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Abstract (English) 
 

Background 

Molecular heterogeneity and variable treatment sensitivity largely account for patients 

with diffused large B-cell lymphoma (DLBCL) failing curative Rituximab- CHOP 

therapy, leading to refractory/relapsed DLBCL with dismal outcomes despite novel 

next-line options. Therapy-induced state switches such as cellular senescence may 

affect the long-term outcome but remain understudied. Therapy-induced senescence 

(TIS) can be marked a double-edged sword, as it is beneficial as a stable arrest program 

but detrimental due to a senescence-associated pro-inflammatory secretome and stem-

like reprogramming. Especially, the T-cell surveillance of senescent B-cell lymphoma 

deserves further investigation. This study explores how T cells can be harnessed to 

eliminate TIS lymphoma cells, with a specific view on the immunostimulation of anti- 

CD19/CD20 × CD3 bispecific antibodies (CD19-BsAb and CD20-BsAb, respectively) 

in this process. 

Methods 

Our published microarray-based gene dataset was used for gene set enrichment analysis, 

functional annotation and clustering analysis. A well-established TIS model, treating 

Bcl2-protected Eµ-myc lymphoma cells with mafosfamide (MAF), was used in co- 

culture with unstimulated pan T cells from lymphoma-naïve strain-matched donor mice 

(unstimulated T cells) in the presence or absence of CD19-BsAb or CD20-BsAb. The 

viability of lymphoma cells and phenotypes of co-cultured T cells were measured by 

flow cytometry. 

Results 

TIS lymphoma cells exhibited enriched immune response-related genetic signatures, 

with an increased expression of MHC-I/II, co-stimulatory factors (CD80, CD86) and 

PD-L1 on the cell surfaces. Unstimulated T cells preferentially killed TIS lymphoma 

cells, which were prone to interact with and activate the T cells. The CD19-BsAb and 

CD20-BsAb boosted the interaction of T cells with TIS lymphoma cells, resulting 
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in enhanced T-cell activation, proliferation and anti-lymphoma cytotoxicity. In addition, 

CD19-BsAb facilitated T cells to interact with proliferating lymphoma cells, leading to 

some immunogenic cell death of non-chemo-exposed lymphoma cells. PD-L1high TIS 

lymphoma cells were less sensitive to T-cell killing ex vivo, even in the presence of 

CD20-BsAb. These findings indicate PD-L1/PD-1 immune checkpoint blockade as a 

critical co-strategy to enhance T-cell killing against TIS lymphoma cells. 

Conclusion 

This study depicted the immunostimulatory and immunoinhibitory signatures in TIS 

lymphoma cells. The T-cell-redirecting CD19-BsAb facilitated unstimulated T cells to 

kill proliferating as well as TIS lymphoma cells, while CD20-BsAb selectively boosted 

the T-cell killing of TIS lymphoma cells. Furthermore, PD-L1 blunted T-cell 

cytotoxicity towards TIS lymphoma cells, suggesting the therapeutic application of PD- 

L1/PD-1 blockade to de-repress senolytic T-cell activity. This study is likely to inspire 

future clinical research on the T-cell-redirecting BsAb in DLBCL care with the aim to 

target TIS lymphoma remainders. 
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Abstract (German) 
 

Hintergrund 

Die molekulare Heterogenität und die unterschiedliche Behandlungssensitivität sind 

der Grund dafür, dass die kurative R-CHOP-Therapie bei Patienten mit diffus 

großzelligem B-Zell Lymphom (DLBCL) versagt. Therapieinduzierte Seneszenz (TIS) 

kann den langfristigen Therapieerfolg beeinflussen, ist aber noch nicht ausreichend 

erforscht. Als stabiles Arrestprogramm ist TIS vorteilhaft, aber aufgrund eines 

Seneszenz-assoziierten proinflammatorischen Sekretoms und einer 

stammzellähnlichen Reprogrammierung auch nachteilig, was sie zu einem 

zweischneidigen Schwert macht. Die T-Zell-Überwachung des seneszenten Lymphoms 

bedarf weiterer Untersuchungen. In dieser Studie wird untersucht, wie T-Zellen genutzt 

werden können, um TIS-Lymphomzellen in Gegenwart von bispezifischen Anti- 

CD19/CD20 × CD3-Antikörpern (BsAb) zu eliminieren. 

Methoden 

Unser veröffentlichter, Microarray-basierter Genexpressions-Datensatz wurde für die 

Analyse der Anreicherung von Gensätzen, funktionelle Annotation und Clustering- 

Analysen verwendet. Bcl2-geschützte Eµ-myc Lymphomzellen, die mit Mafosfamid 

behandelt wurden, dienten als TIS-Modell, und wurden mit unstimulierten T-Zellen 

von Lymphom-naïven Mäusen in An- oder Abwesenheit von CD19-BsAb oder CD20- 

BsAb ko-kultiviert. Die Viabilität der Lymphomzellen und der Phänotyp der T-Zellen 

wurden mittels Durchflusszytometrie gemessen. 

Ergebnisse 

TIS-Lymphomzellen zeigten angereicherte genetische Signaturen im Zusammenhang 

mit der Immunantwort und zeigten eine erhöhte Oberflächenexpression von MHC-I/II, 

CD80, CD86 und PD-L1. Unstimulierte T-Zellen töteten bevorzugt TIS- 

Lymphomzellen, die dazu neigten, mit den T-Zellen zu interagieren und sie zu 

aktivieren. Die CD19-BsAb und CD20-BsAb verstärkten die Interaktion der T-Zellen 

mit den TIS-Lymphomzellen, was zu einer erhöhten T-Zell-Aktivierung, Proliferation 
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und Anti-Lymphom-Zytotoxizität führte. CD19-BsAb erleichterte es den T-Zellen, 

proliferierende Lymphomzellen bis zu einem gewissen Grad abzutöten. TIS- 

Lymphomzellen mit hohem PD-L1-Gehalt waren selbst in Gegenwart von CD20-BsAb 

weniger empfindlich gegenüber der T-Zell-Tötung ex vivo. 

Fazit 

In dieser Studie wurden die immunstimulierenden und immunhemmenden Signaturen 

in TIS-Lymphomzellen dargestellt. CD19-BsAb erleichterte unstimulierten T-Zellen 

die Abtötung der proliferierenden sowie der TIS-Lymphomzellen. CD20-BsAb 

hingegen verstärkte selektiv die T-Zell-Tötung von TIS-Lymphomzellen. Darüber 

hinaus schwächte PD-L1 die Zytotoxizität der T-Zellen gegenüber TIS- 

Lymphomzellen ab, was eine therapeutische Anwendung der PD-L1/PD-1-Blockade 

zur Derepression der T-Zell-Aktivität nahelegt. Diese Studie dürfte die künftige 

klinische Forschung zu den T-Zell-umlenkenden BsAbs in der DLBCL-Behandlung 

inspirieren, mit dem Ziel, TIS-Lymphomreste zu bekämpfen. 
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1. Introduction 
 

1.1. Cellular senescence in lymphoma 

Aggressive non-Hodgkin lymphoma, including its most prevalent subtype diffuse large 

B-cell lymphoma (DLBCL), is diagnosed at a median age of 67 years old [1]. Genetic 

aberration of Bcl2 family members, especially Bcl2 and Bcl6, has been revealed to be 

involved in the pathogenesis of DLBCL [2]. The conventional treatment for patients with 

DLBCL is the R-CHOP regimen (rituximab, cyclophosphamide, 

doxorubicin/hydroxyldaunorubicin, vincristine (oncovin) and prednisolone), with 

around 60% of patients achieving cure after this immunochemotherapy [3]. However, 

due to the heterogeneous pathological features of DLBCL, a sizeable proportion of 

patients fails first-line therapy. Refractory or relapsed lymphoma requires salvage 

regimens such as high-dose chemotherapy with autologous stem cell transplantation or 

chimeric antigen receptor T-cell (CAR T-cell) therapy in curative intent, although the 

majority of these patients will succumb to their disease [4, 5]. Various molecular 

mechanisms and corresponding strategies have been proposed to understand and 

overcome treatment resistance in these patients, such as the usage of pharmaceutical 

therapies to target aggressive mutations. In particular, a general fail-safe process, 

cellular senescence, has been uncovered to play a central role in DLBCLs during disease 

development and as a component of the treatment response [6, 7]. 

Cellular senescence was initially described as a steady cell cycle arrest at the G1 phase, 

which was first discovered in the primary cells that exhibited proliferation limitation in 

the in vitro culture [8]. This phenomenon is termed “replicative senescence”, resulting 

from continuous telomere shortening during cell division [9]. Later, similar phenotypes 

were found in cells exposed to other stimuli, including oncogene activation [10], 

oxidative damage, and irradiation- and chemotherapy-induced DNA damage, which are  

termed “stress-induced senescence” [11]. These stimuli trigger DNA damage response 

(DDR), leading to the activation of the p53 pathway and the ERK/ETS1/2 pathway, 

which ultimately induce the expression of p21CIP1 (also known as CDKN1A) and 
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p16INK4a (also known as CDKN2A), respectively [12, 13]. With the overexpression of 

these two molecules as the blockers of cell cycle progression, cells fail to enter the S 

phase from the G1 phase. Furthermore, unsolvable DDR activates the retinoblastoma 

(Rb) and p53 pathways, and promotes the formation of promyelocytic leukemia nuclear 

bodies, which ultimately leads to senescence-associated heterochromatin foci (SAHF) 

through the ASF1A and HIRA chaperones [14, 15]. Additionally, Suv39h1 (suppressor of 

variegation 3-9 homolog 1), an H3K9 methyltransferase, can bind to the 

hypophosphorylated Rb-E2F complex and initiate H3K9me3 decoration to the 

promoters of the E2F target genes, thereby preventing transcription of the E2F target 

genes and the subsequent S-phase entry [7, 16]. 

Senescence and apoptosis are equally important intrinsic cellular programs that 

terminate the successive expansion of the deleterious mutation-harboring cells, thereby 

serving as a fail-safe to prevent precancerous neoplasms and malignancies [17]. 

Senescent cells, unlike apoptotic cells, are still viable, metabolically active and capable 

of secreting multiple types of soluble factors, known as the senescence-associated 

secretory phenotype (SASP) [18]. Composed of matrix-modifying enzymes, growth 

factors, chemokines and inflammatory cytokines, SASP allows senescence to act as a 

double-edged sword, exerting distinct functions depending on its temporal-spatial 

regulation feature and the state of SASP-recipient cells [19]. Besides the ability to 

communicate with adjacent or distant cells via SASP, senescent cells can establish 

crosstalk with their neighboring cells by modulating protein expression as well as 

antigen presentation on cell surfaces [20], and secreting biologically active materials via 

microvesicles and exosomes [21]. Through intricate cell-cell communication, senescent 

cells create either a pro-inflammatory or anti-inflammatory microenvironment that 

dynamically influences tissue homeostasis and malignant transformation in many 

cancers including lymphoma [19, 22]. 

The impact of senescence on tumor development and anti-cancer therapy has been 

studied in the past, especially in lymphoma as a model entity by our research group [6, 
23-25]. Oncogene-induced senescence (OIS) operates as   an   anti-tumor barrier; 

specifically, N-RAS drives OIS as an obstacle to lymphoma onset through deceleration 
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of invasive T-cell lymphoma outgrowth in Eµ-N-Ras transgenic mice [7]. Suv39h1 or 

p53 is required to limit lymphoma occurrence by stroma-derived TGF-β-induced 

senescence and N-RAS-induced senescence [7, 25], and also to maintain TIS in the Eµ- 

myc transgenic Bcl2-overexpressed lymphomas [26]. Even though senescence is 

depicted as a steady cell cycle arrest to limit aberrant cell cycle progression, our group 

has shown the intrinsic nature of senescent cells to reprogram into de novo stemness – 

senescence-associated stemness (SAS), in addition to the extrinsic model of SASP-

induced stemness [26]. By using conditional genetic switch models that allow control of 

essential senescence mediators such as Suv39h1, p53, JMJD2C and LSD1 to allow cell 

cycle re-entry of senescent cells, we showed that cells harboring a history of senescence 

(post-senescence) exhibit elevated clonogenic growth and malignant phenotype in both 

mouse lymphoma and human melanocyte models [26, 27]. More importantly, the SAS-

relevant Wnt marker β-catenin was found enriched in the relapsed tumors of DLBCL 

patients, suggesting the actual physiological relevance of SAS in human cancer and 

relapse. In addition to cell-intrinsic changes, senescent tumor cells modulate 

neighboring cells within the tumor microenvironment. One important finding from our 

group is that transplanting MyD88-L265P-bearing Eµ-myc transgenic hematopoietic 

stem cells into immunocompetent mice accelerates the occurrence of systemic 

lymphomas. The manifest primary lymphomas harboring either MyD88- L265P or 

CARD11-L244P mutants are found to be senescence-prone and able to avoid the 

adaptive immune surveillance through up-regulating PD-L1 on the lymphoma cells and 

the recruited macrophages in the lymphoma lesions [23]. This is the first demonstration 

of a direct senescence-selective tumor-controlling T-cell surveillance against senescent 

cells. Furthermore, senescence-derived signature SUVERNASS has been shown to 

predict the clinical outcome of patients with lymphoma [6]. The SAS and immune 

surveillance evasion may play independent or synergistic roles in promoting disease 

refractoriness or relapses. Given the persisting nature of senescent cells and their 

complex intercellular interaction with other cell types, particularly immune cells, an in-

depth exploration of senescence cells and their environmental biology is undoubtedly 
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essential to dissect the impacts of chemotherapy-induced senescent lymphoma cells on 

the treatment outcome of DLBCL and hence, ultimately, therapeutic precisions. 

 

1.2. Immune response to senescent cells 

Through the inflammatory factors of SASP and the senescence-associated proteins on 

the cell surface, senescent cells attract multiple types of immune cells and trigger 

diverse immune responses. The innate immune response serves as the first barrier to 

combat pathogens, as well as the fundamental process for recognizing and clearing 

senescent cells, which involves natural killer cells (NK cells), monocytes/macrophages 

and neutrophils [28]. Senescence induced by the CDK4/6- and MAPK-inhibitors in K-

RAS-mutant lung cancer cells can activate NK cells via TNF-α and ICAM-1 (two 

components from SASP), which subsequently leads to the clearance of senescent lung 

cancer cells, and hence tumor regression in vivo [29]. Furthermore, reactivation of p53 

in established hepatocellular carcinoma induces senescence, followed by 

immunosurveillance activation of NK cells, which were mobilized by CCL2 and 

activated by NKG2D ligands, and ultimately tumor regression [28, 30]. Additionally, 

senescent hepatic stellate cells with functional p53 expression secrete IL-6 and IFN-γ, 

thereby inducing macrophage differentiation into an immune-activating M1 phenotype 

to phagocytize senescent cells [31]. The evidence here demonstrates clearly that innate 

immune response plays a necessary part in eliminating senescent cells. 

In addition to innate immunity, the adaptive immune response towards senescent cells 

has also been studied in different senescence models. Preliminary evidence for 

senescence-triggered T-cell response came from the studies of Petti et al. [32] and van 

Tuyn et al. [33]. Petti et al. found that NRASQ61R and BRAFV600E double-mutant melanoma 

cells enter senescence status and exhibit enhanced expression of MHC-I molecules, 

which enable malignant cells to be lysed by the IL-2-activated nonspecific killer cells 

and also the educated specific T cells in vitro [32]. Tuyn et al. reported that MHC-II 

molecule is transcriptionally up-regulated in the NRASQ61K- and BRAFV600E-induced 

senescent human melanocytes as a result of the CIITA expression and IL-1β signal, 
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which leads to T-cell proliferation in vivo and in vitro [33]. Immunosurveillance of 

senescent cells was reported to rely on the persistence of aberrantly expressed p21, a 

critical mediator for regulating cell cycle arrest via Rb signaling. Rb signaling induces 

the secretion of CXCL14 in the mouse model with K-RASG12V-induced senescent 

hepatocytes as a way to polarize macrophages into an M1 phenotype which, as a 

potential primer, correlates with the infiltration by cytotoxic T cells, presumably further 

contributing to the killing of oncogene-bearing hepatocytes [34]. More direct evidence 

of senescence-triggered T-cell response was published by our group in 2021. We found 

that OIS lymphoma-experienced T cells preferentially killed senescent lymphoma cells, 

and achieved their massive lysis of lymphoma cells when receiving the anti-PD-L1/PD- 

1 blockade [23]. Hence, T cells are able to participate in the senescence-associated 

immune response, but further investigation is required to elucidate the impact of 

senescent cells on T cells, as well as the T-cell subsets that are involved in the 

senescence surveillance. 

