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Dissertation Abstract 

T cell adoptive therapies, including chimeric antigen receptor (CAR) T cells, have 

revolutionized the treatment of cancer, particularly hematological malignancies, yet 

there are still many poorly understood cellular mechanisms regulating T cell efficacy, 

persistence and preclinical modeling that negatively impact translational success. My 

dissertation explores the molecular drivers of conventional T and CAR T cell activation, 

focusing on the roles of activation-induced cell death (AICD) and unintended allogeneic 

responses that may confound efficacy data.  

In Chapter 1, I introduce foundational studies that laid the groundwork for our 

current understanding of T cell biology and signaling, and examine how researchers 

have leveraged those findings to develop CAR T cells. I further review the current CAR 

T cell preclinical pipeline, highlighting how advances in CAR construct design, 

manufacturing optimization, application of preclinical models and development of next-

generation platforms, are being integrated to improve CAR T cell therapeutic efficacy 

and clinical translation.  

Building on the theme of translational immunobiology, Chapter 2 explores the 

paradoxical role of PD-1 signaling in conventional and CAR T cells. While there is 

currently a strong interest in combining checkpoint inhibition with CAR T cell therapy, 

clinical results have been mixed with multiple studies reporting equivocal or negative 

data. PD-1 is typically viewed as an inhibitory receptor attenuating T cell activity, 

although my work demonstrates that during strong T cell receptor or CAR stimulation, 

PD-1 engagement actually protects T cells from AICD by decreasing interferon-gamma 

(IFN-γ) production, leading to less CD95 (Fas) expression and subsequently less 
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apoptosis. Disruption of PD-1 signaling in T cells enhances early activation and cytokine 

production but compromises long-term cell survival and persistence. These findings 

highlight a dual role for PD-1 in modulating activation and longevity, with significant 

implications for optimizing immune checkpoint blockade administration in the context of 

adoptive T cell therapy.  

In Chapter 3, I demonstrate that both non-transduced (NT) and CAR T cells can 

mount potent cytotoxic responses against an antigen-negative Raji tumor line possibly 

due to endogenous T-cell receptor (TCR)-mediated alloreactivity. These responses are 

characterized by increased expression of T cell activation markers, such as CD25, 

CD69, HLA-DR and PD-1, increased expression of the proliferation marker Ki67, and 

elevated production of cytokines. These results demonstrate a key limitation in 

preclinical modeling where the use of certain tumor cell lines can artificially inflate 

efficacy results due possibly to unintended TCR-mediated reactivity. 

 Together, these studies provide novel insights into how CAR T cells are shaped 

by their activation status – the fine balance between increased effector function at the 

cost of survival – and the importance of performing preclinical modeling with systems 

that avoid false-positive outcomes and recapitulate clinical conditions.  
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Abstract 

T cells are integral to an effective immune response, mediating diverse roles such as 

direct killing of infected or cancerous cells, cytokine secretion to activate and recruit 

other immune populations, and the formation of immunological memory to protect 

against repeat antigen exposure. Using intracellular signaling motifs from conventional 

T cell receptors, chimeric antigen receptor (CAR) T cells can be engineered to 

recognize specific antigens in an MHC-independent manner. CAR T cell therapy has 

profoundly transformed the cancer treatment landscape, achieving unprecedented 

clinical success in patients with hematological malignancies. However, challenges such 

as cytokine release syndrome, neurotoxicity, antigen escape, and limited efficacy in 

solid tumors remain, underscoring the need for a robust preclinical development 

pipeline to design novel CAR T cell products and generate clinically meaningful data. 

This review provides a comprehensive overview of the key stages in CAR T cell therapy 

development, from CAR construct design and manufacturing optimization to in vitro and 

in vivo functionality assessment. We discuss how factors like T cell subset composition, 

and cytokine choice and expansion duration during manufacturing influence CAR T cell 

phenotype, persistence, and anti-tumor efficacy. In vitro assays offer valuable 

mechanistic insights but fail to model dynamic immune cell interactions, trafficking, and 

complex tumor microenvironments. In contrast, in vivo models allow for more complex 

physiological evaluation but are limited by species differences and ethical constraints. 

