibodies for Brightfield PLA 

19-Validation of PD-1/PD-L1 interaction by Fluorescent PLA 

20-Validation of CD163 and CD8 antibodies in single and combined IF staining 

21-Validation of CD68, CD3, and CD30 antibodies in single and combined IF staining 

22- PD-1/PD-L1 blockade restores T-cell activation in an MHC-I–dependent manner 

in co-cultures with NY-ESO-1–expressing HRS cells 

23- Representative flow-cytometry plots showing that PD-1 blockade enhances T-cell 

activation in MHC-I⁺ co-cultures but not in MHC-I–deficient targets 

24- PD-1/PD-L1 blockade enhances T-cell cytotoxicity and induces apoptosis of HRS 

cells in an MHC-I–dependent manner 

25- PD-L1 knockout enhances T-cell activation in an MHC-I–dependent manner 

26- L1236-conditioned medium enhance CD8⁺ T cell activation in M2 macrophage co-

cultures 

27- PD-1 blockade tends to enhance CD8⁺ T-cell activation in co-cultures with M2 

macrophages and MHC-I–deficient HRS cells 

28- PCA reveals that macrophages exposed to Hodgkin lymphoma–conditioned media 

cluster with M2-polarized cells, indicating a similar transcriptional profile 
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29- Differential gene expression analysis reveals that macrophages treated with 

Hodgkin lymphoma–conditioned media exhibit a gene expression profile closely 

matching M2-polarized macrophage. 

30- Focused Heatmap of M1 and M2 Marker Genes Highlights M2-Like Profile of 

Macrophages treated with Hodgkin lymphoma–conditioned media. 

31- Expression of immunosuppressive genes reveals shared regulatory features 

between M2-polarized and CM-treated macrophages. 

32- Impact of PD-1 Blockade on L1236 Cell Growth in HEK293FT Co-Culture. 

33- Evaluation of Caspase-3 Activation in L1236 Cells After PD-1 Blockade. 

34- PD-1/PD-L1 interactions are detected between CD3⁺ T cells and CD68⁺ 

macrophages. 

35- CD8⁺ T cells engage CD163⁺ macrophages and CD30⁺ HRS cells via PD-1/PD-L1 

interactions. 

36- Quantification of PD-1/PD-L1 PLA puncta at CD8–CD30 and CD8–CD163 

interfaces in EBV⁻ and EBV⁺ cHL cases. 

37- Case-wise analysis of PD-1/PD-L1 PLA puncta at CD8–CD163 and CD8–CD30 

interfaces in samples with low CD8–HRS engagement. 

S1- Peripheral blood mononuclear cells (PBMC) isolation. 

S2- Gating strategy for identification of CD8⁺CD137⁺ T cells after co-culture with 

target HRS cells. 

S3- Representative flow cytometry analysis of T cell activation following co-culture 
with L1236 cells. 
S4- Enrichment of CD3⁺ T cells after OKT3/IL-2 activation of PBMCs 

S5- Validation of CD56 depletion and CD8⁺ T-cell enrichment during generation of 
endogenous TCR CD8⁺ T cells. 
S6- Functional validation of viral infectivity from monoclonal PG13 producer lines. 
S7- Case-wise analysis of PD-1/PD-L1 PLA puncta at CD8–CD163 and CD8–CD30 
interfaces. 
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 Generation of CD8⁺ T cells expressing anti-NY-ESO-1 TCR 

This section describes the generation of human primary CD8⁺ T cells engineered to 

express T cell receptors (TCRs) recognizing the HLA-A*02-restricted melanoma antigen 

NY-ESO-1 [118] (see Figure 3). The TCR-modified T cells were produced to investigate 

their interaction with NY-ESO-1-expressing HRS cells or macrophages in downstream 

functional assays. First, the transfection of Phoenix-ECO cells [119] was performed 

(Section 2.2.1), followed by the production of retroviral supernatant using PG13 

packaging cells [120–122] (Sections 2.2.2–2.2.4). Next, the isolation of PBMCs for T cell 

generation was performed (Appendix A1), followed by the transduction of primary 

human T cells to express the anti-NY-ESO-1 TCR, and their subsequent rapid expansion 

(Sections 2.2.5–2.2.7). 

 

 
Figure 3. Schematic workflow for generation of anti-NY-ESO-1 CD8⁺ T cells. PBMCs were 
first isolated and cultured. Subsequently, T cells were transduced using retroviral supernatant 
produced from PG13 cells. CD8⁺ T cells expressing the anti-NY-ESO-1 TCR were then selected 
using MACS. Following rapid expansion, the cells were cryopreserved and later used for co-
culture experiments. Data acquisition was performed using a flow cytometer, and data were 
analyzed with FlowJo software (Created using BioRender). 
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2.2.1 Transfection of Phoenix-ECO cells with a retroviral vector 

Virus supernatant for retroviral transduction of T cells was produced using the human 

293T-derived Phoenix-Eco and murine PG13 γ-retroviral packaging cell lines (ecotropic 

and gibbon ape leukemia virus (GaLV) envelopes, respectively) [119–122]. Phoenix Eco 

cells were first transfected with a retroviral vector encoding a TCR specific for the HLA-

A*02-restricted melanoma antigen NY-ESO-1[118]. Viral supernatant collected from 

Phoenix Eco cells, was then used to transduce PG13 cells, generating stable retroviral 

producer cell clones for subsequent T cell transduction. 

The following procedure was used to generate the virus-containing supernatant 

from Phoenix-Eco cells. Phoenix-ECO cells were cultured in D10 medium. One day 

before transfection, Phoenix-ECO cells were seeded in a 10 cm tissue culture dish at 60% 

confluency. Prior to transfection, supernatant was replaced with fresh D10 medium (8ml). 

Cells were transfected using TransIT-293 transfection reagent according to 

manufacturer’s instructions [123]. For each dish, 20 µl serum-free Opti-MEM was mixed 

with 4µg MSCV-TCR-LNGFR plasmid. 18 µl TransIT-293 transfection reagent was 

diluted with 980µl Opti-MEM, incubated for 5 min at room temperature (RT), and 

combined with the mixture of Opti-MEM and plasmid. This transfection mixture (1ml) 

was incubated for 20 min at RT and then added dropwise to the cells. The tissue culture 

dish was gently rocked back and forth and from side to side to evenly distribute the 

transfection mixture. Then the plates were incubated at 37°C in a 5% CO2 incubator. 

Virus-containing supernatant was collected into a new falcon tube 48h post-transfection. 

Cell debris was removed by centrifugation at 500xg for 10 min, followed by filtration of 

the supernatant through a 0.45µm low-protein binding membrane (Millipore Steriflip 

HV/PVDF). Phoenix-ECO cells were transfected freshly for each round of transduction 

of PG13 cells, ensuring the use of fresh virus-containing supernatant to achieve the 

highest retroviral titers through immediate infection of PG13 cells. 

2.2.2 PG13 cell transduction for anti-NY-ESO-1 TCR vector production 

A PG13 retroviral packaging cell clone was generated following the procedure previously 

described [124–126]. PG13 cells were cultured in T-75 tissue culture flask supplemented 

with D10 medium. The day before transduction, non-tissue culture-treated 6-well plates 

were coated with 20μg/ml recombinant human fibronectin fragment (RetroNectinTM) by 

following to the manufacturer’s instructions [127]. Before coating, RetroNectinTM   
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solution (20 μg/ml) was prepared by diluting in sterile PBS. Then, 2 ml of that solution 

was transferred into each well of non-tissue culture-treated 6-well plates. The plates were 

covered with paraffin film and incubated at 4°C overnight. On the following day, before 

loading with retroviral supernatant, the RetroNectinTM solution was removed, and 2 ml of 

D10 medium was added. The plates were then incubated for 30 min at RT. 4ml filtered, 

fresh retroviral supernatant (generated in Section 2.1.1) was added to each well of 

RetroNectinTM coated plate and centrifuged (2000xg, 32°C, 3h). Simultaneously, PG13 

cells were detached from the T-75 tissue culture flask by trypsinization and were counted 

using a hemocytometer. After centrifugation, the retroviral supernatant was removed and 

5× 105 PG13 cells were added to each well, followed by centrifugation (1000 × g, 10 min, 

32°C). After centrifugation, plates were returned to the 37°C, 5% CO2 incubator.  After 

20 h of incubation, the transduction was repeated. New non-tissue culture-treated 6-well 

plates were coated with RetroNectin™ in the same manner as in the first round of 

transduction. Freshly prepared retroviral supernatant from Phoenix-ECO cells (Section 

2.2.1) was added to each well, and the plates were centrifuged identically as in the first 

round of transduction. The PG13 cells from the first round of transduction were detached 

from tissue culture dish by trypsinization (incubating with 1m trypsin for 2min). Then, 

cells were transferred into a new 15 ml Falcon tube containing D10 medium and 

centrifuged at 500 x g for 5 min. After centrifugation, the supernatant was removed, and 

the cell pellet was resuspended in 4 ml of D10 medium. From that solution 2ml was 

transferred into new 15ml falcon tube containing 2ml fresh D10 medium (dilution 1:2) 

and then transferred onto the new retrovirus-coated plates and the plates were centrifuged 

at 1000×g for 10 min at 32°C. 20h post-transduction, the retroviral supernatant was 

replaced with D10 medium (or if needed, PG13 cells were transferred into a T75 tissue 

culture flask) and incubated for 48 h. To assess transduction efficacy, the surface 

expression of the NGFR gene was measured by flow cytometer. The PG13 producer cell 

line was passaged every three days, aliquoted, and frozen at -80°C. PG13 producer cell 

clones were generated by limiting dilution cloning see Section 2.2.3.  

2.2.3 Generation of monoclonal PG13 cells via limiting dilution cloning 

 
Monoclonal PG13 retroviral producer cell lines were generated by using limiting dilution 

from the pool of anti-NY-ESO-1 TCR expressing PG13 cells. Transducing cells with 

retrovirus lead to a heterogeneous polyclonal population, characterized by varying 



 46 

numbers of integration events and sites of pro-viral integration across cells. Over time, 

selective pressure on this heterogeneous cell pool may lead to reduced transgene 

expression, as lower-expressing clones gradually dominate in the polyclonal cell 

population. Using limiting dilution to generate a monoclonal cell line increases the 

likelihood of maintaining stable transgene expression within that cell populations. Pool 

of anti-NY-ESO1 TCR expressing PG13 cells were washed with PBS and then detached 

from tissue culture flask by trypsinization. Cells were washed and resuspended with fresh 

D10 medium any cell clumps were break up into individual cells by passing several times 

through a serological pipet. Relatively diluted cell solution (<106cells/ml) was prepared 

before cells were counted by hemocytometer. The homogenized cell solution underwent 

several serial dilutions, and cells were subsequently transferred to 10 ml of fresh D10 

medium to achieve concentrations of 10,000 cells/ml, 1,000 cells/ml, and 100 cells/ml, 

respectively. A higher volume of homogenized cell solution was transferred in each step 

to ensure greater accuracy. Finally, a solution with a concentration of 1.5 cells/ml was 

prepared from the 100 cells/ml dilution by transferring the cells into fresh 43 ml of D10 

medium. This 1.5 cells/ml solution was used to seed the 96-well plate. 200µl of 1.5 

cells/ml solution was transferred into each well of a 96 well plate. By this process, the 

plate was seeded at an average density of 0.5 cells/well. Seeding an average of 0.5 

cells/well ensures that some wells receive a single cell, while minimizing the likelihood 

that any well receives more than one cell. In order to facilitate microscope focusing during 

the subsequent scanning of the plate for individual cells, approximately 1000 cells were 

seeded into one of the corner wells of the 96-well plates. Incubate plates at 37°C incubator 

for 7-14 days. After approximately 7 days, the plates were examined under a microscope 

to assess cell growth (if no colonies were observed, the incubation was continued). The 

entire plate was examined under a microscope, and the wells where cell growth was 

observed, were marked. At that time, the cells appeared as colonies in the well. If there 

was more than single cell seeded in a well more than one colony was observed. Wells 

with more than a single colony were considered to not contain a monoclonal population 

and were therefore discarded. The cells were expanded, and before reaching over-

confluency, they were trypsinized and carefully transferred into 24-well plates without 

any cross-contamination between independent monoclonal cell lines. After expanding the 

monoclonal PG13 cell lines, the surface expression of the targeted gene LNGFR was 

measured by flow cytometry. The monoclonal cell lines exhibiting the highest transgene 
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expression were selected for virus production as described in Section 2.2.4 with some of 

them being aliquoted and frozen at -80°C. 

2.2.4 Production of retroviral supernatant from PG13 cells 

Human primary T cells were transduced with anti-NY-ESO-1 HLA-A2-restricted TCR 

following the procedure previously described [124–126], with the following 

modifications. The day before isolating PBMCs for T cell generation, monoclonal PG13 

retroviral producer cell lines (clone 4C3) were seeded in 6-well plates at a density of 

4x104 cells/cm2 in D10 medium (3 ml per well) on day 0. After 48h of incubation, the 

medium was changed with fresh D10 medium, and the cells were incubated for another 

24h for virus generation. Virus-containing supernatant was collected on the day of 

transduction. Cell debris was removed by centrifugation at 500xg for 10 min followed by 

filtration of the supernatant through a 0.45µm low-protein binding membrane (Millipore 

Steriflip HV/PVDF). Retroviral containing virus was generated freshly for each round of 

T cells transduction.  

2.2.5 Transduction of T cells for anti-NY-ESO-1 TCR expression 

Freshly isolated PBMCs (see Appendix A for the isolation protocol) were washed with 

RPMI 1640 without supplements, centrifuged and the cell pellet was resuspended at a 

concentration of 1x106 cell/ml in T-cell medium containing IL-2 (300 IU/ml) and soluble 

anti-CD3 antibody OKT3 (50ng/ml) for T-cell stimulation on day 1.	This stimulation 

activates T lymphocytes within the PBMC population and leads to their preferential 

expansion, resulting in a T-cell–enriched culture (see Supplementary Figure S4). Primary 

anti-NY-ESO-1 human T cells were generated as described [125,126,128,129]. 1.5 ml of 

this mixture were seeded in each well of 24-well plate and incubated for 48h. On day 2, 

non-tissue culture-treated 6-well plates were coated with 10 μg/ml RetroNectinTM (2 ml 

per well), covered with paraffin film, and stored overnight at 4°C (Section 2.2.2), 

following manufacturer’s instructions [127]. On the following day, the RetroNectinTM 

solution was removed, and 2 ml of T cells medium was added. The plates were then 

incubated for 30 minutes at RT. Retroviral supernatant from the 4C3 producer cell clone 

as described in Section 2.2.4 was used for transduction. After incubation, the blocking 

solution was aspirated from RetroNectinTM coated plates, and 4ml of retroviral 

supernatant (diluted 1:1 with D10 medium) was added to each well. Then the plates were 
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centrifuged at 2000xg for 2h at 32°C. Simultaneously, peripheral blood T lymphocytes 

stimulated with IL-2 and OKT3 on day 1 were collected in a 50 ml Falcon tube and 

centrifuged at 500xg for 5 min. The cells were resuspended at a concentration of 0.5×106 

cells/ml in T cells medium containing 300 IU/ml of IL-2. After centrifugation, half the 

volume of supernatant was removed from each well of the retrovirus-coated plates, and 4 

ml T cells were added to each well. The final concentration of IL-2 in each well was 300 

IU/ml. After T cells were added to each well, the plates were centrifuged for 10 min at 

1000×g and then incubated at 37°C overnight. 

On the following day transduction was repeated. New non-tissue culture-treated 

6-well plates were coated with RetroNectinTM (on day 3) and blocked in the same fashion 

as in the first transduction. Retroviral supernatant was added to each well and the plates 

were centrifuged identically as in the first transduction. T cells from first transduction 

were collected into new 50ml falcon tube and centrifuged for 5 min at 500xg. The cell 

pellet was resuspended in T cells medium, and cells were then transferred onto the new 

retrovirus-coated plates in the same manner as during the first transduction. Subsequently, 

the plates were centrifuged at 1000xg for 10 min. After a 20 h incubation, the T cells were 

removed from the plates and suspended in fresh T cell medium with 300 IU/mL of IL-2 

at a concentration of 0.5×106 cells/ml and cultured at 37° and 5% CO2 for 72 h.  

      After incubation, the surface expression of the target gene (LNGFR) was measured 

by flow cytometer with anti-CD271 (NGFR) to determine transduction efficacy. The 

expression of CD3, CD4, CD8 and CD56 was measured by flow cytometer with the 

respective antibodies listed in the Table 5. 

2.2.6 Selection of CD8⁺ T cells expressing NY-ESO-1-reactive TCR 

CD8+ positive T cells were isolated using CD56, CD8, and LNGFR magnetic beads 

sequentially, following the manufacturer’s instructions [130–132]. Briefly, cells were 

magnetically labeled first with CD56 MiroBeads. Then the cell suspension was loaded 

onto MS or LS positive selection column, which was placed in the magnetic field of a 

MACS Separator. The magnetically labeled CD56+ cells were retained within the column. 

The unlabeled cells (mixture of CD8+ and CD4+ positive T cells) run through and were 

collected for the further selection. Positive selection of CD56+ T cells enables the 

generation of beads-free populations of CD8+ and CD4+ T cells for next selection. 
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Before next selection, the number and percentage of CD4+ and CD8+ T cells 

population was measured by flow cytometer using antibodies listed in the Table 5. The 

CD56+ T cell content in the unlabeled cell fraction is typically 0%. 

     Then mixture of CD8+ and CD4+ positive T cells (unlabeled cell fraction, after CD56+ 

MACS separation) underwent another selection by using REAlease® CD8 MicroBead 

Kit [131]. Recombinantly engineered antibody fragments to label specific cell surface 

marker (CD8) was used in this kit. The fragments had low affinity for epitopes when 

functioning as monomers. However, when fragments were multimerized as a REAlease 

Biotin Complex (CD8-Biotin) they bind to epitopes with high avidity. Multimer or 

monomer state of antibody fragments can be controlled by using the REAlease method. 

This enabled controlled label release, whereby monomerized antibody fragments 

detached from the cell surface, allowing the recovery of cells free of beads and labels. 

Briefly, mixture of CD8+ and CD4+ positive T cells were labeled with REAlease CD8-

Biotin Complex. Afterward, REAlease Anti-Biotin MicroBeads were introduced into the 

mixture and incubated at RT for 5 min to enable the binding of Anti-Biotin MicroBeads 

to the REAlease Biotin Complex. Then, the cell suspension was loaded onto a MS or LS 

Column. The magnetically labeled cells were captured and held within the column (CD8+ 

T cells).  The unlabeled CD4+ T cells run through. After several washing steps, the 

column was removed from the magnetic field, and the target CD8+ T cells were eluted 

using REAlease Bead Release Reagent, which simultaneously detached the MicroBeads 

from the cells. Finally, during the subsequent incubation with the REAlease Release 

Reagent, the REAlease Biotin Complex underwent monomerization and dissociated from 

the cell surface, resulting in CD8+ T cells which are free of all labels. After incubation, 

isolated CD8+ T cells were centrifuged at 300xg for 7 min, and the supernatant was 

completely removed. Cells aliquots were fluorescently stained with anti-CD8-PerCP 

antibody and cell number measured using flow cytometry. The CD8+ T cell content of 

the isolated fraction was typically >95%. 

       Subsequently, the CD8+ T cells underwent a second positive selection using 

MACSelect LNGFR Microbeads, following the manufacturer’s instructions [132]. The 

cells were incubated for 15 min at 4°C with the appropriate amount of LNGFR 

MicroBeads, followed by magnetic separation with LS columns, resulting in a cell 

population of >95% LNGFR-positive ones. After three rounds of subsequent MACS 

selection, CD8+, LNGFR+ T cells were seeded out in T cell medium with 300 IU/ml of 

IL-2 at a concentration of 0.5x106 cells/ml (in a 24-well plate) and incubated for 48 h until 
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needed for rapid expansion protocol described in Section 2.2.7. As a control for some 

experiments, a fraction of T cells was intentionally left untransduced. These untransduced 

T cells underwent only CD56 and CD8 magnetic separation and were cultured in the same 

manner as described above. 

 In experiments where the total number of transduced T cells was sufficiently high, 

fluorescence-activated cell sorting (FACS) was used as an alternative to MACS to obtain 

maximally pure NY-ESO-1–reactive CD8⁺ T cells. 

To isolate CD8+NGFR+ T cells for co-culture assays with macrophages (Section 

2.5.4), T cells were sorted aseptically using CD8 and LNGFR antibodies following 

transduction (Section 2.2.5) and used for co-culture one day after sorting by culturing in 

T cell medium containing 300 IU/ml IL-2 overnight. 

2.2.7 Rapid expansion of anti-NY-ESO-1 CD8⁺ T cells 

To produce a large number of transduced CD8-positive T cells recognizing the NY-ESO-

1 antigen, as well as untransduced CD8+ T cells (wild-type controls: only with 

endogenous TCR), the cells were stimulated to proliferate using a rapid expansion 

protocol (REP) [126,133–136]. Before REP, T cells were first cultured with OKT3 and 

IL-2 (Section 2.2.5). The cells underwent two rounds of transduction or were left 

untransduced, then underwent MACS selection as described above in Section 2.2.6. The 

day before REP, freshly isolated PBMCs (see Appendix A for the details) were washed 

with RPMI 1640 without supplements, centrifuged and the cell pellet was resuspended 

with 10 ml complete RPMI medium. Then PBMCs were transferred into T75 cell culture 

flask containing 40ml complete RPMI medium. After overnight incubation, PBMCs were 

transferred into T25 cell culture flask and irradiated (5000 rad) (Department of Radiation 

Therapy, UKGM Giessen). After irradiation, PBMCs (feeder cells) were transferred into 

new 50ml Falcon tube and centrifuged for 5min, at 500xg, and then resuspended in T 

cells medium. Then cells were counted by using flow cytometer. Ten days after the start 

of the cultures, transduced and untransduced (wild type) T cells only with endogenous 

TCR were collected into 50ml falcon tubes, were counted using flow cytometer, and 

resuspended in T cell medium. From this suspension, 0.5×106 transduced and 

untransduced (wild type) T cells were transferred into new T75 flasks. 50×106 allogeneic, 

irradiated feeder cells were then added (ratio of feeder cells to responding transduced or 

untransduced T cells was 100:1). Next, 35 ml of T cell medium were added to the cell 
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mixture, along with 6000 IU/ml IL-2 and 50 ng/ml OKT3. When the number of 

transduced T cells was high, a T175 (with 150 ml T cell medium) culture flask was used 

along with scaled-up reagents. The cells were cultured at 37°C with 5% CO2. After five 

days, the cells were counted, resuspended at a concentration of 10-20x106 cells/ml in 

freezing medium, and frozen at -80°C for 2 days, followed by transfer to liquid nitrogen 

until functional experiments (Section 2.5).  

 Generation of NY-ESO-1-Expressing HRS cells 

This section describes the methods used to generate the NY-ESO-1-expressing HRS cells, 

specifically the L1236 cell line, for studying its interaction with T cells. The primary goal 

was to express the NY-ESO-1 antigen on these cells, enabling recognition by T cell 

receptors engineered to specifically target NY-ESO-1.	L1236 cells were routinely tested 

for mycoplasma contamination using the VenorÒGeM advance kit, according to the 

manufacturer’s instructions, and were confirmed to be mycoplasma-free before use. First, 

the production and purification of lentiviral particles for efficient transduction were 

performed (Section 2.3.1 and 2.3.2), followed by the generation of NY-ESO-1-expressing 

L1236 cells via lentiviral transduction (Section 2.3.3). Next, single guide RNA (sgRNA)-

mediated lentiviral transduction to create gene knockouts in the NY-ESO-1-expressing 

L1236 cells were conducted (Section 2.3.4), enabling to investigate how the absence of 

specific immune-associated molecules impacts the interaction between these cells and T 

cells. 

2.3.1 Vector construction 

pLVX-TRE3G-NY-ESO-1-BSR was created by removing the puromycin resistance gene 

from the pLVX-TRE3G vector using BfuAI/KpnI restriction enzymes and replacing it 

with a synthetic Blasticidin (BSR) resistance gene. NY-ESO-1 was isolated via PCR from 

the pcDNA3.1+ NY-ESO-1-P2A-eGFP construct and cloned into the pLVX-TRE3G-

BSR vector (digested with BamHI) using Gibson cloning. 

The sgRNA sequences targeting B2M, CD274, CD80, CD86, and the AAVS1 control were 

cloned into pLenti guide GFP, pLenti guide dsRed, or pLenti guide BFP2 vectors using 

BsmBI. Detailed sequences of the sgRNAs and their corresponding vectors are provided 

in Table 13. 
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2.3.2 Lentivirus production and purification 

 
Lentiviral particles were generated by transfecting HEK293FT cells using a standard 

second-generation packaging system. This procedure was used for producing lentiviruses 

for both NY-ESO-1 overexpression and CRISPR/Cas9-mediated gene knockout 

experiments (see Section 3.3.3 and 3.3.4). To generate lentivirus, HEK293FT cells were 

cultured in D10 medium. One day before transfection, HEK293FT cells were seeded in a 

10 cm tissue culture dish at 60% confluency. Cells were transfected using TransIT-293 

transfection reagent according to manufacturer’s instructions [123]. For each dish, 50 µl 

(volume was adjusted to plasmids volume) serum-free Opti-MEM was mixed with 6µg 

of plasmid (either overexpression construct or sgRNA vector), 4.5 µg psPax2 and 1.5 µg 

pMD2.G. 27 µl TransIT-293 transfection reagent was diluted with 950µl Opti-MEM, 

incubated for 5 min at RT, and combined with the mixture of Opti-MEM and plasmid. 

This transfection mixture (1ml) was incubated for 30 min at RT and then added dropwise 

to the cells. The tissue culture dish was gently rocked back and forth and from side to side 

to evenly distribute the transfection mixture. Virus-containing supernatant was collected 

into a new falcon tube 72 h post-transfection. Cell debris was removed by centrifugation 

at 500×g for 10 min, followed by filtration of the supernatant through a 0.45µm low-

protein binding membrane (Millipore Steriflip HV/PVDF). The virus-containing 

supernatant was concentrated using Lenti-X Concentrator by combining 1 volume of 

Lenti-X Concentrator with 3 volumes of clarified viral supernatant. The mixture was 

gently inverted to mix and incubated for at least 3h at 4°C. Then centrifuged at 1500×g, 

for 45 min, at 4°C. After centrifugation, the supernatant was carefully removed to avoid 

disturbing the off-white pellet, which became visible after the spin. Virus was 

concentrated 100x by resuspended the pellet in 100 µl of sterile PBS, aliquoted, and used 

freshly or frozen at -80°C. 