Due to the dynamic nature of senescence as well as the different contexts in its 

surrounding microenvironment, SASP factors mobilize various immune cells in both 

immune-enhancing and immune-suppressive directions, to eliminate the harmful cells 

in the acute senescence outburst or create a neoplasm-permissive microenvironment in 

the chronic senescence scenario [35]. Therefore, controversial findings exist among 

different studies of the senescence-triggered immune response. Kang TW et al. 

discovered that N-RASG12V-induced senescent hepatocytes evoke a Ras-mutant (but not 

necessarily senescence-specific) adaptive CD4+ helper T-cell response, which further 

recruited and activated monocytes/macrophages to eliminate the pre-cancerous 

senescent hepatocytes, thereby preventing the occurrence of hepatocellular carcinoma 
[36]. However, Eggert T et al. uncovered the bidirectional impacts of senescence- 

triggered immune response on livers with or without neoplasms [37]. In detail, senescent 

hepatocytes secreted CCL2 to attract CCR2+ immature myeloid cells, which 

differentiated into macrophages and eradicated the pre-neoplastic senescent 

hepatocytes, thereby avoiding malignancy occurrence. In contrast, the co-existing 

hepatocellular carcinoma cells impeded the differentiation process of these recruited 
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myeloid cells, which in turn suppressed the cytotoxicity execution of NK cells, hence 

establishing a tumor-promoting microenvironment for hepatocellular carcinoma to 

further progress. Another example of a SASP component with two-way functions in 

regulating senescence immunosurveillance is COX2, which is secreted by the N- 

RASG12V-induced senescent hepatocytes. In this setting, COX2 suppressed the 

recruitment and activation of immature myeloid cells and CD4+ regulatory T cells 

(Tregs), which play immunosuppressive roles in senescence surveillance [38]. This 

immunomodulatory function of COX2 was achieved partly by its downstream molecule 

PGE2. However, in a different experimental setting, the COX2/PGE2 pathway in 

senescent thyrocytes and thyroid cancer cells can induce the differentiation of 

peripheral blood-derived human monocytes towards an immunosuppressive M2 

phenotype, which executed a pro-tumor function in vitro [39]. Hitherto, the senescence- 

triggered immune response can lead to either an anti-tumor or pro-tumor outcome. 

Delineating the decisive mechanism of how senescent cells contribute to good and poor 

disease outcomes is of critical importance to facilitating immunoclearance of senescent 

cells and controlling senescence-induced chronic inflammation with invalid 

immunosurveillance. 

SASP and senescence-associated proteins on the cell surface play major roles in the 

failure of senescence immunosurveillance. For instance, HLA-E, a non-classical MHC 

molecule, was induced in senescent cells via SASP (IL-6, CCL2/MCP-1, IL-8, etc.). 

HLA-E binds to the inhibitory receptor NKG2A on NK cells and CD8+ T cells, resulting 

in the suppression of their effector function, which leads to the clearance failure of 

senescent cells [40]. MMPs from SASP can mediate the shedding of NKG2D ligands, 

which were orchestrated with the impediment of NKG2D receptor-regulated killer cell 

activation, as a way for senescent cells to elude immunosurveillance [41]. More 

importantly, our group reported that PD-L1 was upregulated in the senescence-prone 

lymphomas harboring either MyD88-L265P or CARD11-L244P mutants during the 

process of OIS-triggered T-cell-restricted tumor development [23]. PD-L1, an immune 

checkpoint protein, can inhibit the uncontrolled activation of effector T cells by binding 

to PD-1 on the activated cells [42]. We discovered that OIS-induced PD-L1 on 
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lymphoma cells inhibits the cytotoxic CD8+ T-cell response in the senescence 

immunosurveillance. The PD-L1/PD-1 immune checkpoint blockade releases these 

dysfunctional CD8+ T cells from cytotoxicity suppression, and lyses preferentially, but 

not exclusively, senescent lymphoma cells [23]. Furthermore, the SASP from the therapy- 

induced senescent prostate cancer cells with a defective PTEN gene generates an 

immunosuppressive microenvironment, which recruits CD11b+Gr-1+ myeloid cells 

(granulocytic myeloid-derived suppressor cells, MDSCs) while retaining a small 

number of dysfunctional NK cells, CD4+ T cells and CD8+ T cells [43]. These infiltrating 

MDSCs inhibit the proliferation of CD8+ T cells ex vivo [43]. This finding was 

reproducible in the p27Kip1-induced senescent stromal cell model, which causes the 

recruitment of granulocytic MDSCs and Tregs via IL-6 (a critical component of SASP) 

to restrain the anti-tumor T-cell response [44]. Moreover, CSF1 and IL-1β (SASP 

components) from PTEN loss-induced inflammatory response trigger expansion of 

MDSCs in the prostate, resulting in the failure of tumor immunosurveillance [45]. 

Conclusively, SASP contributes to the immune escape of senescent cells in an internal 

manner by up-regulating the immunosuppressive proteins while reducing the 

immunostimulatory proteins on the cell surfaces, or in an external manner to recruit 

immune cells with immunosuppressive function (e.g., MDSCs, Tregs and M2-like 

macrophages). The PD-L1/PD-1 axis serves as a brake in the immunosurveillance of 

OIS lymphoma and a potential therapeutic target for lymphoma, which requires further 

investigation on the role of the PD-L1/PD-1 axis in other senescence models including 

therapy-induced senescence (TIS). 

1.3. Immunotherapy targeting senescent cells 

Given the aforementioned bi-directional roles of senescent cells and their secretary 

phenotypes on tumor promotion and prevention, the eradication of detrimental 

senescent cells after chemotherapy or manipulation of SASP towards an anti-tumor 

direction may improve treatment outcomes in cancers. 

To achieve the concept of exclusive senescence elimination, our group demonstrated a 

senescence-selective  elimination  method (so-called senolytics)  using glucose 
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utilization blocker and autophagy inhibitor to target the metabolic, reprogrammed 

therapy-induced senescent (TIS) cells [24]. Other senolytics that target the inactive 

apoptosis pathways in senescent cells have been shown to be effective to improve 

cancer control [46], especially in sequential cancer therapy complementary with 

senolytic regimens [47]. Major senolytics include the Bcl2 family antagonist ABT-263 

(Navitoclax), multi-kinase antagonist Dasatinib, p53-regulated apoptosis inducers 

FOXO4-DRI and UBX0101 (MDM2 antagonist), as well as PI3K-mediated survival 

inhibitors Quercetin in combination with Dasatinib, and Fisetin [48]. In various types of 

solid tumors (melanoma, breast cancer and ovarian cancer), the Bcl2 family-targeting 

antagonists, including ABT-263, ABT-199 (Venetoclax) and ABT-737, were 

administered as a sequential therapeutic following senescence-inducing anti-cancer 

treatments, which include chemotherapy (doxorubicin or etoposide), ionizing radiation, 

Aurora kinase inhibitor, poly (ADP-ribose) polymerase 1 inhibitors (PARPi) and 

CDK4/6 inhibitor (Palbociclib). This sequential treatment has been shown to improve 

therapeutic outcomes as well as reduce the toxicity of anti-cancer treatments [49-55]. 

Furthermore, the MDM2 inhibitor functions synergistically with a mitotic kinase Aurora 

A (AURKA) inhibitor in leveraging the disease control of melanomas [56]. This  

treatment modality triggers not only the intrinsic apoptosis process of senescent 

melanoma cells but the extrinsic lysis of these cells by mobilizing the cytotoxic immune 

cells through SASP [56]. Due to their weak specificity to deleterious senescent cells, 

senolytics may cause extensive elimination of senescent cells in vivo, leading to 

unwilling serious side effects in clinical trials [57, 58]. Therefore, senomorphics have been 

designed to modulate precisely one of the components or regulators of SASP. 

Senomorphics are a group of compounds that remodel the senescence 

microenvironment by altering SASP without disturbing the integrity of senescent cells 

and their anti-tumor features [59]. One strategy to modify or reduce SASP production is 

to manipulate the critical regulators of SASP, such as mTOR (rapamycin) [60, 61], p38- 

MAPK (BIRB-796 and UR-13756) [62], NF-κB (BAY 11-7082) [63], JAK2/STAT3 

(ruxolitinib) [64] as well as other small molecules that target BRD4, L1 and STING [20]. 

However, the therapeutic value of these compounds is ambivalent due to the 
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controversial properties of SASP in influencing cancer development at different disease 

stages. Hence, targeting specific components of SASP, such as IL-6 or IL-8, serves as 

another strategy to reverse the tumor-propagating or enhance the tumor-suppressing 

functions of SASP. For instance, the IL-6R neutralizing antibody Tocilizumab, which 

blocks the binding of IL-6 to its receptor, exhibited feasibility and safety in patients with 

recurrent epithelial ovarian cancer when in combination with carboplatin/doxorubicin 

in a phase I trial [65]. Moreover, siRNA-based suppression of IL-8 retards the 

development of ovarian cancer xenografts [66]. Reparixin, an antagonist for the IL-8 

receptors CXCR1/2, was found to be safe with therapeutic potential when administered 

in combination with paclitaxel in a phase Ib clinical investigation of metastatic breast 

cancer [67]. Using a virus-induced senescence (VIS) model, our group found that 

senolytics including Navitoclax, and Quercetin plus Dasatinib, selectively eliminate 

VIS cells, hence leading to successful alleviation of damage-causing inflammation 

response in the lungs of SARS-CoV-2-infected hamsters and mice [68]. Other antagonists 

targeting the immunosuppressive components of SASP, such as TGF-β [69] and NOTCH 
[70], as well as the agonists that enhance the immunostimulating effects of SASP 

(STING [71]), are also under pre-clinical and clinical investigation. Despite the fact that 

these SASP components are not exclusively expressed or secreted by senescent cells, 

the targeted regulation of these molecules may indeed yield promising outcomes 

following the senescence-inducing anti-cancer therapies, especially after the precise 

spatial-temporal description of SASP in different tumor entities. 

Senescence-inducing therapy combined with immunotherapy is an alternative strategy 

to overcome senescence-associated immunosuppression and hence eradicate immuno- 

escaping malignant cells [20]. Increasing studies have shown altered expression of 

senescence-associated surface proteins on senescent cells, including some 

immunoregulatory factors, which inspires the investigation of novel immunotherapies 

to target senescent cells. For instance, up-regulated HLA-E expression on senescent 

cells suppresses the effector function of NK cells and CD8+ T cells by binding to its 

receptor NKG2A on these immune cells [40]. Anti-NKG2A neutralizing antibody 

(Monalizumab) has been demonstrated to boost NK cells to lyse malignant cells in 
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combination with EGFR-inhibitor (Cetuximab), and to further restore the cytotoxicity 

of CD8+ T cells when in combination with anti-PD-L1 blocking antibody (Durvalumab) 
[72]. Another study also showed that MICA and MICB (NKG2D ligands) are 

proteolytically cleaved in senescent cells and hence allow senescent cells to escape 

immunosurveillance [41], which can be abolished by the antibody that targets the α3 

domains of MICA/MICB and prevents their shedding [73]. Immune checkpoint proteins 

are another group of senescence-associated proteins that can be targeted to eliminate 

senescent malignant cells. Our previous work showed that PD-L1 was upregulated in 

the senescence-prone lymphomas with either MyD88-L265P or CARD11-L244P 

mutants [23]. We found that the PD-L1/PD-1 blockade can de-repress the cytotoxic 

potential of senescence-specific CD8+ T cells, leading to lymphoma cell lysis ex vivo 

and disease control in vivo, thereby demonstrating for the first time the potential of 

targeting adaptive immune response by immune checkpoint blockade as new 

“endogenous immunological senolytics” [23]. Furthermore, the therapeutic application 

of the PD-L1/PD-1 blockade has been verified in CDK4/6 inhibition-induced 

senescence scenarios in various malignancies including melanoma [74, 75], lung cancer 
[76] and pancreatic cancer [77]. 

Apart from targeting the immunoregulatory molecules, targeting specific senescence- 

associated proteins on the cellular membranes by antibody- or immune-cell-based 

immunotherapies is an alternative approach to restoring functional immunosurveillance 

of senescent cells. For example, DPP4 was reported to be expressed exclusively on 

senescent fibroblasts. Hence, specific anti-DPP4 antibody results in antibody-dependent 

NK cell-mediated cytotoxicity against senescent cells [78]. 

Another senescence-specific surface protein uPAR was discovered by data mining of 

the RNA sequence from three independent senescence models (replication-/oncogene- 

/therapy-induced senescence) [79]. Based on this finding, uPAR-specific CAR-T cells 

were generated and reported to effectively eliminate senescent cells in the benign 

disease as well as the malignancy models, leading to the alleviation of liver fibrosis and 

survival extension of mice with lung adenocarcinoma after chemotherapy [79]. The 
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promising achievement of this novel CAR-T cell therapy encourages scientists to 

dissect the surfaceome of senescent cells, especially focusing on the senescence- 

associated or -specific peptides presented by MHC molecules on the cell surfaces. 

Correspondingly, the identification of senescence-specific T-cell clones and their TCR 

sequences may foster the development of immunotherapy to eliminate undesirable 

senescent cells [80]. Moreover, the immunogenicity alteration of senescent cells suggests 

the potential of T cell-redirecting bispecific antibodies in the clearance of senescent 

cells. 

 
 

1.4. T cell-redirecting bispecific antibodies in lymphoma treatment 

The bispecific antibodies (BsAbs) were first introduced and recombined by A. Nisonoff 

and M. M. Rivers, using two different antigen-binding fragments from polyclonal 

antibodies to form F(ab’)2 molecules in 1961 [81]. As antibody-engineering platforms 

have advanced, more than 100 formats of BsAbs have been manufactured so far to 

simultaneously target two types of antigens on the same cells (cis-co-engagement) or 

on different cells (trans-co-engagement) [82, 83]. The most widely studied BsAbs are 

constructed to bridge immune effector cells (NK cells, T cells and myeloid cells) to 

tumor cells, thereby attracting, redirecting, activating and/or derepressing the immune 

cells to lyse tumor cells [83]. 

The concept of redirecting T cells to target cells using BsAbs was first applied in cancer 

immunotherapy. T cell-redirecting BsAbs have one arm binding to the extracellular 

subunits of CD3 (usually CD3ε) on T cells and the other arm binding to the tumor- 

associated antigens (TAAs) on malignant cells [84]. Upon bridging the tumor cells and 

T cells, the T cell-redirecting BsAbs activate T cells while bypassing the MHC- 

specificity restriction, leading to lysis of the engaged tumor cells. These recruited T 

cells are mostly non-tumor-specific T cells, which execute their cytotoxicity efficiently 

after the formation of immunological synapses that are different from the naturally 

formed immunological synapses [85]. The activation of the BsAb-engaged T cells is 

independent of the specific recognition and interaction of TCRs to their matched 
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peptide-MHC complexes, therefore overcoming the immune evasion property of tumor 

cells with downregulated surface expression of MHC molecules [86]. 

Blinatumomab is an anti-CD19 × CD3 bispecific T-cell engager (BiTE) with small- 

sized single-chain variable fragments (scFvs), which are constructed by connecting the 

variable regions of the immunoglobulin heavy and light chains with a peptide linker [87]. 

Due to a lack of the Fc domain, blinatumomab has a short serum half-life (around 1.2 hours) 

in patients receiving a continuous intravenous infusion [88]. Blinatumomab is the first 

BsAb approved by the FDA for the salvage treatment of refractory/relapsed B-cell acute 

lymphoblastic leukemia (R/R B-ALL) [89]. Four independent clinical trials of 

blinatumomab in refractory/relapsed B-cell non-Hodgkin lymphoma (R/R B-NHL) have 

revealed an overall response rate (ORR) of 37% to 69% and even durable disease 

alleviation in some patients, but results in DLBCL have been overall moderate and rather 

disappointing [90-93]. Moreover, a higher dose of blinatumomab is needed to treat R/R B-

NHL than R/R B-ALL, partly because of its short half-life [94]. This disadvantage may be 

overcome by introducing a modified Fc fragment without the capacity to be captured by 

Fc receptors, such as the Fc-silent domain. Mosunetuzumab (Lunsumio), a humanized 

anti-CD20 × CD3 BsAb, has been authorized by the European Medicines Agency for 

the treatment of adult relapsed/refractory follicular lymphoma [95]. Other types of anti-

CD20 × CD3 IgG1-like BsAbs are still under clinical investigation for the treatment of 

B-cell lymphoma, including Epcoritamab [96], Odronextamab (REGN1979)[97] and 

Glofitamab (RG6026) [98]. These BsAbs show promising efficacy as a salvage therapy 

for R/R B-cell NHL patients who had been heavily pretreated with conventional treatment 

modalities and even CAR-T cell infusion, achieving an ORR of 20% to 76% and a 

complete response (CR) rate of 14% to 48% in the DLBCL subgroup. Mosunetuzumab 

was also tested as a first-line treatment for elderly DLBCL patients who were ineligible 

for standard immunochemotherapy [99]. This clinical trial (NCT03677154) showed that 

mosunetuzumab is well tolerated among the treated patients and yields an ORR of 58% 

(11/19) and a CR rate of 42% (8/19). Most BsAbs are administered intravenously, hence 

the subcutaneously administered BsAb epcoritamab offers applicable convenience, 

lowers the possibilities of severe cytokine release syndrome and was shown to yield an 
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ORR of 76% (19/25) with a CR rate of 32% (8/25) in patients with R/R DLBCL [100]. 