Next-generation platforms such as patient-derived tumor organoids and organ- or multi-

organ-on-a-chip microfluidics are emerging as powerful tools to model CAR T cell 

therapy within physiologically relevant contexts such as immune cell trafficking, tumor 
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architecture and heterogeneity, and the tumor microenvironment. Additionally, 

computational approaches are being increasingly used to develop novel CAR designs 

and predict patient responses. By integrating traditional experimental approaches with 

innovative technologies, the field is poised to improve translational success by 

generating more clinically predictive data and accelerating the development of safer and 

more effective CAR T cell therapies. 
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Introduction 

A Brief History of T cell Biology 

In a seminal 1961 study, Jacques Miller demonstrated that neonatal thymectomy 

caused mice to be highly susceptible to infection, proving that the thymus is essential 

for the development of an effective immune response.1 Subsequent studies revealed 

that while removal of the bursa of Fabricius in chickens ablated antibody production but 

did not impair allograft rejection, thymectomy in mice prevented both allograft rejection 

and delayed-type hypersensitivity, while only partially reducing antibody responses.2–4 

Collectively, these findings established a functional distinction between lymphocytes 

derived from the thymus (T cells) that mediate cellular immunity, and those from the 

bursa (B cells) that produce antibodies. To clarify the thymus’s role in lymphocytic 

development, Miller showed in 1967 that while thymectomy did not prevent the 

formation and pool of precursor lymphocytes, it was critical for their maturation into 

immunocompetent cells capable of mounting antigen-specific responses against sheep 

erythrocytes, causing them to undergo robust proliferation.5  

Over the ensuing decades, researchers made significant advances in uncovering 

the molecular mechanisms regulating T cell biology and signaling. In 1974, Rolf 

Zinkernagel and Peter Doherty demonstrated that cytotoxic T cells from k-haplotype 

(CBA/H) mice immunized with lymphocytic choriomeningitis virus (LCMV) could only kill 

infected target cells sharing the same MHC haplotype, and not those expressing b or d 

haplotypes.6  This landmark discovery laid the foundation for the concept of MHC 

restriction in T cell responses.  



5 
 

In the following decade, considerable progress was made in identifying the actual 

T cell receptor responsible for this MHC restriction. In 1982, Jim Allison and colleagues 

identified a monoclonal antibody that recognized a unique surface glycoprotein 

molecule on a clonal T cell tumor, providing the first evidence that a clonotypic T cell 

receptor (TCR) exists.7 In a pivotal moment in early 1984, Tak Mak and Mark Davis, 

along with their colleagues independently cloned the cDNAs encoding the β chain of the 

human and mouse TCRs respectively.8,9 Within the year, both groups (along with 

several others) would clone the α chain.10–13 

Subsequent studies further delineated the molecular process of T cell activation. 

In 1986, Alain Townsend and colleagues demonstrated that cytotoxic T cells could 

recognize short influenza-derived peptides presented on MHC class I molecules and 

eliminate infected target cells. In 1987, Carl June and colleagues identified CD28 as a 

crucial co-stimulatory receptor by showing that CD28 engagement enhanced T cell 

activation and proliferation but only in the context of concurrent protein kinase C or anti-

CD3 stimulation, establishing the second important signal in T cell activation.14 

In the 1990s and early 2000s, immunologists further illuminated the importance 

of cytokine signaling on T cells, now known as signal 3. Matthew Mescher and 

colleagues demonstrated that inflammatory cytokines, such as IL-12 and type I 

interferons, are critical for naïve T cell priming and allow for full clonal expansion and 

acquisition of effector function.15,16  Furthermore, in murine models, IL-12 alone was 

sufficient to comparably replace adjuvant use during peptide immunization, driving 

equivalent T cell expansion, effector function, and memory formation.17 
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Collectively, these key findings have established our current three signal model 

of T cell activation, a fundamental dogma in immunology. Signal 1 involves TCR 

recognition of peptide-MHC complexes; signal 2 involves co-stimulatory receptor 

binding to respective ligands (i.e., CD28 binding to CD80/CD86); signal 3 involves 

cytokine receptor signaling. Activation through these three modules results in the clonal 

expansion, differentiation, and robust effector function of T cells.  