2.3.3 Lentiviral transduction of L1236 cells for NY-ESO-1 expression 

Doxycycline-inducible Cas9-expressing L1236 cell lines (L1236-Cas9 cells), generated 

in Prof. Schmitz’s lab, were used in this study. Lentiviral particles encoding NY-ESO-1 

(see Section 2.3.2) were used to transduce L1236-Cas9 cells, which do not express NY-

ESO-1 endogenously. For transduction, 50,000 cells were seeded per well in 500 µl 

complete RPMI medium in a 24-well plate. After seeding, 3 µl of concentrated virus was 
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added, and the plate was gently rocked to ensure even distribution. Various cell numbers 

and virus volumes were tested until optimized (details are not included). After 24 h of 

incubation at 37°C in 5% CO2, 500 µl of complete RPMI medium was added, and the 

plate was incubated for an additional 48 h. Three days post transduction with NY-ESO-

1, transduction efficiency was assessed by taking an aliquot of the cells, treating them 

with doxycycline to induce NY-ESO-1 overexpression and performing intracellular 

staining for NY-ESO-1 (see Appendix B for the details). Following NY-ESO-1 

transduction, the cells underwent selection. 50,000 cells were seeded per well in a 24-

well plate with 500 µl of complete RPMI medium. Different blasticidin concentrations (0 

µg/ml, 1 µg/ml, 5 µg/ml, 10 µg/ml) were added for 14 days, during which non-transduced 

control cells were killed. Cells were passaged every three days, with medium adjusted 

according to cell growth and the blasticidin concentration. Fresh medium with the 

appropriate blasticidin concentration was used at each passage. NY-ESO-1 expression 

was monitored by flow cytometry. After selection, cells treated with 5 µg/ml blasticidin, 

which supported healthy cell growth and > 95% NY-ESO-1 expression, were expanded, 

aliquoted, and used fresh or frozen until use. 

2.3.4 sgRNA-mediated knockout in NY-ESO-1-expressing L1236 cells 

To achieve knockout of the B2M gene, as well as CD274, a fraction of NY-ESO-1-

expressing L1236 cells was transduced with lentiviral vectors encoding gene-specific 

sgRNAs targeting the respective genes of interest. Lentiviral particles carrying these 

sgRNAs were produced as described in Section 2.3.2. Transduction was carried out using 

the same procedure previously described for NY-ESO-1 (Section 2.3.3). Three days post-

transduction, the expression of either dsRed or GFP, depending on the sgRNA vector 

used, was assessed using a flow cytometer to evaluate transduction efficiency. Cas9 

expression was induced by adding 250 ng/ml doxycycline for 8–11 days. During this 

period, cells were passaged every three days with fresh doxycycline-containing medium, 

and the surface expression of the targeted genes (CD274, HLA-A/B/C or HLA-A2) was 

monitored by Flow Cytometry. Following doxycycline induction, transduced cells 

underwent two rounds of FACS sorting (see Appendix B for the details), after which they 

were expanded and used for further experiments. 
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 Generation and polarization of NY-ESO-1-expressing 
macrophages  

 
This section describes the methods used to differentiate and polarize macrophages, as 

well as generate NY-ESO-1-expressing macrophages, in order to study their polarization 

induced by conditioned medium (CM) or their interactions with T cells. Monocyte-

derived macrophages were first differentiated and polarized into M1 and M2 subtypes 

(Section 2.4.1). To investigate the effect of Hodgkin cell supernatant on macrophage 

polarization, macrophages were treated with CM from Hodgkin cell lines (Section 2.4.1). 

Next, the NY-ESO-1 antigen was introduced into M2 macrophages via nucleofection 

(Section 2.4.2), enabling their recognition by T cell receptors specifically targeting NY-

ESO-1. These preparatory steps allowed subsequent co-culture experiments with 

engineered T cells (see Figure 4). 

 
Figure 4. Schematic representation of the generation of NY-ESO-1-expressing 
macrophages. PBMCs were first isolated, and CD14⁺ monocytes were enriched using MACS. 
These monocytes were cultured in differentiation medium and subsequently polarized into 
macrophages. The polarized macrophages were either harvested for RNA sequencing (RNA-seq) 
or transfected via nucleofection and used in co-culture experiments. For co-culture experiments, 
data acquisition was performed using a flow cytometer, and analysis was conducted with FlowJo 
software (Created using BioRender). 
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2.4.1 Macrophage differentiation, polarization and RNA-seq 

 
Freshly isolated HLA-A2 positive PBMCs (see Appendix A) were washed with ice-cold 

PBS. After washing steps, PBMCs underwent magnetic separation by using CD14 

Microbeads following the manufacturer’s instructions [137]. Briefly, cells were 

magnetically labeled with CD14 MicroBeads by incubating 15 min at the 4°C. Then the 

cell suspension was loaded onto LS positive selection columns, which was placed in the 

magnetic field of a MACS Separator. The magnetically labeled CD14+ cells were retained 

within the column, resulting in a cell population consisting of > 95% CD14+ monocytes. 

To monitor the efficiency of MACS separation, the surface expression of CD14 was 

measured by flow cytometer using a CD14-PE antibody. 

After MACS separation, CD14+ monocytes were washed, centrifuged, and the cell pellet 

was resuspended in differentiation medium containing either 50 ng/ml M-CSF 

(Macrophage colony-stimulating factor) or 50 ng/ml GM-CSF (Granulocyte-macrophage 

colony-stimulating factor) to promote macrophage differentiation. The cells were seeded 

in a 24-well tissue culture plate at a density of 5×105 cells per well and cultured for 7 

days. The medium was changed every third day, following vigorous washing with pre-

warmed PBS to remove non-adherent cells. On day 8, macrophages were washed once 

with pre-warmed PBS, and fresh complete M1 or M2 macrophage polarization medium 

was added to induce polarization into the M1 or M2 subtypes. For M1 polarization, 

macrophages pre-treated with GM-CSF for 7 days were further cultured in complete 

medium containing 100 ng/ml Lipopolysaccharide (LPS) and 25 ng/ml IFN-γ. For M2 

polarization, macrophages pre-treated with M-CSF for 7 days were further cultured in 

complete medium containing 20 ng/ml IL-4.  

 

Induction of Macrophage Polarization via Conditioned Medium: 
 

On day 8 of macrophage treatment, fresh CM was prepared by harvesting confluent 

L1236 cells. After centrifugation at 500×g for 5 min, the supernatant was collected, 

transferred to a new 50 ml Falcon tube, and diluted 1:1 with RPMI supplemented with 

20% FBS. This CM was then added to the cultures to investigate macrophage 

polarization into the M1 and M2 subtypes under CM treatment. The plates were incubated 

at 37°C for 24 h. After incubation, the medium was removed, and fully differentiated 

macrophages were washed once with pre-warmed PBS. To detach the macrophages, 500 
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µl of TrypLE Express reagent was added per well, and the plates were incubated for 20-

30 min at RT. During the incubation, the plates were gently rocked from time to time to 

facilitate the detachment of the macrophages from the plastic surface. After incubation, 

the macrophages were collected into a new 50 ml Falcon tube, and complete RPMI 

medium was added to the tube. The cells were then centrifuged at 300 × g for 7 min and 

subsequently processed using Nucleofection (see Sec 3.3.2) or prepared for RNA 

sequencing (RNA-seq).  

 For RNA-seq, total RNA was isolated from cells using the RNeasy Plus Mini Kit, 

libraries were prepared with the QuantSeq 3′ mRNA-Seq V2 Library Prep Kit FWD with 

unique dual indices (12 nt), and sequencing was performed on the NextSeq 500/550 

system according to the manufacturer’s instructions. 

2.4.2 Nucleofection of macrophages for NY-ESO-1 expression 

M2-polarized macrophages (Section 2.4.2) were transfected with the NY-ESO-1 antigen, 

following the manufacturer’s instructions for the Amaxa Human Macrophage 

Nucleofector Kit. Briefly, before transfection, 1.5 ml of macrophage culture medium was 

added per well of a 24-well plate and pre-warmed by placing it in a 37°C, 5% CO₂ 
incubator. The entire supplement was added to the Nucleofector Solution. 

Simultaneously, the cells were centrifuged at 300 × g for 7 min and then resuspended in 

culture medium at a concentration of 5 × 10⁵ cells/ml. The cells were then centrifuged 

again at 300 × g for 7 min, and the supernatant was discarded completely to ensure no 

residual medium covered the cell pellet. The cell pellet was resuspended in 100 µl of 

room-temperature Nucleofector Solution per sample.  

The cell suspension was incubated for 15 min in Human Macrophage 

Nucleofector Solution. After incubation, 100 µl of the cell suspension was combined with 

5 µg of DNA (pcDNA3.1-NY-ESO-1-p2a-eGFP) or 2 µg of pmaxGFP vector, which 

served as a control for transfection. The cell/DNA suspension was transferred into a 

certified cuvette using a 200 µl pipette, avoiding the generation of air bubbles, and the 

cuvette was closed with the cap. The Nucleofector program Y-010 was selected on the 

Nucleofector 2b device. The cuvette containing the cell/DNA suspension was inserted 

into the Nucleofector cuvette holder, and the selected program was applied. The cuvette 

was removed from the holder as soon as the program was finished. 500 µl of pre-warmed 

culture medium for macrophages was added to the cuvette, and then the sample was 
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carefully transferred into the 24-well plate (final volume of 1.5 ml of pre-warmed culture 

medium for macrophages) using a Pasteur pipette. The plates were immediately placed 

in a 37°C, 5% CO₂ incubator for 24 h. After incubation, transfection efficiency was 

checked by assessing GFP expression under inverted microscopy. 

 Functional assays with T cells, macrophages and HRS cells 

 
This section describes a series of co-culture experiments designed to evaluate the 

functional responses of T cells and Hodgkin cells in various contexts. These assays 

include T cell and tumor cell co-cultures to assess baseline interactions (Section 2.5.1), 

cytotoxicity through caspase-3 activation (Section 2.5.2) and degranulation via CD107a 

expression (Section 2.5.3), with or without the addition of Nivolumab to modulate the 

PD-1/PD-L1 interaction. Additionally, T cell and macrophage co-culture assays were 

conducted to assess T cell activation and function (Section 2.5.4). Next, co-culture assays 

involving PD-1-transduced HEK293FT cells were performed to investigate tumor cell 

proliferation under conditions modulating the PD-1/PD-L1 interaction (Section 2.5.5). 

2.5.1 Rationale for Nivolumab Concentration 

For all co-culture experiments involving Nivolumab, a concentration of 15 µg/ml was 

used, based on prior in vitro studies demonstrating effective PD-1 blockade without 

cytotoxicity [138–140]. For some co-cultures, preliminary experiments testing different 

concentrations and incubation times were performed to determine optimal conditions; 

only the optimized concentration and conditions are reported in this manuscript. 

2.5.2 T cell and HRS cell co-culture assays: 41BB activation 

The anti-NY-ESO-1 TCR-transduced primary human CD8+ T cells (as described in 

Section 2.2.5) were thawed in T cell medium containing 3 U/ml DNase [128,141,142] 

and seeded at a density of 2x106 cells/ml. Then, the cells were cultured in an incubator at 

37°C and 5% CO2 overnight. After incubation, cells were counted using flow cytometer 

to determine overnight recovery and viability. T cells were then centrifuged, and the cell 

pellet was resuspended at a concentration of 2×106 cells/ml in T cell medium containing 

300 IU/ml IL-2 for 24 h. Cells were passaged every three days with fresh medium 

containing 300 IU/ml IL-2. After 10 days of culture, the surface expression of the targeted 
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genes (CD56, LNGFR) was measured by flow cytometer, and cells underwent a second 

round of MACS separation (Section 2.2.6) if necessary.  

One day before co-culture NY-ESO-1 expressing L1236 cells (target HRS cells) 

were treated with 250ng/ml doxycycline to induce the expression of NY-SO-1. Before 

co-culture, NY-ESO-1 expressing L1236 cells were typically labeled with Tag-it Violet 

dye according to the manufacturer's instructions. Briefly, 1 µl of 5mM Tag-it Violet™ 

stock solution was added to 1 ml of PBS to prepare a 5 µM working solution. Cells were 

incubated in 1 ml of the 5 µM working solution for 20 min at RT in the dark. After 

incubation, 5 ml of complete RPMI medium was added to quench the staining process. 

The cells were centrifuged for 5 min at 500xg, then resuspended in pre-warmed complete 

RPMI medium and incubated for 10 min at RT in the dark. Finally, Violet was measured 

using flow cytometer. 

Before the co-culture experiment, Nivolumab functionality and different 

concentrations were tested using the PD-1/PD-L1 blockade bioassay, following the 

manufacturer's instructions. 

Co-culture experiments were conducted in round-bottom 96-well plates 

with 1×105 anti-NY-ESO-1 TCR-transduced primary human CD8+ T cells and 1×105 

NY-ESO-1 expressing L1236 cells in the presence or absence of 15µg/ml Nivolumab. 

Different concentrations of Nivolumab and varying time periods of incubation were 

tested until optimized (not detailed in this manuscript). After incubation, the cells were 

transferred into flat-bottom 96-well plates and centrifuged for 5 min at 500xg. The 

supernatant was then aspirated by flicking the plate. Cell pellets were resuspended in 50 

µl of antibody solutions diluted in FACS staining buffer and incubated at 4°C for 30 min. 

Cells were washed and resuspended in 200 µl of FACS staining buffer prior to 

measurement by a flow cytometer. For cell identification, either NY-ESO-1 expressing 

L1236 cells were stained with Tag-it Violet™ dye before co-culture, as mentioned above, 

or T cells were stained with CD8a-APC antibody after co-culture. To detect T cell 

activation, cells were stained with the T cell activation marker 4-1BB (CD137) after co-

culture. 

2.5.3 T cell and HRS cell co-culture assay: Caspase 3 activation  

A co-culture experiment was conducted to assess Caspase-3 activation in target cells. 

Prior to co-culture, NY-ESO-1 expressing L1236 cells (target cells) were stained with 
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Tag-it Violet dye (Section 2.5.1). The co-culture assay was conducted as described in 

Section 2.5.1. The detection of activated caspase-3 was carried out as described 

previously [143], with the following modifications. After incubation, the cells were 

transferred to flat-bottom 96-well plates and centrifuged for 5 min at 500 x g. The 

supernatant was discarded by gently flicking the plate. The cell pellets were resuspended 

in 200 µl of FACS wash buffer, centrifuged again for 5 min at 500 x g, and the supernatant 

was discarded. The cells were fixed and permeabilized by resuspending the pellet in 100 

µl of fixation and permeabilization buffer (Fix/Perm), followed by incubation for 10 min 

at RT in the dark. The cells were then washed by adding 100 µl of perm/wash buffer (pre-

diluted 1:10 in distilled H2O), centrifuged 5 min 500xg and the supernatant was discarded 

by gently flicking the plate. Cell pellets were resuspended in 50 µl of anti-activated 

caspase-3 antibody, pre-diluted 1:25 in perm/wash buffer, and incubated for 20 min at 

RT in the dark. After incubation, the cells were washed with 150 µl of perm/wash buffer, 

centrifuged for 5 min at 500 x g, and the supernatant was discarded. Finally, the cell 

pellets were resuspended in 200 µl of FACS wash buffer, and the expression of activated 

caspase-3 was measured using a flow cytometer, following the gating strategy described 

in supplementary Figure S2. 

2.5.4 T cell and HRS cell co-culture assay: CD107a degranulation  

To evaluate the antitumor activity of anti-NY-ESO-1 TCR-transduced primary human 

CD8+ T cells, a degranulation assay was performed by monitoring CD107a expression 

during co-culture with target cells in the presence or absence of Nivolumab [141,144]. 

Cells were prepared as described in Section 2.5.1. 

Briefly, co-culture experiments were set up in round-bottom 96-well plates, with 

1×10⁵ anti-NY-ESO-1 TCR-transduced primary human CD8+ T cells and 1×10⁵ 
unstained target cells per well. Each well contained 100 µL of each cell suspension, 

bringing the final volume to 200 µl. Cells were treated with 15 µg/ml of Nivolumab, 

while control wells were treated with 15 µg/ml of an IgG antibody or left untreated. The 

cells were incubated for 19 h at 37 °C in a 5% CO₂ incubator. 

Following incubation, 10 µl of anti-human CD107a-PE antibody was added to 

each well and incubated for an additional hour. Meanwhile, a monensin solution was 

prepared by diluting 2 µl of GolgiStop in 75 µl of T cell medium. 5 µl of this solution 
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were added to each well, and the contents were mixed thoroughly by pipetting. The cells 

were then incubated for 4 h at 37 °C in a 5% CO₂ incubator. 

After the incubation, the cells were centrifuged at 500×g for 5 min, and the 

supernatant was discarded by gently flicking the plate. The cell pellets were resuspended 

in 50 µl of anti-human CD8a-APC antibody, pre-diluted in FACS wash buffer, and 

incubated for 30 min at 4 °C. The cells were then washed by adding 150 µl of FACS wash 

buffer, centrifuged for 5 min at 500×g, and the supernatant was discarded. Finally, the 

cell pellets were resuspended in 200 µl of FACS wash buffer, and the expression of 

CD107a-PE was measured using a flow cytometer, following the gating strategy 

described in supplementary Figure S2. 

2.5.5 T cell, M2 macrophage, and HRS cell co-culture assays 

The generation of anti-NY-ESO-1 TCR-transduced primary human CD8⁺ T cells (Section 

3.2.5) and NY-ESO-1-expressing M2 macrophages (Section 3.4.2) was initiated on the 

same day to ensure the availability of fresh cells for co-culture. One day prior to co-

culture, M2 macrophages were nucleofected and seeded into a 24-well plate at a density 

of 5 × 10⁵ cells/ml per well (Section 3.4.2). 

T cell–M2 macrophage co-culture assay in the presence of CM derived from HRS cells: 

In the first experimental setup, co-culture experiments were conducted by carefully 

removing the medium from the NY-ESO-1-expressing M2 macrophages, ensuring the 

cell layer remained intact. Next, 1 ml of T cell medium containing either 5 × 10⁵ CD8⁺ T 

cells or anti-NY-ESO-1 TCR-transduced CD8⁺ T cells was added to the NY-ESO-1-

expressing M2 macrophage layer. The co-cultures were then treated with CM derived 

from L1236 cells, while control wells were left untreated (T cell medium added only). 

T cell–M2 macrophage–HRS cell co-culture assay: 

To further investigate the impact of tumor cells and immune checkpoint blockade on T 

cell activation, a second co-culture model was established with minor modifications. In 

this setup, following the same co-culture preparation steps, L1236 cells with B2M 

knockout were added onto the T cells and M2 macrophage co-cultures instead of CM. 

After seeding the tumor cells, wells were either treated with Nivolumab or left untreated 

(T cell medium added only). 
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The cells were then incubated for 24 h at 37°C in 5% CO₂. After incubation, the 

cells were transferred into 15ml falcon tube and centrifuged for 5 min at 500xg. Cell 

pellets were resuspended in 100 µl of FcR blocking reagent diluted in FACS staining 

buffer and incubated at 4°C for 30 min. Cells were washed and resuspended in 100 µl of 

antibody solution diluted in FACS staining buffer and incubated at 4°C for 30 min. Then 

the cells were washed and resuspended in 100 µl FACS staining buffer prior to 

measurement by a flow cytometer. For cell identification, either anti-NY-ESO-1 TCR-

transduced CD8+ T cells were stained with Tag-it Violet™ dye before co-culture, or M2 

macrophages were GFP-positive due to nucleofection. To detect T cell activation, cells 

were stained with the T cell activation marker 4-1BB (CD137) after co-culture. 

2.5.6 HEK293FT cell and HRS cell co-culture assays 

HEK293FT cells, which do not express PD-1 endogenously, were transduced with the 

pTwist lentiviral construct to express PD-1 on their surface. The transduced HEK293FT 

cells, along with control HEK293FT cells (lacking PD-1 expression), were co-cultured 

with tumor cells (PD-L1 expressing L1236 cells), either with or without Nivolumab, to 

assess the impact of PD-1/PD-L1 interaction on tumor cell proliferation. 

Transduction of HEK293FT cells: 

The day before transduction, HEK293FT cells were seeded in a 6-well plate at a density 

of 1.5×105 cells per well. HEK293FT cells were transduced with pTwist lentivirus 

containing the PD-1 insert. Lentivirus was generated as described in Section 2.3.2. After 

resuspending the off-white pellet in 100 µl of sterile PBS, 15 µl of the virus suspension 

was added to each well. Following a 24 h incubation at 37°C in 5% CO2, the medium was 

replaced with fresh D10 medium, and the plate was incubated for an additional 48 h. 

Surface expression of the targeted gene PD-1 was then measured by flow cytometer. 

Transduced cells underwent a selection process, where HEK293FT cells were split and 

puromycin was added at different concentrations (0.5 µg/ml, 1 µg/ml, 2 µg/ml), and 

resistant cells were grown out for 7 days. Cells were passaged every 3 days. After 

puromycin selection, cells treated with 1 µg/ml were chosen for further 

experiments, since this concentration supported optimal growth and resulted in over 95% 

PD-1 expression. These cells were expanded and co-cultured with PD-L1 expressing 

L1236 cell lines. 
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HEK293FT cell and tumor cell co-culture assays: 

One day before co-culture, HEK293FT cells were harvested by trypsinization and the 

cells were washed with D10 medium, centrifuged and the cell pellet was resuspended 

with 10 ml D10 medium. Then HEK293FT cells were transferred into T25 cell culture 

flask and irradiated (3000 rad). After irradiation cells were transferred into new 50ml 

Falcon tube and centrifuged for 5 min, at 500×g then resuspended in D10 medium. Then 

cells were counted by using flow cytometer. Then seeded out in 12-well plate at a density 

0.25×106 cells per well in 2 ml of D10 medium (0.15×106 and 0.35×106 cells per well 

also tested).  

Before co-culture, L1236 cell lines were typically labeled with Tag-it Violet dye 

according to the manufacturer's instructions. Briefly, 1µl of 5mM Tag-it Violet™ stock 

solution was added to 1 ml of PBS to prepare a 5 µM working solution. Cells were 

incubated in 1 ml of the 5 µM working solution for 20 min at RT in the dark. After 

incubation, 5 ml of complete RPMI medium was added to quench the staining process. 

The cells were centrifuged for 5 min at 500×g, then resuspended in pre-warmed complete 

RPMI medium and incubated for 10 min at RT in the dark. Finally, to check the staining 

violet was measured using flow cytometer. 

Co-culture experiments were conducted by carefully removing the medium from 

HEK293FT cells, taking care not to disrupt the cell layer. Subsequently, 2 ml of complete 

RPMI medium containing 0.1×106 L1236 cells was added onto the HEK293FT cell layer. 

Cells were treated with 15 µg/ml of Nivolumab, while control wells were left untreated. 

Then the cells were incubated 2-3 days at 37°C in 5% CO2.  

After incubation, L1236 cells were carefully removed using a 1000 µl pipette and 

transferred into 5 ml Eppendorf tube. An aliquot of the collected cells was taken to 

determine cell number and assess staining intensity. If the violet dye signal intensity had 

decreased due to cell proliferation, the cells were stained with Tag-it violet dye as 

described above. Subsequently, 0.1 × 10⁶ L1236 cells (collected from the old culture after 

2-3 days of incubation) were transferred onto a fresh, irradiated HEK293FT cell layer and 

incubated for another 2-3 days. 

This procedure, involving the transfer of L1236 cells from the old culture after each 

incubation period onto a fresh, irradiated HEK293FT cell layer, was repeated for a total 

of 13-14 days. An aliquot of the collected L1236 cells was taken to assess activated 

Caspase 3 expression on L1236 as described in Section 2.5.2. 
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 Proximity ligation and multiplex immunofluorescence on FFPE 
sections 

This section describes the combined use of PLA and mIF on FFPE tissue sections from 

cHL samples. PLA was established to detect and visualize PD-1/PD-L1 interactions. To 

identify the specific cell types involved in these interactions, subsequent mIF staining 

was performed on the same tissue sections, and imaging was carried out using confocal 

microscopy. To optimize the PLA–mIF workflow, deparaffinization, dehydration (see 

Section 2.6.1), and heat-induced epitope retrieval (HIER) (see Section 2.6.2) steps were 

refined first, and antibody specificity and dilutions were subsequently optimized using 

immunohistochemistry staining (IHC) (see Section 2.6.3). 

2.6.1  Deparaffinization and dehydration  

All cases of cHL were provided by the Institute of Pathology, JLU Gießen. All samples 

were anonymized prior to analysis. All selected cases were reviewed and confirmed as 

classical cHL by an experienced pathologist before inclusion in the study. Ethical 

approval was obtained from the Ethik-Kommission des Fachbereichs Medizin der JLU 

Gießen (approval number: [AZ 97/25]).  

 FFPE tissue blocks were cut sequential 2-μm-thick sections from Hodgkin cases 

using microtomes. To improve adherence to the glass slides and decrease the chances of 

sections dissociating from the slides, paraffin tissue sections were mounted on tissue-

adhesive-coated slides, which is especially important for sections undergoing HIER in 

future steps. The cutting and mounting of paraffin tissue sections onto slides were done 

manually at the Institute of Pathology. After being mounted onto slides, paraffin tissue 

sections were dried at 60°C in an oven overnight to increase the adhesion of the tissue 

sections to the surface of the glass slides. Then, the slides with mounted paraffin tissue 

sections (slides) underwent deparaffinization, rehydration, and HIER before being used 

for the IHC, PLA or IF staining to guarantee that the antibodies had full access to the 

tissue antigens. Deparaffinization, dehydration, and HIER of slides were processed as 

previously described [145,146] , with the following modifications. After drying slides 

overnight in oven, the slides were placed in a cuvette containing fresh, sufficient amount 

xylene to cover the tissue sections completely and incubate for 15 min with gentle 

shaking.  Then the slides were transferred into new cuvette containing fresh xylene and 

incubate another 10 min. After incubation the slides were washed twice in 100% ethanol 
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(for 5 min each time). The slides were immersed in a new cuvette containing 96% ethanol 

for 5 min, repeated twice. Then, the slides were washed with 70% ethanol for 5 min, 

followed by washing in 4.5% formaldehyde (Histofix) for 20 min, and rinsed in distilled 

water for 3 min. 

2.6.2 Heat induced epitope (antigen) retrieval  

Formalin is an excellent fixative for preserving tissue morphology. However, it can lead 

to the formation of molecular cross-links in proteins. This can alter the native three-

dimensional protein conformation, thereby changing the normal structure of the epitope 

(the specific region of the protein where the antibody binds), making it more difficult for 

the antibody to bind to its targets [145,146]. Heat-induced epitope retrieval (HIER), also 

known as 'antigen retrieval,' restores protein structure by returning the three-dimensional 

protein configuration to something close to its native state, which increases epitope 

availability for antibody binding [145,146].   

After deparaffinization and dehydration (Section 2.6.1), the slides were placed in 

a cuvette containing prewarmed antigen retrieval solution [147,148] (CC2 buffer: to 

prewarm, the cuvette was loosely covered with a lid, and placed in the microwave for 45 

seconds at full power) and incubated for 30 min in a 95°C water bath. After incubation, 

the cuvette was transferred onto ice for 10 min to cool down. Then, the slides were 

transferred to a new cuvette containing distilled water. The borders of the tissue were 

marked with a hydrophobic barrier pen to define the staining area and minimize reagent 

usage in subsequent steps. 

2.6.3 Immunohistochemistry (IHC) 

The antibodies intended for use in PLA and mIF on FFPE tissue of cHL were tested using 

IHC to evaluate their binding capacity to their respective antigens. The tested antibodies 

are listed in Table 8. Various antibody dilutions were assessed, and the optimal dilution 

was selected for further experiments. After deparaffinization and dehydration (Section 

2.6.1), the slides underwent HIER as previously described in section 2.6.2. Following 

these steps, the slides were processed using the reagents from the BOND™ Polymer 

Refine Detection Kit, according to the manufacturer’s instructions. After the staining 

Slides were permanently cover-slipped using permanent mounting medium to preserve 
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the slide. Then slides were digitized using the Pannoramic SCAN II slide scanner with 

the manufacturer’s acquisition software suite. 