In our previous study, we clearly demonstrated the use of the TIS signature 

“SUVARNESS” to predict the prognosis of DLBCL patients [6].  

Having acknowledged the elevated immunogenicity of senescent tumor cells as well as 

their altered profile of immunoregulatory surface molecules on the cell surface, along 

with our previous observation that senescent cells elicited the T-cell response, the 

evidence collectively pinpoints the potential use of T cell-redirecting BsAbs as 

senolytics to eliminate post-treatment senescent cells, which may lower post-treatment 

inflammation and possibly prevent cancer recurrence. However, whether or not BsAbs 

may facilitate the clearance of chemotherapy-induced senescent cells is unknown, and, 

hence, the focus of this thesis. 
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2. Hypothesis 
 

The scientific objective of this dissertation is to understand how chemotherapy-induced 

senescent B-cell lymphoma cells react to T-cell surveillance ex vivo, and the efficacy 

of anti-CD19 × CD3 and anti-CD20 × CD3 BsAbs (hereafter CD19-BsAb and CD20- 

BsAb, respectively) in influencing the cytotoxic function of unstimulated T cells 

towards senescent lymphoma cells. 

Malignant B cells from lymphoma express both MHC-I and MHC-II molecules, 

therefore being recognized as one particular cancer type with antigen-processing 

functions [101] and the potential to prime T cells to initiate adaptive immunosurveillance.  

However, several strategies were used by these malignant B cells to escape 

immunosurveillance via “hiding” or “defending” themselves [102]. The “hiding” strategy 

refers to the intrinsic changes of tumor B cells to become less recognizable to immune 

cells. For instance, B-cell lymphoma cells lose or down-regulate their surface 

expression of MHC-I/MHC-II molecules for lesser antigen presentation, the co-

stimulatory factors (CD80, CD86) for weakening the signal 2 of T-cell activation, and 

the adhesion molecule ICAM-1 (CD54) for reducing binding to LFA-1 on immune cells 
[103]. Approximately 55% to 75% of DLBCL lesions lose the surface expression of 

MHC-I due to the mutations of the β2-microglobulin gene (B2M) [104] or the loss of the 

MHC-I gene [105]. MHC-II loss was found in 20% of DLBCL lesions [106] as a result of 

Crebbp-mutant-causing transcriptional deregulation [107] or cytoplasmic mislocalization 

of MHC-II molecules [108], the latter of which was associated with the double 

overexpression of the C-myc and Bcl2 genes. The “defending” strategies for 

lymphomas to survive immunosurveillance include their acquisition of apoptosis 

resistance and expression of inhibitory factors that lead to a suppressive 

immunoenvironment. The loss or mutations of the Fas (CD95) gene [109-111], which 

encodes a receptor for the FAS/FASL extrinsic cell death pathway, were found in around 

50% of  the extra-nodal DLBCL lesions and associated with a poorer prognosis for 

DLBCL patients. The intrinsic apoptosis pathway is predominantly modulated by 
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the Bcl2 family proteins [89], with Bcl2 protein as the principal anti-apoptosis 

regulator. The t(14;18) translocation is one of the critical genetic features in a subgroup 

of DLBCLs, occurring in 34% of the germinal center B-cell-like DLBCL [112]. The 

t(14;18) translocation results in a genetic tandem of the enhancer of the 

immunoglobulin heavy- chain (IgH) gene with the Bcl2 gene, leading to an 

overexpression of Bcl2 that protects malignant B cells from the intrinsic apoptosis 

pathway triggered by various stimuli [113]. Furthermore, malignant B cells can express 

or secrete an abundance of molecules to inhibit the tumor immunosurveillance. For 

instance, PD-L1/L2 proteins are frequently expressed in DLBCL lesions, including 

the malignant B cells themselves and their surrounding immune cells [23, 114]. The 

expression of PD-L1, either locating on the cell surfaces or being a soluble protein, is 

a prognosis marker predicting the poor treatment outcomes of DLBCL patients [115-118]. 

Moreover, tumor B cells can express CD47 to interact with signal-regulatory protein-

α (SIRPα) and provide a “don’t eat me” signal to the macrophages [119, 120], or express 

FasL to induce cell death to their engaging immune cells [71-74, 121]. Last but not least, 

some cytokines or molecules (IL-10, TNF-α and IDO) can generate an 

immunosuppressive microenvironment [122, 123]. Generally, the immune 

microenvironment in the majority of DLBCLs is “non-inflammatory” or “non-

inflamed”, and only a small proportion of DLBCL cases exhibit an “inflammatory” or 

“inflamed” immune landscape [124]. Steen C et al. conducted large-scale profiling of cell 

states and cellular ecosystems to uncover the functionally relevant clusters of 

distinct immune microenvironments in DLBCLs, and provided a comprehensive 

evaluation system (Lymphoma EcoTyper) for identifying therapeutic targets of 

DLBCLs [125]. This classifier of DLBCLs integrates the cell states of malignant B-cell 

and 12 other cell lineages within the lymphoma microenvironment with the interactions 

between different cell types, depicting the relevance of the DLBCL ecosystems to the 

heterogenicity of clinical outcomes, which further emphasizes the unneglectable role 

of the tumor microenvironment, especially the immune microenvironment, in the 

treatment response of DLBCLs. Since the immune landscape of  DLBCL is shaped by a 

complex molecular or cellular network, a more in-depth characterization of the altered 
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immunogenicity of DLBCL before and after anti-cancer therapy is also required. 

Besides the endogenous features of malignant B cells, the R-CHOP-based chemo- 

immunotherapy can also alter the immune landscape of DLBCL lesions by influencing 

the tumor cells and their neighboring cells. On one hand, chemotherapy triggers the 

apoptosis and senescence of malignant cells to alleviate tumor burden, which is 

accompanied by the release of tumor-specific- or tumor-associated antigens that may be 

presented by cross-primed bystander cells, leading to the potential initiation of 

immunosurveillance. On the other hand, malignancy-induced- or chemotherapy- 

triggered immunosuppression can undermine the surveillance of immune cells towards 

the damaged or intact tumor B cells. The chemotherapy-induced phenotypic changes of 

tumor cells, e.g., chemotherapy-induced senescence, can be exploited by malignant B 

cells for reprogramming to acquire a senescence-associated stemness, leading to 

disease recurrence [26]. Furthermore, TIS may generate alternative surface proteins and 

SASP that contain a variety of pro-inflammatory cytokines, which potentially alters the 

immune landscape of malignancies including B-cell lymphomas, providing new targets 

for novel immunotherapies in the clinical management of malignancies. 

The T cell-redirecting bispecific antibodies (BsAbs), with one arm targeting CD3 on T 

cells and the other arm targeting tumor-associated antigens on malignant cells, mediate 

the interaction of tumor cells with T cells, including tumor-specific T cells and non- 

tumor-specific T cells, the latter of which is in the majority. Upon bridging T cells to 

tumor cells, BsAbs help to form the “artificial” immunological synapses between T 

cells and tumor cells in the presence of appropriate costimulatory signals, which bypass 

the specificity restriction of the peptide-MHC complexes to their specific TCRs [126]. 

Afterwards, these polyclonal T cells are activated and able to execute their cytotoxic 

function towards their engaging tumor cells. The CD19-BsAb and CD20-BsAb are 

designed to redirect T cells to target lymphoblastic leukemia cells and lymphoma cells. 

Humanized CD19-BsAb and CD20-BsAb exhibited efficacies and certain promising 

outcomes in heavily pre-treated R/R DLBCL patients and elderly DLBCL patients 

without pre-treatment (see Introduction 1.4 for more details). These findings inspired 

us to study the senolytic effects of CD19-BsAb and CD20-BsAb on the TIS lymphoma 
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cells. 

The T cell-redirecting CD19-BsAb and CD20-BsAb in this study were obtained from 

Absolute Antibody [127, 128]. These recombinant monoclonal BsAbs are constructed 

based on murine IgG2a, with one Fab segment (≈50kDa) targeting mouse CD19 (Clone 

6D5) or CD20 (Clone 18B12), one single-chain Fv (scFv) segment (≈25kDa) targeting 

mouse CD3ε (Clone 145-2C11), and the Fc segment (≈50kDa) (Figure 1). The 

heterodimeric BsAbs (Fab/scFv-Fc), therefore, are monovalent with two specificities. 

The Fc segments of CD19-BsAb and CD20-BsAb in this study bear knob-into-hole 

(KIH) and Fc SilentTM mutations. The KIH strategy introduces mutations in the heavy 

chains to change amino acids at the CH3 domain on monoclonal antibody 1 (mAb1) 

and the CH2 domain on monoclonal antibody 2 (mAb2), thereby creating the “knob” 

and “hole” on the heavy chains of mAb1 and mAb2, respectively. The KIH mutation 

enables a preferential formation of heterodimers rather than homodimers [129]. The Fc 

SilentTM mutation minimizes the binding of BsAbs to Fc receptors (FcR and FcγR). 

Therefore, the Fc SilentTM mutation abrogates the unspecific binding of BsAbs to non- 

target cells and reduces the antibody-mediated phagocytosis and cytotoxicity of effector 

cells towards BsAb-binding non-target cells. Moreover, the Fc SilentTM mutation can 

extend the half-life of IgG-like BsAbs in vivo compared to BiTEs without Fc domains. 

In this study, we hypothesize that therapy-induced senescent lymphoma cells exhibit an 

immunostimulatory feature to trigger primary T-cell surveillance, which can be 

amplified by the application of CD19-BsAb and CD20-BsAb, leading to immunogenic 

senescence elimination. 

 

Figure 1. Schematic of anti-CD19 × CD3 and anti-CD20 × CD3 bispecific antibodies. 
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3. Materials and methods 
 

3.1. Materials 
 

3.1.1. Equipment 
 

Equipment Full name Provider 
Autoclave Laboklav SHP Steriltechnik AG 

Balance Analytical balance (ABS 120-4N) Kern 
Mettler PE 1600 Mettler Toledo 

Cell counter LUNA® automated cell counter Logos Biosystems 

Cell imagers IncuCyte® Live-Cell Analysis Instrument 
(SX1) Sartorius 

Cell imagers EVOS™ XL Core Imaging System Thermo Fisher Scientific 
 Heraeus Fresco 17 centrifuge Thermo Scientific 
 Heraeus Megafuge 16R centrifuge Thermo Scientific 
 Megafuge 1.0R Heraeus 
 Cytospin centrifuge Rotina 35R Hettich 
Centrifuges Sorvall™ Legend™ Micro 21 

Microcentrifuge Thermo Scientific 

 
Mini centrifuge Nippon Genetics Europe 

GmbH 
 Mini star microcentrifuge VWR 
CO2-incubator for cells Series CB-S Solid. Line | CO₂ incubator Binder 
Fluorescence 
microscope Olympus CKX41 Olympus 

Flow cytometer Guava easyCyte™ 12HT Systems Luminex 

Freezer -20°C ProfiLine freezer Liebherr 
-86°C ultralow temperature freezer Glacier 

Freezing container Mr. Frosty Thermo Fisher Scientific 
Fume hood Variolab mobilien w90 Waldner 

 beaker (mL, mL and mL)  
 Duran Bottles (mL, mL and mL) Duran® Hirschmann® EM 

Technology Germany Glass devices Erlenmeyer flask (mL, mL and mL) 
 Glass Pipettes (5 mL) 
 Graduated Cylinder  

Heated magnetic stirrer Heidolph MR Hei-Tec heatable magnetic 
stirrer Fisher Scientific 

Hemocytometer 0.0025mm2 OPTIK-Labor 
Hood for cell culture Labgard class II biological safety cabinet Nuaire 
Incubator for bacteria Bacteria incubator (Function Line) Heraeus Instruments 
Liquid nitrogen 
container 

MVE 1500 Series-190°C high efficiency 
freezer Chart 
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MACS dissociator gentleMACS Dissociator Miltenyi Biotec 
Magnet - Miltenyi Biotec 
Magnetic stand - Miltenyi Biotec 
Microscopes Compact inverted microscope ZEISS Primovert 
NanoDrop 
Spectrophotometer NanoDrop 2000™ Spectrophotometer Thermo Fisher Scientific 

pH-meter MP220 Basic pH/mV/°C Meter Mettler Toledo 
Pipette controller PIPETBOY acu 2 Integra Biosciences 
Pipettes Research® plus - mechanical Pipettes Eppendorf 
Refrigerator - Liebherr 
Shaker for bacteria Incubator shaker series Eppendorf 
Sorter S3e Cell Sorter Bio-Rad 
Thermomixer Thermomixer comfort 1.5ml Thermal shaker Eppendorf 
Vortex mixer Vortex-Genie 2 Scientific Industries 
Water bath - GFL 

 
 

3.1.2. Plasmids 
 

Plasmid Overexpressing gene Antibiotic resistance gene 
Helper - - 
MSCV-Bcl2 murine Bcl2 - 
MSCV-Bcl2-GFP murine Bcl2 - 
MSCV-Bcl2-BSD murine Bcl2 Blasticidin 
MSCV- Bcl2-Puro murine Bcl2 Puromycin 
MSCV-empty-BSD - Blasticidin 
MSCV-empty-Puro - Puromycin 

 
 

3.1.3. Chemicals 
 

Name Empirical Formula Provider 
2-Mercaptoethanol C2H6OS Carl Roth 

4-Hydroxytamoxifen C26H29NO2 
Sigma- 
Aldrich 

5-bromo-4-chloro-3-indolyl-β-D- 
galactosidase (X-β-Gal) C14H15BrClNO6 Carl Roth 

Agar - Sigma- 
Aldrich 

Calcium chloride dihydrate CaCl2 · 2H2O Carl Roth 

Chloroquine diphosphate salt C18H26ClN3 · 2H3PO4 
Sigma- 
Aldrich 

Dimethyl Sulfoxide (DMSO) (CH3)2SO 
Sigma- 
Aldrich 

Di-Sodium hydrogen phosphate dihydrate Na2HPO4 · 2H2O Carl Roth 
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Ethanol (absolute) C2H6O Carl Roth 

Ethylenediaminetetraacetic acid (EDTA) (HO2CCH2)2NCH2CH2N(CH2CO2H)2 
Sigma- 
Aldrich 

Glutaraldehyde OHC(CH2)3CHO Carl Roth 
HEPES C8H18N2O4S Carl Roth 

Hydrochloric Acid HCl Carl Roth 

LB Medium - Carl Roth 
Magnesium chloride hexahydrate MgCl2·6H2O Carl Roth 
Methanol CH3OH Carl Roth 

Neomycin sulfate C23H46N6O13 · xH2SO4 
Sigma- 
Aldrich 

Paraformaldehyde (PFA) HO(CH2O)nH 
Sigma- 
Aldrich 

poly-D-Lysine hydrobromide D-Lys-(D-Lys)n-D-Lys · xHBr Sigma- 
Aldrich 

Potassium chloride KCl Carl Roth 
Potassium dihydrogen phosphate KH2PO4 Carl Roth 

Potassium hexacyanoferrate (III) K3Fe(CN)6 
Sigma- 
Aldrich 

Potassium hexacyanoferrate(II) trihydrate K4[Fe(CN)6] · 3H2O 
Sigma- 
Aldrich 

Sodium azide NaN3 
Sigma- 
Aldrich 

Sodium chloride NaCl Fluka 
Sodium hydroxide NaOH Carl Roth 

Trypan Blue C34H24N6O14S4Na4 
Sigma- 
Aldrich 

Tryptone - Millipore 
Yeast extract - Carl Roth 

 
 