 

The Development and Rise of CAR T cell Therapy 

Unlike T cells that are MHC-restricted in activation, in chimeric antigen receptor 

(CAR) T cell therapy, T cells are taken from a patient and genetically modified to 

express an artificial receptor – known as a ‘CAR’ – enabling them to recognize tumor-

associated antigens (TAA) and mount a specific and potent and cytotoxic response. In 

the past decade, CAR T cell therapy has dramatically enhanced the cancer 

immunotherapy landscape, providing not only a highly efficacious alternative to 

conventional cancer treatments but also creating a biological blueprint that can 

potentially be harnessed to treat other uncurable diseases  

Clinical trials, such as ELIANA/ENSIGN, ELARA and ZUMA-1, have 

demonstrated the potent efficacy of CAR T cells in achieving remission and significantly 

improving overall survival (OS) in relapsed or refractory (R/R) B-cell acute lymphoblastic 

leukemia (B-ALL) and R/R diffuse large B-cell lymphoma (DLBCL).18–20 In a direct 

comparative study, CAR T cell therapy outperformed chemotherapy in terms of 

remission and OS in patients with R/R B-ALL.21 Furthermore, several matching-adjusted 

indirect comparison studies have associated CAR T cell therapies with improved OS, 
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reduced risk of death, and fewer hospitalizations when compared to historical standard-

of-care.22,23 These findings support CAR T cell therapy not only as a viable treatment 

option but in certain contexts as a superior alternative to conventional treatments.  

Despite clinical success, CAR T cell therapy still faces significant hurdles, 

including variable patient responses, cytokine release syndrome (CRS), neurotoxicity, 

tumor heterogeneity, antigen escape, and limited efficacy in solid tumors.24 Addressing 

these issues requires a comprehensive preclinical pipeline including rational CAR 

design, optimized manufacturing, and robust in vitro and in vivo experimental modeling. 

These stages are essential for refining product candidates, generating clinically relevant 

data, and improving the predictive value of preclinical findings. This review examines 

key aspects of the CAR T cell preclinical pipeline, highlighting current strategies, 

limitations, and emerging innovations aimed at advancing the next generation of CAR T 

cell therapies. 
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CAR T cell Design  

As of August 2025, the FDA has approved seven CAR T cell therapies (Table 1). 

While they all target hematological malignancies, five target the antigen CD19 and two 

target BCMA. Despite differences in antigen targeted, these therapies share a similar 

underlying CAR structure. 

At its core, a CAR consists of four components: the antigen-binding single-chain 

variable fragment (scFv), the hinge region, the transmembrane domain, and intracellular 

signaling domains.25 The extracellular scFv, composed of the variable heavy (VH) and 

variable light (VL) regions of a monoclonal antibody connected by a flexible linker, 

allows for MHC-unrestricted antigen specificity. Immediately downstream is the hinge 

region, which provides structural flexibility and stability, allowing the scFv to effectively 

bind to its target antigen. The transmembrane domain anchors the CAR to the T cell 

membrane. 

The intracellular portion of the CAR contains signaling motifs derived from T cell 

activation proteins such as CD3ζ, CD28, 4-1BB, ICOS, OX40, and other co-stimulatory 

molecules. These domains enable the CAR T cells to become activated and exert 

effector functions upon antigen cross-linking. First-generation CARs incorporate only a 

single CD3z intracellular domain while second and third generation CARs add an 

additional one or two intracellular signaling domains (i.e., CD28, 4-1BB etc.) 

respectively, enhancing T cell survival, proliferation, and persistence.26–28 Additionally, 

fourth generation CARs, such as armored and T-cell redirected towards universal 

cytokine killing (TRUCK) CARs, in addition to intracellular signaling domains, include 

transgenes – such as cytokines, monoclonal antibodies, enzymes, transcription factors, 
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and other immunomodulatory proteins –  to improve CAR T cell function and survival in 

immunosuppressive tumor microenvironments (TMEs).29,30 To build upon this concept, 

more recently researchers have developed fifth-generation CARs, which add signaling 

domains from cytokine receptors to activate of the JAK-STAT pathway and further 

promote T cell proliferation, survival, and memory formation.31  

Currently, all FDA-approved CAR T cell products utilize a second-generation 

CAR although third- and fourth-generation CAR T cells are actively being tested in 

clinical trials with promising preliminary results.32,33 However, While unique CAR 

designs form the molecular basis for improving CAR T cell function, therapeutic efficacy 

of the final CAR T cell product is also dependent on how these cells are manufactured.  
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CAR T cell Manufacturing  