2.6.4 Duolink-proximity ligation assay (PLA) 

Duolink-PLA is an in-situ immunoassay that detects endogenous proteins and protein-

protein interactions in fixed cells and tissues with high specificity and sensitivity. To 

detect in situ PD-1 and PD-L1 interactions in FFPE tissue sections of cHL, two primary 

antibodies (anti-PD-1 and anti-PD-L1) raised in different species were used to target the 

two distinct proteins, PD-1 and PD-L1 (see Figure 5). Species-specific secondary 

antibodies conjugated with unique short oligonucleotides (known as PLA PLUS and 

MINUS probes) bind specifically to the primary antibodies. Subsequently, two connector 

DNA oligonucleotides were introduced into the system. When the PLA probes are in 

close proximity (<40 nm), these connector DNA oligonucleotides bind with the PLA 

probes through enzymatic ligation, forming a circular DNA template. To amplify this 

reaction via rolling circle amplification, nucleotides, polymerase (specifically Phi29 

DNA polymerase, known for its exceptional processivity and strand displacement ability 

[149,150]), and fluorescently-labeled complementary oligonucleotides were applied. One 

of the PLA probes acted as a primer for the polymerase, generating a repeating (some 

hundredfold), concatemeric product that remained tethered to the secondary antibody. 

The added fluorescently-labeled oligonucleotides then hybridized to the amplified DNA, 

highlighting the signal [149,151,152,152]. Each PLA signal consisted of approximately 

1,000 bound fluorescent probes, that together appeared as a distinct dot that can be easily 

visualized under confocal microscopy. These PLA signals can be quantified and mapped 

to specific subcellular locations using microscopy images [149,151,153,154].  
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Figure 5. Workflow of the PLA to detect PD-1/PD-L1 interactions. Each step of the PLA 
protocol is described in the Figure. (Created using BioRender) 

 

Duolink-PLA experiments were conducted using Duolink® PLA Fluorescent reagents 

according to the manufacturer’s instructions [155], with the following modifications. To 

ensure the successful execution of a Duolink® PLA experiment, a sufficient amount of 

reagent (100-150 µl per slide, depending on the size of the tissue) was used, and the slides 

were not allowed to dry before adding reagents, which minimized background noise 

during imaging [155]. 

Blocking step: After deparaffinization, dehydration (Section 2.6.1) and subsequent 

antigen retrieval (Section 2.6.2), distilled water was tapped off, and 2-3 drops of 

Duolink® Blocking Solution were added to each slide to block endogenous Fc receptors 

and minimize non-specific antibody binding. Slides were then incubated in a pre-heated 

humidity chamber for 60 min at 37°C.  

Primary antibodies: After incubation, the blocking solution was tapped off, and 100–150 

µl of the primary antibody mixture (anti-PD-1 and anti-PD-L1) diluted in Duolink® 

Antibody Diluent, was applied to the tissue. Slides were incubated in a pre-heated 

humidity chamber for 60 min at RT or overnight at 4°C. After incubation, the antibody 

mixture was tapped off, and the slides were immediately placed in 1× Wash Buffer A, 

followed by three washes for 5 min each at RT with agitation. 
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Duolink® PLA Probe incubation: While the slides were washing, the Duolink® PLA 

probe solution was prepared by diluting the MINUS and PLUS probes 1:5 in Duolink® 

Antibody Diluent. After washing, excess wash buffer was tapped off, and 100 µl of the 

PLA probe solution was applied to each slide. Slides were incubated in a pre-heated 

humidity chamber for 60 min at 37°C. Following incubation, the PLA probe was tapped 

off, and slides were immediately placed in 1× Wash Buffer A, then washed twice for 5 

min each at RT with agitation. 

Ligation: During the wash, the ligation solution was prepared by diluting 5× Duolink® 

Ligation Buffer 1:5 in high-purity water, followed by adding ligase at a 1:40 dilution. 

After washing, excess wash buffer was tapped off, and the ligation solution was applied 

to the tissue. Slides were incubated in a pre-heated humidity chamber for 30 min at 37°C. 

Following incubation, the solution was tapped off, and slides were placed in 1× Wash 

Buffer A, then washed twice for 5 min each at RT with agitation. 

Amplification: In parallel with washing, the amplification solution was prepared by 

diluting the 5x Amplification Buffer 1:5 in high-purity water. As the buffer is light-

sensitive, slides and reagents were protected from light from this point onward. 

Polymerase was then added at a 1:80 dilution. After washing, excess buffer was tapped 

off, and the amplification solution was applied to the tissue. Slides were incubated in a 

pre-heated humidity chamber for 120 min at 37°C, after which the solution was tapped 

off.	
Final washing steps: Then, the slides were washed with 1x Wash Buffer B three times 

for 5 min each at RT with agitation, followed by washing in 0.01x Wash Buffer B for 1 

min at RT with agitation.  

Counterstaining: After washing, excess buffer was removed, and nuclei were 

counterstained with 100–150 µl DAPI (1:10 in PBS). Slides were incubated for 5 min at 

RT, then washed once in 1× Wash Buffer B for 5 min and once in 0.01× Wash Buffer B 

for 1 min, both at RT with agitation. 

Mounting: Excess wash buffer was tapped off, and slides were mounted with a minimal 

volume of ProLong Mounting Medium, avoiding air bubbles under 0.16–0.19 mm 

coverslips. Slides were stored at 4°C for 15 min to 2 days before analysis with Confocal 

Microscope. 

 For optimization of the fluorescent PLA workflow, brightfield PLA was 

additionally performed. After deparaffinization, dehydration (Section 2.6.1), and 
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subsequent antigen retrieval (Section 2.6.2), distilled water was tapped off, and the 

brightfield PLA was carried out according to the manufacturer’s instructions. 

2.6.5 Multiplex Immunofluorescent staining (mIF) 

To identify the cells involved in the PD-1/PD-L1 interaction, a mIF detection method was 

applied to FFPE tissue sections of cHL following PLA. To amplify the signal and enhance 

sensitivity, an indirect mIF technique was used, involving antibodies from the same 

species. This approach was combined with tyramide signal amplification (TSA), enabling 

the simultaneous detection of multiple markers with increased specificity and sensitivity 

[147,156–158] (see Figure 6). 

 
Figure 6. Schematic illustration of the TSA system. This schematic illustrates the TSA system, 
where primary antibodies bind target proteins, and HRP-conjugated secondary antibodies activate 
tyramide substrates. The activated tyramide molecules then covalently bind to nearby proteins, 
amplifying the signal for enhanced detection. (Created using BioRender) 
 

In the mIF, primary antibodies were used (see Table 8) to target distinct proteins. 

Species-specific secondary antibodies conjugated with horseradish peroxidase (HRP) 

specifically bind to the primary antibodies. Subsequently, an inactive tyramide substrate 

conjugated with a fluorophore was introduced into the system. In the presence of H₂O₂, 
HRP catalyzes the activation of multiple tyramide molecules by converting the inactive 

tyramide substrate into a highly reactive form, which covalently binds to tyrosine residues 

on nearby proteins of interest. This results in the formation of a permanent attachment. 

Since many tyramide-fluorophore conjugates can be deposited around each HRP-labeled 

target, stable, high-density labeling is achieved [147,156–158]. Consequently, even low 

levels of target molecules can produce strong signals due to the dense accumulation of 

fluorophores. The bound primary antibody/secondary antibody complex was then eluted 
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with a citrate-based CC2 buffer. As a result, only the deposited tyramide remains 

covalently bound to the tissue near the first antigen of interest. This allows the use of a 

second primary antibody from the same species to detect the next antigen of interest. To 

overcome the difficulties in finding appropriate combinations of antibodies from different 

species, this method enables the repeated use of antibodies from the same species without 

cross-reactivity issues. The procedure can be repeated to detect additional targets 

[147,156–158]. 

After analyzing the PLA reaction using a confocal microscope, the slides were placed in 

a cuvette containing a PBS Tween 20 (PBST) and washed for 15-30 min at RT with 

agitation until the coverslip could be gently removed. Then the slides were transferred 

into a new cuvette containing fresh PBST and washed once for 5 min at RT with agitation. 

After washing, the excess wash buffer was tapped off the slides.  

Antibody elution step (1): The slides were placed in a cuvette with prewarmed antigen 

retrieval solution (CC2 buffer) and incubated for 10 min at 95°C to remove the PLA 

reaction (primary and secondary antibodies). After cooling for 10 min on ice, the slides 

were transferred to a new cuvette with distilled water. The tissue borders were marked 

with a hydrophobic barrier pen to define the staining area and minimize reagent use in 

subsequent steps. 

Blocking Step (2): After washing, distilled water was tapped off the slides and 0.3% H2O2 

in methanol was added to block endogenous HRP activity. The slides were incubated for 

15 min at RT. Following incubation, the blocking solution was tapped off, and the slides 

were placed into a cuvette with PBST. The slides were washed three times for 3 min each 

at RT with agitation. 

Primary antibodies (3): were diluted in the antibody diluent (see Table 8).  After washing, 

blocking solution was tapped of the slides and 100-150µl primary antibodies solution was 

added to each sample. The slides were incubated in a humidity chamber for 60 min at RT 

or overnight at 4°C. After incubation, the slides were washed with fresh PBST three times 

for 3 min each at RT with agitation. Then excess wash buffer was tapped of the slides. 

 Secondary antibodies (4): 2-3 drops of poly-HRP conjugated secondary antibody (ready 

to use - Goat anti-Mouse or Goat anti-Rabbit IgG) were applied. The slides were 

incubated in a humidity chamber for 60 min at RT or overnight at 4°C.  Then the slides 

were washed three times for 5min each in PBST at RT with agitation. 

Signal amplification (5): In parallel with washing, fresh tyramide working solution was 

prepared. For a 500 µl reaction, 5µl of 100×Tyramide stock solution (Alexa Fluor 
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tyramide reagent + 150 µl DMSO) and 5µl of 100×H2O2 solution (50µl 3% H2O2 + 1ml 

distilled H2O) were added to 500 µl of 1× Reaction buffer (50µl 20×Reaction buffer + 

1ml distilled H2O). After washing, 100-150 µl freshly prepared tyramide working 

solution were added on each sample and incubated in a humidity chamber for 10 min at 

RT.  

Reaction Stop (6): During incubation, the Reaction Stop reagent was prepared by diluting 

the stock solution 1:10 in PBS. After incubation, the tyramide solution was tapped off, 

and the Reaction Stop reagent was added to the tissue, followed by 5 min incubation at 

RT in a humidity chamber. The slides were then washed three times for 3 min each in 

PBST at RT with agitation. 

Antibody elution step (7): The slides were placed in a cuvette with prewarmed antigen 

retrieval solution (CC2 buffer). The slides were incubated for 15 min in a 95°C water 

bath, then cooled on ice for 10 min. Next, the slides were transferred to a new cuvette 

with distilled water. The tissue borders were marked with a hydrophobic barrier pen. 

Finally, the slides were washed three times for 3 min each in PBST at RT with agitation. 

Second primary antibodies (9): After washing, excess wash buffer was tapped of the 

slides and 100-150µl primary antibodies solution was added to each sample. The slides 

were incubated in a humidity chamber for 60 min at RT or overnight at 4°C. After 

incubation, the slides were washed with fresh PBST three times for 3 min each at RT with 

agitation. Step (4), (5), (6) and (7) was repeated.  

Third primary antibodies (10):  After washing, excess wash buffer was tapped of the 

slides and 100-150µl primary antibodies solution was added to each sample. The slides 

were incubated in a humidity chamber for 60 min at RT or overnight at 4°C. After 

incubation, the slides were washed with fresh PBST three times for 3 min each at RT with 

agitation. Step (4), (5), (6) and (7) was repeated.  

Secondary species-specific antibody conjugated with a fluorophore of choice (11): After 

washing, excess wash buffer was tapped of and 100-150 µl secondary antibody 

conjugated to fluorophore was added to each sample. The slides were incubated in a 

humidity chamber for 30 min at RT. After incubation, the slides were washed with fresh 

PBST three times for 3 min each at RT with agitation. Then excess wash buffer was 

tapped of the slides. Steps (9) and (10) were applied when mIF staining was not combined 

with PLA. When combined with PLA, step (11) should follow step (8), skipping step (9) 

and (10). 
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Counterstaining (12): Nuclei were counterstained with 100-150 µl of DAPI, diluted 1:10 

in PBS. The slides incubated in a humidity chamber for 7 min at RT. Then the slides were 

washed with fresh PBST three times for 5 min each at RT with agitation. Then excess 

wash buffer was tapped of.  

Mounting (13): Slides were then mounted with anti-fade mounting medium.  The slides 

were stored at 4°C for 15 min to up to 2 days before being analyzed Confocal microscope. 

2.6.6 Confocal microscopy for PLA and IF analysis 

The results of both the Duolink PLA and mIF staining were visualized using a Zeiss LSM 

800 Confocal Laser Scanning Microscope. Confocal images were acquired with a Plan-

Apochromat 40×/1.1 water objective, and image acquisition and analysis were performed 

using Zen 2.5 software. For optimal fluorescence settings, the automatic ‘Smart Setup’ 

function of the Zen 2.5 software was applied to each fluorophore. The laser voltage was 

set to 750 V for all analyses. The pinhole diameter was adjusted to 2.69 Airy units for 

DAPI, 1.79 Airy units for Texas Red, and for Alexa 488. 

2.6.7 Quantification of PLA interactions 

Image analysis and quantification were performed using FIJI/ImageJ with a custom script 

designed to align and merge the PLA and mIF images acquired from the same tissue 

regions. After alignment, the combined image displayed PLA puncta together with all 

mIF and DAPI channels. PLA puncta were then manually annotated by the user: 

individual puncta were assigned to specific cell types (e.g., CD8⁺ T cells, HRS, 

macrophages) using designated function keys (e.g., F1, F2, F3). The script 

automatically recorded each annotation and compiled the resulting counts, enabling 

quantification of PD-1/PD-L1 interactions according to the neighboring cell phenotype. 

 The interaction rate represents the fraction of all partner cells (CD163⁺ M2 

macrophages or CD30⁺ HRS cells) that are engaged in a PD-1/PD-L1 interaction with 

CD8⁺ T cells. It is defined as: Interaction rate = I / (I + P + S),  

I — Interacting (CD8⁺ T cells is in contact with partner cell (CD30/ CD163) and PLA+ 

dots present (PD-1/PD-L1), P — Proximal (Non-Interacting) CD8⁺ T cell is close to 

partner cell (CD30/CD163) and NO PLA dots, S — Single (Isolated) Partner cell 

(CD30/CD163) has no CD8⁺ T cell nearby and no opportunity for interaction  
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 This metric uses all partner cells (I + P + S) as the denominator to estimate how 

frequently each cell population (M2 or HRS) participates in PD-1/PD-L1 interactions 

with CD8⁺ T cells. By including interacting, proximal, and isolated cells, this rate reflects 

the overall burden of PD-1/PD-L1 engagement within each cell compartment, making it 

suitable for comparing CD8⁺ T-cell interactions with M2 macrophages vs HRS cells. 
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 Results 

 Validation of effector and target cells for functional assays 

For functional analyses of antigen-specific CD8⁺ T cell responses, the generation of 

NY-ESO-1-reactive CD8⁺ T cells was first validated. This included establishing stable 

retroviral producer clones, efficiently transducing primary human T cells, and 

subsequently enriching CD8⁺ T cells expressing the NY-ESO-1-specific TCR, thereby 

generating a defined effector population for downstream assays. 

In parallel, L1236 HRS cells were validated as target cells by confirming 

endogenous HLA-A*02 and MHC class I expression and modified via B2M knockout 

(KO) to produce MHC I-deficient variants. Both wild-type and B2M KO L1236 cells 

were then transduced to express NY-ESO-1, ensuring antigen presentation. Additionally, 

PD-L1 expression on L1236 cells was confirmed, and PD-L1 KO cells were generated to 

investigate the role of PD-L1–mediated immune regulation. 

Similarly, macrophages were differentiated and polarized into M1 and M2 

subtypes, with polarization validated by characteristic marker expression. To ensure 

suitability as antigen-presenting target cells, M2 macrophages were subsequently 

transfected to express the NY-ESO-1 antigen.  

HEK293FT cells were transfected to express PD-1 and were generated to 

investigate PD-1–PD-L1 reverse signaling in HRS cells. 

Together, these steps (details description in Chapters 3.1.1 to 3.1.5) established 

well-characterized effector and target cell systems suitable for subsequent functional 

assays.  

3.1.1 Validation of the generated PG13 cell line for NY-ESO-1 TCR vector 
production 

As a first step toward generating a stable retroviral producer line for T cell transduction, 

Phoenix Eco cells were transfected with a retroviral vector encoding a TCR specific for 

the HLA-A*02-restricted melanoma antigen NY-ESO-1[118] (see Section 2.2.1). NGFR 

was included in the construct as a selectable marker to monitor both transfection and 

subsequent transduction efficiency. Transfection efficiency in Phoenix Eco cells, 

assessed by the percentage of NGFR⁺ cells, was considerably higher in transfected cells 
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than in untransfected wild-type controls (see Figure 7A), confirming successful 

transfection. 

 
 
Figure 7. Generation of monoclonal PG13 retroviral producer clones. (A) Phoenix Eco cells 
were transfected with a retroviral vector encoding an NY-ESO-1–specific TCR. NGFR 
expression was analyzed by flow cytometry to assess transfection efficiency. Viral supernatant 
collected from transfected cells was then used to transduce PG13 cells. (B) PG13 cells were 
transduced using retroviral supernatant harvested from Phoenix Eco cells. NGFR expression was 
assessed by flow cytometry to determine transduction efficiency. Transduced PG13 cells were 
then used to generate monoclonal retroviral producer cell lines. (C) Monoclonal PG13 producer 
clones were generated by limiting-dilution cloning. Surface NGFR expression was measured by 
flow cytometry, and clones with the highest expression were selected for virus production. 
Untransduced/untransfected cells (wild-type controls) served as controls for all experiments. 
Overlaid histograms illustrate NGFR-expressing cells (red), representing transfected or 
transduced populations, compared to untransduced/untransfected NGFR-negative control cells 
(blue),	with a filled gray histogram showing the respective isotype control. The percentage of 
NGFR⁺ cells is indicated, and histograms were normalized to mode. 

Viral supernatants harvested from transfected Phoenix-Eco cells were 

subsequently used to transduce PG13 cells (see Section 2.2.2). This two-step packaging 

strategy (ecotropic Phoenix-Eco →amphotropic PG13) enables generation of retroviral 

particles suitable for human T-cell transduction (see Section 2.2).	Following transduction, 

PG13 cells were subjected to limiting-dilution cloning to isolate monoclonal producer 

lines (via NGFR expression) (see Section 2.2.3). In stable retroviral producer lines, 

NGFR expression can be used as a proxy for productive virus production when formal 

titer determination is not performed [159].	Flow-cytometry analysis demonstrated robust 

NGFR expression in transduced PG13 cells, whereas untransduced wild-type controls 

lacked detectable expression (see Figures 7B–C). Nearly all transduced cells expressed 

NGFR, indicating highly efficient retroviral transduction. Monoclonal PG13 lines were 

screened based on NGFR expression, and the clone exhibiting the highest marker 

expression was expanded. Although viral titer was not formally quantified, a small-scale 
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transduction confirmed functional infectivity (see Figure S6), and the selected clone 

efficiently transduced human T cells in subsequent experiments. The chosen 

clone maintained stable NGFR expression across subsequent passages, demonstrating 

consistent vector integration and production capability. These clones were then expanded 

and used for downstream retroviral T-cell transduction experiments.  

3.1.2 Validation and generation of NY-ESO-1 reactive CD8⁺ T cells 

Following the establishment of monoclonal PG13 producer clones, PBMCs were 

isolated (see Appendix A1) as the initial step toward generating NY-ESO-1 reactive TCR 

CD8⁺ T cells. Flow cytometry analysis confirmed the presence of lymphocytes, 

monocytes, and granulocytes within the PBMC population, reflecting successful isolation 

of the heterogeneous cell types typical of PBMCs (see Figure S1). 

To generate NY-ESO-1 reactive TCR CD8⁺ T cells, PBMCs were first activated 

with OKT3 and IL-2, resulting in a predominantly CD3⁺ T-cell population (see 

Supplementary Figure S4). Activated CD3⁺ T cells were then divided into two fractions: 

one fraction was transduced with retroviral vectors encoding the NY-ESO-1-specific 

TCR (see Section 2.2.5) using viral supernatant produced by the PG13 producer clones, 

whereas the second fraction was intentionally left untransduced. NGFR was included as 

a marker to monitor transduction efficiency. Flow cytometry analysis demonstrated a 

clear NGFR-positive population within the transduced fraction, whereas untransduced 

(wild-type) fraction lacked NGFR expression entirely (see Figure 8A-B, red histograms). 	
The untransduced T-cell fraction, which retained only endogenous TCRs, was used as a 

matched negative control to assess NY-ESO-1-reactive TCR specificity in downstream 

co-culture assays. 
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Figure 8. Validation of retroviral transduction and NGFR-based enrichment of NY-ESO-
1–specific TCR T cells. (A) After IL-2/OKT3 activation, untransduced CD3⁺ T cells showed no 
detectable NGFR expression, confirming an NGFR⁻ baseline population and the specificity of 
NGFR staining. These untransduced T cells, expressing only endogenous TCRs, were used as 
negative controls in subsequent co-culture assays. Overlaid histograms compare NGFR signal 
(red) with the corresponding isotype control (filled gray). (B) Following retroviral transduction 
with an NY-ESO-1–specific TCR construct, a clear NGFR⁺ subset emerged, indicating successful 
expression of the introduced TCR. Overlaid histograms show NGFR⁺ transduced cells (red) 
relative to the isotype control (filled gray). (C) NGFR⁺ cells were subsequently enriched (MACS 
or FACS) to isolate the successfully transduced T-cell fraction (after prior CD8⁺ enrichment). 
Histograms illustrate the enriched NGFR⁺ population (red) compared with the matched isotype 
control (filled gray). Together, these data confirm efficient retroviral transduction and successful 
isolation of NGFR⁺ NY-ESO-1–reactive TCR-expressing T cells. Percent NGFR⁺ cells are 
indicated. Histograms normalized to mode. 

 Following retroviral transduction, CD3⁺ T cells underwent three consecutive 

rounds of MACS to enrich for the desired CD8⁺ NGFR⁺ population. The first step 

involved depletion of CD56⁺ cells to remove residual natural killer (NK) cells and other 

CD56-expressing subsets. Although these CD56⁺ cells represent only a small population, 

their removal is important to prevent their potential expansion in later passages. Flow 

cytometry analysis confirmed successful depletion, as CD56 expression was undetectable 

in the post-sorted population (see Figure 9A-B, red histograms). From the CD56-depleted 

fraction, positive selection for CD8⁺ cells was then performed (see Figure 9C-D, red 

histograms), followed by selection of NGFR⁺ cells (see Figure 8C, red histograms), to 

isolate transduced CD8⁺ T cells expressing the NY-ESO-1-specific TCR. The 

untransduced T-cell fraction was processed in parallel and underwent the same CD56-

depletion and CD8-enrichment steps (see Figure S5) to ensure identical activation and 

purification histories between experimental (NY-ESO-1-specific TCR CD8⁺ T cells) and 

control T-cell populations (endogenous TCRs CD8⁺ T cells). 

 Overlaid histograms showed a clear rightward shift in fluorescence intensity for 

CD8 and NGFR staining in the sorted cells relative to their respective isotype controls 
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(CD8: Figure 9D, red histogram; NGFR: Figure 8C, red histogram), confirming 

successful enrichment of CD8⁺ and NGFR⁺ T cells. This sequential selection strategy thus 

yielded a highly purified CD8⁺ NGFR⁺ T cell population, corresponding to CD8⁺ T cells 

uniformly expressing the introduced NY-ESO-1–specific TCR, thereby completing the 

generation of antigen-specific effector T cells for subsequent experiments. 

 

 
Figure 9. Validation of CD56 depletion and CD8⁺ T-cell enrichment during generation of 
NY-ESO-1–reactive TCR T cells. (A–B) Following retroviral transduction with an NY-ESO-1–
specific TCR construct, CD56⁺ cells were depleted to remove NK cells and CD56⁺ T-cell 
subsets. Panel A shows the population before CD56 MACS depletion, and Panel B shows the 
population after depletion. In panel B, overlaid histograms demonstrate complete loss of CD56⁺ 
cells (red) compared with the isotype control (filled gray), confirming highly efficient depletion. 
(C–D) CD56-depleted T cells were subsequently subjected to CD8⁺ MACS enrichment to obtain 
a purified CD8⁺ T-cell fraction—an essential step for the downstream isolation of transduced 
CD8⁺ NGFR⁺ T cells. Panel C shows the population before CD8 MACS enrichment, and Panel 
D shows the population after enrichment. Overlaid histograms depict the CD8⁺ population (red) 
relative to the isotype control (filled gray), demonstrating the successful generation of a highly 
pure CD8⁺ T-cell subset. Percentages of marker-positive cells are indicated; histograms 
normalized to mode. 
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3.1.3 Validation of antigen-dependent PD-1 induction during co-culture with NY-
ESO-1–expressing HRS cells 

Following the generation of NY-ESO-1–reactive CD8⁺ T cells and endogenous TCR 

CD8⁺ T cells (see Sections 3.1.2), co-culture assays were performed to assess PD-1 

expression in the context of NY-ESO-1 recognition. The HRS cell line L1236, which 

constitutively expresses PD-L1, was used as the target cell population. Because PD-1 is 

upregulated on CD8⁺ T cells following TCR-mediated recognition of cognate antigen 

presented on MHC class I, this system enabled evaluation of PD-1 induction specifically 

in response to NY-ESO-1/HLA-A*02 complexes on L1236 cells. 

 NY-ESO-1–reactive CD8⁺ T cells were co-cultured with NY-ESO-1–expressing 

L1236 cells, and PD-1 expression was analyzed by flow cytometry. A distinct PD-1⁺ 

population was detected within the NY-ESO-1–reactive CD8⁺ T-cell fraction following 

co-culture (see Figure 10, red), indicating successful recognition of NY-ESO-1 presented 

by L1236 cells and subsequent activation-induced PD-1 upregulation. In contrast, 

endogenous TCR CD8⁺ T cells, which lack the NY-ESO-1–specific TCR, did not express 

PD-1 when co-cultured under identical conditions (see Figure 10, blue). The absence of 

PD-1 expression in the endogenous TCR population demonstrates that PD-1 induction 

arose specifically from NY-ESO-1 recognition rather than nonspecific activation. These 

findings confirm that PD-1 expression in this system is strictly dependent on NY-ESO-

1–specific TCR engagement.  

 
Figure 10. Antigen-dependent induction of PD-1 expression in NY-ESO-1–reactive CD8⁺ T 
cells following co-culture with NY-ESO-1⁺ L1236 HRS cells. Overlaid histograms compare 
PD-1 expression in endogenous TCR CD8⁺ T cells and NY-ESO-1–reactive CD8⁺ T cells after 
co-culture with the HRS cell line L1236, which endogenously expresses HLA-A*02 and was 
transduced to express NY-ESO-1 (NY-ESO-1⁺ L1236). Endogenous TCR CD8⁺ T cells (blue 
histogram) showed no induction of PD-1 following co-culture, consistent with the absence of NY-
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ESO-1–specific TCR recognition. In contrast, NY-ESO-1–reactive CD8⁺ T cells (red histogram) 
upregulated PD-1 after co-culture, indicating activation through specific recognition of NY-ESO-
1/HLA-A*02 complexes on L1236 cells. Percentages of PD-1⁺ cells are indicated; histograms are 
normalized to mode. 
 