3.1.4. Reagents 
 

Name Provider 
Ampicillin Sigma-Aldrich 
anti-CD19 × CD3 bispecific antibody Absolute Antibody 
anti-CD20 × CD3 bispecific antibody Absolute Antibody 
anti-CD20 antibody Absolute Antibody 
anti-CD20 antibody Fc-silent Absolute Antibody 
anti-fluorescein × CD3 bispecific antibody (isotype control) Absolute Antibody 
Blasticidin InvivoGen 
Bovine serum albumin fraction V Roth 
Carbenicillin Sigma-Aldrich 
CellTrace™ Far Red Cell Proliferation Kit, for flow cytometry Invitrogen™ 
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DMED medium (high glucose) Gibco™ 
Dynabeads™ Mouse T-Activator CD3/CD28 for T-Cell 
Expansion and Activation 

Thermo Fischer 
Scientific 

Fetal bovine serum (FBS) PAN Biotech 
Fluorescence mounting medium Dako 
G418 (Geneticin) InvivoGen 
Ghost Dye™ (Violet 450, Red 780) Tonbo biosciences 
Guava® ViaCount™ Reagent Luminex 
IMDM medium Gibco™ 
Insulin-Transferrin-Selenium (ITS -G) (100×) Gibco™ 
Interleukin-2, mouse (mIL-2) Sigma-Aldrich 
L-Glutamine (200 mM) Biochrom 
Mafosfamide cyclohexylamine Niomech 
MEM non-essential amino acid solution (100×) Sigma-Aldrich 
Penicillin-streptomycin (100 ×) Biochrom 
Polybrene Sigma-Aldrich 
Purified Rat Anti-Mouse CD16/CD32 (Mouse BD Fc 
Block™) 

 
BD Pharmingen 

Puromycin InvivoGen 
Red blood cell lysis buffer Sigma-Aldrich 
Saponin solution (10×) Thermo Scientific 
Sheath Fluid BD Biosciences 
Sodium pyruvate solution Sigma-Aldrich 
Trypsin/EDTA solution (10×) Biochrom 

 
 

3.1.5. Antibodies for flow cytometry 
 

Name Clone Host Fluorescent 
conjugate Dilution Provider 

anti-mouse 
B220/CD45R RA3-6B2 Rat PE 1 : 500 BD Biosciences 

anti-mouse Bcl2 REA356 Human APC 1 : 50 Miltenyi Biotec 

anti-mouse CD19 6D5 Rat Alexa Fluor® 
647 1 : 800 Biolegend 

anti-mouse CD20 SA275A11 Rat APC, PE 1 : 100 Biolegend 
anti-mouse CD25 PC61 Rat PE 1 : 200 BD Biosciences 
anti-mouse CD273 (PD- 
L2) MIH37 Rat APC 1 : 20 Miltenyi Biotec 

anti-mouse CD274/PD- 
L1 MIH5 Rat APC 1 : 100 BD Biosciences 

anti-mouse CD279/PD-1 J43 Armenian hamster APC 1 : 100 eBioscience 
anti-mouse CD3 145-2C11 Armenian hamster PE 1 : 50 eBioscience 
anti-mouse CD4 GK1.5 Rat PE 1 : 600 BD Biosciences 
anti-mouse CD4 GK1.5 Rat APC 1 : 1200 eBioscience 
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anti-mouse CD69 H1.2F3 Armenian hamster APC, APC-Cy7 1 : 200 Biolegend 
anti-mouse CD80 (B7-1) 16-10A1 Armenian hamster APC 1 : 200 eBioscience 
anti-mouse CD86 (B7-2) IT2.2 Mouse PE 1 : 50 eBioscience 
anti-mouse CD86 (B7-2) GL-1 Rat APC 1 : 200 eBioscience 
anti-mouse CD8a 53.6.7 Rat FITC, PE, APC 1 : 100 BD Biosciences 
anti- mouse IgG2a, λ B39-4 Rat APC 1 : 100 BD Biosciences 
anti-mouse MHC-I (H- 
2Db) 28-14-8 Mouse APC 1 : 400 eBioscience 

anti-mouse MHC-II (I- 
A/I-E) 

M5/114.15. 
2 Rat APC 1 : 3000 eBioscience 

anti-human IgG1, κ X40 Mouse APC 1 : 100 BD Biosciences 

anti-human PD-L1 MIH1 
(RUO) Mouse APC 1 : 100 BD Biosciences 

 
 

3.1.6. Lab consumables 
 

Consumables Format Provider 

Cell culture plate Sterile cell culture plate, 6l/12/24/48-well plates, and 96- 
well flat-bottom/round-bottom plates TPP 

Cell stainer Nylon mesh 40 mm BD Falcon 
Counting slides Luna Cell Counting slides BioCat 
Cryotubes 2mL Roth 

Filters Spritzenfilter ROTILABO® PVDF, 0.22 µm and 0.45 
µm Roth 

Forceps - Germany 
Stainless 

Gloves S, M, L Roth 
MACS tubes gentleMACS™ C Tubes Miltenyi Biotec 
Magnetic column MS, LS Miltenyi Biotec 

Needles 25 G 5/8", 26 G 1/2", 27 G 1/2" BD 
MicrolanceTM 3 

Petri dish 10cm Fisher Scientific 

Pipette tips SafeSeal-Tips Professional, sterile (10 mL, 100 mL and 
1mL) Biozym 

Scalpels - B. Braun 

Scissors - Germany 
Stainless 

Syringes sterile syringes (1mL, 10mL and 30mL) BD Syringe 
Tubes eppendorf tubes (1.5mL, 2.0mL and 5.0 mL) Sarstedt 

 
Falcon tubes (15mL and 50mL) Life Science 

Corning 
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3.1.7. Formulas of buffers and solutions 
 

Buffer Formula 
0.5M EDTA 186.1g EDTA in 1L double distilled water (ddH2O) 

1× PBS (pH=7.4) 8g NaCl + 201.3mg KCl + 1.4g Na2HPO4 + 272.2mg 
KH2PO4 in 1L MilliQ H2O 

 
1× X-Gal solution for SA-β-gal staining 

0.5mL 20× KC solution + 0.25mL 40× X-Gal gel in 
9.25mL PBS solution (pH=5.5 for murine cells, and pH=6 
for human cells) 

1M MgCl2 101.6g MgCl2·6H2O in 500mL MilliQ H2O 

2× HBS solution 298mg HEPES, 409mg NaCl, 6.7mg Na2HPO4 in 25mL 
MilliQ H20 (pH=7.05) 

20× KC solution 820mg K3Fe(CN)6 + 1050mg K4Fe(CN)6·3H2O in 25ml 
1× PBS 

40× X-Gal gel 40mg X-Gal in 1mL N,N-dimethylformamide 
Calcium phosphate-based transfection 
buffer 

20ug target DNA + 15ug Helper DNA + 62.5uL 2M 
CaCl2 solution + Sterile H2O to a total volume of 500uL 

Cell isolation buffer 0.5% BSA + 2mM EDTA in 1× PBS solution 

Fixative solution for SA-β-gal staining 0.25% glutaraldehyde + 2% PFA in 1× PBS solution 
(pH=5.5 for murine cells, and pH=6 for human cells) 

Flow cytometry (FCM) staining buffer 0.5% BSA + 0.04% sodium azide in 1× PBS solution 

LB Agar 10g tryptone + 5g yeast extract + 10g NaCl + 15g Agar in 
1L H2O 

LB medium 10g tryptone + 5g yeast extract + 10g NaCl in 1L H2O 
 
 

3.1.8. Kits 
 

Name Provider 
CD19 MicroBeads, mouse Miltenyi Biotec 
Dead Cell Removal Kit Miltenyi Biotec 
HiPure Plasmid Filter Maxiprep Kit (25 Preps) Thermo Fisher Scientific 
Pan T Cell Isolation Kit II, mouse Miltenyi Biotec 
PureLink™ HiPure Plasmid Maxiprep Kit Thermo Fisher Scientific 

 
 

3.1.9. Software 
 

Software Provider 
BioRender BioRender 
EndNote Thomson Reuters 
FlowJo_v10.8.1 FlowJo 
GraphPad Prism 8 GraphPad 
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ImageJ National Institutes of Health 
IncuCyte® Live-Cell Analysis software Sartorius 
Microsoft Excel 2015 Microsoft 
Microsoft PowerPoint 2015 Microsoft 
Microsoft Word 2015 Microsoft 

 
 

3.2. Methods 
 

3.2.1. Mouse strains 

Experimental mice were housed in a specific pathogen-free (SPF) barrier environment 

at the Charité Research Facility for Experimental Medicine (FEM) according to the 

guidelines from governmental health review board (Landesamt für Gesundheit und 

Soziales (LAGeSo)). Food and drinking water were provided, and the ambient 

temperature for mice was set as 20 ± 2℃ with 40 - 60% humidity. All mouse 

experiments were approved by the LAGeSo and conducted accordingly. Eµ-Myc 

transgenic mice and Eµ-Myc; Suv39h1Y/- transgenic mice were established as previously 

reported [130, 131], and the genotyping was confirmed via allele-specific genomic PCR. 

Female mice aged 6-8 weeks old were used for in vivo lymphoma propagation, and 

those aged 8-12 weeks old were used for spleen harvest and pan T-cell isolation (when 

otherwise, it is specifically indicated in the figure legends). For lymphoma propagation, 

mice were transplanted with the isolated primary lymphoma cells from Eµ-Myc 

transgenic mice via tail vein injection (1 × 106 cells in 100µL/mouse). Upon regular 

monitoring, mice were sacrificed when lymphoma manifested. All mice were humanely 

sacrificed using CO2 after anesthesia with isoflurane as scheduled or when lymphoma 

manifested or sickness appeared in the recipient mice. 

 

3.2.2. Lymphoma cell isolation 

The primary lymphoma cells were isolated from the Eµ-myc transgenic mice, which 

was conducted according to a well-established protocol in our lab as previously 

reported [132]. Briefly, the enlarged lymph nodes (axillary and inguinal lymph nodes) 

can be dissociated from the mice to obtain single-cell suspension using the 

gentleMACS dissociator. CD19 microbeads were used to further purify the B cells, the 
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purity of which was then investigated via flow cytometry. 

 
 

3.2.3. Primary cells and cell lines 

To bypass the apoptosis pathway and induce extensive senescence, the isolated primary 

lymphoma cells were given Bcl2-MSCV-plasmid retroviral transduction (with different 

selection markers: GFP / puromycin-resistance / blasticidin-resistance), as described 

in Section 3.2.4. The lymphoma cells were cultured with feeder cells in complete culture 

medium (20% fetal bovine serum, 40% DMED medium (high glucose) and 40% IMDM 

medium) supplemented with penicillin-streptomycin (100 Units/ml), L-Glutamine (4 

mM) and β-mercaptoethanol (25 µM). The PhoenixTM-Eco retrovirus producer cells and 

human colorectal cancer cell line (SW480) were cultured in the same medium as the NIH-

3T3 cells (10% FBS, 90% DMED medium (high glucose) and 1% penicillin-

streptomycin). All the cells were maintained in a humid incubator at 37℃ with 5% 

CO2. Cells were frozen in the 10% DMSO-containing fetal bovine serum and stocked in 

a liquid nitrogen container for long-term storage. Conditioned medium from the cultured 

cells was regularly tested for mycoplasma contamination. 

 
 

3.2.4. Feeder cell preparation 

NIH-3T3 mouse embryonic fibroblast cells were cultured in the complete medium. 

Upon reaching an exponential growth phase, NIH-3T3 cells were processed to 

irradiation for feeder cell preparation as previously reported [133]. 

 
 

3.2.5. Transformation, plasmid purification, transfection and retroviral transduction 

The helper plasmids and the Bcl2-overexpressing plasmids were constructed based on 

the murine stem cell retrovirus (MSCV) backbone, which was ordered from Clontech. 

To prepare plasmids, chemically competent cells (JM109, from Zymo Research) were 

transformed with 1 µL of the original plasmid stock and inoculated on a carbenicillin-

containing LB Agar gel on a petri dish for 12 to 14 hours at 37℃. The next day, 2-3 
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clones were selected to further expand the target DNA-carrying bacteria in a 

carbenicillin-containing LB medium at 37℃ for 12 to 14 hours. Afterwards, the cultured 

medium was centrifuged at 10,000g for 30 minutes to collect the pellets, which were 

then processed to plasmid purification using a filter-based plasmid purification kit in 

accordance to the provider’s instructions. Eventually, the plasmids were dissolved in 

sterile ultra-pure water, and their concentrations were determined via a 

spectrophotometer. Afterwards, the plasmids were aliquoted and stored in a -20℃ 

freezer. 

PhoenixTM-Eco retrovirus producer cells were transiently transfected with MSCV- 

based plasmids using the calcium phosphate method. The retroviral supernatant was 

collected after 48 hours and 72 hours upon transfection, and then used for transducing 

the freshly thawed primary Eμ-Myc lymphoma cells. Consequently, Bcl2; Eμ-Myc 

lymphoma cells (Bcl2-protected Control LCs) and Bcl2; Suv39h1Y/-; Eμ-Myc 

lymphoma cells (Bcl2-protected Suv39h1Y/- LCs) were established and used in this 

project. 

 
 

3.2.6. Establishment of therapy-induced senescence (TIS) 

The Bcl2-protected lymphoma cells were treated with MAF (mafosfamide, 10 µg/mL), 

a cyclophosphamide (CTX) analog that is broadly used to treat tumor cells in vitro due 

to its active properties and spontaneous degradation into 4-hydroxy- cyclophosphamide. 

After being exposed to MAF for 3 days, cells were proceeded to CellTraceTM dye 

staining according to the provider’s protocol. CellTraceTM dye is one of the commonly 

used cell-tracing amine-binding dyes that yield strong fluorescence once cleaved by 

intracellular esterases. The fluorescent signal of CellTraceTM dye-labeled parental 

cells can be separated and passed to their daughter cells, thereby helping to investigate 

the division of cells based on the reduced fluorescence intensity of the labeled cells. 

Therefore, the undivided cells (e.g., TIS cells) retained the dye and displayed intense 

fluorescence after returning to normal culture conditions for a certain period of time. 

To enrich TIS cells, the MAF-treated cells were collected on day 3 post treatment and 
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stained with CellTraceTM dye working solution (1:1000 in 1× PBS) for 20 minutes at 

room temperature, followed by the addition of fresh medium for another 5 minutes to 

terminate the staining. After that, cells were washed twice with fresh medium and 

proceeded to another 2-day regular culture. Afterwards, cells that retained high-level 

CellTraceTM dye were positively sorted, since they were considered to be viable non-

proliferating cells. These cells were collected for  SA-β-Gal staining (see Section 3.2.13) 

to further confirm their senescence status. After the SA-β-Gal staining, which marks 

senescent cells by a blue perinuclear reaction, samples with more than 95% of blue cells 

were considered senescent, indicating a successful establishment of the in vitro therapy-

induced senescence (TIS) model. Thereafter, these positively sorted cells (TIS cells) were 

processed for the subsequent experiments. 

 
 

3.2.7. Pan T-cell isolation 

All the procedures were conducted under a sterile environment, and all buffers and media 

used were pre-chilled before use. Mouse spleens were harvested and dissociated using 

a gentleMACS dissociator. The single-cell suspension was then filtered through a 40 

µm mesh filter to remove possible cell clumps, and centrifuged at 1,500 rpm for 5 

minutes at 4℃. Afterwards, the pellet was incubated with red cell lysis  buffer for 10 

minutes at room temperature. After that, the cell suspension was washed twice with the 

pre-chilled 1× PBS and proceeded to pan T cell isolation in accordance with the 

provider’s instructions. Briefly, splenocytes were first incubated with an antibody 

cocktail (10 µL per 1 × 107 cells) in the isolation buffer for 5 minutes at 4℃.  Afterwards, 

the microbeads (20 µL per 1 × 107 cells) were added to the sample for a 10-minute 

incubation at 4℃. Then, the sample was loaded into a pre-washed MACS column on a 

magnetic stand, and rinsed with 5 mL isolation buffer to collect the unlabeled cells, 

which were the pooled pan T cells. After cell counting, the pooled T cells were processed 

for the subsequent experiments. 
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3.2.8. Co-culture of T cells and lymphoma cells 

The MAF-treated Bcl2-protected lymphoma cells (MAF LCs hereafter) were stained 

with CellTraceTM dye on the third day after mafosfamide treatment, followed by 

fluorescence-activated cell sorting (FACS) to obtain a purer senescent cell sample. 

Conversely, the untreated Bcl2-protected lymphoma cells (untreated LCs hereafter) 

were stained with CellTraceTM dye on the same day of co-culture. In the co-culture 

system, the Bcl2-protected lymphoma cells were seeded into a 96-well round-bottom 

plate (1 × 104 cells/100µL/well). In most settings, the pooled T cells (1 × 105 

cells/100µL/well) were then loaded into the same plate as the lymphoma cells to 

achieve a T cell-lymphoma cell ratio of 10 : 1 (the other ratios that were used are 

indicated specifically in the corresponding figure legends). Furthermore, the volume 

for T cells would be adjusted to 50 µL/well in the BsAb-related experiments to achieve 

a co-culture system with 200µL/well in this project. 