CAR T cell manufacturing is increasingly recognized as a crucial determinant for 

the quality and therapeutic efficacy of the final CAR T cell product. While all current 

FDA-approved CAR T therapies to date are autologous, to primarily mitigate the risk of 

graft-versus-host disease (GvHD), significant research is being conducted to develop 

off-the-shelf allogeneic CAR T cells.34  

 

Starting Populations of T cell Subsets 

Following blood collection, researchers perform leukapheresis to obtain PBMCs, 

which can later be processed by magnetic bead sorting or other purification methods to 

yield an enriched T cell population. A considerable effort has gone into identifying the 

ideal starting T cell populations to maximize CAR T cell efficacy, especially considering 

the variability in baseline percentages of CD4+ and CD8+ T cells amongst patients. 

While CD8+ T cells are classically seen as the primary mediators of cytotoxicity, studies 

have shown that CAR T cells derived solely from purified CD8+ T cells are 

hypofunctional and less efficacious as they require strong cytokine signaling and co-

stimulatory interactions (i.e., from CD40L-CD40 and CD70-CD27) from CD4+ helper T 

cells to fully exert their anti-tumor capabilities.35 Moreover, CD4+ CAR T cells 

themselves can be cytotoxic and have been identified as the key cell type contributing 

to long-term disease control in treated patients with chronic lymphocytic leukemia 

(CLL).36  

Multiple studies have identified a 1:1 ratio of CD4+:CD8+ T cells to be best for 

maximizing anti-tumor efficacy.35,37 This notion is supported by clinical data 
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demonstrating an association of a CD4+:CD8+ ratio higher than 1.12 with increased risk 

of treatment failure at three and six months.38 Due to this, lisocabtagene maraleucel, 

unlike other products that start with bulk T cell populations, is manufactured by 

separately generating CD4+ and CD8+ CAR T cells before combining them at a 1:1 

ratio for infusion.39  

In addition to CD4+/CD8+ composition, the differentiation status of the starting T 

cell population, particularly the CD8+ subset, can significantly impact CAR T cell 

therapeutic outcome. Surface markers such as CD62L, CCR7, CD45RA, and CD45RO, 

can classify T cells into distinct subsets: naïve (TN, CD62L+CCR7+CD45RA+CD45RO-

), stem cell memory (TSCM, CD62L+CCR7+CD45RA+CD45RO+), central memory (TCM 

,CD62L+CCR7+CD45RA-CD45RO+), effector memory (TEM ,CD62L-CCR7-CD45RA-

CD45RO+), and effector (TEFF ,CD62L-CCR7-CD45RA+CD45RO-).40 CAR T cells 

derived from TN, TSCM, and TCM populations tend to persist longer and demonstrate 

stronger anti-tumor responses.37,41 Despite this, enrichment less differentiated subsets 

is not yet adopted in standard manufacturing protocols. 

 

Ex Vivo Expansion: Cytokines Effects  

Follow population selection, T cells are activated typically with anti-CD3/CD28 

antibodies coated on magnetic beads or embedded in nanomatrices, although 

alternative methods of activation, such as phytohemagglutinin, have been explored.42–44  

After 24 to 48 hours of activation, T cells are transduced with lentiviral or retroviral 

vectors encoding the CAR construct and at 72 hours, activation reagents are removed, 
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and CAR T cells are expanded ex vivo in culture media containing cytokines for one to 

two weeks prior to formulation and infusion.44 

Historically, IL-2 has been the primary cytokine used during ex vivo expansion as 

it enables robust T cell proliferation and is used in the manufacturing of both 

tisagenlecleucel and axicabtagene ciloleucel.45 However, sustained high doses of IL-2 

during expansion has been linked with increased CAR T cell exhaustion and regulatory 

T cell (Treg) induction, which could impair CAR T cell efficacy.45 Furthermore, prolonged 