3.1.4 Validation of L1236 cells for antigen presentation and immunoregulation 

To determine whether L1236 HRS cells can serve as appropriate target cells for CD8⁺ T 

cells engineered with a TCR recognizing the HLA-A*02-restricted melanoma antigen 

NY-ESO-1 [118] (NY-ESO-1 reactive TCR CD8⁺ T cells), endogenous HLA-A2 

expression was first measured by flow cytometry.	Since TCR recognition requires that 

both the engineered T cells and the target cells share the same HLA-A2 allele, confirming 

HLA-A2 expression on L1236 cells was essential. Staining for MHC class I molecules 

(HLA-A, -B, -C) showed high expression in the vast majority of	 L1236 cells, and 

subsequent staining specifically for HLA-A2 confirmed that these cells endogenously 

express the HLA-A2 allele (see figure 11A-B, red). 

Flow cytometry thus confirmed robust expression of MHC class I and HLA-A2 

on L1236 cells, supporting their suitability for presenting the NY-ESO-1₁₅₇–₁₆₅ epitope 

in the context of HLA-A2. 

 
 
Figure 11. Validation of endogenous HLA-A2 expression and generation of MHC-I–
deficient B2M knockout (KO) L1236 cells by flow cytometry. Overlaid histograms show 
staining for MHC class I (HLA-A, -B, -C) and HLA-A2 on wild-type L1236 cells (red) compared 
to B2M-KO L1236 cells (blue), with a filled gray histogram showing the respective isotype 
control. Wild-type L1236 cells displayed robust surface expression of MHC-I and HLA-A2, 
whereas L1236 B2M-KO cells lacked detectable expression, validating successful knockout and 
MHC-I deficiency.  
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To investigate the functional consequences of deficient antigen presentation, B2M 

KO L1236 cells were generated using sgRNA-mediated gene editing (section 2.3.4). 

Flow cytometry confirmed successful knockout by demonstrating complete loss of 

surface MHC class I molecules (HLA-A, -B, -C) and specific loss of HLA-A2 expression 

(see Figure 11A-B, blue). Compared to wild-type L1236 cells, B2M KO cells lacked 

detectable surface MHC I, generating an MHC I–deficient variant suitable for evaluating 

antigen-dependent T-cell responses. 

Following validation of HLA-A2 expression on wild-type L1236 cells and 

confirmation of successful B2M knockout (resulting in HLA-A2–negative L1236 cells), 

the next step was to prepare the target cells for recognition by NY-ESO-1 reactive TCR 

CD8⁺ T cells. Since the NY-ESO-1–specific TCR recognizes peptides derived from the 

NY-ESO-1 antigen presented by MHC class I molecules, both wild-type and B2M-KO 

L1236 cells were transduced with a retroviral vector encoding NY-ESO-1 to ensure target 

antigen expression (see Section 2.3.3). Transduction efficiency was assessed by flow 

cytometry using intracellular staining for NY-ESO-1 (see Appendix B). In the overlaid 

histograms (see Figure 12A, red), a clear rightward shift was observed in the red 

histogram compared to the isotype control (filled gray histogram), indicating that robust 

NY-ESO-1 expression was achieved in wild-type L1236 cells. Similarly high 

transduction efficiency was also observed in the B2M-KO L1236 cells (see Figure 12B, 

red). 

 
Figure 12. Validation of NY-ESO-1 transduction in L1236 cells by flow cytometry. (A), (B) 
Overlaid histograms show intracellular staining for NY-ESO-1 on wild-type L1236 cells (A, red) 
and B2M-KO L1236 cells (B, red) compared to matching isotype controls (filled gray). Both 
variants exhibited strong intracellular expression of NY-ESO-1, confirming successful 
transduction.  
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Following validation of HLA-A2 expression on wild-type L1236 cells and 

confirmation of transduction of the target antigen NY-ESO-1, the next step was to 

validate PD-L1 expression on the surface of L1236 cells to investigate the PD-1/PD-L1 

pathway, which is relevant for the potential inhibition of T cell responses against HRS 

cells. To provide genetic evidence that PD-L1 expressed by L1236 cells contributed to 

the suppression of antigen-specific T-cell activation, PD-L1 was knocked out in L1236 

cells (see Section 2.3.4). 

PD-L1 expression was measured by flow cytometry in both wild-type L1236 cells 

and the B2M KO variant. In the overlaid histogram (see Figure 13A), the red histogram 

showed a clear rightward shift compared to the PD-L1 KO cells (blue histogram), 

indicating robust PD-L1 surface expression in wild-type L1236 cells, whereas the 

knockout cells showed no detectable PD-L1 expression. Similarly, B2M KO L1236 cells 

also exhibited high PD-L1 surface expression, and this was completely lost in the 

corresponding PD-L1 KO variant (see Figure 13B). 

 
Figure 13. Validation of endogenous PD-L1expression and generation of PD-L1–knockout 
(KO) L1236 cells by flow cytometry.  (A), (B) Overlaid histograms show PD-L1 staining on 
wild-type L1236 cells (A, red) and B2M-KO L1236 cells (B, red) compared to their respective 
PD-L1 KO counterparts (blue), with a filled gray histogram showing the respective isotype 
control. Both wild-type and B2M-KO variants exhibited robust PD-L1 expression, whereas PD-
L1 KO cells lacked detectable expression, validating endogenous PD-L1 expression and 
successful knockout in each variant. 
 

Both the PD-L1-deficient models and their wild-type counterparts were 

subsequently used to evaluate the functional impact of tumor cell PD-L1 expression on 

T-cell responses. 
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3.1.5 Validation of PD-1 expression in HEK293FT cells 

To investigate the impact of PD-1/PD-L1 reverse signaling on HRS cell 

proliferation and survival, HEK293FT cells were engineered to express PD-1 via plasmid 

transfection as described in Section 2.5.5. Flow cytometry confirmed that wild-type 

HEK293FT cells did not endogenously express PD-1, as the red histogram overlapped 

with the isotype control (filled gray), indicating a PD-1⁻ population (see Figure 14A). 

In contrast, transfected HEK293FT cells displayed a clear rightward shift in the 

red histogram compared to the isotype control (filled gray), confirming successful surface 

expression of PD-1 (see Figure 14B). This generated an enriched PD-1⁺ HEK293FT cell 

population suitable for co-culture with PD-L1⁺ L1236 cells to assess the functional 

consequences of prolonged checkpoint engagement. 

 

 
Figure 14.  Validation of endogenous PD-1 expression and PD-1 transfection in HEK293FT 
cells by flow cytometry. (A), (B) Overlaid histograms show staining for PD-1 on wild-type 
HEK293FT cells (A, red) and transfected HEK293FT cells (B, red) compared to matching isotype 
controls (filled gray). (A) Wild-type HEK293FT cells showed no detectable PD-1 surface 
expression, resulting in a PD-1⁻ population of ~100% purity. (B) In contrast, transfected 
HEK293FT cells showed robust PD-1 surface expression, resulting in a PD-1⁺ population of 
~100% purity. 

3.1.6 Validation of M1/M2 Macrophage Polarization and NY-ESO-1 Expression 

As a first step to determine whether Hodgkin cell CM can influence macrophage 

polarization, monocyte-derived macrophages were first differentiated and polarized into 

M1 and M2 subtypes to serve as defined reference populations (Section 2.4.1). M1 and 
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M2 subtypes were generated under standard conditions as baseline controls for 

comparison with CM-treated macrophages. Morphological validation was performed by 

light microscopy (see Figure 14A–B). M1 macrophages exhibited a rounded or pancake-

like morphology, while M2 macrophages appeared more elongated and spindle-shaped. 

These distinct morphological features are consistent with previously published studies 

showing that M1 polarization (induced by IFN-γ and LPS) results in more circular cell 

shapes, whereas M2 polarization (stimulated by IL-4) produces more elongated 

macrophages [160,161]. This morphological confirmation validates the polarization 

protocol and provides a reference for studying the effects of Hodgkin cell–derived 

cytokines and chemokines on macrophage phenotype. It also enabled generation of M2 

macrophages for co-culture with T cells (see Section 3.4). 

 

Figure 15. Validation of M1 and M2 macrophage polarization by light microscopy. (A) Light 
microscopy image of M1-polarized macrophages (stimulated with LPS and IFN-γ) showing a 
predominantly rounded morphology. (B) Light microscopy image of M2-polarized macrophages 
(stimulated with IL-4) displaying an elongated, spindle-like shape. These morphological 
characteristics confirm successful polarization. Images were acquired at 400× total magnification. 

Validation of generation of NY-ESO-1 expressing M2  

Following validation of M2 macrophage polarization, the next step was to prepare 

M2 macrophages for recognition by NY-ESO-1–reactive TCR CD8⁺ T cells. As 

previously described, the NY-ESO-1–specific TCR recognizes peptides derived from the 

NY-ESO-1 antigen presented on MHC class I molecules. To ensure target antigen 

expression, M2 macrophages were transfected with a plasmid encoding NY-ESO-1 fused 

to GFP (see Section 2.4.2). Transfection efficiency was assessed by fluorescence 

microscopy based on GFP expression using the Leica THUNDER Imager DM i8 
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widefield microscope. GFP-positive cells were clearly visible (see Figure 16), confirming 

successful transfection of M2 macrophages. 

 
Figure 16. Validation of NY-ESO-1 expression in M2 macrophages by fluorescence 
microscopy. M2 macrophages were transfected with a plasmid encoding NY-ESO-1 fused to 
GFP to enable recognition by NY-ESO-1–specific TCR CD8⁺ T cells. GFP-positive cells were 
clearly visible, confirming successful transfection. Images were acquired using the Leica 
THUNDER Imager DM i8 widefield microscope. 20× magnification. Scale bar = 50 µm. 
 

 Validation of PLA and mIF staining assays 

To establish PLA and mIF as reliable readouts in this study, a stepwise validation was 

performed. Antibody specificity and staining performance were first confirmed by 

chromogenic IHC, and initial working concentrations were defined.	IHC stainings were 

reviewed by a pathologist to confirm specificity. Based on these results, the selected 

antibody clones and dilutions were transferred to Brightfield PLA, where concentrations 

were further refined to balance signal specificity and background. After successful 

validation in Brightfield PLA, the workflow was adapted to Fluorescent PLA, which 

required additional optimization of antibody concentrations as well as adjustments to 

deparaffinization, dehydration, and HIER conditions to achieve a stable and reproducible 

PLA signal suitable for higher-resolution imaging. 

 In parallel, a corresponding validation pipeline was established for mIF. Antibody 

specificity was first confirmed by chromogenic IHC and then transferred to single-stain 

immunofluorescence to assess performance under fluorescent conditions. Based on these 

results, individual antibodies were incorporated into multiplex panels, with sequential 
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adjustments made to staining order, fluorophore selection, and antibody concentrations 

to minimize channel crosstalk and background. The cHL cases, representing the primary 

disease context of this study, were used throughout the optimization and validation 

process to ensure both technical feasibility and biological relevance.		
	 Together, these steps (details description in Chapters 3.2.1 to 3.2.4) established 

specific and reproducible validated PLA and mIF staining pipelines, suitable for 

downstream analyses in cHL tissues. 

3.2.1 Validation of antibodies by IHC 

Each antibody included in PLA and mIF panels was first assessed by chromogenic IHC 

on cHL FFPE tissues (see Section 2.6.3). CD30, CD163, CD68, CD3, and CD8 

demonstrated staining patterns consistent with their known cellular and subcellular 

localization in HRS cells, macrophages, and T-cell subsets (see Figure 17). PD-1 and PD-

L1 exhibited staining patterns consistent with their established expression profiles, 

including PD-1 on T cells and PD-L1 on HRS cells and tumor-associated macrophages, 

confirming appropriate membranous localization (see Figure 18). Staining patterns were 

reproducible across multiple cHL cases, and non-specific background staining was 

minimal for all antibodies. Negative controls, including omission of primary antibody 

yielded no detectable staining. Clone comparison and titration experiments further 

identified the optimal antibody clone and an initial dilution based on signal intensity,	
accurate localization pattern, and overall signal-to-noise ratio (see Figures 17-18). These 

IHC validation steps established reliable baseline performance, with final antibody 

dilutions subsequently readjusted during optimization of PLA and IF assay conditions, 
confirming specificity and supporting downstream assay development. 
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Figure 17. Validation of antibodies by IHC. Representative chromogenic IHC staining (40× 
magnification) of cHL tissues showing validation of antibodies used for downstream mIF 
analyses. CD30 staining highlights HRS cells with strong membranous/cytoplasmic expression. 
CD163 and CD68 mark macrophages with expected cytoplasmic localization, while CD3 and 
CD8 staining identify T cell populations with characteristic membranous expression. Negative 
control (NC), performed by omission of the primary antibody, demonstrates absence of non-
specific background staining. These results confirm antibody specificity and suitability for 
subsequent PLA and mIF experiments. Slides were digitized using the Pannoramic SCAN II 
slide scanner. Scale bar = 50 µm. 
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3.2.2 Validation of Brightfield PLA 

Following IHC validation, antibodies were applied to Brightfield PLA. Side-by-side 

comparison of chromogenic IHC and PLA (see Figure 18) demonstrated that PLA puncta 

formed precisely in regions showing PD-1 or PD-L1 expression. These patterns were 

consistent with their expected cellular distribution and provided direct confirmation that 

PLA signal corresponds to true antigen localization.	This PLA validation was performed 

specifically for PD-1 and PD-L1 antibodies, and initial dilutions derived from IHC were 

used as a starting point for PLA-specific optimization	to maximize puncta formation 

while minimizing non-specific background.	PLA reactions yielded distinct puncta 

localized to the expected cellular compartments.	Negative controls, in which one primary 

antibody was omitted, showed minimal puncta formation, thereby confirming assay 

specificity. This spatial correspondence between chromogenic IHC signal and PLA 

puncta demonstrates that PLA detects PD-1/PD-L1 interactions only in antigen-positive 

regions, supporting accurate proximity detection. Together, these results validate the 

suitability of PD-1 and PD-L1 antibodies for PLA–based proximity assays. 
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Figure 18. Validation of PD-1 and PD-L1 antibodies for Brightfield PLA. Side-by-side 
chromogenic IHC and Brightfield PLA images of PD-1 and PD-L1 staining in cHL tissue (40× 
magnification). Chromogenic IHC demonstrates specific expression of PD-1 and PD-L1 with 
expected cellular distribution. Corresponding Brightfield PLA confirms the suitability of both 
antibodies for proximity ligation, yielding distinct puncta localized to regions corresponding to 
IHC-positive staining. Negative controls (NC), performed by omission of one primary antibody, 
show absence of puncta, confirming assay specificity. These results validate PD-1 and PD-L1 
antibodies for use in Brightfield and Fluorescence PLA assays. Slides were digitized using the 
Pannoramic SCAN II slide scanner. Scale bar = 50 µm. 
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3.2.3  Validation of Fluorescent PLA 

Optimized antibody pairs for PD-1 and PD-L1 from Brightfield PLA were subsequently 

transferred to Fluorescent PLA (see Section 2.6.4). As the assay was transitioned to 

fluorescent PLA, antibody concentrations were further refined, and deparaffinization, 

dehydration, and HIER conditions were adjusted to ensure a stable and reproducible 

fluorescent PLA signal. The fluorescent readout enabled higher-resolution imaging, and 

PD-1/PD-L1 interactions were visualized as distinct puncta, consistent with the known 

expression patterns of PD-1 and PD-L1 in cHL. Omission of one primary antibody 

resulted in absence of puncta, confirming assay specificity (see Figure 19). These results 

validate the fluorescent PLA pipeline for detection of PD-1/PD-L1 interactions in cHL. 

Figure 19. Validation of PD-1/PD-L1 interaction by Fluorescent PLA. Representative 
fluorescent PLA images (40× magnification) of classical Hodgkin lymphoma (cHL) tissue 
demonstrating PD-1/PD-L1 interactions. Distinct fluorescent puncta are visible in tumor-
associated regions, consistent with the expected biological distribution of PD-1/PD-L1 proximity. 
Negative control (NC), performed by omission of one primary antibody, shows absence of puncta, 
confirming assay specificity. These results validate the fluorescent PLA assay for detecting PD-
1/PD-L1 interactions in cHL.	 Images were acquired using a Zeiss LSM 800 Confocal Laser 
Scanning Microscope. Scale bar = 50 µm. 

3.2.4 Validation of multiplex immunofluorescence (mIF) 

In parallel to PLA, antibodies were validated for use in mIF. Each antibody was first 

transferred from IHC to single-plex IF to confirm performance under fluorescence 

conditions. Single-stain experiments confirmed expected localization patterns and 

demonstrated minimal autofluorescence or non-specific background in negative controls 

lacking the primary antibody. Once validated individually, antibodies were combined into 
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multiplex IF panels. Fluorophore selection, order of staining and antibody concentrations	
were optimized to avoid spectral overlap and preserve antigenicity across sequential 

staining and stripping steps. Comparisons of single-plex and multiplex conditions 

confirmed that staining intensity and localization were preserved consistently in the 

multiplex setting. All validation and optimization steps were performed directly on cHL 

tissue sections to ensure that staining performance and spatial marker distribution 

reflected the relevant disease context. Expected expression and spatial patterns of 

immune and tumor-associated markers were reproduced, confirming both technical 

feasibility and biological relevance of the mIF pipeline in cHL (see Figures 20-21). 

 

Figure 20. Validation of CD163 and CD8 antibodies in single and combined IF staining. 
Representative single-plex immunofluorescence staining (40× magnification) of cHL tissue 
showing CD163 and CD8 individually, followed by their combined staining in a multiplex format. 
CD163 demonstrates expected cytoplasmic localization in macrophages, while CD8 highlights 
cytotoxic T cells with characteristic membranous expression. In the combined panel, both 
markers retain their expected distribution and staining intensity, confirming compatibility and 
preservation of signal in the multiplex setting. CD163 was detected using Alexa Fluor 488 and 
CD8 with Alexa Fluor 563. Images were acquired using a Zeiss LSM 800 Confocal Laser 
Scanning Microscope. Scale bar = 50 µm. 



 91 

 

Figure 21. Validation of CD68, CD3, and CD30 antibodies in single and combined IF 
staining. Single-plex immunofluorescence staining of CD68, CD3, and CD30 in cHL tissue 
demonstrates expected expression patterns, with CD68 marking macrophages, CD3 identifying 
T cells, and CD30 staining Hodgkin Reed–Sternberg cells. The combined multiplex staining 
panel shows preservation of signal intensity, spatial localization, and antigen distribution across 
all three markers, confirming suitability of these antibodies for inclusion in mIF analyses. CD68 
was visualized with Alexa Fluor 488, CD3 with Alexa Fluor 563, and CD30 with Alexa Fluor 
647.	Images were acquired using a Zeiss LSM 800 Confocal Laser Scanning Microscope. 
40× magnification. Scale bar = 50 µm. 

 PD-L1 on HRS cells suppresses T cell activation, reversible by 
PD-1 blockade 

To determine whether antigen-specific CD8⁺ T cells can directly recognize and exert 

cytotoxicity against HRS cells, and whether PD-1 blockade enhances these responses, a 

co-culture assay was established. TCR recognition requires that both the engineered T 

cells and the target cells share the same HLA-A2 allele. Therefore, CD8⁺ T cells 

transduced with a recombinant TCR specific for the HLA-A*02–restricted melanoma 

antigen NY-ESO-1 (epitope 157–165) [118] (NY-ESO-1 TCR CD8⁺ T cells) were co-

cultured with the HRS cell line L1236, which endogenously expresses HLA-A2 and was 

transduced to express NY-ESO-1 (hereafter NY-ESO-1⁺ L1236). 
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To assess the role of antigen presentation via MHC-I in CD8⁺ T cell activation, 

cytotoxicity, and induction of apoptosis in target cells,	co-cultures were performed using 

either wild-type L1236 cells (MHC-I⁺) or B2M-KO L1236 cells (MHC-I–deficient), both 

expressing NY-ESO-1. In parallel, untransduced T cells expressing only endogenous TCR 

(endogenous TCR CD8⁺ T cells) were cultured with the indicated L1236 variants as 

controls (see Figure 22B, 23, 24, 25). To evaluate whether blocking PD-1/PD-L1 immune 

checkpoint interactions enhances T-cell responses, co-cultures were treated with 15 

µg/ml Nivolumab, an anti-PD-1 antibody, or left untreated by culturing in T-cell medium 

alone (see Figure 22, 23, 24). T cell activation was assessed by 4-1BB expression, 

cytotoxic activity by CD107a surface expression as a marker of degranulation, and tumor 

cell apoptosis by caspase-3 activation in HRS cells. This experimental design enabled 

comparison of T cell activation, cytotoxicity and apoptosis in target HRS cells in the 

presence or absence of MHC-I expression and checkpoint inhibition. 

 T cell activation was influenced by both MHC-I expression on target cells and 

PD-1 blockade. When co-cultured with MHC-I–positive NY-ESO-1–expressing L1236 

cells, CD8⁺ T cells expressing the NY-ESO-1–specific TCR showed  activation, indicated 

by increased 4-1BB expression (see Figure 22B; representative flow cytometry plots 

shown in Figure 23B and E), whereas activation was significantly reduced when MHC-

I–deficient B2M-KO L1236 cells were used. This confirmed that antigen presentation via 

MHC-I is essential for TCR-mediated recognition.  
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Figure 22. PD-1/PD-L1 blockade restores T-cell activation in an MHC-I–dependent manner 
in co-cultures with NY-ESO-1–expressing HRS cells. (A) Schematic of the T-cell co-culture 
assay used for the analysis of T-cell activation, cytotoxicity, and apoptosis of Hodgkin Reed–
Sternberg cells (HRS). HLA-A2⁺ L1236 (HRS) cells transduced to express the NY-ESO-1 antigen 
(NY-ESO-1⁺ L1236) were co-cultured with CD8⁺ T cells engineered to express a TCR 
recognizing the HLA-A2–restricted NY-ESO-1₁₅₇–₁₆₅ peptide (NY-ESO-1 TCR CD8⁺ T cells). 
Co-cultures included either wild-type L1236 cells (MHC-I⁺) or B2M-knockout (KO) L1236 cells 
(MHC-I–deficient), both expressing NY-ESO-1. Endogenous TCR CD8⁺ T cells were cultured in 
parallel with the same L1236 variants as antigen specificity controls. Cells were cultured in T-
cell medium alone (untreated, blue) or treated with 15 µg/ml Nivolumab (red). (B) T-cell 
activation was assessed by surface expression of 4-1BB after 24 h of co-culture (n = 4). Data are 
presented as mean ± SEM. Statistical significance was determined using a paired two-tailed 
Student’s t-test; p-values are shown on the figure. 
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 Notably, within MHC-I–positive co-cultures, treatment with Nivolumab further 

enhanced T cell activation, as reflected by significantly increased 4-1BB expression (see 

Figure 22; representative flow cytometry plots shown in Figure 23B and C), compared to 

untreated control. This effect was specific to MHC-I–positive conditions, as no 

comparable enhancement was observed when B2M-KO (MHC-I–deficient) L1236 cells 

were used, highlighting the requirement for antigen presentation in PD-1 blockade–

mediated restoration of T cell activation (see Figure 22; representative flow cytometry 

plots shown in Figure 23E and F). 

 
Figure 23. Representative flow-cytometry plots showing that PD-1 blockade enhances T-cell 
activation in MHC-I⁺ co-cultures but not in MHC-I–deficient targets. (A–F) Primary human 
CD8⁺ T cells transduced with a TCR specific for the NY-ESO-1 antigen (NY-ESO-1 TCR CD8⁺ 
T cells) or untransduced (endogenous TCR) CD8⁺ T cells were co-cultured for 24 h with NY-
ESO-1⁺ L1236 HRS cells. Co-cultures included either wild-type L1236 cells (MHC-I⁺) or B2M-
knockout (KO) L1236 cells (MHC-I–deficient). Within each condition, cultures were 
left untreated (control) or treated with 15 µg/ml Nivolumab. (A–C) Co-cultures with MHC-I⁺ 
L1236 cells: (A) endogenous TCR CD8⁺ T cells, (B) NY-ESO-1 TCR CD8⁺ T cells – untreated, 
(C) NY-ESO-1 TCR CD8⁺ T cells – treated with Nivolumab. (D–F) Co-cultures with MHC-I–
deficient B2M-KO L1236 cells: (D) endogenous TCR CD8⁺ T cells, (E) NY-ESO-1 TCR CD8⁺ 
T cells – untreated, (F) NY-ESO-1 TCR CD8⁺ T cells – treated with Nivolumab. CD8⁺ T cells 
were gated and analyzed for 4-1BB (CD137) expression as a marker of activation. Representative 
plots show up-regulation of 4-1BB upon co-culture with MHC-I⁺ targets and its reduction in 
MHC-I–deficient conditions, with further enhancement by Nivolumab specifically in MHC-I⁺ co-
cultures. 
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 To determine whether the observed activation translated into effector function, T 

cell cytotoxicity was also assessed in the same experimental setup.	When co-cultured 

with MHC-I–positive NY-ESO-1–expressing L1236 cells, CD8⁺ T cells expressing the 

NY-ESO-1–specific TCR showed increased CD107a surface upregulation as a marker of 

degranulation (see Figure 24A), indicating effective cytotoxic activity. In contrast, 

CD107a expression was significantly reduced when MHC-I–deficient B2M-KO L1236 

cells were used, demonstrating that antigen presentation via MHC-I is essential for TCR-

mediated cytotoxicity. Moreover, within MHC-I–positive co-cultures, treatment with 

Nivolumab tended to enhance T-cell cytotoxicity, as reflected by a trend toward higher 

CD107a expression compared to untreated controls (see Figure 24A). While this 

difference did not reach statistical significance, a consistent trend was observed, 

suggesting that PD-1 blockade may contribute to enhanced cytotoxic potential. This trend 

was specific to MHC-I–positive conditions, as no comparable tendency was observed 

with MHC-I–deficient target cells, consistent with MHC-I–dependent, antigen-specific 

effects of PD-1 blockade. 

To evaluate the impact of these interactions on target cell death, apoptosis of HRS 

cells was assessed by caspase-3 activation. When co-cultured with MHC-I–positive 

L1236 cells, NY-ESO-1 TCR CD8⁺ T cells induced elevated caspase-3 activation in 

target cells, confirming efficient T-cell–mediated apoptosis (see Figure 24B), whereas 

caspase-3 activation was significantly lower when MHC-I–deficient L1236 cells were 

used, demonstrating that antigen presentation via MHC-I is essential for TCR-dependent 

killing. Furthermore, in MHC-I–positive co-cultures, Nivolumab treatment tended to 

increase caspase-3 activation in target cells, indicating enhanced tumor-cell 

apoptosis (see Figure 24B). Although this difference did not reach statistical significance 

due to the limited number of replicates (n=2, restricted by available cell numbers), the 

trend was consistent across experiments, suggesting that PD-1 blockade may promote T-

cell–mediated killing of HRS cells. This tendency was not observed with MHC-I–

deficient target cells, indicating that effective antigen presentation is required for PD-1 

blockade to augment T-cell–mediated apoptosis. 
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Figure 24. PD-1/PD-L1 blockade enhances T-cell cytotoxicity and induces apoptosis of HRS 
cells in an MHC-I–dependent manner. Co-cultures were established as described in Figure 
20A. Primary human CD8⁺ T cells transduced with a TCR specific for the NY-ESO-1 antigen 
(NY-ESO-1 TCR CD8⁺ T cells) or endogenous TCR CD8⁺ T cells were co-cultured with NY-
ESO-1⁺ L1236 HRS cells, either wild-type (MHC-I⁺) or B2M-KO (MHC-I–deficient). Cells were 
cultured in T-cell medium alone (untreated, blue) or treated with 15 µg/ml Nivolumab (red). (A) 
T-cell cytotoxicity was assessed by surface expression of CD107a as a marker of degranulation 
after 24 h of co-culture (n = 2). (B) Apoptosis of HRS cells was evaluated by caspase-3 activation 
after 6 h of co-culture (n = 2). Data are presented as mean ± SEM. Statistical significance was 
determined using a paired two-tailed Student’s t-test; p-values are shown on the figure. 
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As expected, endogenous TCR CD8⁺ T cells did not exhibit significant activation, 

cytotoxicity, or induction of apoptosis across all co-culture conditions (MHC-I–positive 

and MHC-I–deficient L1236, ± Nivolumab), confirming the antigen specificity of the 

observed effects (see Figures 22, 23). 