The viability of lymphoma cells in the ex vivo T-cell killing assays was determined after 

24 hours and 48 hours via flow cytometry (The gating strategy is shown below in Figure 

2). To study the ex vivo physical interaction of lymphoma cells and T cells, the pooled 

T cells were also stained with CellTraceTM dye (a different color from the dye used for 

lymphoma cells) before co-culture. After 4-hour co-culture, the percentage of  coupling 

cells was determined via flow cytometry (The gating strategy is shown below in Figure 

3) [134]. The activation of T cells in the co-culture system was monitored after 24 hours, 

which was indicated by the percentages of CD69+CD3+ T cells and CD25+CD3+ T cells. 

For measuring the proliferation potentials of T cells in the co- culture system, the pooled 

T cells were stained with CellTraceTM dye before co-culture. After 72 hours, the signals 

of CellTraceTM dye were measured via flow cytometry and compared between T cells 

from different settings. Last but not least, the expression of CD274 (PD-1) on T cells 

was determined on the third day of co-culture. 
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Figure 2. Gating strategy for viability determination of lymphoma cells after co-culture 
with T cells. 
In the FSC_H/SSC_H dot plot, debris was gated out, followed by gating on singlets in the 
FSC_A/HSC_H dot plot. Then, CellTraceTM dye-labeled lymphoma cells (LCs) were 
determined as CellTrace_far red+ GFP+ cells. The viability of these LCs was determined as the 
percentage of ghost dye_violet-negative GFP+ cells (upper panel: LCs without T cells; lower 
panel: LCs with T cells). 

 
 

Figure 3. Gating strategy for measuring the interaction of lymphoma cells and T cells in 
the co-culture. 
T cells were labeled with CellTraceTM_far red prior to their co-culture with GFP+ LCs. In the 
FSC_H/SSC_H dot plot, debris was gated out, followed by gating on GFP+ cells in the 
GFP/HSC_H dot plot. Then, the coupling population was determined as the percentage of 
CellTrace_far red+ GFP+ among the GFP+ cells. 

 

3.2.9. Bispecific antibody treatment 

Based on the previous studies [135], four concentrations of the bispecific antibodies 

(BsAbs hereafter) were investigated for their boosting effects on the ex vivo 

unstimulated T-cell killing assays. Different doses of BsAbs were diluted in fresh 

culture medium and added into each well (50 µL/well), while BsAb-free culture 
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medium was added to the control group (50 µL/well). 

 
 

3.2.10. Fluorescence-activated cell sorting 

On the fifth day of mafosfamide treatment, CellTraceTM dye-labeled lymphoma cells 

were collected for sorting. The gating strategy is shown below (Figure 4). The MAF- 

treated lymphoma cells that remained with a high-level signal of CellTraceTM dye 

were positively sorted and proceeded to the subsequent experiments. 

 
 

Figure 4. Gating strategy for the fluorescence-activated cell sorting of CellTraceTM dye- 
labeled lymphoma cells. 
In the FSC_H/SSC_H dot plot, debris and dead cells were gated out, followed by gating on 
singlets in the FSC_A/HSC_H dot plot. Then, CellTraceTM dye-labeled lymphoma cells (LCs) 
with intense fluorescence were determined as TIS cells in the CellTrace/SSC_H dot plot and 
positively sorted. 

 

3.2.11. Flow cytometry detection 

The fluorescence-conjugated antibodies were first titrated before use. Proper unstained 
controls, single stained controls, fluorescence minus one (FMO) controls and positive 
controls were set up for the voltage and compensation adjustment of the flow cytometer 
to establish the multicolor flow cytometry panels. For sample staining, cells were 
collected and centrifuged at 1,000 rpm for 5 minutes, followed by washing twice with 
1× PBS. Then, the sample was first stained with a viability dye (Ghost Dye™ Violet) 
according to the provider’s protocol. Briefly, cells were incubated with the ghost dye 
staining solution (1:1000 in 1× PBS) for 30 minutes at 4℃. Afterwards, cells were 
washed twice with the pre-chilled flow cytometry staining buffer (FCM staining buffer) 
to terminate the dye staining. For the viability test of lymphoma cells in the ex vivo T- 
cell killing assays, cells were then fixed with 4% PFA solution for 5 minutes at room 
temperature, followed by washing twice with 1× PBS. Eventually, these cells were 
resuspended in 1× PBS (200µL/sample) and proceeded to viability measurement using 
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a flow cytometer. On the other hand, to stain cell surface markers, cells were incubated 
with the anti-mouse CD16/CD32 antibodies for 5 minutes to block the unspecific 
antibody-binding of Fc receptors, followed by sample incubation with the fluorescence-
conjugated antibodies in the FCM staining buffer for 30 minutes at 4℃. Afterwards, 
cells were washed twice with the pre-chilled FCM staining buffer, and resuspended in 
the FCM staining buffer (200µL/sample) for measurement. The acquired data were 
analyzed using the FlowJo software. The relative viability of lymphoma cells in the ex 
vivo T-cell killing assays was determined as: 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 

=𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜 𝐿𝐿𝐿𝐿𝐿𝐿 (+𝑇𝑇 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜 𝐿𝐿𝐿𝐿𝐿𝐿 (−𝑇𝑇 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)

 × 100%. 

 
 
 

3.2.12. Fluorescence live-cell imaging 

To increase the plate adherence of lymphoma cells, poly-D-lysine was used to coat the 

culture plates as previously described [136]. Briefly, 50µL of the poly-D-lysine solution 

(50 µg/mL) was loaded onto the well bottom of a 96-well flat-bottom plate, and 

incubated for 2 hours in the incubator at 37°C. Afterwards, the remaining solution was 

carefully removed, followed by rinsing the wells twice with sterile Milli-Q water. Then 

the coated plate was allowed to air dry inside the cell culture hood. The coated plates 

can be used immediately after drying or stored at 4℃ for up to 4 weeks. The Bcl2-GFP 

lymphoma cells and the CellTraceTM dye-labeled T cells were seeded into the coated 

plates under the same conditions as described in Section 3.2.8. Afterwards, the plate 

was placed into the Live-cell Analysis Instrument (IncuCyte) for live-cell imaging. 

The images were captured at 30-minute intervals under a 10× objective magnification 

for 72 hours. The acquired data were analyzed, and the images were processed via 

Incucyte analysis software. 

 

3.2.13. Senescence-associated beta-galactosidase (SA-β-Gal) staining 

SA-β-Gal staining was broadly applied for senescence indication in cells and tissues as 

a conventional assay [137] and performed as previously reported [7]. As non-adherent 

cells, murine lymphoma cells were collected using centrifugation at 1,000 rpm for 5 

minutes, followed by washing twice with 1× PBS. Afterwards, cells were fixed with the 
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fixative solution for 10 minutes at room temperature, and then washed twice with 1× 

PBS (pH = 5.5). Then, the cells were resuspended in an appropriate volume of 1× X- Gal 

solution and incubated with the substrates at 37℃. The incubation time varied between 

different materials; however, the same incubation time was applied to the paired 

lymphoma cases (untreated v.s. MAF-treated). After staining, cells were washed twice 

with 1× PBS. The LCs were eventually resuspended in 1× PBS and transferred to a flat- 

bottom culture plate. The images were captured under a microscope. With 4 randomly 

selected fields of each sample, the blue cells were counted through ImageJ. The 

percentage of blue cells (TIS cells) in each sample was recorded and calculated as mean 

± standard deviation (SD). 

 
 

3.2.14. Bioinformatics analysis 
 

The microarray gene profiling data was generated by our previous colleagues and 

published in the Gene Expression Omnibus (GEO) repository of the National Center 

for Biotechnology Information (GSE134753). The microarray gene profiling data of 

TIS cells [in vitro ADR-treated Suv39h1-proficient (Control) lymphoma cells] and non-

TIS cells [both untreated Control and in vitro ADR-treated Suv39h1-deficient 

(Suv39h1ER) lymphoma cells] was processed to Gene Set Enrichment Analysis (GSEA) 

using the GSEA v4.2.2 software [138, 139]. Normalized enrichment scores (NES) with P- 

values < 0.05 and false discovery rate (FDR) < 0.25 were regarded as statistically 

significant. The TIS signature was a composition of significantly changed genes (P- 

value < 0.01, and log |FC| > 1) in the TIS cells (in vitro ADR-treated Control lymphoma 

cells) compared to the non-TIS cells (both untreated Control and in vitro ADR-

treated Suv39h1ER lymphoma cells). The significantly changed genes were proceeded 

to gene functional annotation and cluster analysis on an online platform (Database for 

Annotation, Visualization and Integrated Discovery, DAVID). The visualization of the 

top 20 enriched Gene Ontology (GO) terms for biological processes was conducted on 

the online platform Sangerbox 3.0. The research on the subcellular location and protein 

function of genes was conducted on the online open-access platform UniProt. 
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3.2.15. Statistical analysis 

Graphpad Prism 8 was utilized for statistical analysis in this project. The continuous 

data were presented as mean ± standard deviation (SD). Following the normality test, 

comparisons between the two groups were conducted using the unpaired t-test for 

unpaired data or paired t-Test for paired data. To analyze the differences between the 

means of multiple groups, the data were compared and tested using two-way ANOVA. 

A P-value less than 0.05 was considered statistically significant. 
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4. Results 
 

4.1. Immune response-related signatures were enriched in the TIS 

lymphoma cells. 

4.1.1. TIS lymphoma cells exhibited abundant immune-related genetic signatures. 

To explore the potentiality of TIS lymphoma cells in influencing the general immune 

response, we first mined our previously published microarray-based gene expression 

profiling data of the Eµ-myc; Bcl2-protected lymphoma cells (GSE134753). The 

samples were categorized into the TIS group (in vitro ADR-treated Control, n=19) and 

the non-TIS group (untreated Control and in vitro ADR-treated Suv39h1ER, n=22). 

Gene set enrichment analysis was conducted to compare the TIS cells and the non-TIS 

cells, with an emphasis on the immune response-related gene sets (Figure 5a). In 

comparison with the non-TIS group, the TIS group exhibited significant enrichment of 

multiple gene sets, which was involved in the immune response, T cell activity and 

peptide/MHC-I/MHC-II processes (Table 1). Interestingly, the gene set “Negative 

Regulation of Adaptive Immune Response” was considerably abundant in the TIS cells. 

A list of genes that were changed significantly in the TIS cells compared to the non-

TIS cells was generated by our colleagues after performing the differential gene 

expression analysis, which has also been published [6]. Genes with log(FC) > 1 (P < 

0.01) and log(FC) < 1 (P < 0.01) were regarded as significantly up-regulated and down-

regulated in the TIS group, respectively. These significantly changed genes were further 

analyzed for gene functional annotation and biological theme enrichment. Afterwards, 

the most enriched GO terms (biological process) were identified (Figure 5b), including 

those relevant to the immune response (marked with stars in Figure 5b). The GO terms 

Immune Response and Immune System Process were further investigated for their 

overlapping genes to explore the candidate genes that may affect the immune response 

towards TIS cells. Interestingly, eight overlapping genes were found (Figure 5c). 

Furthermore, their protein products are mostly localized on the cell membrane where 

they can engage in the immune response process (Table 2). Among these genes, CD274 
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(also known as PD-L1) has been well elucidated in terms of its immunosuppressive role 

in the adaptive T-cell response. In essence, TIS lymphoma cells exhibited abundant 

genetic signatures involved in regulating the overall immune response. 

 
Table 1. TIS lymphoma cells exhibited enriched gene sets related to the immune response, T cell activity and 
peptide presentation process. 

Gene sets NES FDR 
GOBP_ACTIVATION_OF_IMMUNE_RESPONSE 1.37 0.045 
GOBP_CYTOKINE_PRODUCTION_INVOLVED_IN_IMMUNE_RESPONSE 1.50 0.006 
GOBP_ACTIVATION_OF_INNATE_IMMUNE_RESPONSE 1.38 0.065 
GOBP_HUMORAL_IMMUNE_RESPONSE 1.31 0.076 
GOBP_NEGATIVE_REGULATION_OF_ADAPTIVE_IMMUNE_RESPONSE 1.21 0.180 
GOBP_ALPHA_BETA_T_CELL_ACTIVATION 1.37 0.080 
GOBP_ALPHA_BETA_T_CELL_DIFFERENTIATION 1.28 0.154 
GOBP_ALPHA_BETA_T_CELL_PROLIFERATION 1.50 0.031 
REACTOME_PEPTIDE_LIGAND_BINDING_RECEPTORS 1.60 0.008 
REACTOME_CLASS_I_MHC_MEDIATED_ANTIGEN_PROCESSING_PRESENTATION 1.34 0.087 
GOBP_MHC_CLASS_II_BIOSYNTHETIC_PROCESS 1.28 0.133 

 

Table 2. The subcellular location of the proteins encoded by the overlapped genes in the GO term-Immune Response 
and the GO term-Immune System Process. 
Gene Subcellular location 

Clec4d: C-Type Lectin Domain Family 4 Member D, CD368 Cell membrane 

Clec4e: C-Type Lectin Domain Family 4 Member E Cell membrane, cell projection, phagocytic cup 

Clec4n: C-Type Lectin Domain Family 4 Member N Plasma membrane 

CD274: PD-L1, B7H1 Cell membrane 

Lst1: Leukocyte Specific Transcript 1 Cell membrane 

 
Marchf1: Membrane Associated Ring-CH-Type Finger 1 

Cell membrane 
Golgi apparatus, lysosome membrane, cytoplasmic 
vesicle membrane, endosome membrane 

Tlr13: Toll-like receptor 13 Endosome membrane 

Tlr2: Toll-like receptor 2 
Plasma membrane, phagosome membrane, 
membrane raft, Golgi apparatus 
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Figure 5. Immune response-related genetic signatures were enriched in the TIS lymphoma 
cells. 
Using our previously published microarray-based gene expression profiling data of the Eµ-myc; 
Bcl2-protected lymphoma samples (GSE134753), we categorized the samples into TIS cells (in 
vitro ADR-treated Control, n=19) and non-TIS cells (untreated Control and in vitro ADR-
treated Suv39h1ER, n=22). (a) Gene set enrichment analysis was conducted to compare the TIS 
cells and the non-TIS cells focusing on the immune response-related gene sets. An NES larger 
than 1 with an FDR q-value less than 0.25 was considered significant up- regulation in the TIS 
group. (b) Top 20 GO terms (biological process) from the functional annotation of the 
significantly changed genes (P < 0.01, log|FC| > 1) in the TIS cells compared to the non-TIS 
cells. The n and % of genes represent the number of genes and their percentage in the overall 
significantly changed genes. Red stars mark the immune response-related GO terms. (c) 
Candidate genes that may mediate the immune response towards TIS cells. The number of 
genes that were involved in the GO term-Immune Response and the GO term-Immune System 
Process (Venn diagram) as well as the fold change of these overlapped genes in the TIS cells 
compared to the non-TIS cells (bar chart). The dotted line marks logFC = 1. *, P < 0.01. NES, 
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normalized enrichment score; FDR, false discovery rate; GO term_BP, Gene Ontology 
Term_Biological Process; FC, fold change. 

 
 

4.1.2. Enhanced expression of co-stimulatory and inhibitory molecules on the TIS 

lymphoma cell surface. 

Given the abundance of immune-regulatory genetic signatures in the TIS lymphoma 

cells, we decided to investigate the immunological molecules on the TIS cell surfaces. 

Hence, we used an in vitro TIS model by treating the Eµ-myc; Bcl2-GFP lymphoma 

cells (Bcl2-GFP lymphoma cells for short) with mafosfamide (MAF). As shown in 

Figure 6a, the lymphoma cells were treated with MAF for three days, followed by a 

two-day normal culture. After that, the senescence induction was validated using SA-

β-gal staining, a conventional assay for detecting the activity of β-galactosidase 

exclusively in murine senescent cells at pH 5.5 (Figure 6b). After MAF treatment, over 

90% of the Bcl2-GFP lymphoma cells entered senescence (Figure 6b). As a histone 

methyltransferase, Suv39h1 (locations: Xp11.23) mediates the chromatin compaction 

by trimethylating histone H3-lysine 9 (H3K9) during the senescence induction. The loss 

of Suv39h1 on the X chromosome leads to senescence incapability. As an additional 

control, Suv39h1Y/-; Bcl2-GFP lymphoma cells received MAF treatment in the same 

way as Control; Bcl2-GFP lymphoma cells did. The SA-β-gal staining indicated a 

reduced senescence induction in the Suv39h1Y/-; Bcl2-GFP lymphoma cells after  

chemotherapy (Figure 6c). 

Upon in vitro TIS, the Bcl2-GFP lymphoma cells were subjected to the quantification 

of cell surface proteins using fluorescence-conjugated antibodies, followed by flow 

cytometry measurement. As compared to the untreated lymphoma cells (proliferating 

cells), MAF-treated lymphoma cells (TIS lymphoma cells) exhibited a significant up- 

regulation of surface proteins including CD80, CD86 and MHC-I (Figure 6d). The up- 

regulation of surface MHC-II was also noted in 4 of 6 lymphoma cases, although the 

extent and direction varied profoundly among the samples (Figure 6d). Furthermore, 

one of the immune checkpoint proteins, PD-L1, was found significantly up-regulated 

in the TIS lymphoma cells (Figure 6e). Likewise, therapy-induced PD-L1 up-regulation 
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could be observed in a human colorectal cancer cell line (SW480) after 5-FU treatment 

(Figure 6f). Collectively, TIS cells displayed an up-regulation of MHC-I, MHC-II and 

co-stimulatory factors (CD80, CD86) on their cell surfaces, along with the enhanced 

presence of PD-L1. 

 

Figure 6. Co-stimulatory and inhibitory molecules were up-regulated in the TIS 
lymphoma cells. 
(a) Schematic diagram of the in vitro TIS model using Eµ-myc; Bcl2-protected lymphoma 
cells, which received a 3-day mafosfamide treatment (10µg/mL) and another 2-day regular 
culture. (b) & (c) Representative images of lymphoma cells (untreated v.s. MAF-treated) in the 
SA-β-gal staining (6 distinct Control; Bcl2-GFP lymphoma cases were used in (b); 3 distinct 
Control; Bcl2-GFP and 3 distinct Suv39h1Y/-; Bcl2-GFP lymphoma cases were used in (c)). The 
percentages of senescent cells (blue cells) were summarized and analyzed (b-right and c-right). 
On the fifth day of MAF treatment, lymphoma cells were stained with the viability dye (Ghost 
dye violet) and the fluorescence-conjugated antibodies targeting mouse CD80, CD86, MHC-I, 
MHC-II and PD-L1. (d) Representative histograms (upper panel) and MFI summaries (lower 
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panel) of the fluorescence-conjugated antibody staining to quantify the  surface expression of 
CD80, CD86, MHC-I and MHC-II on the viable lymphoma cells. (e) Two representative 
histograms (left) and the MFI summary (right) of the anti-PD-L1 antibody staining of the viable 
lymphoma cells. (f) Representative histogram of the colorectal cancer cell line SW480 receiving 
the anti-human PD-L1 antibody staining on the seventh day of 5-FU treatment. MAF, 
mafosfamide; MFI, median fluorescence intensity; 5-FU, 5-Fluoruracil; Ab,        antibody. **, P < 
0.01; ****, P < 0.0001; ns, not significant. 

 
 

4.2. Primary T-cell surveillance of TIS lymphoma cells. 
 

4.2.1. Establishment of an ex vivo T-cell killing assay. 

Given the enhanced surface expression of the immune-promoting molecules (MHC-I, 

MHC-II, CD80 and CD86) as well as the immunosuppressive protein (PD-L1) on the 

TIS cells, we decided to investigate the T-cell surveillance of TIS cells ex vivo in order 

to exclude the detrimental effects of chemotherapy on the mouse immune system. 

Therefore, we established an ex vivo T-cell killing assay (Figure 7a). Briefly, pan T cells 

were isolated from the spleens of healthy wild-type C57Bl/6N mice, which were 

lymphoma-naïve strain-matched donors. The isolation efficiency was monitored by 

anti-CD3-PE staining. Through flow cytometry analysis, the percentages of viable 

CD3+ cells in the purified samples were compared before and after isolation (Figure 7b). 

Freshly isolated pan T cells with a purity of more than 95% viable CD3+ cells were 

pooled and co-cultured separately with untreated and MAF-treated Bcl2-GFP 

lymphoma cells. The co-culture system was maintained for 4 to 72 hours depending on 

the experimental purposes. 
 

Figure 7. Establishment of the ex vivo T cell and lymphoma cell co-culture system. 
(a) Schematic diagram of the ex vivo co-culture system using the Eµ-myc; Bcl2-protected 
lymphoma cells and the unstimulated pan T cells isolated from the wild-type lymphoma-naïve 
strain-matched C57BL/6N mice. (b) Representative dot plot of the isolated T cells after the anti-
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CD3 antibody staining. FCM, flow cytometry; FMO control, fluorescence minus one control; 
Ab, antibody. 

 
 

4.2.2. Unstimulated T cells preferentially killed TIS lymphoma cells. 

Based on the workflow described in Section 4.2.1., the pooled T cells without pre- 

stimulation were co-cultured with Bcl2-GFP; Control lymphoma cells (untreated or pre-

treated with MAF) at two T cell-LC ratios and for different co-culture durations. After 

that, the viability of lymphoma cells was determined by flow cytometry. The relative 

viability was computed with the viability of lymphoma cells alone as the baseline. After 

24-hour co-culture, the relative viability of TIS lymphoma cells was significantly 

decreased compared to that of untreated lymphoma cells at a T cell-LC ratio of 10:1 

(Figure 8a). When the co-culture duration was prolonged to 48 and 72 hours, the 

tendency of relative viability was comparatively consistent in the untreated and MAF-

treated lymphoma cells upon co-culture with T cells at a T cell-LC ratio of  10:1 (Figure 

8b). Therefore, the T cell-LC ratio in the co-culture system was set at 10:1, and the co-

culture duration was set to 24 hours (or 48 hours additionally) in the subsequent 

experiments. 

To assess the potential sublethal damage conferred by chemotherapy in TIS lymphoma 

cells prior to their exposure to unstimulated T cells, equally chemo-treated Bcl2-GFP; 

Suv39h1Y/- lymphoma cells were utilized as a senescence-incapable control. The pooled 

T cells from male wild-type lymphoma-naïve C57BL/6N mice were used for the ex vivo 

T-cell killing assay. Compared to the MAF-treated Bcl2-GFP; Control lymphoma cells 

(TIS cells), the MAF-treated Bcl2-GFP; Suv39h1Y/- lymphoma cells (non-TIS cells after 

treatment) exhibited comparable relative viabilities to their untreated controls (Figure 8c). 

Therefore, senescence status - but not chemotherapy exposure - plays a predominant 

role in determining the vulnerability of TIS lymphoma cells towards the T-cell killing 

ex vivo. 
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Figure 8. Unstimulated T cells preferentially killed the TIS lymphoma cells. 
In the ex vivo T-cell killing assay, the spleens of female wild-type (lymphoma-naïve strain- 
matched) C57BL/6N mice were used to pool pan T cells. Without pre-stimulation, the pooled 
T cells were co-cultured with the Bcl2-GFP; Control LCs (untreated or pre-treated with MAF) 
at different T cell-LC ratios (a) and for different co-culture durations (b). In the vulnerability 
comparison of the Bcl2-GFP; Control LCs to the Bcl2-GFP; Suv39h1Y/- LCs (c) in the pan T-
cell killing assay, the pooled T cells were isolated from male wild-type (lymphoma-naïve strain-
matched) C57BL/6N mice. The viability of LCs after co-culture was determined by Ghost dye 
(violet) staining through flow cytometry. After data analysis using the Flowjo software, the 

relative viability of LCs was determined as = 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜 𝐿𝐿𝐿𝐿𝐿𝐿 (+𝑇𝑇 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)
𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜 𝐿𝐿𝐿𝐿𝐿𝐿 (−𝑇𝑇 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)

× 100%. *, P < 0.05; **, 

P < 0.01; ***, P < 0.001; ns, not significant. 
 
 

4.2.3. TIS lymphoma cells were prone to interact with and activate unstimulated T 

cells ex vivo. 

Given the increased vulnerability of TIS cells towards T-cell cytotoxicity ex vivo, we 

decided to investigate the impacts of TIS cells on the primary T-cell response. We first 

quantified the interaction effectiveness of lymphoma cells to the unstimulated T cells. 

CellTraceTM pre-labeled T cells (Red+) and Bcl2-GFP; Control lymphoma cells (GFP+) 

were used in this assay. After a 4-hour co-culture, a significantly higher percentage of 

coupled cells (Red+GFP+/GFP+%) was recorded in the TIS lymphoma cell and T cell 

co-culture system than in the untreated lymphoma cell and T cell co-culture system, 

implying that more TIS lymphoma cells can interact with T cells following   a short-term 

encounter (Figure 9a-left). Since the T cells were labeled with CellTraceTM dye before 

co-culture and aliquoted equally into the co-culture system, the fluorescence  intensity of 

the CellTraceTM dye on the coupled lymphoma cells could indicate an approximate 

number of T cells on the target cells. Stronger mean fluorescence intensity (MFI) was 

found in the TIS lymphoma cell and T cell co-culture system than in the  untreated 
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lymphoma cell and T cell co-culture system, suggesting that more T cells were 

interacting with TIS lymphoma cells (Figure 9a-right). 

CD69, also known as an early T-cell activation marker [140], was shown to be more 

abundant on the T cells that were co-cultured with TIS lymphoma cells, while 

remaining at their basal level on those co-cultured with untreated lymphoma cells 

(Figure 9b). CD25 (α-chain of the IL-2 receptor), is constitutively expressed in 

regulatory T cells (Tregs) [141]. Moreover, the activated T cells can express CD25 in 

response to IL-2 [142]. Here, T cells co-cultured with TIS lymphoma cells also exhibited 

an enhanced expression of  CD25 (Figure 9c). Collectively, these results showed that 

TIS lymphoma cells were prone to interact with the unstimulated T cells ex vivo, and 

enhanced the subsequent T-cell activation. 

Figure 9. TIS lymphoma cells were prone to interact with unstimulated T cells and trigger 
their activation. 
(a) The pooled T cells, without pre-stimulation, were stained with CellTraceTM dye (far red) and 
then co-cultured with Bcl2-GFP; Control LCs for 4 hours, followed by flow cytometry 
measurement. The percentage of coupled cells was determined as the percentage of CellTrace 
dye+ GFP+ cells among the whole GFP+ cell population (left). The MFI of CellTraceTM dye on 
the coupled cell population was analyzed (right). (b) Upon co-culture with Bcl2-GFP; Control 
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LCs, the activation status of T cells was determined after 24, 48 and 72 hours by anti-CD3 + 
anti-CD69 (b) and anti-CD25 (c) antibody-based staining. Below the bar chart are the 
representative dot plots for the T-cell phenotyping from the flow cytometry measurement. Eight 
distinct lymphoma cases were included in the T-cell phenotyping analysis. MFI, median 
fluorescence intensity; *, P < 0.05; **, P < 0.01; ***, P < 0.001; ns, not significant. 

 
 

For measuring their proliferation potential, the pooled T cells were initially labeled with 

CellTraceTM dye before being co-cultured with either untreated or MAF-treated 

lymphoma cells. After 3-day co-culture, the fluorescence dilution of CellTraceTM dye 

was determined via flow cytometry. Unexpectedly, an obvious fluorescence dilution of 

the CellTraceTM dye could not be observed on T cells in either co-culture system (Figure 

10), indicating a generally limited T-cell proliferation in this setting. 

 
 
 
 

Figure 10. T cells co-cultured with TIS lymphoma cells exhibited a limited proliferation 
tendency. 
The pooled T cells were first stained with CellTraceTM dye and then co-cultured with the 
untreated or MAF-treated Bcl2-GFP; Control LCs for 3 days. The dilution of the CellTraceTM 
dye signal in the viable CD3+ T cells (as shown in the histograms) was determined  by anti-CD3-
PE staining through flow cytometry. Eight distinct lymphoma cases were included  in the T-cell 
phenotyping analysis. 
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4.3. Anti-CD19/CD20 × CD3 BsAbs boosted T-cell surveillance of TIS 

lymphoma cells. 

4.3.1. Anti-CD19/CD20 × CD3 BsAbs facilitated the killing capability of T cells ex 

vivo. 

Proliferating (without MAF pre-treatment) lymphoma cells were comparatively more 

resistant to the ex vivo T-cell killing, while TIS lymphoma cells exhibited a vulnerability 

tendency towards the T-cell surveillance ex vivo. This might be a result of the enhanced 

immunogenicity of TIS cells and their SASP-inducing immunostimulatory 

microenvironment that favored lymphoma cells interacting with T cells and the 

subsequent activation of the lymphoma-specific T-cell clones. The general 

underresponsiveness of lymphoma cells to T-cell surveillance suggested the need for 

alternative immunotherapies that can boost the T-cell cytotoxicity towards malignant B 

cells. For example, T-cell redirecting BsAbs can be used to simultaneously target CD3 

molecules on T cells and CD19/CD20 on lymphoma cells, thereby bridging T cells to 

the malignant B cells and enabling T cells to execute tumor lysis effect. This approach 

with off-the-shelf BsAbs (as described in Section 2) was therefore investigated in this 

project regarding their T-cell boosting efficacy towards either proliferating or TIS 

lymphoma cells. 

Serial doses of anti-CD19 × CD3 and anti-CD20 × CD3 BsAbs (hereafter referred to  as 

CD19-BsAb and CD20-BsAb, respectively) were tested using our ex vivo T-cell killing 

assay to investigate the BsAb efficacies in influencing the cytotoxic potentiality  of the 

unstimulated T cells towards lymphoma cells, and especially TIS lymphoma cells. 

When targeting untreated lymphoma cells, CD19-BsAb enabled T cells to achieve 

approximately 40% killing effectiveness (relative viability ≈ 60%) at a dose as low as 

0.005 nmol/mL after 24 hours of co-culture (Figure 11a). Even though the co-culture 

was extended to 48 hours, further reduction of the relative viabilities was not recorded 

in the CD19-BsAb group (Figure 11b). The continuous proliferation of the surviving 

lymphoma cells (without MAF pre-treatment) might cover the viability reduction 
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resulting from T-cell killing. To visualize and measure the proliferation capability of 

untreated lymphoma cells under the T-cell surveillance, live-cell imaging was 

conducted using four representative Bcl2-GFP; Control lymphoma clones. The number 

of GFP+ lymphoma cells was quantified and analyzed using the IncuCyte software. 

Consistently with the viability measurement from flow cytometry, untreated lymphoma 

cells (GFP+) outgrew in a considerably slower manner in the CD19-BsAb group 

compared to those in other groups (Figure 11e, f), implying a death-proliferation  

imbalance of lymphoma cells under the CD19-BsAb-enhanced T-cell surveillance. On 

the other hand, CD20-BsAb failed to further boost the T-cell cytotoxicity towards 

untreated lymphoma cells, and exhibited a comparable T-cell boosting efficacy as the 

isotype control BsAb (Figure 11e, f). 

When being applied to the TIS lymphoma cells, both CD19-BsAb and CD20-BsAb 

significantly enhanced the lymphoma-targeting T-cell cytotoxicity (Figure 11c, d). 

Specifically, T cells achieved over 95% efficiency in killing TIS lymphoma cells with 

the addition of CD19-BsAb (relative viability less than 5%) at a dose as low as 0.005 

nmol/mL, while achieving approximately 80% killing efficacy in the presence of CD20-

BsAb (relative viability less than 20%) at a dose of 0.01 nmol/mL at 24 and 48 hours 

after co-culture. Thereafter, 0.01 nmol/mL was set as the standard therapeutic dose of 

BsAbs for the subsequent experiments. During the live-cell imaging, the cell number of 

TIS lymphoma cells (GFP+) was rather steady in the T-cell co-culture system without 

BsAbs or with isotype control BsAb (Figure 11g, h). The addition of CD19- BsAb and 

CD20-BsAb to the T-cell co-culture system drastically reduced the amount of GFP+ 

TIS lymphoma cells (Figure 11g, h), the GFP signal of which can barely be detected 

after 72 hours. It suggested a tremendous enhancement of CD19-BsAb and CD20-BsAb 

in helping T cells (without pre-stimulation) kill the TIS lymphoma cells ex vivo. 