 
 
Genetic knockout of PD-L1 enhances antigen-specific T cell activation 
 
 

To validate the role of PD-L1 in suppressing T cell responses, NY-ESO-1–

expressing L1236 cells and NY-ESO-1 expressing B2M-KO L1236 were lentivirally 

transduced to generate PD-L1-KO variants (see Section 2.3.4 and Figure 13C-D).  

 

 
Figure 25. PD-L1 knockout enhances T-cell activation in an MHC-I–dependent manner. 
Primary human CD8⁺ T cells transduced with a TCR specific for the NY-ESO-1 antigen (NY-
ESO-1 TCR CD8⁺ T cells) or CD8⁺ T cells with endogenous TCR were co-cultured for 18 h with 
NY-ESO-1–expressing L1236 Hodgkin Reed–Sternberg (HRS) cells. Co-cultures included wild-
type L1236 cells (PD-L1⁺, blue bars), PD-L1–knockout (KO) L1236 cells (green bars), and their 
respective B2M-deficient counterparts (MHC-I–deficient). T-cell activation was assessed by 
surface expression of 4-1BB (CD137) after 18 h of co-culture (n = 3). Data are presented as mean 
± SEM. Statistical significance was determined using a paired two-tailed Student’s t-test; p-
values are shown on the figure. 
 

These PD-L1–deficient cells were then co-cultured with NY-ESO-1–specific 

TCR CD8⁺ T cells under the same conditions as before, but without Nivolumab treatment. 
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T cell activation, measured by 4-1BB expression after 18 h, was significantly enhanced 

in co-cultures with PD-L1-KO L1236 cells compared to wild-type controls (see Figure 

25). In contrast, co-culture with PD-L1-KO B2M deficient L1236 cells resulted in 

significantly reduced T cell activation, consistent with the loss of antigen presentation 

through MHC-I. As these PD-L1–deficient cells lacked the PD-1/PD-L1 interaction, 

Nivolumab treatment was not applied. This provides genetic evidence that PD-L1 

expression on L1236 cells contributes to the suppression of antigen-specific T cell 

activation.  

Together with prior findings using Nivolumab, these data confirm that PD-1/PD-

L1 signaling suppresses T cell function in this model and that disrupting this interaction—

either pharmacologically or through genetic knockout of PD-L1—can restore T cell 

activity in an MHC-I dependent manner. Overall, this setup provided a systematic 

comparison of direct CD8⁺ T cell–HRS interactions in the presence or absence of antigen 

presentation and checkpoint inhibition, providing a baseline for subsequent studies 

incorporating TAMs.	 

 HRS cells and M2 macrophages modulate CD8⁺ T cell activation 

HRS cells and tumor-associated macrophages (TAMs) have been implicated in shaping 

an immunosuppressive tumor microenvironment in cHL [30,106]. M2-polarized 

macrophages, which frequently express PD-L1 and are enriched in proximity to CD8⁺ T 

cells, are thought to restrict cytotoxic activity and dampen T cell activation [66]. 

Moreover, PD-1/PD-L1 signaling has been established as a central immune checkpoint 

limiting anti-tumor immunity [162]. 

Despite these observations, the specific mechanisms by which HRS cells 

modulate antigen-specific CD8⁺ T cell activation in the presence of M2 macrophages 

remain poorly defined. Addressing this gap is particularly relevant given the spatial 

organization of PD-L1⁺ HRS cells, PD-L1⁺ TAMs and CD8⁺ T cells in the cHL 

microenvironment, which suggests a coordinated suppression of effector responses 

[82,113]. 

To systematically dissect these interactions, functional co-culture assays were 

established to evaluate three complementary mechanisms: (i) the effect of soluble 

mediators derived from HRS cells, (ii) direct cell–cell interactions involving MHC-I–

deficient HRS cells, and (iii) the contribution of immune checkpoint signaling through 
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PD-1/PD-L1 blockade. Inclusion of PD-1 blockade was critical, as this pathway 

represents a dominant immune evasion mechanism in cHL and allowed us to determine 

whether interference with PD-1/PD-L1 interactions could restore T cell activation. 

This experimental framework employed antigen-specific NY-ESO-1 TCR–

engineered CD8⁺ T cells as a defined effector population, enabling precise assessment of 

T cell activation under controlled conditions. The co-cultures were designed to clarify 

how HRS cells and M2 macrophages influence antigen-specific T cell activation and 

whether functional responses can be restored under checkpoint inhibition. Experiments 

were performed in a stepwise manner, representing one of the first systematic attempts to 

dissect how HRS cells and TAMs jointly regulate antigen-specific T cell responses in a 

co-culture model. 

3.4.1 L1236-derived soluble factors modulate interactions between M2 
macrophages and CD8⁺ T cells 

To determine whether M2 macrophages impair antigen-specific CD8⁺ T cell activation 

and whether HRS-derived soluble factors influence this effect, NY-ESO-1 TCR–

engineered CD8⁺ T cells were co-cultured with NY-ESO-1–expressing M2 macrophages. 

Co-cultures were treated either with conditioned medium (CM) from L1236 cells or with 

T cell medium as a control (see Figure 26A-B). To evaluate whether the effect of CM 

was dependent on the presence of M2 macrophages or could also influence T cells 

independently, NY-ESO-1 TCR CD8⁺ T cells were additionally cultured alone in the 

presence of L1236 CM. CD8⁺ T cells expressing only endogenous TCRs were co-cultured 

with the indicated M2 macrophages as specificity controls (see Figure 26B). 

 This approach allowed a systematic assessment of how M2 macrophages 

modulate T cell activation and whether soluble factors released by HRS cells alter these 

interactions, providing a controlled framework to dissect direct versus indirect 

mechanisms of immunosuppression. 
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Figure 26. L1236-conditioned medium enhance CD8⁺ T cell activation in M2 macrophage 
co-cultures. (A) Schematic illustration of the T-cell–M2 macrophage co-culture assay. HLA-A2⁺ 
M2 macrophages transfected to express the NY-ESO-1 antigen (NY-ESO-1⁺ M2 macrophages) 
were co-cultured with NY-ESO-1 TCR CD8⁺ T cells, in the presence or absence of conditioned 
medium (CM) derived from the HL cell line L1236. (B) T-cell activation, measured by 4-1BB 
expression after 24 h of co-culture. NY-ESO-1 TCR CD8⁺ T cells were co-cultured with NY-
ESO-1⁺ M2 macrophages with or without L1236 CM. As controls, NY-ESO-1 TCR T cells were 
cultured alone with L1236-CM, and endogenous TCR CD8⁺ T cells were co-cultured with M2 
macrophages. Cultures were either untreated (gray bars) or treated with L1236 CM (pink bars), 
(n = 2). Data are presented as mean ± SEM. Statistical significance was determined using a paired 
two-tailed Student’s t-test; p-values are shown on the figure. 
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 When co-cultured with NY-ESO-1⁺ M2 macrophages, CD8⁺ T cells expressing 

the NY-ESO-1–specific TCR showed activation, as indicated by increased 4-1BB 

expression compared to endogenous TCR CD8⁺ T cells (see Figure 26B, gray). Treatment 

with L1236- CM tended to further enhance T-cell responses against NY-ESO-1⁺ M2 

macrophages, as reflected by a consistent increase in 4-1BB expression compared to 

untreated control, although this difference did not reach statistical significance (see 

Figure 26B). In contrast, culture of T cells with L1236 CM alone, without M2 

macrophages, resulted in reduced T cell activation. These findings suggest that effective 

TCR-mediated recognition requires antigen presentation via MHC-I, and that the 

cytokine-mediated effects of L1236 CM primarily influence the T cell–M2 macrophage 

interaction rather than T cells alone. As expected, CD8⁺ T cells expressing only 

endogenous TCRs showed minimal activation under all conditions, confirming the 

antigen specificity of the observed responses and serving as a baseline for statistical 

comparison in Figure 26B. Collectively, these results indicate that soluble factors released 

by L1236 cells may promote a TAM-like phenotype in M2 macrophages,	which is 

associated with stronger T cell activation compared to M2 macrophages cultured without 

L1236 CM. 

3.4.2 PD-1 blockade restores CD8⁺ T cell activation in HRS–M2 macrophage    
co-culture    

To test whether the presence of MHC-I–deficient HRS cells alters T cell–M2 

macrophage interactions, triple co-cultures were established by co-culturing CD8⁺ T cells 

engineered to express a NY-ESO-1–specific TCR with NY-ESO-1–expressing M2 

macrophages in the presence of MHC-I–deficient HRS cells (see Figure 27A-B). 

In parallel, endogenous TCR CD8⁺ T cells were co-cultured with the indicated 

combinations of M2 macrophages and MHC-I–deficient HRS cells as antigen specificity 

controls (see Figure 27B). To assess whether blocking the PD-1/PD-L1 immune 

checkpoint interactions enhances T-cell activation in this context, co-cultures were 

treated with 15 µg/ml Nivolumab or left untreated by culturing in T cell medium alone.  

This experimental setup enabled the direct comparison of T cell responses in the presence 

of HRS cells and evaluation of the impact of PD-1 blockade on T cell activation within 

the T cell–M2 macrophage–HRS cell network.  
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Figure 27. PD-1 blockade tends to enhance CD8⁺ T-cell activation in co-cultures with M2 
macrophages and MHC-I–deficient HRS cells. (A) Schematic of the T cell–M2 macrophage 
and HRS cell co-culture assay. NY-ESO-1⁺ M2 macrophages and NY-ESO-1 TCR CD8⁺ T cells 
were co-cultured in the presence of NY-ESO-1⁺ B2M-KO L1236 HRS cells. CD8⁺ T cells 
expressing only endogenous TCRs were also cultured with the indicated cell combinations as 
antigen-specificity controls. (B) T-cell activation was assessed by surface 4-1BB expression after 
24 hours of co-culture. Cultures were either untreated (blue bars) or treated with 15 µg/ml 
Nivolumab (red bars), (n = 2). Data are presented as mean ± SEM. Statistical significance was 
determined using a paired two-tailed Student’s t-test; p-values are shown on the figure. 
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When co-cultured with NY-ESO-1⁺ M2 macrophage and HRS cells, CD8⁺ T cells 

expressing the NY-ESO-1–specific TCR showed activation, as indicated by increased 4-

1BB expression (see Figure 27B, blue), whereas activation was significantly reduced 

when CD8⁺ T cells expressing only endogenous TCRs were co-cultured. This confirmed 

that TCR-mediated recognition is essential for T-cell activation and suggests that T cells 

primarily interact with M2 macrophages rather than MHC-I–deficient HRS cells. 

Notably, treatment with Nivolumab tended to enhance T-cell responses against 

M2 macrophages, as reflected by increased 4-1BB expression compared with untreated 

conditions (see Figure 27B). 

As expected, endogenous TCR CD8⁺ T cells remained unresponsive under all 

conditions, further supporting the antigen specificity of the observed responses. These 

findings suggest that PD-1/PD-L1 interactions between CD8⁺ T cells and M2 

macrophages contribute to the suppression of T-cell activation in the presence of HRS 

cells, and that blockade of this pathway with Nivolumab may partially restore antigen-

specific T-cell responses. 

 HRS cells drive macrophage polarization toward an M2-like 
phenotype 

HRS cells not only evade direct T cell recognition but also shape the tumor 

microenvironment through secretion of soluble mediators, a complex mixture of 

cytokines, chemokines, and growth factors implicated in promoting immune escape in 

Hodgkin lymphoma [30,45–47]. In cHL, TAMs with an M2-like phenotype are 

consistently associated with immune suppression and poor clinical outcome [61,67,163–

165]. The specific influence of HRS-derived soluble factors on macrophage polarization, 

however, remains largely undefined. The specific influence of HRS-derived soluble 

factors on macrophage polarization has recently emerged as a focus of intense research 

interest [166–169]. Given the established role of TAMs in promoting immune 

suppression and tumor progression [166–169], HRS cell–derived soluble mediators are 

expected to drive macrophage polarization toward a TAM-like phenotype. 

An in vitro macrophage differentiation system was established using primary 

monocytes isolated from healthy donors (see Section 2.4.1). Monocytes were either 

harvested on day 1 without stimulation to serve as a baseline control, or cultured under 
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one of four polarization conditions after in vitro differentiation and a subsequent 24-hour 

polarization step (see 2.4.1):    

(1) classical M1 polarization induced by LPS and IFN-γ;  

(2) alternative M2 polarization using IL-4;  

(3) stimulation with CM derived from the Hodgkin lymphoma cell line L1236; or 

(4) stimulation with CM derived from the Hodgkin lymphoma cell line HDLM2. 

For clarity, the latter two groups are hereafter referred to as L1236-CM and HDLM2-

CM conditions, respectively. Each condition was tested using biological replicates from 

independent donors. 

To comprehensively assess the influence of HRS-derived soluble factors on 

macrophage polarization, transcriptional profiles were subsequently evaluated using 

principal component analysis (PCA), global differential gene expression, and targeted 

analysis of polarization and immunosuppressive markers. 

3.5.1 HRS cell CM induces M2-like transcriptional programs in macrophages 

Following polarization, transcriptomic profiling of macrophages was performed 

using RNA sequencing, and transcriptional variation across conditions was examined by 

principal component analysis (PCA). The first two principal components accounted for 

33.97% (PC1) and 20.56% (PC2) of the total variance. In the PCA plot (see Figure 28), 

monocytes were clearly separated along the negative axis of PC1, whereas all 

macrophage populations, irrespective of polarization stimulus, shifted toward positive 

PC1 values, reflecting the major transcriptional transition associated with monocyte-to-

macrophage differentiation.  



 105 

 

Figure 28. PCA reveals that macrophages exposed to Hodgkin lymphoma–conditioned 
media cluster with M2-polarized cells, indicating a similar transcriptional profile. Primary 
human monocytes were either left untreated (monocyte control) or differentiated in vitro under 
one of four conditions: classical M1 polarization (LPS + IFN-γ), alternative M2 polarization (IL-
4), or stimulation with conditioned media (CM) from the Hodgkin lymphoma cell lines L1236 
(L1236 CM) or HDLM2 (HDLM2 CM). Each condition was performed using three independent 
biological donors (n = 3). PCA was conducted on the full RNA-sequencing dataset. The first two 
principal components explained 33.97% (PC1) and 20.56% (PC2) of the total variance. 
Monocytes clustered along negative PC1 values, while all macrophage populations shifted toward 
positive PC1 values, reflecting transcriptional changes associated with monocyte-to-macrophage 
differentiation. Along PC2, M1-polarized macrophages were separated from M2-polarized and 
CM-treated macrophages, which clustered together in the lower right quadrant. Tight grouping of 
biological replicates confirmed the reproducibility of transcriptional responses across donors. 

Along the PC2 axis, distinct clustering patterns were observed among the 

polarized macrophage groups. M1-polarized macrophages (LPS + IFN-γ) were separated 

from the other conditions and localized in the upper region of the plot, whereas M2-

polarized macrophages (IL-4) and tumor-CM–stimulated macrophages (L1236-CM and 

HDLM2-CM) clustered closely in the lower right quadrant. This spatial relationship 

suggested that exposure to HRS cell–derived conditioned media induced transcriptional 

programs more closely aligned with M2-like polarization. Tight clustering of biological 

replicates within each condition further confirmed the reproducibility of the 

transcriptional responses and underscored the robustness of the observed polarization 

patterns.	
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These PCA-based results provided a foundation for subsequent analyses to 

identify gene-level differences among polarization conditions and to determine whether 

CM-stimulated macrophages exhibit distinct or shared features with established 

macrophage subtypes. 

 

Differential Gene Expression Highlights M2 Profile 

 

To further quantify the transcriptional shifts observed in PCA and identify M2-

associated genes, global differential gene expression analysis was performed.	 To 

characterize transcriptional programs underlying macrophage polarization and assess 

how HRS-derived conditioned media (CM) influence these programs, differential gene 

expression (DGE) analysis was performed comparing M2- versus M1-polarized 

macrophages. This comparison aimed to identify genes that define the M2 phenotype and 

to assess how macrophages stimulated with tumor-derived CM align with this expression 

profile. Based on samples from three independent donors, this analysis identified 1,029 

significantly differentially expressed genes (DEGs), using a threshold of absolute log₂ 

fold change (|LFC|) ≥ 2 and adjusted p-value (padj) ≤ 0.01. Of these, 429 genes were 

upregulated in M2 macrophages, and 600 were downregulated (i.e., upregulated in M1 

relative to M2). This DEG list served as the basis for subsequent comparative 

transcriptomic analysis. For each of the 1,029 DEGs, log₂ fold change (LFC) values were 

calculated in four pairwise comparisons relative to unstimulated monocytes (M0): M1 vs. 

M0, M2 vs. M0, L1236 CM vs. M0, and HDLM2 CM vs. M0. Genes lacking valid LFC 

values in any of these comparisons—due to low or undetectable expression—were 

excluded to avoid missing data and ensure consistent clustering (see Figure 28). The final 

heatmap thus includes only DEGs with valid LFCs across all four comparisons. Each row 

in the heatmap represents a gene from the filtered DEG list, while each column 

corresponds to a polarization condition compared to M0. Color intensity reflects the 

magnitude and direction of gene regulation. The heatmap revealed distinct expression 

patterns that emphasize the close transcriptional resemblance between macrophages 

exposed to tumor-derived CM and M2 macrophages (see Figure 29). Genes that were 

upregulated in M2 macrophages relative to M1 also showed increased expression in 

macrophages treated with conditioned media from both L1236 and HDLM2 cells. 

Conversely, genes that were downregulated in M2 compared to M1 also showed reduced 

expression in the CM-treated macrophages. This similarity indicates that macrophages 
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exposed to HRS-derived soluble factors acquire a transcriptional program closely 

resembling the M2 phenotype. Hierarchical clustering further supported these findings 

by grouping L1236 CM and HDLM2 CM samples with M2 macrophages, distinctly 

separate from M1. A broader view of the heatmap highlights genes associated with 

classical (M1) and alternative (M2) activation, reinforcing the polarization differences 

and underscoring the alignment of CM-treated macrophages with the M2 subtype (see 

Figure 29). These results provide a comprehensive transcriptomic view supporting the 

ability of HRS cells to shape a tumor-supportive macrophage phenotype.	 
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Figure 29. Differential gene expression analysis reveals that macrophages treated with 
Hodgkin lymphoma–conditioned media exhibit a gene expression profile closely matching 
M2-polarized macrophage. Primary human monocytes from three independent donors were 
differentiated under four conditions: classical M1 polarization (LPS and IFN-γ), alternative M2 
polarization (IL-4), or stimulation with conditioned media (CM) from Hodgkin lymphoma cell 
lines L1236 or HDLM2. Unstimulated monocytes (M0) served as controls. Differential gene 
expression analysis comparing M2 and M1 macrophages identified 1,029 significant DEGs (|log₂ 
fold change| ≥ 2, adjusted p ≤ 0.01), including 429 genes upregulated and 600 genes 
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downregulated in M2 relative to M1. This M2 gene signature was used to generate a heatmap 
displaying log₂ fold changes across four pairwise comparisons relative to M0: M1 vs. M0, M2 vs. 
M0, L1236 CM vs. M0, and HDLM2 CM vs. M0. The heatmap illustrates distinct transcriptional 
profiles, with CM-treated macrophages clustering closely to M2-polarized cells. This pattern 
supports the similarity of tumor-conditioned macrophages to the M2 polarization state. 

3.5.2 HRS cell CM induces classical M2 gene signatures 

While global clustering highlighted the overall similarity between CM-stimulated 

and M2 macrophages, a targeted analysis of canonical polarization markers was 

conducted to validate these findings and improve interpretability. To enable a more 

focused comparison of macrophage polarization states, a targeted heatmap was generated 

using a curated subset of classic M1- and M2-associated genes well established in the 

literature and identified within the differentially expressed genes from the prior global 

analysis. This refined analysis highlights the expression patterns of canonical markers 

that distinguish classically activated (M1) from alternatively activated (M2) macrophages 

(see Figure 30). M1-polarized macrophages demonstrated strong upregulation of pro-

inflammatory genes including CXCL9, IL1B, TNF, TNFAIP3, TNFSF10, and IRF1 

[170–173]. In contrast, M2-polarized macrophages showed elevated expression of 

hallmark alternative activation markers such as CD163, IL10, IL1R2, and STAB1 

[170,172,173]. Macrophages treated with conditioned media from Hodgkin lymphoma 

cell lines (L1236 and HDLM2) exhibited a gene expression profile closely resembling 

the M2 polarization state, with similar upregulation of these classic M2 markers (see 

Figure 30). These results support the conclusion that soluble factors secreted by HRS 

cells induce macrophage polarization toward an M2-like phenotype. This analysis was 

based on averaged fold-change data derived from three independent biological donors per 

condition, as represented in the previously generated global differential gene expression 

heatmap. 
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Figure 30. Focused Heatmap of M1 and M2 Marker Genes Highlights M2-Like Profile of 
Macrophages treated with Hodgkin lymphoma–conditioned media. Heatmap showing the 
expression of selected classic M1- and M2-associated genes in primary human monocytes (n = 3 
donors) differentiated under four conditions: classical M1 polarization (LPS + IFN-γ), alternative 
M2 polarization (IL-4), and stimulation with conditioned media (CM) from the Hodgkin 
lymphoma cell lines L1236 or HDLM2. Gene expression is represented as log₂ fold changes 
relative to unstimulated controls. Macrophages treated with Hodgkin lymphoma–conditioned 
media exhibited expression profiles similar to M2-polarized macrophages, including increased 
expression of alternative activation markers (e.g., CD163, IL10, STAB1). Highlighted genes on 
the right indicate phenotype-specific markers, illustrating the shift toward an M2-like 
transcriptional state driven by HRS-derived soluble factors. 
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3.5.3 M2 and CM-treated macrophages upregulate immunosuppressive genes 

To further explore the functional implications of the observed M2-like 

polarization in macrophages treated with conditioned media (CM) from Hodgkin 

lymphoma cell lines (L1236 and HDLM2), a focused heatmap was generated to assess 

the expression of immunosuppressive genes across selected macrophage populations (see 

Figure 31). This analysis included monocytes (unstimulated controls), M2-polarized 

macrophages (IL-4), and CM-treated macrophages. A selected list of immunoregulatory 

genes was compiled from the literature based on their established roles in modulating 

anti-tumor immunity [174,175]. Expression values are shown as transcripts per million 

(TPM), enabling direct comparison across the four conditions. Monocytes served as the 

reference baseline. Both M2-polarized and CM-treated macrophages exhibited increased 

expression of key immunosuppressive genes, including MRC1, IL10, and CD274 (PD-

L1) [174–176] indicating a shared transcriptional program associated with immune 

evasion (see Figure 31). 	 In addition, emerging markers such as VSIG4, MMP9, and 

PDGF were noted [175,176], whose roles in macrophage-mediated suppression remain 

to be elucidated in cHL. These findings extend previous observations by demonstrating 

that, beyond phenotypic similarity, CM-treated macrophages may adopt a gene 

expression profile linked to immunoregulatory functions in the tumor microenvironment. 

 
 
Figure 31. Expression of immunosuppressive genes reveals shared regulatory features 
between M2-polarized and CM-treated macrophages. Heatmap showing transcript-per-
million (TPM) expression values for selected immunosuppressive genes in primary human 
monocytes (n = 3 biological donors) and macrophages differentiated under three M2-like 
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conditions: IL-4 stimulation (M2), or treatment with conditioned media (CM) from the Hodgkin 
lymphoma cell lines L1236 or HDLM2. Unstimulated monocytes (M0) served as baseline 
controls. Both M2 and CM-treated macrophages exhibited elevated expression of 
immunosuppressive markers, indicating a shared transcriptional program associated with immune 
suppression. These results support the notion that soluble factors derived from HRS cells 
contribute to the induction of an immunosuppressive phenotype in macrophages. 
 

Overall, the transcriptomic data demonstrate that macrophages exposed to 

conditioned media from HL cell lines adopt a gene expression profile closely resembling 

IL-4–induced M2 macrophages [170,172,173,175,177]. Principal component analysis 

and differential gene expression clearly separated pro-inflammatory M1 macrophages 

from M2 macrophages, with CM-treated macrophages clustering alongside the M2 type. 

Analysis of established polarization markers and immunosuppressive genes further 

confirmed that HL-derived factors promote an M2-like, immunosuppressive state in 

macrophages. This M2-like signature aligns with features commonly attributed to tumor-

associated macrophages (TAMs), known to support immune suppression and tumor 

progression [174–176,178]. These findings indicate that   soluble factors released by HRS 

cells drive macrophage polarization toward a TAM-like state, potentially contributing to 

immune evasion and remodeling of the tumor microenvironment, consistent with 

previous reports showing that HL–derived cytokines and chemokines support the 

development of immunosuppressive macrophage phenotypes [165,169,179–182]. 

These results provide a transcriptional foundation for HL-driven macrophage 

reprogramming and lead into the functional studies described in 3.4 section. 

 Long-term PD-1 engagement does not alter L1236 proliferation  

To assess whether PD-1/PD-L1 interactions promote tumor cell proliferation, co-cultures 

were established by growing L1236 HRS cells, which endogenously express PD-L1, with 

HEK293FT cells engineered to express PD-1 or with wild-type HEK293FT cells lacking 

PD-1 expression (see Figure 32A-B). HEK293FT cells were selected as a controlled 

system to specifically examine the effect of PD-1/PD-L1 interactions on L1236 

proliferation. Because these cells do not endogenously express PD-1, they provided a 

clean background enabling precise comparison between PD-1–positive and PD-1–

negative conditions. By transducing HEK293FT cells to express PD-1, the co-culture 

system permitted defined engagement of PD-L1 on L1236 cells, isolating the impact of 
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this checkpoint interaction from other variables typically present in more complex 

immune cell populations.  

Co-cultures were maintained over an extended period in the presence or absence 

of 15 µg/ml Nivolumab (see Section 2.5.1 for rationale) or cultured in complete RPMI 

medium alone as a control. This design allowed systematic assessment of L1236 

proliferation under conditions permitting PD-1/PD-L1 engagement, lacking such 

interaction, or including checkpoint blockade. 

This setup enabled a focused evaluation of PD-1/PD-L1–mediated regulation of 

L1236 proliferation, directly addressing the question of whether sustained checkpoint 

signaling contributes to tumor cell survival in cHL, an aspect not fully explored in 

previous studies despite short-term evidence for PD-L1–driven pro-survival effects on 

HRS cells [90]. 