Collectively, CD19-BsAb boosted T-cell cytotoxicity towards the proliferating 

lymphoma cells to some extent, while massively inducing the T-cell cytotoxicity 

towards the TIS lymphoma cells. However, CD20-BsAb preferentially enhanced the T-

cell cytotoxicity towards the TIS but not the proliferating lymphoma cells. 
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Figure 11. CD19-BsAb and CD20-BsAb boosted the killing potentiality of the 
unstimulated T cells towards TIS lymphoma cells. 
The Bcl2-GFP; Control LCs received a 3-day MAF treatment and 2-day normal culture 
sequentially. The viable senescent LCs were positively sorted and co-cultured with the pooled 
unstimulated T cells from female wild-type lymphoma-naïve strain-matched C57BL/6N mice 
for 24 hours (a, untreated LCs; c, MAF-treated LCs) and 48 hours (b, untreated LCs; d, MAF-
treated LCs) in the presence of CD19-BsAb, CD20-BsAb and isotype control BsAb at different 
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doses. The viability of LCs was determined by Ghost dye (violet) staining through flow 
cytometry measurement. Three distinct lymphoma cases were included in the ex vivo T-cell 
killing assays. Live-cell imaging of T cell and LC co-culture was conducted using four Bcl2- 
GFP; Control lymphoma clones for real-time analysis; images of one representative clone (e, 
untreated LCs; g, MAF-treated LCs) and summarized quantitative analysis of GFP+ cells from 
4 representative lymphoma clones in each setting (f, untreated LCs; h, MAF-treated LCs). The 
LCs were co-cultured with the pooled unstimulated T cells in (at) the T cell-LC ratio of 10:1 in 
a poly-D-lysine coated plate. Here the CD19-BsAb, CD20-BsAb and isotype control BsAb 
(isotype for short) were used at the dose of 0.01 nmol/mL. The images were consecutively 
captured every 30 minutes for 72 hours. LCs, lymphoma cells; *, P < 0.05; ***, P < 0.001; 
****, P < 0.0001; ns, not significant. 

 
 

Additionally, the Bcl2-GFP; Suv39h1Y/- lymphoma cells were used as the senescence- 

incapable controls in the ex vivo T-cell killing assay. As shown in Figure 12 a and b, 

the MAF-treated Bcl2-GFP; Suv39h1Y/- lymphoma cells exhibited comparable T-cell 

vulnerability to their untreated controls in the absence of BsAbs. However, T cells were 

still boosted to kill these MAF-treated non-TIS cells with the addition of CD19-BsAb, 

which functioned less efficiently compared to its efficacy in boosting the T-cell 

cytotoxicity against the MAF-treated TIS lymphoma cells. Meanwhile, the number of 

viable proliferating lymphoma cells that survived the CD19-BsAb-enhanced T-cell 

cytotoxicity was significantly reduced in the untreated Bcl2-GFP; Control lymphoma 

cells as well as the untreated Bcl2-GFP; Suv39h1Y/- lymphoma cells (Figure 12c). This 

suggested a consistent efficacy of CD19-BsAb in boosting the T-cell surveillance of 

proliferating lymphoma cells regardless of the Suv39h1 gene, although to a much higher 

extent if CD19-BsAb was added to the Suv39h1-proficient TIS lymphoma cells. 

Nonetheless, CD20-BsAb failed to significantly enhance the killing potential of T cells 

towards MAF-treated non-TIS cells (Figure 12). Overall, the results in this section 

implied that T cells without pre-stimulation were less efficient in killing  the MAF-

treated senescence-incapable lymphoma cells than the MAF-treated TIS lymphoma 

cells even in the presence of CD19-BsAb and CD20-BsAb. 
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Figure 12. Senescence-incapable lymphoma cells were less vulnerable to the T-cell 
cytotoxicity in the presence of CD19-BsAb and CD20-BsAb. 
The Bcl2-protected Control LCs (a) and Suv39h1Y/- LCs (b) received a 3-day MAF 
treatment and a sequential 2-day normal culture. Afterwards, the viable LCs were 
enriched by FACS and co-cultured with the pooled T cells from the male wild-type 
C57BL/6N mice (lymphoma-naïve strain-matched). The co-culture system (T cells: LCs 
= 10: 1) was added with the CD19-BsAb, CD20-BsAb, anti-CD20 IgG (IgG) and Fc-
silent IgG control (IgG Fc-silent) antibodies (all at a dose of 0.01 nmol/mL), 
respectively. The viability test was conducted after 24 hours upon co-culture. An 
additional time point, 48 hours, was set for the untreated LCs. The viability of LCs was 
determined by Ghost dye (violet) staining through flow cytometry. The concentrations 
of viable LCs after co-culture were calculated with 1 ×105 cells/mL as the initial cell 
concentration for the untreated LCs in each setting (c). The X axis marks three time 
points: 0, 24, and 48 hours upon co-culture. In the ex vivo T-cell killing assays, three 
distinct Bcl2-GFP; Control lymphoma cases and three distinct Bcl2-GFP; Suv39h1Y/- 
lymphoma cases were included. **, P < 0.01; ****, P < 0.0001; ns, not significant. 

 
 

4.3.2. CD19-BsAb and CD20-BsAb promoted T cells to interact with lymphoma 

cells as well as enhancing T-cell activation and proliferation. 

To examine the effectiveness of lymphoma cells interacting with T cells, CellTraceTM 
dye pre-labeled T cells (Red+) and Bcl2-GFP; Control lymphoma cells (GFP+) were co-

cultured as was done in the ex vivo T-cell killing assay. After a 4-hour incubation, the 
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TIS lymphoma cell and T-cell co-culture systems showed higher percentages of coupled 

cells (Red+GFP+/GFP+%) than the untreated lymphoma cell and T-cell co-culture 

systems (Figure 13a, b). In particular, CD19-BsAb exhibited the strongest efficiency in 

boosting T cells to interact not only with TIS lymphoma cells, but also with untreated 

lymphoma cells. Nevertheless, CD20-BsAb exclusively enhanced T cells to interact 

with TIS but not untreated lymphoma cells. Furthermore, the MFI of CellTraceTM dye on 

the coupled cells was found to be stronger in the TIS lymphoma cell and T-cell co-

culture systems compared to the untreated lymphoma cell and T-cell co-culture systems, 

indicating that more T cells were coupling with TIS lymphoma cells in the presence of 

CD19-BsAb and CD20-BsAb (Figure 13a, b). Surprisingly, a comparable MFI of 

CellTraceTM dye on the coupled cells was observed in all the untreated lymphoma cell 

and T-cell co-culture systems, including those with the addition of CD19-BsAb. This 

suggested that CD19-BsAb increased the chance of T cells interacting with more 

untreated lymphoma cells, while failing to increase the amount of T cells adhering to 

these untreated lymphoma cells. Similar results were also obtained from the live-cell 

imaging. As shown in Figure 13c, single lymphoma cells (GFP+) were surrounded 

closely by T cells (Red+). On average, more T cells adhered to the TIS lymphoma cells 

compared to the untreated lymphoma cells, and especially in the presence of CD19-

BsAb and CD20-BsAb. The visualization of lymphoma cell and T cell co-culture in a 

live-cell imager further validated the flow cytometry analysis of their interaction patterns. 

Collectively, TIS lymphoma cells interacted with more T cells in a higher frequency 

compared to the proliferating lymphoma cells. 
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Figure 13. CD19-BsAb and CD20-BsAb enhanced lymphoma cells interacting with the 
unstimulated T cells. 
The pooled T cells were stained with CellTraceTM dye (red) and co-cultured with Bcl2-GFP; 
Control LCs at a T cell-LC ratio of 10:1 for 4 hours in the absence or presence of CD19- BsAb, 
CD20-BsAb, anti-CD20 IgG (IgG) and its Fc-silent IgG control (IgG Fc-silent) antibodies (all 
at the dose of 0.01 nmol/mL), followed by the flow cytometry measurement for quantifying the 
coupled cells among the overall GFP+ cell population (a, left). The MFI of CellTraceTM dye in 
the coupled cells was analyzed (a, right). (b) Representative dot-plots of the coupled cell 
population (CellTrace+ GFP+) among the overall GFP+ cells (upper panel for untreated LCs, 
lower panel for MAF-treated LCs). Eight distinct lymphoma cases were included in the T cell-



62 
 

LC interaction assay. (c) Live-cell imaging of T cell-LC co-culture using one representative 
Bcl2-GFP; Control lymphoma clone. The LCs were co-cultured with the pooled unstimulated 
T cells in a T cell-LC ratio of 10:1 in a poly-D-lysine coated plate. Here, the CD19-BsAb, 
CD20-BsAb, and isotype control BsAb were used at the dose of 0.01 nmol/mL. The images 
were captured after the 4-hour co-culture (upper panel for untreated LCs, lower panel for MAF-
treated LCs). MFI, median fluorescence intensity; *, P < 0.05; 
***, P < 0.001; ****, P < 0.0001; ns, not significant. 

 
 

Following the interaction with target cells, T cells can be activated specifically via 

matched TCR-pMHC (peptide-MHC complex) recognition or nonspecifically by 

activating the CD3/CD28 pathway. Therefore, the activation of T cells in the presence 

of CD19-BsAb and CD20-BsAb was also studied. After 24 hours of incubation, T cells 

co-cultured with TIS lymphoma cells showed an increased proportion of CD69+ cells 

in the overall CD3+ T-cell population (Figure 14). CD19-BsAb, in particular, exhibited 

the strongest efficacy in boosting T-cell activation in the co-culture systems with either 

the untreated or TIS lymphoma cells, with no significant difference between these two 

co-culture systems. Nonetheless, CD20-BsAb induced a significantly stronger T-cell 

activation when T cells were co-cultured with the TIS lymphoma cells rather than with 

the untreated lymphoma cells. Additionally, anti-CD19/CD20 × CD3 BsAbs alone were 

unable to activate T cells in the absence of lymphoma cells. The varied effects of CD19- 

BsAb and CD20-BsAb on T-cell activation were in line with their differences in 

stimulating T cells to interact with lymphoma cells. 
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Figure 14. CD19-BsAb and CD20-BsAb facilitated the unstimulated T cells to activate 
upon encountering lymphoma cells. 
(a) The pooled T cells were co-cultured with Bcl2-GFP; Control LCs in a T cell-LC ratio  of 
10:1 in the presence of CD19-BsAb, CD20-BsAb, anti-CD20 IgG (IgG) and its Fc-silent IgG 
control (IgG Fc-silent) antibodies (all at the dose of 0.01 nmol/mL) for 24 hours, followed by 
Ghost dye (violet) staining and anti-CD3-PE + anti-CD69-APC antibody staining. The flow 
cytometry measurement was conducted to quantify the proportion of CD69+ cells among the 
viable CD3+ T-cell population. (b) Representative dot-plots of the anti-CD3 + anti-CD69 
antibody staining in the 24-hour co-culture system. The population was gated on the viable 
GFP-CD3+ cells (T cells). ****, P < 0.0001; ns, not significant. 

 
Additionally, the proliferation potentiality of co-cultured T cells was investigated in the 

presence of CD19-BsAb and CD20-BsAb, as reflected by progressive reduction in the 

fluorescence intensity of CellTraceTM dye on T cells upon cell division. After three days 

of incubation, significant reduction of fluorescence intensity of CellTraceTM dye was 

observed on the T cells co-cultured with TIS lymphoma cells in the presence of either 

CD19-BsAb or CD20-BsAb, as well as the T cells co-cultured with the untreated 
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lymphoma cells exclusively in the CD20-BsAb setting (Figure 15). 

Overall, CD19-BsAb and CD20-BsAb effectively boosted T cells to interact with TIS 

lymphoma cells, leading to T cell activation and proliferation. In addition to targeting 

TIS cells, CD19-BsAb fostered T cells to interact with the untreated lymphoma cells 

(“proliferating cells”), which also resulted in the subsequent T-cell activation and 

proliferation. 
 

Figure 15. CD19-BsAb and CD20-BsAb promoted the unstimulated T cells to proliferate 
upon encountering lymphoma cells. 
The pooled T cells were stained with CellTraceTM dye (far red) and co-cultured with Bcl2-GFP; 
Control LCs in a T cell-LC ratio of 10:1 in the presence of CD19-BsAb, CD20-BsAb, anti-
CD20 IgG (IgG) and its Fc-silent IgG control (IgG Fc-silent) antibodies (all at the dose of 
0.01 nmol/mL) for 3 days, followed by Ghost dye (violet) and anti-CD3-PE antibody staining. 
The flow cytometry measurement was conducted to detect the signal reduction of the 
CellTraceTM dye on the viable CD3+ T cells. (a) The dashed lines mark the peaks and red arrows 
mark the diluting fluorescence intensity of the CellTraceTM dye on the T cells that were co-
cultured with LCs in the absence of BsAbs. (b) MFI of CellTraceTM dye on the viable CD3+ T 
cells. Five distinct Bcl2-GFP; Control lymphomas were used in the T-cell proliferation assay. MFI, 
median fluorescence intensity; ***, P < 0.001; ****, P < 0.0001; ns, not significant. 
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4.4. PD-L1 potentially interfered with the T-cell surveillance of TIS 

lymphoma cells. 

4.4.1. PD-L1high lymphoma cells were less vulnerable to the T-cell killing ex vivo. 

Given the therapy-induced PD-L1 expression on the TIS cells, and to understand the 

potential impact of PD-L1 on the ex vivo T-cell killing of Eµ-myc; Bcl2-protected 

lymphoma cells, we divided the lymphoma cases into the PD-L1high and PD-L1low 

groups according to their PD-L1 up-regulation levels after TIS induction. TIS 

lymphoma cells in the PD-L1low group tended to be more vulnerable to the T-cell killing 

compared to their untreated controls (Figure 16a), with a significant difference in their 

relative viabilities. Moreover, the relative viabilities of the PD-L1high TIS lymphoma 

cells tended to be higher than the PD-L1low TIS lymphoma cells in the ex vivo T-cell 

killing assay. Further analysis of the surviving lymphoma cells after their co-culture 

with T cells revealed that therapy-induced PD-L1 expression was enhanced under the 

T-cell surveillance (Figure 16b), implying that PD-L1 up-regulation may act as a 

protective shield for TIS lymphoma cells when encountering T cells. Moreover, PD-1+ 

T cells were found at a higher frequency when co-cultured with the TIS lymphoma cells 

compared to those co-cultured with the untreated lymphoma cells (Figure 16c). 

 

4.4.2. PD-L1 was a possible protector for TIS lymphoma cells in the CD20-BsAb- 

enhanced T-cell surveillance. 

Interestingly, when investigating the lymphoma cells that survived T-cell killing in the 

presence of CD20-BsAb, we found that PD-L1 expression remained at its basal level in 

the untreated lymphoma cells with or without T cells in the co-culture. However, TIS 

lymphoma cells, particularly those from the PD-L1high group, had significantly stronger 

PD-L1 expression on the surviving cells (Figure 16d). Furthermore, T cells treated with 

CD20-BsAb in the co-culture system had a higher frequency of PD-1+ T cells and a 

stronger PD-1 level on their cell surfaces, with no significant difference in the T cells 

co-cultured with either the TIS lymphoma cells or the untreated lymphoma cells (Figure 
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16e). This gave us a hint that therapy-induced PD-L1 expression potentially serves as a 

safeguard for TIS lymphoma cells under the CD20-BsAb-enhanced T-cell surveillance. 

 
Figure 16. PD-L1high TIS lymphoma cells exhibited resistance to the T-cell killing ex vivo. 
The Bcl2-protected Control LCs were divided into the PD-L1high and PD-L1low groups based on 
their therapy-induced PD-L1 expression after MAF treatment (4 distinct lymphoma cases in 
each group). (a) Survival tendency of the PD-L1high and PD-L1low Bcl2-protected Control LCs 
in the ex vivo T-cell killing assay. LCs were co-cultured with the pooled T cells in a T cell-LC 
ratio of 10: 1 for 24 (left) and 48 hours (right). The viability of LCs was determined by Ghost 
dye (violet) staining through flow cytometry. (b) & (d) PD-L1 expression on the surviving LCs 
in the ex vivo T-cell killing assay. After being co-cultured with the pooled unstimulated T cells 
for 48 hours without BsAb (b) or with CD20-BsAb (d), LCs were stained with Ghost dye (violet) 
+ anti-PD-L1-APC antibody, and proceeded for the flow cytometry measurement. The MFI of 
PD-L1 antibody staining was analyzed among the viable LCs. (c) & (e) PD-1 expression on the 
viable CD3+ T cells in the ex vivo T-cell killing assay. After being  co-cultured with the LCs for 
72 hours in the absence (c) or presence (e) of CD20-BsAb, cells were stained with Ghost dye 
(violet) + anti-CD3-PE + anti-PD-1-APC antibodies, and proceeded for the flow cytometry 
measurement. The MFI of PD-1 antibody staining was analyzed among the viable CD3+ T cells. 
MFI, median fluorescence intensity; *, P < 0.05; ***, P < 0.001. 