 

 
 

Figure 32. Impact of PD-1 Blockade on L1236 Cell Growth in HEK293FT Co-Culture. 
(A) Schematic of the HEK293FT and L1236 (HRS) cell co-culture assay. L1236 cells expressing 
PD-L1 were co-cultured with HEK293FT cells transduced to express PD-1. Control HEK293FT 
cells (lacking PD-1 expression) were also co-cultured with L1236 cells. Cells were cultured either 
in T cell medium alone (control) or treated with 15 µg/ml Nivolumab. (B) L1236 cell proliferation 
was assessed by measuring cell number every 2–3 days over a 13 days co-culture period (n = 3). 
Bar colors indicate co-culture conditions: green, HEK293FT (PD-1–negative) + L1236 (control); 
blue, PD-1⁺ HEK293FT + L1236 (control); red, PD-1⁺ HEK293FT + L1236 + Nivolumab 
(treatment). 
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L1236 proliferation was not affected by co-culture with PD-1⁺ HEK293FT cells 

compared to PD-1–negative controls, indicating that PD-L1 engagement by PD-1 had no 

detectable impact on tumor cell growth in this system (see Figure 32B). Similarly, 

treatment with Nivolumab to block PD-1 signaling did not alter L1236 proliferation (see 

Figure 32B). These findings suggest that, within this controlled co-culture model, PD-

1/PD-L1 interactions do not directly modulate the proliferation of L1236 cells. 

 

Evaluation of Apoptosis in L1236 Cells Under PD-1/PD-L1 Co-culture Conditions 
 

To further assess whether the observed lack of proliferation changes was 

associated with apoptotic effects, Caspase-3 activation was measured in L1236 cells 

following co-culture under the same conditions. Flow cytometry analysis of activated 

Caspase-3 in L1236 cells after 3 days of co-culture revealed minimal expression across 

all conditions (see Figure 33). There was no significant difference in Caspase-3 

activation between cells cultured with PD-1⁺ HEK293FT or PD-1–negative HEK293FT 

cells, nor with or without PD-1 blockade. These findings indicate that apoptosis is not 

differentially induced in L1236 cells under the tested co-culture conditions, consistent 

with the proliferation data. 

 

 
 
Figure 33. Evaluation of Caspase-3 Activation in L1236 Cells After PD-1 Blockade.L1236 
cells expressing PD-L1, were co-cultured for 3 days with HEK293FT cells under three conditions: 
(A) control HEK293FT cells lacking PD-1 expression, (B) PD-1⁺ HEK293FT cells without 
treatment (control), or (C) PD-1⁺ HEK293FT cells in the presence of 15 µg/ml Nivolumab 
(treatment). Apoptosis was assessed by measuring activated Caspase-3 expression in L1236 cells 
using flow cytometry. Representative plots show minimal Caspase-3–positive populations across 
conditions. Gates indicate Caspase-3-High and Caspase-3-Low subsets. 
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Together, these results suggest that, within this controlled co-culture model, PD-

1/PD-L1 interactions do not directly modulate L1236 survival or proliferation. 

Importantly, these findings establish a foundation for subsequent experiments 

investigating how PD-1/PD-L1 signaling influences immune cell interactions and effector 

responses in the context of HRS cells. 

 CD8⁺ T cells engage HRS cells and TAMs via PD-1/PD-L1, with 
TAMs compensating when tumor contact is limited 

To investigate whether PD-1/PD-L1 interactions reflect direct engagement between CD8⁺ 

T cells and HRS cells in MHC-I–intact contexts, and to determine whether PD-L1–

expressing TAMs interact with CD8⁺ T cells via the same pathway, a sequential staining 

approach was applied to FFPE cHL tissue sections (see Figure 35). PLA was first 

performed to detect PD-1/PD-L1 proximity at subcellular resolution, allowing 

identification of interaction sites before any additional staining. Unlike conventional 

colocalization-based imaging, PLA detects molecular interactions based on protein 

proximity rather than spatial overlap of cell markers. Imaging was completed prior to 

further processing to preserve signal integrity. Following acquisition, PLA products were 

removed, and multiplex immunofluorescence was performed on the same tissue sections 

to enable cellular assignment of PLA signal within the tumor microenvironment.  

 As an initial step to contextualize the cellular environment of PD-1/PD-L1 

engagement, CD3 and CD68 were used to broadly assess interactions between T cells and 

macrophages. CD3 was selected to capture the total T-cell compartment, while CD68 was 

used as a general macrophage marker. Overlay of mIF staining with PLA signal 

demonstrated that PD-1/PD-L1 puncta —discrete proximity signals indicating molecular 

interaction—were frequently located in regions where CD3⁺ T cells were in close 

proximity to CD68⁺ macrophages, indicating that T cell–macrophage interactions 

contribute to checkpoint engagement in cHL.	For clarity, all subsequent references to 

PLA puncta refer to PD-1/PD-L1 interactions. 

 To refine this observation and identify the specific immune subsets involved, 

more selective markers were used in subsequent analyses. CD8 was employed to 

distinguish cytotoxic T cells within the broader CD3⁺ population, while CD163 was 

chosen to define tumor-associated macrophages within the CD68⁺ compartment. In 

parallel, CD30 was included to identify HRS cells as another potential interaction partner. 
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To avoid tissue damage caused by repeated antibody elution during multiplex staining, 

CD8–CD163 and CD8–CD30 interactions were assessed on sequential sections rather 

than on the same physical slide, with adjacent cuts from the same tissue block used to 

approximate matching anatomical regions for comparative analysis. 

 PLA puncta were consistently detected in regions where CD3⁺ T cells were 

located in close proximity to CD68⁺ macrophages, indicating that PD-1/PD-L1 

engagement occurs within T cell–macrophage contacts in the cHL microenvironment (see 

Figure 34).  

 

 
Figure 34. PD-1/PD-L1 interactions are detected between CD3⁺ T cells and CD68⁺ 
macrophages. Side-by-side confocal images (40× magnification) from the same anatomical 
region illustrate PLA-detected PD-1/PD-L1 interactions and corresponding mIF staining for CD3 
and CD68. The left panel shows PLA puncta indicating sites of PD-1/PD-L1 proximity, while the 
right panel displays the same region stained for CD3⁺ T cells and CD68⁺ macrophages. Boxed 
areas highlight locations where PLA puncta align with zones of T cell–macrophage contact, 
demonstrating that PD-1/PD-L1 engagement occurs at CD3–CD68 interfaces within the cHL 
microenvironment. Images were acquired using a Zeiss LSM 800 Confocal Laser Scanning 
Microscope. 40× magnification.  Scale bar = 50 µm. 

 After refining the analysis to more specific immune subsets, regions with 

abundant PLA puncta were evaluated on sequential sections stained for CD163 to 

determine whether tumor-associated macrophages contributed to PD-1/PD-L1 

interactions. Regions with abundant PLA puncta were selected because such areas reflect 

increased PD-1/PD-L1 proximity events and are therefore the most informative locations 

for identifying which immune cell subsets participate in these interactions. In addition, 

full-resolution whole-slide imaging was not feasible with the Zeiss LSM 800 confocal 
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laser scanning microscope, so representative regions within the tumor microenvironment 

were chosen for detailed evaluation. In these areas, PLA puncta were observed at 

interfaces between CD8⁺ and CD163⁺ cells, supporting the presence of checkpoint 

interactions between cytotoxic T cells and TAMs (see Figure 35). Similarly, regions 

showing abundant PLA puncta were subsequently evaluated on sequential sections 

stained for CD30 to determine whether HRS cells contributed to PD-1/PD-L1 

engagement. PLA puncta were detected in regions where CD8⁺ T cells were located 

adjacent to CD30⁺ cells, indicating that HRS cells also contribute to PD-L1–mediated 

interactions (see Figure 35). Across tissue sections, puncta were not confined to a single 

compartment but were distributed among both CD30⁺ tumor cells and CD163⁺ 

macrophages, suggesting that PD-1/PD-L1 interactions occur in multiple cellular niches. 

Negative controls lacking one of the two primary antibodies showed complete absence of 

puncta, confirming that the detected interactions were specific and not due to background 

or nonspecific binding (see Figure 19). 
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Figure 35. CD8⁺ T cells engage CD163⁺ macrophages and CD30⁺ HRS cells via PD-1/PD-L1 
interactions. the upper set of images, the left panel shows PLA puncta indicating sites of PD-
1/PD-L1 proximity, while the right panel displays the same region stained for CD8⁺ T cells and 
CD163⁺ macrophages. Boxed areas highlight locations where PLA puncta align with CD8–
CD163 interfaces, demonstrating checkpoint engagement between cytotoxic T cells and tumor-
associated macrophages. In the lower set of images, the left panel again shows PLA-detected PD-
1/PD-L1 interactions, and the right panel displays the corresponding region stained for CD8⁺ T 
cells and CD30⁺ Hodgkin Reed–Sternberg cells. Boxed regions mark sites where PLA signal 
overlaps with CD8–CD30 contacts, indicating that HRS cells also participate in PD-L1–mediated 
interactions. Images were acquired using a Zeiss LSM 800 Confocal Laser Scanning 
Microscope. 40× magnification.  Scale bar = 50 µm. 
 

 To assess whether PD-1/PD-L1 engagement differs between EBV-positive and 

EBV-negative cases—where EBV status serves as a biological grouping variable that 

reflects known differences, including the typically lower MHC-I expression in EBV-

negative cHL and higher MHC-I expression in EBV-positive cHL. PLA puncta at CD8–

CD30 and CD8–CD163 contacts were quantified separately in EBV-negative and EBV-

positive cases. In the first comparison, PD-1/PD-L1 PLA puncta at CD8–CD30 interfaces 

were quantified and plotted according to EBV status (see Figure 36A). Although the 

difference did not reach statistical significance, a clear trend toward higher CD8–HRS 

engagement was observed in EBV-positive cases compared with EBV-negative cases. In 

a second analysis, PD-1/PD-L1 PLA puncta at CD8–CD163 interfaces were quantified 

(see Figure 36B) and showed a similar non-significant trend, with EBV-positive cases 

exhibiting higher engagement than EBV-negative cases. Together, these findings 

highlight consistent directional trends suggesting that in EBV-positive cHL, both HRS 

cells and tumor-associated macrophages may more frequently engage CD8⁺ T cells via 

PD-1/PD-L1 interactions. 
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Figure 36. Quantification of PD-1/PD-L1 PLA puncta at CD8–CD30 and CD8–CD163 
interfaces in EBV⁻ and EBV⁺ cHL cases. (A) Bar graph showing the interaction rate of PLA 
puncta at CD8–CD30 interfaces in EBV-negative and EBV-positive samples. Interaction rate 
between CD8⁺ T cells and CD163⁺ M2 macrophages or CD30⁺ HRS cells, shown as the 
proportion of partner cells exhibiting PD-1/PD-L1 PLA signal (see section 2.6.7).	CD8–HRS 
engagement via PD-1/PD-L1 was higher in EBV-positive cases than in EBV-negative cases. 
(B) Quantification of PLA puncta at CD8–CD163 interfaces in the same EBV-negative and EBV-
positive samples. Similar to CD30 contacts, CD8–macrophage engagement was more frequent in 
EBV-positive cases. Sample numbers: EBV⁻ (n = 10), EBV⁺ (n = 4). Data are presented as mean 
± SEM. Statistical significance was determined using unpaired Welch’s test; p-values are shown 
on the figure. 

 In a subset of cases where few or minimal PLA puncta were detected at CD8–

CD30 interfaces, the possibility of alternative PD-1/PD-L1 interaction partners was 

examined independently of EBV status. To address this, individual cases were reassessed 

to determine whether macrophages might function as the predominant cellular 

counterparts for CD8⁺ T cells. In these samples, PLA puncta were detected at CD8–

CD163 interfaces, even when CD8–HRS engagement was limited. This pattern is most 

clearly illustrated in sample S1, S3, S4 (see Figure 37), and all individual cases are shown 

in Supplementary Figure S7. Although based on a small number of cases, this pattern 

suggests that in tumors with reduced direct CD8–HRS interactions, tumor-associated 

macrophages may provide an alternative route for PD-1/PD-L1 engagement. 
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Figure 36. Case-wise analysis of PD-1/PD-L1 PLA puncta at CD8–CD163 and CD8–CD30 
interfaces in samples with low CD8–HRS engagement. Bar plots display individual cases 
ordered by decreasing relative interaction rate at CD8–CD163 interfaces. For each case, the 
corresponding interaction rate at CD8–CD30 interfaces is shown for comparison. In cases where 
CD8–HRS interactions were minimal, CD8–CD163 contacts showed higher interaction rates, 
indicating that tumor-associated macrophages can act as alternative partners for PD-1/PD-L1 
engagement when direct interaction with HRS cells is limited. Interaction rate was calculated as 
described in Section 2.6.7. 
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 Discussion 

The overarching aim of this thesis was to clarify how the PD-1/PD-L1 axis contributes to 

immune evasion in cHL, specifically through the suppression of CD8⁺ T cells. To address 

this question, the work combined tumor-intrinsic and microenvironmental components, 

examining how HRS cells and tumor-associated macrophages suppress cytotoxic CD8⁺ 

T-cell function, whether these inhibitory interactions are reversible by PD-1 blockade, 

and whether PD-L1 engagement also affects HRS cell survival. Achieving these goals 

required an experimental framework capable of disentangling antigen-specific T-cell 

activation from microenvironmental regulation. Therefore, as an essential enabling step, 

an engineered antigen-specific co-culture model incorporating HRS cells, macrophages, 

and CD8⁺ T cells was established and validated. While the co-culture system was not an 

end in itself, it provided the mechanistic resolution required to dissect the individual 

contributions of each cell type to PD-1/PD-L1–dependent immune suppression. 

More specifically, the study addressed five complementary objectives: 

(1) to design and establish an antigen-specific co-culture system that enables precise 

interrogation of PD-1/PD-L1–mediated immune regulation across defined cellular 

compartments; (2) to determine how HRS cells suppress CD8⁺ T cells via PD-1/PD-L1 

in cases with intact MHC class I and to evaluate the effect of PD-1 blockade (nivolumab); 

(3) to characterize TAM-mediated suppression of CD8⁺ T cells and the extent to which 

PD-1 blockade can reverse this suppression using functional assays and PLA/IF on FFPE 

tissue; (4) to assess the long-term consequences of PD-1/PD-L1 reverse signaling for 

HRS cell proliferation; and (5) to establish whether HRS-derived factors drive TAM 

polarization toward an M2-like, tumor-supportive phenotype.  

The results presented in Chapter 3 provide complementary lines of evidence that 

PD-1/PD-L1 interactions operate on multiple fronts in cHL. Rather than acting solely as 

a checkpoint on T cells, the PD-1/PD-L1 axis emerged from this work as a 

multifunctional hub: HRS cells expressing intact MHC-I suppress antigen-specific CD8⁺ 

T-cell activation; PD-L1–expressing TAMs further sustain local CD8⁺ T-cell 

suppression; PLA/IF analyses demonstrate direct PD-1/PD-L1 interactions between 

CD8⁺ T cells, HRS cells, and TAMs within patient tissues, providing in situ evidence of 

inhibitory engagement; sustained PD-L1 ligation does not confer proliferative advantages 

on HRS cells under nutrient-replete conditions;; and soluble factors from HRS cells 

promote TAM skewing toward an M2-like phenotype, reinforcing an immunosuppressive 
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microenvironment. Importantly, PD-1 blockade enhanced CD8⁺ T cell function in 

functional assays and reduced TAM-mediated suppression, consistent with the 

mechanistic role of PD-1/PD-L1 interactions in cHL, while highlighting that additional 

mechanisms within the TME may contribute to persistent immune suppression. 

This discussion chapter interprets those findings in the light of the existing 

literature, critically evaluates methodological strengths and limitations, and positions the 

results within current understanding of PD-1/PD-L1–mediated immune evasion, tumor–

microenvironment interactions, and translational immunotherapy strategies. For clarity, 

it is organized thematically into three major sections: (1) design and rationale of the 

antigen-specific co-culture system, highlighting its novelty and methodological 

significance; (2) PD-1/PD-L1–mediated suppression of CD8⁺ T cells, integrating 

evidence for both HRS-driven and TAM-mediated checkpoint engagement; and (3) PD-

1/PD-L1–driven modulation of HRS survival and TAM polarization, examining the 

bidirectional crosstalk between HRS cells and TAMs, in which HRS cells influence TAM 

polarization and TAMs, in turn, affect HRS-mediated suppression of CD8⁺ T cells, 

together reinforcing immune evasion. The chapter concludes by synthesizing these two 

strands into a unified model, discussing implications for therapy and methodology, and 

outlining directions for future research. 

 Establishment of an antigen-specific co-culture system to dissect PD-1/PD-
L1–mediated immune regulation 

The first aim of this thesis was to establish a controlled antigen-specific co-culture 

system, which served as the experimental foundation for dissecting interactions between 

CD8⁺ T cells, HRS cells, and macrophages and for evaluating how PD-1/PD-L1 signaling 

modulates these processes. The development of this system was motivated by the fact 

that existing PBMC-based co-culture models, while informative, cannot distinguish 

antigen-dependent activation from background responses of heterogeneous T-cell 

populations, limiting mechanistic analysis of antigen presentation, T-cell activation, and 

checkpoint-mediated regulation. 

Previous studies have used PBMC–Hodgkin lymphoma co-culture models to 

examine T-cell interactions with HRS cells, providing important early insight into 

immune engagement in cHL [183,184]. However, the PBMC-based framework used in 

these studies presents several methodological constraints that limit mechanistic 
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interpretation. First, PBMCs contain heterogeneous populations, including CD4⁺ and 

CD8⁺ T cells, NK cells, B cells, and monocytes, making it difficult to assign activation, 

cytokine secretion, or checkpoint responses to specific T-cell subsets. Second, although 

HLA matching between PBMC donors and HL cell lines was verified, it is likely that 

only a very small fraction of endogenous TCRs can recognize HL-associated antigens. 

Any such antigen-specific responses would therefore be difficult to resolve within the 

broader PBMC population. Third, cytokines produced by diverse PBMC subsets, such as 

IL-2, IL-10, or IFN-γ, can secondarily activate other T cells, thereby masking whether 

observed responses arise from direct TCR–MHC engagement or from cytokine-driven 

amplification loops. Finally, although genetic manipulation of HL cell lines is technically 

feasible, PBMC co-cultures do not permit clear interpretation of such perturbations, 

because the heterogeneous mixture of immune cells makes it impossible to attribute 

resulting changes to antigen-specific CD8⁺ T-cell recognition rather than to indirect 

effects mediated by cytokines, NK cells, or other PBMC subsets. These constraints 

highlight the need for a controlled, antigen-specific, and cell-type–resolved system 

capable of probing cytotoxic T-cell recognition and checkpoint-mediated inhibition with 

greater precision. 

 To achieve this, CD8⁺ T cells were engineered to express an NY-ESO-1–reactive 

TCR restricted to HLA-A*02, while the HRS cell line L1236, which endogenously 

expresses HLA-A2, was transduced to express the NY-ESO-1 antigen, generating a 

defined TCR–MHC–peptide axis for interrogation. A key feature of this system is that 

PD-1 upregulation on CD8⁺ T cells arises exclusively from productive TCR–MHC 

engagement rather than from nonspecific stimulation with IL-2, CD28 costimulation, or 

OKT3. As a result, PD-1 expression directly reflects antigen-driven activation, enabling 

precise evaluation of how PD-1/PD-L1 signaling modulates cytotoxic T-cell function. 

Importantly, CD8⁺ T cells retaining only their endogenous TCRs were included as 

a specificity control for TCR-dependent signaling. Despite being HLA-A2–matched, 

these untransduced cells remained non-responsive because their native TCR repertoire 

did not recognize the NY-ESO-1 peptide, or any endogenous antigens presented by 

L1236, demonstrating that activation was strictly dependent on NY-ESO-1–restricted 

TCR–MHC–peptide engagement. The use of 4-1BB, CD107a, and caspase-3 allowed 

parallel assessment of activation, degranulation, and tumor-cell apoptosis, providing a 

coherent functional readout of the cytotoxic process.	Together, the B2M and PD-L1 

knockout controls, along with concordant readouts of activation, degranulation, and 
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cytotoxicity, provided functional validation of the model’s antigen specificity and 

checkpoint dependence. 

 This antigen-specific configuration also permitted targeted perturbations of 

antigen presentation and checkpoint ligand expression. B2M knockout in HRS cells 

allowed direct testing of MHC-I dependency, confirming that TCR-mediated activation, 

degranulation, and killing require intact antigen presentation. A macrophage-inclusive 

variant further expanded the system by incorporating HLA-A2⁺, NY-ESO-1–expressing 

macrophages, enabling analysis of antigen-specific T-cell–macrophage interactions and 

PD-1/PD-L1–dependent suppression in a TAM-like context. 

 Despite its advantages, this model has limitations. The macrophages used were 

generated and polarized in vitro and therefore cannot fully reproduce the phenotypic 

diversity, plasticity, and spatial organization of TAMs in vivo. The system also relies on 

engineered antigen presentation and a single defined antigen–TCR pair, which offers 

mechanistic clarity but does not reflect the full diversity of antigen–TCR interactions 

present in vivo. In addition, the approach is technically demanding, requiring viral 

engineering, cell sorting, and expansion of primary cells. Finally, reliance on a single 

HRS cell line limits representation of the broader heterogeneity of cHL. Nevertheless, the 

modular design of the system allows adaptation to alternative T-cell subsets—such as 

CD4⁺ T cells—or to other engineered antigen–TCR pairs in future studies. 

Future studies could extend this framework by incorporating additional TCR 

specificities or by adapting the system to CD4⁺ T cells to examine helper T-cell–mediated 

regulation. The model could also be broadened by using patient-derived macrophages or 

HRS cell lines with distinct genetic backgrounds to increase physiological relevance. 

Together, the antigen-specific co-culture system developed here provides a 

mechanistically precise platform for dissecting T-cell regulation in cHL and serves as a 

complementary approach to patient-derived tissue analyses, enabling controlled 

evaluation of PD-1/PD-L1–dependent immune evasion across defined cellular 

compartments. 

 HRS cells as mediators of PD-1/PD-L1 dependent CD8⁺ T cells suppression 

The second aim of this thesis was to investigate the direct engagement of HRS cells with 

CD8⁺ T cells via the PD-1/PD-L1 axis in MHC-I–intact contexts, to determine how this 

interaction suppresses T cell activity, and to assess whether blockade of this pathway can 
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restore cytotoxic responses. Using the antigen-specific co-culture systems established in 

aim 1, antigen-specific CD8⁺ T cells effectively recognized and killed MHC-I–positive 

HRS cells, while B2M-deficient cells lacking MHC-I failed to elicit activation or 

cytotoxicity. Both pharmacological PD-1 blockade with nivolumab and genetic PD-L1 

knockout enhanced CD8⁺ T cell activity, demonstrating that PD-1/PD-L1 signaling 

suppresses antigen-specific responses in an MHC-I–dependent manner. Together, the 

B2M-KO and PD-L1-KO perturbations, combined with parallel readouts of activation (4-

1BB), degranulation (CD107a), and apoptosis induction (caspase-3), provided internal 

validation of the specificity and functional integrity of the co-culture system in this 

experimental context. Complementary PLA/IF analysis of cHL tissues confirmed PD-

1/PD-L1 interactions between CD8⁺ T cells and HRS cells in situ, supporting the 

relevance of the checkpoint-mediated inhibitory interactions observed in vitro in the 

tumor microenvironment. 

A prevailing model in classical Hodgkin lymphoma (cHL) posits that immune 

escape is primarily achieved through genetic inactivation of β2-microglobulin (B2M) and 

subsequent loss of MHC class I expression, thereby preventing recognition by CD8⁺ T 

cells [78]. A recent study found MHC-I loss in more than 79% of evaluable cases, while 

a subsequent study in relapsed/refractory patients treated with PD-1 blockade reported 

absent or decreased expression in 93% of tumors, suggesting that antigen presentation is 

almost universally impaired and that CD8⁺ T cell surveillance is therefore considered 

marginal in this disease [79,80]. From this perspective, the clinical efficacy of PD-1 

blockade has been interpreted as largely independent of direct CD8⁺ T cell–HRS 

interactions, reinforcing a model in which disrupted antigen presentation, rather than PD-

1/PD-L1, mediated suppression, is considered the dominant mechanism of CD8⁺ immune 

evasion in cHL. In this framework, the therapeutic benefit of PD-1 blockade is thought 

to arise predominantly through an alternative MHC class II–dependent, CD4⁺ T-cell–

associated mechanism of action, rather than through restoration of classical MHC-I–

restricted CD8⁺ T-cell surveillance. 

These findings extend previous models, showing that immune escape in cHL 

cannot be explained by MHC-I loss alone but also involves checkpoint-mediated 

suppression in MHC-I–intact contexts. In the CD8⁺ T-cell compartment, co-culture 

assays demonstrated that B2M-deficient HRS cells were shown to be invisible to antigen-

specific CD8⁺ T cells, validating loss of MHC-I as a functional escape mechanism (see 

Figures 22B and 24). Functional assays demonstrated that MHC-I–intact HRS cells 
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activate CD8⁺ T cells, but this activity is restrained through PD-1/PD-L1 signaling, as 

confirmed by cytotoxic markers and apoptosis assays (see Figures 22B and 24). Notably, 
PD-1/PD-L1 interactions partially limited T cell activation, and treatment with PD-1 

blockade or genetic disruption of PD-L1 enhanced this activation (see Figures 22B and 

25). Furthermore, our in-situ PLA/IF analyses provided direct evidence that CD8⁺ T cells 

engage HRS cells via PD-1/PD-L1 interactions within patient tissues (see Figure 

35).   Together, these findings establish that immune escape in cHL cannot be explained 

by MHC-I loss alone and highlight the functional importance of checkpoint-mediated 

suppression in MHC-I–intact contexts. 

Recent studies report lower frequencies of B2M and MHC-I loss (~22–39%) [66–

72], indicating that a substantial subset of HRS cells retain antigen-presenting capacity. 

Our functional data provide a mechanistic underpinning for these observations, showing 

that such MHC-I–intact HRS cells are not inert but actively engage with CD8⁺ T cells in 

a checkpoint-restrained manner. The emerging genomic subtype model of cHL further 

reinforces this interpretation. Using cfDNA profiling two distinct genetic subtypes was 

identified: H1 tumors, frequently associated with MHC-I loss, and H2 tumors, which 

largely retain MHC-I but exhibit higher CD8⁺ T cell infiltration and PD-L1 amplifications 

that drive T cell exhaustion [86]. Our results align closely with the H2 phenotype, 

providing functional evidence that PD-1/PD-L1 interactions are sufficient to suppress 

CD8⁺ T cell activity when antigen presentation is intact. 

Previous studies have suggested that EBV⁺ cases almost uniformly retain intact 

MHC-I expression on HRS cells, accompanied by increased numbers of CD8⁺ T cells in 

the tumor microenvironment [77,185]. More recently, spatially resolved single-cell 

imaging has provided higher-resolution confirmation of this pattern, showing that EBV-

positive cHL nearly universally retains functional MHC-I expression, and that subsets of 

EBV-negative tumors also harbor MHC-I–positive HRS cells [82]. These MHC-I–

expressing cases are consistently associated with immune-enriched microenvironments, 

including infiltrating CD8⁺ T cells and PD-L1⁺ macrophages. Importantly, our PLA/IF 

analyses go beyond simply showing close spatial proximity: they directly demonstrate 

PD-1/PD-L1 interactions occurring between CD8⁺ T cells and HRS cells in situ. This 

provides strong mechanistic evidence that checkpoint-mediated suppression is not a 

theoretical possibility but an active process shaping CD8⁺ T cell responses within the cHL 

microenvironment. 
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These discrepancies in the literature likely reflect differences in methodology 

(IHC vs. high-resolution multiplex imaging, use of different antibodies), the 

consideration of EBV status, and the heterogeneity of cHL subtypes, which has been 

shown to correlate with B2M status [78]. Studies that did not assess EBV status reported 

high frequencies of MHC-I loss, which may simply have reflected an overrepresentation 

of EBV⁻ cases. In contrast, analyses that separated EBV⁺ and EBV⁻ tumors consistently 

show that EBV⁺ cHL almost uniformly retains MHC-I expression. Thresholds for scoring 

MHC-I positivity may also contribute. Our data provide functional clarity in this debate: 

while confirming that B2M-deficient HRS cells are invisible to CD8⁺ T cells, we also 

demonstrate that MHC-I–intact HRS cells are readily recognized, and that their activity 

is restrained through PD-1/PD-L1 interactions. These co-culture assays necessarily 

simplify the T cell–HRS interface—relying on established HRS cell lines, fixed effector-

to-target ratios, and excluding other immune and stromal subsets (e.g., Tregs, NK cells, 

DCs)—so they may not fully capture the spatial and cytokine complexity of cHL 
microenvironment. Notably, our PLA/IF on patient FFPE tissue demonstrates in situ PD-

1/PD-L1 engagement between CD8⁺ T cells and HRS cells, but validating this in a larger, 

EBV-stratified cohort with an expanded multiplex panel (CD8, CD4/FOXP3, 

CD68/CD163, PD-1/PD-L1, MHC-I/B2M, GZMB, TIM-3/LAG-3) and quantitative 

interaction metrics would further strengthen and generalize these observations. 

Taken together, these data suggest that immune escape in cHL is unlikely to be 

explained by B2M mutations alone. Instead, they point to a more integrated model in 

which loss of antigen presentation and checkpoint-mediated suppression represent 

complementary, context-dependent escape routes. Our functional experiments indicate 

that CD8⁺ T cells are capable of recognizing and killing HRS cells when MHC-I is intact, 

but their activity is attenuated by PD-1/PD-L1 signaling, a suppression that can be 

effectively reversed by checkpoint blockade. 

 MHC class II–restricted CD4⁺ T-cell regulation through PD-1/PD-L1 
interactions in cHL 

In addition to the CD8-focused mechanisms described above, several studies indicate that 

the PD-1/PD-L1 axis in cHL also operates through MHC class II–dependent interactions 

with CD4⁺ T cells, providing an additional layer of immune regulation. Although CD4⁺ 

T cells were not experimentally examined in this thesis, their potential involvement is 
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important to consider when interpreting the broader checkpoint landscape in cHL. Earlier 

studies reported that a substantial proportion of HRS cells exhibit reduced or absent MHC 

class II expression. However, analyses of relapsed/refractory patients treated with 

nivolumab demonstrated that nearly all complete responders retained membranous MHC-

II expression on their HRS cells, indicating that CD4⁺ T-cell engagement may contribute 

to the therapeutic effect of PD-1 blockade in MHC-II–positive tumors. 

 Spatial profiling studies further support this possibility, demonstrating that PD-1⁺ 

CD4⁺ T cells frequently localize near PD-L1⁺ HRS cells, forming microenvironments 

enriched for inhibitory interactions. In situ analyses confirm direct PD-1/PD-L1 contacts 

between these cells, suggesting that checkpoint-mediated suppression extends to the 

CD4⁺ T-cell compartment and may contribute to the therapeutic activity of PD-1 blockade 

in tumors that retain MHC-II. 

In addition to their interactions with HRS cells, CD4⁺ T cells may also participate 

in PD-1/PD-L1–mediated suppression through contacts with PD-L1⁺ tumor-associated 

macrophages. Spatial profiling studies demonstrate that PD-1⁺ CD4⁺ T cells are enriched 

in the vicinity of macrophage-rich niches, where PD-L1⁺ TAMs form substantial	part of 

the local microenvironment and account for a substantial fraction of PD-L1 expression 

within the tumor. Although functional assays directly investigating CD4–TAM 

interactions remain limited, the consistent spatial proximity between these cell types 

suggests that macrophages may inhibit CD4⁺ T-cell activity through PD-1/PD-L1 

engagement. Such interactions likely contribute to the broader immunoregulatory 

architecture of cHL, in which TAMs serve as checkpoint partners for multiple T-cell 

subsets. 

Together, these observations indicate that while CD8⁺ T-cell suppression 

represents a key mechanism of immune evasion—particularly in MHC-I–intact 

settings—CD4⁺ T-cell inhibition may operate in parallel through both HRS cells and PD-

L1⁺ TAMs in tumors that retain MHC-II expression. Although the functional roles of 

CD4⁺ T cells were not directly addressed in this thesis, existing studies support a model 

in which CD4-mediated checkpoint interactions coexist with, rather than replace, CD8-

driven mechanisms. In this broader framework, PD-1/PD-L1–dependent immune 

regulation in cHL is likely shaped by multiple T-cell subsets and multiple antigen-

presenting partners, with the relative contribution of each pathway determined by the 

antigen-presentation profile and cellular composition of the tumor microenvironment. 
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 TAMs as checkpoint partners in CD8⁺ T cell suppression 

The third aim of this thesis was to investigate whether PD-L1–expressing TAMs suppress 

antigen-specific CD8⁺ T cell activity via PD-1/PD-L1 interactions and to determine 

whether this suppression can be alleviated by PD-1 blockade.  

Using co-culture assays, antigen-specific CD8⁺ T cells were activated when 

interacting with M2-like macrophages, and this activation was further enhanced by HRS 

cell–derived soluble factors. In contrast, HRS-derived soluble factors alone failed to 

activate T cells, indicating that their primary effect was to modulate macrophage function 

(see Figures 26A–B).  

In triple co-cultures incorporating MHC-I–deficient HRS cells, PD-1/PD-L1 

signaling partially suppressed CD8⁺ T cell activation through interactions with TAMs, 

while treatment with Nivolumab restored T cell responses (see Figure 27). 

Complementary PLA/IF analyses of cHL tissues directly confirmed PD-1/PD-L1 

interactions between CD8⁺ T cells and TAMs in situ, demonstrating that this checkpoint 

pathway actively contributes to macrophage-mediated suppression within the tumor 

microenvironment (see Figure 35). 

Previous studies have highlighted the abundance of PD-L1–expressing tumor-

associated macrophages (TAMs) within the cHL microenvironment [112]. Topological 

analyses revealed that a subset of PD-1⁺ CD8⁺ T cells is significantly enriched in the 

vicinity of PD-L1⁺ TAMs and more frequently in direct contact with them compared with 

PD-L1⁻ TAMs [113].	 Furthermore, M2-like TAMs are generally associated with 

immunosuppressive functions and can restrain CD8⁺ T cell activity [186].	Supporting this 

notion, multiplexed spatial profiling of HRS cell neighborhoods demonstrated that EBV-

positive HRS cells retain antigen presentation pathway proteins (B2M, MHC-I, and 

MHC-II) and are surrounded by both CD8⁺ T cells and macrophages, highlighting the 

close spatial organization conducive to functional interactions [82].   

These observations suggest that PD-L1⁺ TAMs may both present antigens and 

impose PD-1–dependent suppression on CD8⁺ T cells, positioning them as potential 

checkpoint partners for exhausted T cells. However, while spatial proximity supports this 

possibility, direct functional evidence that TAMs suppress cytotoxic activity via PD-

1/PD-L1 interactions remained unresolved, underscoring the need for mechanistic 

studies. 
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These findings from the present study extend the understanding of immune 

regulation in cHL beyond HRS cell–specific mechanisms. Functional assays demonstrate 

that TAMs restrain antigen-specific CD8⁺ T cell responses and that this effect is partially 

reversed by PD-1 blockade. The combination of PLA/IF and co-culture experiments 

provides direct evidence for checkpoint-mediated interactions between TAMs and T 

cells, highlighting the microenvironmental context: while HRS cells provide an initiating 

source of PD-L1, TAMs amplify and sustain suppression, establishing a multilayered 

barrier to cytotoxic immunity. Although our PLA/IF on FFPE tissues confirms in situ PD-

1/PD-L1 engagement between CD8⁺ T cells and TAMs, the triple co-culture approach 

necessarily simplifies this interaction, as macrophages were polarized in vitro and may 

not fully reflect the diversity, plasticity, and spatial organization of TAM subsets in 

patient tumors. Moreover, technical constraints limited deeper transcriptional profiling: 

macrophages are particularly fragile during cell sorting (and yield relatively little RNA 

compared with cell lines), making RNA-seq after co-culture infeasible, and generating 

sufficient numbers of T cells for post-co-culture RNA-seq would require extremely large-

scale expansions of both T cells and macrophages, which was beyond the practical scope 

of this project. Future studies using patient-derived macrophages, single-cell or spatial 

transcriptomics to resolve TAM heterogeneity, and optimized approaches for capturing 

drug-induced transcriptional changes would strengthen and extend these findings, as 

would functional assays testing additional suppressive mechanisms (e.g., cytokine 

secretion, metabolic regulation, or co-inhibitory receptors beyond PD-1/PD-L1). 

Together, these results suggest that TAMs are unlikely to be bystanders but act as 

functional checkpoint partners, restraining CD8⁺ T cell activity via PD-1/PD-L1 

engagement. They further indicate that checkpoint blockade can at least partially	restore 

cytotoxic T cell function despite the immunosuppressive microenvironment.	While our 

assays demonstrate checkpoint-mediated suppression, TAMs likely influence CD8⁺ T 

cells through additional pathways, such as cytokine secretion or metabolic regulation, 

which remain to be explored. 
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 Dual checkpoint engagement and compensatory roles of TAMs 

The PLA–mIF approach applied in this study provides direct spatial evidence that PD-

1/PD-L1 interactions in cHL occur across multiple cellular compartments, rather than 

being restricted to a single dominant partner cell. By first performing PLA to detect 

molecular proximity at subcellular resolution and subsequently re-staining the same 

sections with multiplex immunofluorescence, it was possible to assign PD-1/PD-L1 

interaction to specific cell types with confidence while avoiding the interpretive 

limitations of colocalization-based imaging. This sequential strategy adds mechanistic 

resolution to earlier observations of PD-L1 expression on HRS cells and macrophages 

and PD-1 expression on T cells, moving beyond inference to direct visualization of 

checkpoint engagement within tissue. 

 Initial staining with CD3 and CD68 demonstrated that PD-1/PD-L1 interaction 

commonly arose at T cell–macrophage interfaces, indicating that TAMs are active 

participants in checkpoint engagement in situ (see Figure 34). Refinement with CD8 and 

CD163 staining further established that cytotoxic T cells interact with tumor-associated 

macrophages via PD-1/PD-L1 (see Figure 34), consistent with the functional data 

showing TAM-mediated suppression of CD8⁺ T cell activation (see Figures 26-27). These 

findings align with recent topological studies showing spatial proximity between PD-1⁺ 

T cells and PD-L1⁺ macrophages in cHL but crucially extend them by confirming that 

these proximities reflect direct molecular engagement rather than simple colocalization. 

 Parallel assessment of CD8–CD30 interfaces demonstrated that HRS cells also 

contribute to checkpoint engagement. The detection of PLA puncta at CD8–CD30 

contacts supports a model in which MHC-I–intact HRS cells can interact directly with 

cytotoxic T cells through PD-L1, suppressing effector responses (see Figure 34). 

Importantly, the presence of puncta in both CD8–HRS and CD8–TAM interactions 

suggests that PD-1/PD-L1 signaling is not monolithic but distributed among 

compartments, reinforcing the “division of labor” model developed in earlier sections: 

HRS cells can initiate suppression at the tumor cell level, while TAMs sustain it in the 

microenvironment. 

 Grouping cases by EBV status added an additional layer of biological relevance. 

In this study, PD-1/PD-L1 puncta at CD8–CD30 and CD8–CD163 interfaces (see Figure 

35) showed a consistent tendency to be more frequent in EBV-positive compared to EBV-

negative cases, suggesting that viral antigenicity may enhances checkpoint engagement 
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in multiple cellular compartments. This observation is consistent with reports that EBV-

positive cHL almost universally retains intact MHC-I expression on HRS cells, increasing 

the likelihood of direct CD8⁺ T cell recognition and subsequent PD-1/PD-L1–mediated 

inhibition [77,82,89]. However, the present study did not stratify either EBV-positive or 

EBV-negative cases according to their MHC-I status, so it remains unclear whether 

MHC-I–positive tumors, regardless of EBV status, would exhibit interaction patterns 

similar to those of EBV-positive disease. In parallel, other studies have shown that PD-

L1 is more strongly expressed in EBV-positive cHL, both through 9p24.1 alterations and 

LMP1-driven signaling, further amplifying the capacity for checkpoint engagement 

[58,104,110,111]. In addition, EBV-positive tumors have been reported to contain higher 

densities of CD163⁺ macrophages, providing a larger pool of PD-L1–expressing myeloid 

partners capable of sustaining immunoregulatory interactions with CD8⁺ T cells [58,104]. 

Together, these findings support the notion that EBV-positive cHL may leverages both 

tumor-intrinsic and microenvironmental PD-1/PD-L1 pathways to counter heightened 

immune pressure, using HRS cells and TAMs as complementary suppressive partners. 

 Another observation was that in some cases with minimal CD8–HRS puncta, 

CD8–TAMs interactions remained relatively	 prominent. This provides in situ 

confirmation of functional data indicating that TAMs can act as alternative or 

compensatory partners for CD8⁺ T cells, particularly where MHC-I expression on HRS 

cells is low or absent. Such a division of labor within the microenvironment may help 

explain why PD-1 blockade can be effective even in tumors with reduced antigen-

presenting capacity: by disrupting macrophage-mediated engagement, the therapy may 

still relieve suppression even when direct tumor–T cell interactions are infrequent. 

 Finally, the use of appropriate negative controls and sequential sectioning ensures 

that the observed puncta reflect true PD-1/PD-L1 engagement rather than nonspecific 

signal. Compared to previous studies relying on spatial proximity, the current approach 

offers both molecular specificity and cellular attribution, strengthening conclusions about 

the cellular architecture of checkpoint engagement in cHL. 

 Taken together, these findings provide crucial in situ validation of the functional 

models developed in Aims 2 and 3. They demonstrate that both HRS cells and TAMs 

engage CD8⁺ T cells via PD-1/PD-L1 in the native tissue environment, and that the 

relative contribution of each partner can vary by tumor context, including EBV status. 

Importantly, in cases where CD8–HRS interactions are limited or absent, such as when 

MHC-I expression is lost, TAMs still engage CD8⁺ T cells via PD-1/PD-L1, providing 



 133 

an alternative or compensatory suppressive mechanism. This spatial and molecular 

evidence supports a layered model of immune evasion, in which direct tumor–T cell 

interactions coexist with microenvironmental suppression mediated by TAMs. These data 

further justify therapeutic strategies that target both compartments, either sequentially or 

in combination. 

 Complementary roles of HRS cells and TAMs in immune evasion 

The findings from Aim 2 and Aim 3 collectively reveal a multilayered mechanism of 

immune suppression in cHL. While HRS cells can directly engage CD8⁺ T cells via PD-

1/PD-L1 interactions, particularly in MHC-I–intact contexts, TAMs provide an 

additional, complementary layer of regulation. Functional assays and in situ analyses 

indicate that HRS cells act as initiators of suppression, presenting antigen and expressing 

PD-L1 to dampen T cell activation. In contrast, M2-like TAMs reinforce and stabilize 

this suppression, both by directly restraining CD8⁺ T cell effector function through PD-

1/PD-L1 engagement and by shaping the local cytokine milieu to sustain an 

immunosuppressive microenvironment. 

This division of labor, HRS cells initiating and TAMs consolidating immune 

inhibition, offers a conceptual framework for understanding cHL immune evasion. 

Clinically, while nivolumab demonstrates high efficacy in cHL, responses are 

heterogeneous [187–190]: tumors with preserved MHC-I expression on HRS cells and 

abundant PD-L1⁺ TAMs may respond differently than tumors with widespread antigen 

presentation loss or lower TAM density. Recognizing the distinct but complementary 

roles of HRS cells and TAMs in checkpoint-mediated suppression could inform more 

precise strategies for immunotherapy, including combination approaches targeting both 

tumor-intrinsic and microenvironmental mechanisms. A limitation of the current work is 

that, although our assays show that both HRS cells and TAMs contribute to checkpoint-

mediated suppression, TAMs still suppress cytotoxic T cells even when HRS cells have 

limited interaction with them. Future studies integrating quantitative spatial analyses, 

patient-derived ex vivo models, and systems-level approaches, such as spatial 

transcriptomics (capturing gene expression in tissue context) and single-cell multiomics 

(combining RNA with protein or receptor profiling in the same cell), will be needed to 

clarify these relative contributions and to guide the rational design of therapeutic 

combinations. 
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 Regulation of HRS survival via PD-1/PD-L1 signaling 

The fourth aim of this thesis was to evaluate whether sustained PD-1/PD-L1 interactions 

deliver reverse signals to HRS cells that promote survival or proliferation. This question 

was motivated by prior evidence suggesting that PD-L1 expressed on tumor cells can act 

not only as a ligand but also as a signaling receptor. Additionally, it is now recognized 

that immune checkpoint interactions are not strictly unidirectional. While traditionally 

viewed as signals delivered to receptor-bearing T cells, accumulating evidence shows that 

several checkpoint ligands, including PD-L1, can also transmit ‘reverse signals’ into the 

ligand-expressing cell, often an APC or tumor cell, thereby influencing survival, 

metabolism, or differentiation pathways [191,192]. Unlike PD-1 signaling in T cells, 

which requires prior TCR–MHC engagement to be functionally relevant, PD-L1 reverse 

signaling is independent of antigen presentation and is initiated directly by PD-L1 ligation 

(e.g., PD-1 binding or antibody crosslinking), with reported links to downstream 

pathways. Building on this concept, the present work specifically examined whether 

sustained PD-1/PD-L1 engagement provides such reverse signals in HRS cells under 

conditions designed to mimic a more physiological environment. 

In particular, Jalali et al. employed several experimental systems, including co-

cultures of serum-starved L1236 HRS cells with PD-L1 membrane-bound agonistic 

antibodies, or co-cultures with PD-1–expressing 293T cells, to investigate whether PD-

L1 on HRS cells could serve as a ligand for reverse signaling, promoting tumor cell 

survival and proliferation. Their experiments measured apoptosis (Annexin V/PI) and 

signaling pathways (p-ERK, p-p38), suggesting that engagement of PD-L1 could enhance 

HRS cell viability and pro-survival signaling. Notably, they also reported that treatment 

with Nivolumab could reverse these effects, supporting the potential clinical relevance of 

disrupting PD-L1 reverse signaling. While these findings provided important mechanistic 

insights, it is important to recognize that their 293T–L1236 co-culture experiments 

involved short-term readouts under serum starvation conditions, which may amplify 

stress-related signaling responses. In this context, the subsequent examination of L1236 

proliferation and apoptosis under long-term co-culture conditions with PD-1–expressing 

293T cells provides a complementary perspective to assess whether sustained PD-L1 

engagement contributes to HRS cell survival in a more physiological setting, forming the 

basis for the discussion of our own experimental results (see Figure 32).   
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Using co-culture systems with PD-1–expressing 293T cells and L1236 HRS cells, 

we assessed whether sustained PD-1/PD-L1 engagement modulates tumor cell 

proliferation or survival. L1236 cells were maintained under long-term co-culture 

conditions, with or without Nivolumab treatment, and proliferation and apoptosis were 

monitored by cell counts and Caspase-3 activation. In contrast to previous short-term, 

serum-starved studies by Jalali et al., our results demonstrated that prolonged PD-L1 

engagement did not alter L1236 proliferation or induce apoptosis (see Figures 32-33). 

These findings indicate that, under more physiologically relevant culture conditions, PD-

1/PD-L1 interactions do not provide detectable pro-survival signals to HRS cells.  

Several factors likely explain the apparent discrepancy between these results and 

the study by Jalali et al. Jalali et al. assessed short-term outcomes (minutes to 48 hours), 

focusing on acute phosphorylation of ERK/p38 and early apoptotic markers. In contrast, 

the present work measured sustained changes in proliferation and apoptosis across several 

days, directly testing the long-term consequences of PD-1/PD-L1 engagement. Moreover, 

Jalali et al. starved HRS cells prior to stimulation, a condition that may sensitize cells to 

stress and exaggerate the contribution of survival signals. By contrast, in nutrient-rich 

conditions, PD-L1 engagement did not produce measurable effects on HRS cell growth. 

Consistent with this, while Jalali et al. reported that Nivolumab reversed short-term 

survival effects in serum-starved cells, our long-term co-culture experiments showed that 

Nivolumab treatment did not alter L1236 proliferation or apoptosis, further supporting 

the conclusion that sustained PD-L1 engagement does not provide a growth advantage 

under nutrient-replete conditions (see Figures 32-33). Finally, the readouts differed: while 

Jalali et al. detected signaling changes and reduced apoptosis, the current study examined 

whether those signals translate into durable proliferative advantages, finding no evidence 

to support this. 

Taken together, these findings suggest that PD-L1 reverse signaling may occur in 

HRS cells but that its functional consequences are highly context dependent. Under 

conditions of cellular stress, transient activation of ERK/p38 pathways may provide a 

survival advantage, as observed by Jalali et al. However, under steady-state, nutrient-

replete conditions, such signaling appears insufficient to sustain proliferation or survival. 

Importantly, these results do not exclude the possibility of PD-L1 reverse signaling in 

HRS cells, particularly under stress or acute stimulation. A limitation of this work is that 

it relied on a single HRS cell line (L1236), and the assays focused only on proliferation 

and apoptosis, which may not capture broader transcriptional or metabolic consequences 
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of PD-L1 engagement. While the present long-term assays under nutrient-rich conditions 

provide a more physiological framework than short-term serum starvation, they still do 

not reproduce metabolic stresses typical of the cHL microenvironment, such as hypoxia 

or nutrient competition. Future studies should employ additional HRS models with 

diverse genetic backgrounds, integrate short-term phospho-signaling assays (e.g., ERK, 

p38, AKT activation within hours of PD-L1 ligation) with long-term functional readouts 

(proliferation, apoptosis, metabolic activity), and apply transcriptomic profiling to 

capture gene-expression changes together with metabolic profiling to detect shifts in 

nutrient utilization and energy pathways. These approaches under stress conditions will 

be important to clarify the contexts in which PD-L1 reverse signaling has biological 

relevance. By extending previous short-term studies to long-term co-culture settings, this 

work provides evidence that sustained PD-1/PD-L1 engagement does not appear 

sufficient to promote HRS survival under nutrient-replete condition. 

 HRS cells drive macrophage polarization toward an M2-like, 
immunosuppressive phenotype 

The fifth aim of this thesis was to investigate how HRS-derived soluble factors shape 

macrophage polarization, with a particular focus on whether these tumor-educated 

macrophages acquire transcriptional programs characteristic of M2-like, 

immunoregulatory states. While tumor-associated macrophages (TAMs) in cHL have 

been associated with poor prognosis [61,69], and several studies have explored the 

influence of HRS cells on macrophages, the precise molecular and functional changes 

induced by HRS cell–derived factors are still being elucidated. By examining the 

transcriptomic profiles of macrophages exposed to conditioned media from L1236 and 

HDLM2 cell lines, this study aims to elucidate the extent to which HRS-derived signals 

promote an M2-like, immunosuppressive phenotype capable of modulating CD8⁺ T cell 

activity. 

 Primary human monocytes were first differentiated into macrophages and then 

polarized using conditioned media (CM) from L1236 and HDLM2 HRS cell lines or 

control stimuli (IL-4 for M2 and LPS + IFN-γ for M1). Principal component analysis of 

global RNA-seq data revealed a clear separation between M1-polarized macrophages and 

those stimulated with IL-4 (M2) or tumor-derived CM, with CM-treated macrophages 

clustering closely with M2 macrophages (see figure 28). Hierarchical clustering further 
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confirmed that the transcriptional programs induced by HRS cell CM closely resemble 

those of classical M2 macrophages, indicating that soluble factors secreted by HRS cells 

are sufficient to drive M2-like polarization (see figure 29). These findings are consistent 

with previous studies showing that HL-derived CM can promote TAM-like features in 

vitro, supporting the relevance of this experimental model. 

 Analysis of canonical polarization markers revealed that CM-treated 

macrophages exhibited upregulation of M2-associated genes such as CD163, IL10, 

STAB1, IL1R2, CSF1R, FCGR2A, FZD2, PTGS1, and IL1R1, accompanied by 

downregulation of M1 markers CXCL9, IL1B, TNF, TNFAIP3, TNFSF10, and IRF1 (see 

figure 30). These results indicate that HRS-derived CM not only drives a global 

transcriptional program resembling M2 macrophages but also specifically promotes 

genes characteristic of alternative activation. Similar findings have been reported, showed 

that HL-conditioned media induced CD163⁺ and MRC1⁺ macrophages with high IL-10 

expression, consistent with our RNA-seq data [181,193]. Furthermore, a focused analysis 

of immunoregulatory genes revealed elevated expression of MRC1 (CD206), CD274 

(PD-L1), IL-10, MMP9, MMP2, VSIG4, PDGFB, and PDGFA (see figure 31), 

suggesting that CM-treated macrophages acquire a transcriptional profile with the 

potential to suppress CD8⁺ T cell effector function. VSIG4 is particularly noteworthy, as 

it has recently been identified as a TAM-associated checkpoint receptor in diffuse large 

B-cell lymphoma (DLBCL), where its expression correlated with adverse prognosis, 

though its role in cHL has not been systematically examined [194]. Likewise, PDGFB 

and PDGFA, while not canonical TAM markers in cHL, are growth factors that 

macrophages can secrete in tissue remodeling contexts, and their detection here raises the 

possibility that macrophage-derived PDGF signaling may contribute to the 

immunoregulatory tumor microenvironment [195]. This extends prior observations 

identifying GPNMB as an HL-induced immunosuppressive mediator [196], by 

highlighting soluble factors (e.g., VSIG4, PDGFB, MMP9) that have received less 

attention in cHL. Several of these markers, such as CD163, MRC1, and IL-10, are well-

established TAM markers in cHL [169], underscoring the in vivo relevance of our 

findings. A limitation of this work is that the conditioned media approach captures only 

the effects of soluble factors secreted by HRS cells. While this design was intentional to 

isolate tumor-derived cues, in vivo macrophages are simultaneously exposed to additional 

inputs from other immune and stromal cells, including cytokines and chemokines that can 

further shape their phenotype. As such, the macrophages generated here do not fully 
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recapitulate the transcriptional complexity of patient-derived TAMs. Future studies using 

more complex co-culture systems or patient-derived material will be important to clarify 

how HRS-derived signals integrate with additional microenvironmental inputs to drive 

TAM heterogeneity. It will also be important to test how checkpoint blockade or targeted 

inhibitors (e.g., against VSIG4, MMP9, or PDGF signaling) reshape these transcriptional 

and functional states in cHL.	These transcriptomic results expand the current view of 

HRS–macrophage interactions, setting the stage for understanding how TAMs stabilize 

immune evasion alongside PD-1/PD-L1 pathways	characterized in Aim 3. 

 Together, these findings suggest that HRS cells orchestrate a multilayered 

immunosuppressive network by polarizing macrophages toward an M2-like phenotype. 