67 
 

5. Discussion 
 

Molecular heterogeneity and variable treatment sensitivity account for a large 

proportion of patients failing the curative Rituximab-CHOP immune-chemotherapy 

standard of care. Despite novel next-line options, most patients with refractory/relapsed 

diffused large B-cell lymphoma (R/R DLBCL) experience dismal outcome [143]. 

Investigating the immunoediting strategies that lymphoma cells exploit to survive 

immune-chemotherapy is of great importance for better distinguishing the subgroup of 

patients who could potentially benefit from novel immunotherapies [144]. Moreover, 

therapy-induced state switches such as cellular senescence appear to impact on the long- 

term outcomes of DLBCL patients but remain understudied. The epigenetic signature 

of therapy-induced senescence (TIS) can be a predictor for the treatment outcome of 

DLBCL patients [6, 23]. TIS can be marked a double-edged sword, as it is beneficial as a 

stable arrest program but detrimental due to a senescence-associated pro-inflammatory 

secretome and stem-like reprogramming [145]. In particular, the T-cell surveillance of 

and T-cell utilization against senescent B-cell lymphoma deserve further investigation. 

Therefore, this study aimed to explore how T-cell activity can be harnessed to eliminate 

TIS lymphoma cells, with a specific view on the immunostimulatory capacity of anti- 

CD19/CD20 × CD3 bispecific antibodies (CD19-BsAb and CD20-BsAb, respectively) 

that currently enter lymphoma treatment in the clinic in this process. 

First of all, we investigated the intrinsically altered gene expression patterns in TIS 

based on our previously published gene profile of the senescence-capable (Control) and 

senescence-incapable (Suv39h1ER) Eµ-myc; Bcl2-protected lymphoma cells under the 

Adriamycin chemotherapy scenario. The TIS lymphoma cells displayed enriched 

immune response-related gene sets, including Immune Response, T Cell Activity and 

Peptide/MHC-I/MHC-II antigen processing. This insight was compatible with the 

findings of up-regulated MHC-I/MHC-II molecules upon oncogene-induced 

senescence (OIS) [32, 33], which indicated that senescence was actively involved in 

regulating immune response, specifically in terms of senescence immunosurveillance. 
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Interestingly, the gene set “Negative Regulation of Adaptive Immune Response” was 

considerably abundant in the TIS cells, which is also consistent with our previous 

findings using an OIS model. We found that OIS exhibited several enriched genetic 

signatures involved in the negative regulation of immune response and T-cell activation 
[23]. Further analysis of the differentially expressed genes in the TIS cells revealed that 

a considerable proportion of these significantly changed genes were involved in the 

biological processes of Immune Response and Immune System Process. Moreover, a 

narrow-down tracing of these two genetic signatures uncovered a group of overlapping 

genes, including one of the immune checkpoint protein-encoding genes, CD274 (PD- 

L1). In 2021, we reported that the enhanced PD-L1/PD-L2 expression on the cell 

surfaces of senescence-prone MyD88-/CARD11-mutant lymphomas could execute as 

an immune-evading strategy for the malignant B cells [23]. To date, the “good” 

(immunostimulation) and “bad” (immune evasion) sides of senescent tumor cells in the 

disease control of B-cell lymphomas require further investigation. 

To examine the immunoediting features of TIS cells, we transduced the primary Eµ- 

myc lymphoma cells with Bcl2-overexpressing plasmids and established an in vitro TIS 

model which triggers senescence in lymphoma cells while reducing their apoptotic 

activities upon mafosfamide (MAF) chemotherapy, as described in our previous study 
[26]. A striking senescence induction was confirmed in the MAF-treated Bcl2; Control 

lymphoma cells (hereafter, TIS lymphoma cells for short) from the SA-β- gal staining. 

The TIS lymphoma cells exhibited a significant up-regulation of MHC-I molecules and 

co-stimulatory factors (CD80, CD86) on the cell surfaces. Moreover, the up-regulation 

of surface MHC-II molecules was noted in 4 of 6 lymphoma cases, although the extent 

and direction varied profoundly among the samples. The results here are in line with 

previous studies: apart from the findings of up-regulated MHC- I/II in OIS [32, 33], Busse 

et al. discovered an enhanced expression of HLA-DR (a human MHC-II molecule), 

CD80 and CD86 on the monocytes from aging individuals [146]. Consistently with the 

differential gene expression analysis, the immune checkpoint protein PD-L1 was up-

regulated significantly in the TIS lymphoma cells. Likewise, we also noted a therapy-

induced PD-L1 up-regulation in a human colorectal cancer cell line (SW480) after 5-FU 
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treatment, suggesting that TIS-induced PD-L1 might be a general phenotype in tumor 

cells, which required further study on more cancer cell types. These results suggested 

that TIS lymphoma cells gained enhanced immunogenicity compared to their 

proliferating controls, which increased the possibility for TIS lymphoma cells to be 

identified by, and interact with, immune cells. As a selective countermeasure, the 

senescence-triggered immune response might be limited by the senescence-induced 

PD-L1 expression. Whether or not these immunoediting characteristics of TIS cells are 

senescence-specific requires further investigation on the MAF-treated Suv39h1Y/-; Bcl2-

protected lymphoma cells. So far, the immunoenhancing features (MHC-I, MHC-II, 

CD80 and CD86) and immunotolerant molecule (CD274) were up-regulated in the TIS 

lymphoma cells, which encouraged us to continue studying their survival under T-cell 

surveillance. 

To mimic the endogenous interaction of T cells and lymphoma cells ex vivo, we isolated 

syngeneic T cells and co-cultured them with un-pretreated or MAF-pretreated (TIS) 

Suv39h1-proficient Bcl2-protected lymphoma cells ex vivo. The results showed that TIS 

lymphoma cells were more vulnerable to the co-cultured T cells compared to their 

proliferating controls, while the senescence-incapable lymphoma cells exhibited 

comparable T-cell vulnerabilities between the MAF-treated and untreated lymphoma 

cells. This implied that senescence might render lymphoma cells more vulnerable to the 

unstimulated T cells, which mimics the primary T-cell response, or influence the 

recognition and activation of T cells during the immunosurveillance of cancer cells. To 

investigate the difference in T-cell response towards proliferating and senescent 

lymphoma cells, we first examined the physical interaction efficiency of T cells to 

lymphoma cells. The results indicated a higher frequency of TIS lymphoma cells 

interacting with the co-cultured T cells, and more T cells engaging with TIS lymphoma 

cells on average compared to the proliferating lymphoma cells. Furthermore, with the 

antigen-processing function of the malignant B cells, T cells might be activated after 

recognizing and interacting with the lymphoma cells. Therefore, we analyzed two T-

cell activation markers (CD69 and CD25) on T cells in the co-culture system. CD69+ T 

cells and CD25+ T cells were more abundant in the co-culture system with TIS 
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lymphoma cells compared to the proliferating lymphoma cells. Normally, T-cell 

activation requires signal 1 (upon TCR-pMHC complex interaction) and signal 2 (upon 

the interaction of co-stimulatory factors and their corresponding receptors, e.g., CD28- 

CD80/CD86), after which the fully activated T cells enter a highly proliferative state 

and differentiate into effector T cells and memory T cells [147]. We used a live-cell dye 

(CellTraceTM) to trace the proliferation of T cells in the ex vivo co-culture. 

Unfortunately, a generally limited T-cell proliferation was observed in the co-culture 

system with either the TIS or proliferating lymphoma cells. Here, we studied the 

“primary” T-cell surveillance of lymphoma cells ex vivo using the unstimulated T cells, 

the majority of which were naïve T cells that had never encountered lymphoma cells 

before. Stronger co-stimulatory signals are required to activate naïve T cells compared 

to antigen-specific memory T cells [147]. Therefore, only moderate cytotoxic effects 

were observed in these unstimulated T cells when targeting TIS lymphoma cells. 

Consistently with this finding, the co-cultured T cells showed modest levels of 

activation, proliferation and cytotoxicity against TIS lymphoma cells. The general 

underresponsiveness of lymphoma cells to T-cell surveillance requires alternative 

immunotherapies that can boost the T-cell cytotoxicity towards malignant B cells. For 

example, CAR T-cell therapy can be generated to target CD19 or CD20 on the 

lymphoma cell surfaces without requiring the specificity match between the TCRs on 

the CAR-T cells and the peptide-MHC-I complexes on the lymphoma cells, thereby 

bypassing the MHC-restricted antigen recognition [85]. The virus-based or virus-free 

transduction of T cells to express CD19-or CD20-CARs requires weeks or days of 

manufacture, which is a time-consuming and costly therapy. Another possible approach 

to activate T cells and boost their cytotoxicity is using T-cell redirecting BsAbs to 

simultaneously target CD3 on T cells and CD19/CD20 on lymphoma cells, thereby 

bridging T cells with the malignant B cells to initiate the T-cell cytotoxicity against 

their engaging tumor cells. This approach with off-the-shelf BsAbs was therefore 

investigated in this project regarding their T-cell boosting efficacy towards lymphoma 

cells. The B-cell-targeting T-cell redirecting BsAbs showed certain promising efficacies 

in R/R DLBCL patients [95, 97, 98] as well as in elderly DLBCL patients without any 
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pre- treatment [99], which suggests a potential for T-cell-redirecting BsAbs in disease 

control when in combination with conventional chemotherapy. In the current study, the 

ex vivo T-cell killing assays with CD19-BsAb and CD20-BsAb showed that CD19- 

BsAb enabled T cells to achieve approximately 40% to 50% effectiveness in killing 

proliferating lymphoma cells. Conversely, CD20-BsAb failed in boosting T cells to kill 

more proliferating lymphoma cells. However, both CD19-BsAb and CD20-BsAb 

significantly enhanced the cytotoxicity of T cells against TIS lymphoma cells. More 

specifically, when compared to CD20-BsAb, CD19-BsAb exhibited a higher efficacy 

in boosting T cells (without pre-stimulation) to kill TIS lymphoma cells ex vivo. 

However, the immunostimulatory effects of CD19-BsAb and CD20-BsAb were notably 

less pronounced in the T cells targeting the MAF-treated senescence-incapable 

lymphomas, implying that senescence might act as a BsAb-sensitizer for treating B-cell 

lymphomas. Further analysis of T cell and lymphoma cell interaction revealed that 

CD19-BsAb dramatically encouraged T cells to interact with either proliferating or TIS 

lymphoma cells. Conversely, a higher proportion of TIS lymphoma cells tended to 

interact with T cells compared to their proliferating controls, especially in the 

presence of CD20-BsAb, which exclusively encouraged T cells to interact with TIS 

lymphoma cells but not proliferating lymphoma cells. In parallel, CD19-BsAb 

exhibited comparably strong effects on boosting T-cell activation in the co-culture 

systems with either proliferating or TIS lymphoma cells. However, CD20-BsAb only 

induced a noteworthy activation of T cells when they were co-cultured with TIS 

lymphoma cells but not with their proliferating controls. A similar pattern was also 

noted in the T-cell proliferation tests. A robust proliferation of T cells was found in 

those co-cultured with TIS lymphoma cells in the presence of either CD19-BsAb or 

CD20-BsAb, and in those co-cultured with proliferating lymphoma cells only with the 

addition of CD19-BsAb. Overall, CD19-BsAb and CD20-BsAb can effectively boost 

T cells to interact with TIS lymphoma cells, leading to T-cell activation, proliferation 

and functional cytotoxicity performance. In addition to targeting TIS lymphoma cells, 

CD19-BsAb can also foster T cells to interact with the proliferating lymphoma cells, 

resulting in subsequent T-cell activation, proliferation and cytotoxicity execution. So far, 
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we have learned that CD19-BsAb can promote the unstimulated syngeneic T cells to 

perform immunosurveillance of the proliferating lymphoma cells to some extent, while 

both CD19-BsAb and CD20-BsAb can dramatically boost these T cells to eliminate 

TIS lymphoma cells ex vivo. 

The immune checkpoint protein PD-L1 is a critical regulator in limiting T-cell activation 

and in leading to T-cell exhaustion by binding to its receptor PD-1 on the activated T 

cells. Due to the up-regulated PD-L1 on the cell surfaces of TIS lymphomas, we 

examined the impacts of PD-L1 on the T-cell surveillance of B-cell lymphomas ex vivo. 

The subgroup of PD-L1high TIS lymphoma cells were less vulnerable to T-cell 

cytotoxicity compared to the PD-L1low TIS lymphoma cells in a short-term exposure to 

primary T-cell surveillance. However, the difference of these two groups of lymphoma 

cells in surviving under T-cell pressure was not striking, which might be a result of the 

various up-regulation levels of PD-L1 on lymphomas and the huge intrinsic 

heterogenicity of lymphomas. Moreover, the surviving TIS lymphoma cells expressed 

more PD-L1 under the cytotoxic pressure from T cells in the absence or presence of 

CD20-BsAb, suggesting that PD-L1 could be a protector for TIS lymphoma cells in the 

CD20-BsAb-enhanced T-cell surveillance. These results suggested that the PD-L1/PD-

1 axis might play a role in restricting the cytotoxicity of T cells towards TIS lymphoma 

cells ex vivo, even in the presence of CD20-BsAb, which implied a therapeutic 

application of the PD-L1/PD-1 immune checkpoint blockade to enhance T- cell killing 

against TIS lymphoma cells in combination with CD20-BsAb. For example, one clinical 

report on a patient with refractory B-cell-precursor acute lymphoblastic leukemia (ALL) 

revealed that the PD-L1 expression on malignant cells could contribute to 

blinatumomab resistance [148]. Another study on pediatric acute ALL revealed that 

blinatumomab-resistant ALL lesions exhibited a stronger PD-L1 expression, and a 

promising efficacy of blinatumomab combined with pembrolizumab (an anti-PD-1 

blocking antibody) was shown in a young patient with refractory ALL [149]. Similarly, a 

phase I clinical trial of blinatumomab combined with immune checkpoint blockades 

(PD-1 blocking antibody Nivolumab + CTLA-4 blocking antibody Ipilimumab) showed 

that this treatment modality achieved an 80% CR rate in the adult R/R ALL patients, with 
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tolerable side effects [150]. Furthermore, other immune checkpoint proteins were found 

to be increased in T cells (PD-1, Tim3 and TIGIT) and the paired tumor cells (PD-L1/L2, 

CD155 and Galectin-9) from the R/R B-cell- precursor ALL patients who were 

refractory to blinatumomab [151]. These findings suggested that blockade of the PD-

L1/PD-1 axis might further de-repress the T-cell surveillance of TIS lymphoma cells 

with enhanced PD-L1 expression after chemotherapy. Therefore, the CD20-BsAb-

enhanced T-cell surveillance of senescent lymphoma cells shed a light on preventing the 

disease relapse of DLBCLs, which requires caution to be taken regarding the immune 

checkpoint proteins in the treatment processes. 

Certain limitations also exist in this study. For example, the TIS lymphoma model was 

established by treating Bcl2-overexpressing Eµ-myc lymphoma cells with mafosfamide, 

which causes DNA damage, cell division suspension and mitotic catastrophe, leading to 

apoptotic, necrotic and autophagic cell death [152, 153]. Other genotoxic agent- or 

irradiation-induced senescence models, or less genotoxic pro-senescent agents such as 

the CDK4/6-inhibitor (Palbociclib), were not investigated, which limits our findings to 

be generalized as a pan-senescence scenario. Therefore, the coherence of T-cell 

surveillance of senescent cancer cells requires studies considering the cancer cell types, 

senescence-inducing strategies, and BsAb formats, among others. Secondly, we focused 

on the “primary” T-cell surveillance of senescent cells ex vivo that mimics the 

endogenous recognition and interaction of syngeneic T cells to lymphoma cells. However, 

an in vivo setting is necessary to elucidate the senescence surveillance under a complex 

immune network. Accordingly, both immunocompetent mice with T-cell depletion 

and immunocompromised mice can be used to study the immunosurveillance of healthy 

syngeneic T cells towards senescent lymphoma cells in vivo. Furthermore, other immune 

checkpoint proteins need to be explored in the TIS lymphoma model to generate an 

overview of the immune landscape of senescent lymphomas. Lastly, the genetic and 

epigenetic mechanisms of PD-L1 up-regulation in TIS lymphoma cells need to be 

further addressed in a follow-up study. 

In conclusion, the current study depicts the immune response-related signature of TIS 

lymphoma cells, which exhibit an immunostimulatory and immunoinhibitory landscape 
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of TIS lymphomas, leading to primary T-cell surveillance ex vivo. The T-cell-redirecting 

CD19-BsAb and CD20-BsAb boosted T cells to kill the TIS lymphoma cells, which was 

co-restricted by their up-regulated PD-L1 as a countermeasure. 
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