This polarization complements the direct PD-1/PD-L1–mediated suppression of T cells 

described in Aim 3, providing a mechanism by which TAMs reinforce and stabilize 

immune evasion within the tumor microenvironment. By inducing both canonical M2 

markers and immunoregulatory genes, HRS-derived CM establishes a microenvironment 

supportive of tumor survival and resistant to cytotoxic T cell activity. Of note, the 

upregulation of MMP9 is particularly relevant, as inhibition of this molecule has been 

shown to restore T cell trafficking and anti-tumor immunity in other cancer models [197], 

suggesting that MMP9 may represent a critical barrier to effective cytotoxic responses in 

cHL. In addition, the induction of VSIG4 and PDGF ligands (PDGFB, PDGFA) points 

to to emerging immunoregulatory axes, with VSIG4 linked to adverse prognosis in 

DLBCL [194] and PDGF signaling implicated in stromal remodeling and immune 

suppression in solid tumors [195].	Importantly, dual blockade of PDGFRα/β and PD-1 

synergistically suppressed the growth of fibrotic tumors [195], underscoring the 

therapeutic potential of simultaneously targeting PDGF-driven remodeling and 

checkpoint pathways. These results highlight not only checkpoint-mediated inhibition but 

also a broader array of soluble and surface mediators as potential contributors to TAM-

driven immunosuppression, underscoring the need for future studies to explore whether 

targeting VSIG4, MMP9, or PDGF signaling could complement PD-1 blockade in cHL. 

 By demonstrating that HRS-derived factors polarize macrophages toward an 

immunosuppressive phenotype, these findings extend the PD-1/PD-L1–centric 

suppression described in Aim 3, revealing how tumor cells and macrophages cooperate 

to enforce layered T cell inhibition in cHL. This supports a model in which HRS cells 

initiate checkpoint-mediated inhibition while simultaneously remodeling macrophages to 

sustain suppression, creating a cooperative and resilient immunosuppressive network. 
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 A multilayered model of immune evasion in cHL 

This discussion has examined how the PD-1/PD-L1 axis contributes to immune evasion 

in cHL across four complementary aims. Aim 1 and aim 2 demonstrated that HRS cells 

directly suppress CD8⁺ T cell activity in MHC-I–intact contexts via PD-1/PD-L1 

interactions, while Aim 3 showed that TAMs act as checkpoint partners that reinforce this 

suppression within the tumor microenvironment. Aim 4 assessed reverse signaling in 

HRS cells and found no evidence that sustained PD-L1 engagement promotes survival 

under physiological conditions, though context-dependent effects remain possible. 

Finally, aim 5 established that HRS-derived soluble factors polarize macrophages toward 

an M2-like, immunosuppressive phenotype, underscoring the cooperative role of TAMs 

in maintaining checkpoint-mediated immune evasion.	 While these findings are 

necessarily shaped by the limitations of in vitro systems,	together, these findings support 

a multilayered model in which HRS cells and TAMs act in concert to create a resilient 

immunosuppressive network, operating through both direct checkpoint engagement and 

macrophage reprogramming. While much of this work relied on controlled in vitro 

systems, the in situ PLA/IF analyses provided crucial validation in patient tissue, linking 

mechanistic insights to native tumor architecture and confirming that these interactions 

occur in vivo.  

 The PLA–mIF approach demonstrated that PD-1/PD-L1 interactions are 

distributed across both tumor-intrinsic and microenvironmental compartments. PLA 

puncta were detected at CD8–HRS and CD8–TAM interfaces, indicating that checkpoint 

signaling is not confined to a single cellular partner. In cases with minimal CD8–HRS 

engagement, prominent CD8–CD163 interactions suggested that TAMs can compensate 

as alternative partners when direct tumor–T cell contact is limited, such as in MHC-I–

deficient contexts. EBV-positive tumors exhibited higher frequencies of puncta at both 

CD8–CD30 and CD8–CD163 contacts, consistent with reports of intact MHC-I 

expression on HRS cells, higher PD-L1 levels, and increased CD163⁺ macrophage 

density in this subgroup. Altogether, these patterns support a model in which HRS cells 

initiate checkpoint-mediated suppression while TAMs reinforce and sustain it, creating a 

layered and adaptable network of immune evasion. 

 This integrated perspective refines current understanding of immune evasion in 

cHL and situates the work within the broader field of tumor immunology, where tumor–

microenvironment crosstalk is increasingly recognized as a determinant of checkpoint 
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blockade responses. By linking tumor-intrinsic and microenvironmental mechanisms of 

PD-1/PD-L1 activity, this thesis provides a conceptual framework that can inform future 

therapeutic strategies in cHL. 
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 Conclusion and Outlook 

This thesis dissected the contribution of the PD-1/PD-L1 axis to immune evasion in cHL 

by functionally examining checkpoint interactions between HRS cells, CD8⁺ T cells, and 

TAMs. While immune escape in cHL has often been attributed to loss of MHC class I 

and the resulting evasion of CD8⁺ T-cell surveillance, our findings show that when HRS 

cells retain MHC-I expression, they still engage CD8⁺ T cells through PD-1/PD-L1 

interactions, and this checkpoint signaling can suppress CD8⁺ T-cell activity despite 

preserved antigen presentation. Importantly, nivolumab was able to partially restore CD8⁺ 

T-cell function under these conditions. Macrophages further strengthen this checkpoint-

mediated suppression within the tumor microenvironment. Taken together, the results 

support a multilayered model in which HRS cells and TAMs cooperate to attenuate 

cytotoxic immunity through complementary mechanisms rather than a single dominant 

route. 

 As a foundation for these mechanistic studies, this thesis established an antigen-

specific co-culture system designed to isolate and interrogate TCR-dependent signaling 

events with high precision. By enforcing defined antigen–TCR pairing, the model enabled 

controlled analysis of PD-1/PD-L1–mediated suppression and provided a clarity not 

achievable in PBMC-based systems. Its modular structure also forms a groundwork for 

extending co-culture platforms to additional immune or stromal cell types and for 

examining inhibitory pathways beyond PD-1/PD-L1. This system therefore represents an 

important methodological basis that supported the subsequent dissection of immune 

regulatory mechanisms in cHL. 

In situ PLA/IF analysis further confirmed that PD-1/PD-L1 interactions occur not only 

between CD8⁺ T cells and HRS cells, but also between CD8⁺ T cells and TAMs within 

intact patient tissue, demonstrating that checkpoint engagement operates through multiple 

cellular partners in vivo. 

 A key contribution of this work is the demonstration that HRS cells can suppress 

antigen-specific CD8⁺ T-cell activity via PD-1/PD-L1 interactions even when MHC class 

I expression is preserved. In situ PLA/IF provided direct evidence of checkpoint 

engagement between HRS cells and CD8⁺ T cells in patient tissues. Functional assays 

further showed that CD8⁺ T cells can recognize and kill MHC-I–intact HRS cells, but that 

this cytotoxic response is constrained by PD-1/PD-L1 signaling. Both PD-1 blockade and 

PD-L1 knockout enhanced CD8⁺ T-cell activity, confirming the functional relevance of 
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this interaction. These findings challenge models that attribute immune escape in cHL 

almost exclusively to B2M loss and loss of antigen presentation and instead highlight 

checkpoint-mediated suppression as a critical barrier in a substantial subset of cases. 

 Beyond tumor–T-cell interactions, this thesis demonstrates that TAMs act as 

functional checkpoint partners that reinforce CD8⁺ T-cell inhibition. In co-culture assays, 

macrophages expressing PD-L1 suppressed T-cell activity, and this effect was alleviated 

by PD-1 blockade. PLA/IF analyses confirmed that CD8⁺ T cells engage TAMs via PD-

1/PD-L1 in situ, indicating that macrophages not only surround HRS cells but actively 

shape the suppressive niche. These findings indicate that TAMs contribute directly to 

checkpoint-mediated suppression within the tumor microenvironment. 

Moreover, PLA/IF revealed that in cases with minimal CD8–HRS engagement, CD8–

macrophage interactions remained prominent, supporting the idea that TAMs can 

compensate as alternative checkpoint partners when direct tumor– CD8⁺ T-cell contacts 

are limited. 

 Having established the contribution of both tumor cells and TAMs to PD-1/PD-

L1–mediated suppression, we next asked whether reverse signaling might also play a role. 
The investigation of PD-L1 reverse signaling in HRS cells showed that sustained PD-

1/PD-L1 engagement did not confer a proliferative or survival advantage under nutrient-

sufficient, long-term conditions. While earlier studies suggested context-dependent 

signaling effects under nutrient-restricted conditions or short-term stimulation, the 

absence of sustained growth benefits in this work indicates that checkpoint-mediated 

immune evasion in cHL is primarily driven by suppression of T cells rather than direct 

effects on tumor cell viability or expansion. Nonetheless, the context dependence of 

reverse signaling remains an open question, particularly under microenvironmental 

stressors such as hypoxia, glucose restriction, or oxidative stress. 

In parallel to these tumor-intrinsic investigations, we also explored how tumor-derived 

soluble factors shape the immune microenvironment.	This thesis demonstrates that HRS-

derived soluble factors polarize macrophages toward an M2-like, immunosuppressive 

phenotype. RNA sequencing revealed that conditioned media from HRS cell lines 

induced transcriptional programs closely aligned with canonical M2 macrophages, 

including upregulation of IL-10, CD163, and MRC1. The induction of immunoregulatory 

mediators such as VSIG4, MMP9, and PDGF family ligands suggests that TAMs 

contribute to suppression through mechanisms extending beyond PD-1/PD-L1. These 
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findings provide mechanistic insight into how tumor cells not only engage in checkpoint 

interactions but also remodel the microenvironment to sustain suppression. 

 Together, these strands of evidence support a layered model of immune evasion 

in which HRS cells initiate checkpoint-mediated inhibition of CD8⁺ T cells in MHC-I–

intact contexts, while TAMs consolidate and prolong this suppression. This cooperative 

framework helps explain both the high efficacy and variability of PD-1 blockade in cHL. 

Tumors with preserved antigen presentation and abundant PD-L1⁺ TAMs may derive 

particular benefit from checkpoint inhibition, whereas cases dominated by antigen loss or 

alternative suppressive circuits may show incomplete responses. 

Notably, PLA/IF spatial mapping demonstrated that both CD8–HRS and CD8–TAM 

interactions contribute to checkpoint engagement, and that EBV-positive tumors showed 

higher interaction rate of PD-1/PD-L1 across both interfaces, consistent with their 

preserved MHC-I expression, higher PD-L1 levels, and increased TAM density. 

 Although CD4⁺ T cells were not the main experimental focus of this thesis, prior 

studies have reported their frequent proximity to PD-L1–expressing HRS cells and 

TAMs, raising the unresolved question of whether this reflects true MHC-II–restricted 

engagement or merely localization within PD-L1–rich niches. Proximity alone does not 

establish functional checkpoint signaling or T-cell suppression. Small populations of 

cytotoxic CD4⁺ T cells have been reported in lymphoma and other tumors, suggesting 

that CD4⁺ T cells may directly kill MHC-II–positive HRS cells when appropriately 

activated [198–200]. However, it remains unclear whether helper or cytotoxic CD4⁺ T-

cell functions are actively restrained through PD-1/PD-L1 interactions in cHL. 

 Future studies should therefore use co-cultures of MHC-II–expressing HRS cells 

and antigen-specific CD4⁺ T cells—with and without PD-1/PD-L1 blockade—to test 

whether checkpoint inhibition restores CD4⁺ T-cell function. In parallel, macrophage–

CD4⁺ T-cell co-cultures could clarify whether TAMs suppress helper T-cell responses 

through the same checkpoint axis and whether this indirectly affects CD8⁺ T-cell priming, 

effector function, or memory formation. Complementary in situ approaches such as 

PLA/IF or spatial proteomics will be needed to determine whether CD4⁺ T cells form 

bona fide PD-1/PD-L1 interactions with HRS cells or TAMs rather than merely co-

localizing. Together, these experiments would clarify whether CD4⁺ T cells in cHL act 

as helper cells, acquire cytotoxic activity, or become suppressed through checkpoint 

engagement—and whether relieving this suppression could indirectly enhance CD8⁺ T-

cell responses. 
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 From a translational standpoint, the data suggest that checkpoint blockade alone 

may not fully restore cytotoxic immunity in cHL and that rational combination strategies 

will be needed to overcome microenvironmental resistance. In addition to checkpoint 

modulation, targeting macrophage-associated mediators offers complementary 

therapeutic opportunities. VSIG4 can be investigated using Fc-silent blocking antibodies 

or knockdown systems to assess effects on macrophage polarization and CD8⁺ T-cell 

proliferation. MMP9 inhibition, through pharmacologic inhibitors or genetic silencing, 

can be tested in 3D co-culture models to determine whether reduced matrix remodeling 

improves T-cell infiltration and cytotoxicity. The role of PDGF signaling can be assessed 

by blocking PDGF ligands or PDGFR activity in macrophage–stromal co-cultures and 

examining resulting effects on matrix remodeling and T-cell access. These experiments 

would show whether blocking macrophage-driven suppression can improve or 

complement PD-1 therapy in cHL. 

 Although our data demonstrate that PD-1/PD-L1 interactions occur between 

CD8⁺ T cells and TAMs and that nivolumab restores T-cell function by disrupting this 

interaction, it remains unclear whether the antibody acts solely through T-cell PD-1 

blockade or also affects macrophages directly via PD-L1 reverse signaling. To address 

this, future studies should first determine whether multivalent PD-1 ligation can trigger 

intracellular signaling in macrophages, using Fc-silent PD-1 reagents to enforce PD-L1 

clustering. Validation in primary macrophages and comparison of full-length versus tail-

truncated PD-L1 will be essential to confirm receptor dependence. Building on our 

current T cell–macrophage assays, additional co-cultures will be needed in which PD-1⁺ 

activated T cells engage macrophages under defined conditions, with or without HRS-

conditioned media, to test whether macrophage-intrinsic PD-L1 signaling alters T-cell 

proliferation or macrophage polarization. These refinements go beyond our present 

system, which captured the suppressive effect of macrophages on CD8⁺ T cells but did 

not isolate potential reverse signaling in macrophages themselves. If confirmed, 

macrophage-intrinsic PD-L1 signaling would expand the current model by suggesting 

that PD-1 blockade may relieve T-cell suppression and reprogram suppressive myeloid 

cells simultaneously. 

 In summary, this thesis advances the understanding of immune evasion in cHL by 

showing that PD-1/PD-L1 signaling operates through both tumor-intrinsic and 

microenvironmental mechanisms. It demonstrates that HRS cells and macrophages 

collaborate to suppress CD8⁺ T-cell activity and that immune escape reflects more than 
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antigen loss alone. By integrating functional assays with spatial validation and 

transcriptional profiling, the work provides a conceptual framework that can guide future 

mechanistic studies and inform the design of more effective immunotherapies. The 

outlook emerging from these findings is one in which targeting checkpoint pathways in 

isolation is unlikely to suffice; instead, dismantling the layered suppressive network 

formed by HRS cells and TAMs, including potential macrophage-intrinsic PD-L1 

signaling, will be key to unlocking durable cytotoxic responses in cHL. 
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Appendix 

Appendix A: Isolation of human peripheral blood mononuclear cells  

Peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats by density 

gradient centrifugation, to generate T cells (Section 2.2.5), macrophages (Section 2.4.1) 

or feeder cells for T cells REP (Section 2.2.7). PBMCs were prepared freshly for each 

experiment. Buffy coats (45-50ml) were obtained from the blood bank of the UKGM. 

Blood was carefully transferred from transfusion bag to T75 cell culture flask.  For the T 

cells, macrophages generation, buffy coats were screened for HLA-A2 expression. To 

determine which buffy coat expressed HLA-A2, 100 µl of blood was transferred into a 5 

ml tube from each donor. 5 µl of anti-human HLA-A2-APC or 20 µl of isotype control 

antibody (mouse IgG2b-APC) were added to the blood, and the tube was vortexed. The 

samples were then incubated for 15 min at RT in the dark. During the incubation, a 1x 

lysing solution was prepared by diluting 10x concentrate lysing solution 1:10 with 

Millipore H2O. After incubation, 2 ml of 1x lysing solution was added to the blood-

antibody mixture and incubated for 7 min at RT in the dark. The samples were then 

centrifuged for 10 min at 300 x g. The supernatant was discarded, and the cell pellet was 

resuspended in 2 ml of FACS buffer and centrifuged for 5 min at 200 x g. The washing 

step was repeated, and the pellet was resuspended in 200 µl of FACS buffer. Finally, the 

expression of HLA-A2 was measured using a flow cytometer.  

HLA-A2 positive buffy coat was diluted with 1x DPBS Ca2 and Mg2 free or RPMI 

1640 without any supplement at a ratio of 1:1. Lymphoprep was used as density gradient 

medium. 12 ml of Lymphoprep were transferred onto the new 50 ml falcon tube, and 

25ml diluted blood were gently layered on the top without disturbing the interface 

between the Lymphoprep and diluted blood. The falcon was centrifuged (800xg, 20 min, 

18-20°C, no brake). During centrifugation, difference in density between cells and 

Lymphoprep cause cells migration and the formation of layers containing different cell 

types. Granulocytes and erythrocytes have a higher density than mononuclear cells 

therefore they aggregate through the Lymphoprep at the bottom of the flask. Whereas 

mononuclear cells with lower density remain and form whitish ring at the interface 

between plasma and Lymphoprep.  



 147 

 

Figure S1. Peripheral blood mononuclear cells (PBMC) isolation. Flow cytometry analysis 
following PBMC isolation, showing distinct lymphocyte, monocyte, and granulocyte 
populations, confirming successful isolation of PBMCs. 

After centrifugation, mononuclear cells ring was removed by Pasteur pipette and 

transferred into new Falcon tube. For the T cells generation, PBMCs were washed twice 

with 50ml PBS or RPMI 1640 without supplements, then centrifuged for 7 min at 500xg. 

Cell pellet was resuspended and seeded out specifically for T cells generation (Section 

2.2.5) or were transferred into T75 cell culture flask containing 40ml complete RPMI 

medium. After overnight incubation, PBMCs were transferred T25 cell culture flask and 

irradiated for feeder cell generation (Section 2.2.7). For the monocyte isolation, the 

following washing steps were performed [201]: mononuclear cells were carefully 

removed and paced into new tubes (two interfaces per 50-ml tube). Tubes were filled with 

ice-cold PBS and centrifuged (250xg, 7 min, 4°C, with half brake). After centrifugation, 

each pellet was resuspended with 5 ml ice-cold PBS, then all cells were pooled into one 

50 ml tube containing 40 ml of ice-cold PBS and centrifuged (250 x g, 7 min, 4°C, with 

full brake). These washing steps were repeated three or four times until the solution was 

clear, indicating the absence of platelets. Then, monocytes underwent CD14 MACS 

separation (Section 2.4.1).  
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Appendix B: Flow cytometry, cell sorting, and gating strategies 

This appendix provides detailed protocols for staining, gating, and analysis of flow 

cytometry and cell sorting experiments. 

Cells were harvested and resuspended in FACS staining buffer. To ensure a single-

cell suspension, the cell suspension was filtered through a 70 µm cell strainer prior to cell 

sorting. When the primary goal was to measure only the signal, this step was replaced by 

thorough pipetting to break up cell clumps. 

Surface staining was performed using fluorophore-conjugated antibodies targeting 

CD271 (LNGFR), CD3, CD56, CD4, CD8, CD137 (4-1BB), CD279 (PD-1), CD274 

(PD-L1), HLA-A, B, C (B2M), CD80, CD86, and CD14, depending on the cell type and 

experimental aim. Cells were incubated with the respective antibodies for 30 min at 4°C 

in the dark. Staining procedures for HLA-A2, activated Caspase 3, and CD107a were 

performed as described in Appendix A1 and Sections 2.5.2-2.5.3, respectively. 

Intracellular staining for NY-ESO-1 was performed as follows:  

Cells were harvested and centrifuged at 500 × g for 5 min at RT. The supernatant was 

aspirated, and the cell pellet was washed with 1 ml of FACS staining buffer, followed by 

centrifugation at 500 × g for 5 min at RT. The pellet was then resuspended in 100 µl of 

4% paraformaldehyde (PFA) per 1 million cells and mixed thoroughly to dissociate the 

pellet and prevent cross-linking of individual cells. Cells were incubated for 15 min at 

RT to allow proper fixation. Following incubation, 1,000 µl of FACS staining buffer was 

added, and the cells were centrifuged at 500×g for 5 min at RT. The supernatant was 

aspirated, and the pellet was resuspended in 100 µl of ice-cold PBS. Cells were 

permeabilized by adding 900 µl of 100% methanol, followed by incubation on ice for 30 

min. The cells were then centrifuged at 500 × g for 5 min at RT. Cell pellet was often not 

visible due to the methanol incubation step. The supernatant was aspirated, and the pellet 

was resuspended in 1 ml of FACS staining buffer.  

The cell suspension was then divided equally into two Eppendorf tubes: one for the 

isotype control and the other for NY-ESO-1 staining. Cells were centrifuged at 500 × g 

for 5 min at RT, and the pellets were resuspended in 50 µl of the respective antibody 

solution. Cells were incubated with the antibodies for 1 h at 4°C in the dark. After 

incubation 1ml FACS staining buffer was added and centrifuged at 500xg for 5 min at 

RT. The supernatant was aspirated, and the pellet was resuspended in 200 µl of FACS 
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staining buffer. The cell suspension was transferred into a 96-well FACS plate for 

measurement using a flow cytometer. 

For the measurement of cell surface or intracellular markers, signal detection was 

performed using a CytoFLEX Flow Cytometer equipped with four lasers: 405 nm (Violet 

laser), 488 nm (Blue laser), 561 nm (Yellow-green laser), and 638 nm (Red laser), 

operating in a 13-color configuration with a 4-2-4-3 laser setup. 

For cell sorting, stained cells were sorted using a BD FACSMelody Cell Sorter 

equipped with three lasers: 488 nm (blue diode laser, 20 mW), 561 nm (yellow-green 

semiconductor laser, 50 mW), and 640 nm (red diode laser, 40 mW). The instrument 

operated in an 8-color configuration with a 2-2-4 laser setup. Sorted cells were collected 

into tubes containing culture medium (e.g., RPMI with 10% FBS) to ensure viability. 

Post-sorting purity was assessed by reanalyzing a fraction of the sorted cells and was 

consistently >95%. 

 

Figure S2. Gating strategy for identification of CD8⁺CD137⁺ T cells after co-culture with 
target HRS cells. Representative gating steps performed in FlowJo v10.10 are shown. (A) Debris 
was excluded based on forward and side scatter (FSC vs. SSC), and (B) doublets were removed 
using FSC-A vs. FSC-H. (C) CD8⁺ T cells were selected, (D) followed by gating on CD137 (4-
1BB)–positive cells to assess activation. This strategy was applied to T cells following 24 h co-
culture with antigen-expressing HRS cells. MFI was used to assess the expression level of the 
marker in the gated population. 
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Target cell populations were identified using sequential gating strategies in 

FlowJo v10.10 software, including debris exclusion using forward and side scatter (FSC 

vs. SSC), doublet discrimination (FSC-H vs. FSC-A), viability gating, and fluorophore-

based marker expression. A representative gating hierarchy used to identify 

CD8⁺CD137⁺ T cells following co-culture experiments is shown in Figure S2. 

Appendix C: PD-1 blockade fails to activate endogenous CD8⁺ T cells 

To assess whether PD-1 blockade enhances activation of endogenous (non–TCR-

transduced) CD8⁺ T cells in the presence of HRS cells, primary human CD8⁺ T cells were 

co-cultured with NY-ESO-1⁺ L1236 cells with or without 15 µg/ml Nivolumab. As 

shown in the representative flow cytometry plots (Figure S3A–B), co-culture with wild-

type L1236 cells led to a reduction in 4-1BB expression compared to baseline, and 

Nivolumab treatment did not restore activation. A similar pattern was observed when 

endogenous CD8⁺ T cells were co-cultured with B2M-deficient L1236 cells (Figure S3C–

D), with no increase in 4-1BB expression following PD-1 blockade. These findings 

indicate that, in the absence of antigen-specific TCR recognition, endogenous CD8⁺ T 

cells do not become activated by HRS cells and fail to respond to PD-1 blockade. 
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Figure S3. Representative flow cytometry analysis of T cell activation following co-
culture with L1236 cells. Primary human endogenous TCR CD8⁺ T were co-cultured for 24 h 
with NY-ESO-1⁺ L1236 cells, either (A) untreated (control) or (B) treated with 15 µg/ml 
Nivolumab. Or (C) endogenous TCR CD8⁺ T cells were cultured with the L1236 B2M KO cells, 
either (C) untreated (control) or (D) treated with 15 µg/ml Nivolumab. CD8⁺ T cells were gated 
and analyzed for 4-1BB expression as a marker of activation. The plots show representative 
results from one experiment, illustrating downregulation of 4-1BB upon co-culture and no 
enhancement by Nivolumab treatment.  
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Supplementary Material 

 

Figure S4. 	Enrichment of CD3⁺ T cells after OKT3/IL-2 activation of PBMCs  

Flow cytometry analysis showing predominant CD3⁺ T-cell population following OKT3/IL-2 
activation of PBMCs prior to magnetic enrichment. Representative gating strategy performed in 
FlowJo v10.10 is shown. (A) Debris was excluded using forward and side scatter (FSC vs. SSC). 
(B) Doublets were removed based on FSC-A vs. FSC-H. (C) CD3⁺ T cells (red histogram) were 
identified using anti-CD3 staining and compared against the corresponding isotype control (blue 
histogram). 
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Figure S5.  Validation of CD56 depletion and CD8⁺ T-cell enrichment during 
generation of endogenous TCR CD8⁺ T cells.  

 (A–B) Following OKT3/IL-2 activation of PBMCs, CD56⁺ cells were depleted to remove NK 
cells and CD56⁺ T-cell subsets. Panel A shows the population before CD56 MACS depletion, and 
Panel B shows the population after depletion. In panel B, overlaid histograms demonstrate 
complete loss of CD56⁺ cells (red) compared with the isotype control (filled gray), confirming 
highly efficient depletion. (C–D) CD56-depleted T cells were subsequently subjected to CD8⁺ 
MACS enrichment to obtain a purified CD8⁺ T-cell fraction—an essential step for the 
downstream isolation of untransduced CD8⁺ NGFR- T cells. Panel C shows the population before 
CD8 MACS enrichment, and Panel D shows the population after enrichment. Overlaid 
histograms depict the CD8⁺ population (red) relative to the isotype control (filled gray), 
demonstrating the successful generation of a highly pure CD8⁺ T-cell subset. Percentages of 
marker-positive cells are indicated; histograms normalized to mode. 
 

 

Figure S6.  Functional validation of viral infectivity from monoclonal PG13 
producer lines. 

(A–D) Following generation of monoclonal PG13 producer lines, supernatants containing 
retroviral particles were tested for transduction efficiency across multiple B-cell lymphoma lines 
to confirm functional infectivity. Transduction was assessed in (A) BL41, (B) Jijoye, (C) Karpas 
1106, and (D) U2940 cells, using NGFR expression as a marker of successful viral integration. 
Overlaid histograms show the NGFR⁺ population (red) compared with the isotype control (filled 
gray), demonstrating robust transduction of each target cell line and confirming the functional 
infectivity of virus produced by PG13 cells. Percentages of marker-positive cells are indicated; 
histograms normalized to mode. 
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Figure S7. Case-wise analysis of PD-1/PD-L1 PLA puncta at CD8–CD163 and 
CD8–CD30 interfaces.  

Bar plots display individual cases ordered by decreasing relative interaction rate at CD8–CD163 
interfaces. For each case, the corresponding interaction rate at CD8–CD30 interfaces is shown 
for comparison. In cases where CD8–HRS interactions were minimal, CD8–CD163 contacts 
showed higher interaction rates, indicating that tumor-associated macrophages can act as 
alternative partners for PD-1/PD-L1 engagement when direct interaction with HRS cells is 
limited. Interaction rate was calculated as described in Section 2.6.7. 
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