IL-2 signaling can drive terminal differentiation of CAR T cells into TEM or TEFF 

phenotypes, resulting in a reduced frequency of early memory subsets (TSCM or TCM) 

and decreased long term persistence and tumor control.46  

To address these limitations, some protocols instead use a combination of IL-7 

and IL-15 for ex vivo expansion, which better maintains less differentiated CAR T cell 

phenotypes, resulting in greater persistence and sustained anti-tumor efficacy.47,48 IL-21 

has been shown to further enrich for less differentiated CAR T cells while increasing 

both expansion and transduction efficiency during manufacturing.49 

 

Ex Vivo Expansion: Culture Duration and Phenotypic Impact  

In addition to cytokines, the length of ex vivo expansion greatly influences the 

phenotype and functional quality of the CAR T cell product. Standard manufacturing 

protocols typically include an expansion period of one to two weeks, during which a 

heterogeneous mixture of CD4⁺ and CD8⁺ T cells proliferates.44 Within this population, 

cells exhibit varying degrees of differentiation, spanning from less differentiated (TSCM, 

TCM) to more differentiated (TEM, TEFF) subsets. Longer culture times tend to drive CAR 



13 
 

T cells towards terminal differentiation and exhaustion, potentially compromising 

persistence and therapeutic efficacy. Conversely, shorter expansion times help 

preserve stem-like and early memory phenotypes and is correlated with improved 

persistence and clinical outcomes. Studies have shown that CAR T cells harvested 

earlier, 3 or 5 days, into the expansion phase are not only less differentiated but also 

demonstrate enhanced anti-tumor activity even at lower doses.50,51 Supporting this, a 

phase I trial utilizing a next-day manufacturing protocol found that CAR T cells frozen 24 

hours after transduction displayed less exhaustion and differentiation, and possessed 

greater efficacy at low doses in patients with relapsed/refractory B-ALL.52  
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In Vitro Characterization of CAR T cell Efficacy  

Following successful generation and expansion, CAR T cells are typically first 

evaluated in 2D in vitro assays to assess their phenotype, functionality, and persistence. 

Standard assays involve co-incubating CAR T cells with either bead- or plate-bound 

antigen(s) or immortalized antigen-expressing cell lines for 24 to 72 hours hours.53 This 

setup can be performed in single or repeated rounds of restimulation with antigenic 

targets to evaluate the durability of CAR T cell responses and the effects of prolonged 

activation on phenotype. Repeated stimulations may better model clinical scenarios 

where tumor cells are not immediately eliminated but require prolonged immune control.  

 

After co-culture, CAR T cell in vitro characterization focuses on four key parameters: 1) 

phenotypic analysis (activation, exhaustion, and memory markers), 2) secretory profiling 

(cytokines, cytotoxic granules, and chemokines), 3) proliferative capacity, and 4) 

cytotoxic function. 

 

Phenotypic Analysis 

CAR engagement with antigen results in robust T cell activation, which can be 

evaluated by upregulated surface expression of activation markers such as CD25, 

CD69, CD71, and HLA-DR.54 Conversely, increased expression of inhibitory receptors 

such as PD-1, LAG-3, TIGIT, TIM-3, and 2B4, may indicate emerging or greater T cell 

exhaustion, which is associated with poorer clinical outcome.55–58 These markers can be 

measured either by flow cytometry or qPCR. Additionally, flow cytometry enables 

assessment of memory subset differentiation using delineation markers such as CD62L, 
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CCR7, CD45RA, and CD45RO (as previously discussed), allowing for monitoring of the 

phenotypic shift towards progressive terminal differentiation following antigen exposure. 

 

Secretory Profiling  

Supernatants collected from co-cultures can be analyzed for cytokines, cytotoxic 

granules, and chemokines, using enzyme-linked immunosorbent assay (ELISA), 

cytokine bead arrays (CBA), or high-throughput multiplex platforms such as Luminex, 

Meso Scale Discovery (MSD), or single-cell secretome technologies.59,60 The secretion 

of key inflammatory cytokines, including IL-2, IFN-γ, and TNF, and cytotoxic granules, 

including granzyme B and perforin, is indicative of functional CAR T cell activation and 

cytolytic potential.61,62 However, while elevated cytokine secretion may indicate potent 

effector function, it may also correlate clinically with an increased risk of cytokine 

release syndrome (CRS), immune effector cell-associated neurotoxicity syndrome 

(ICANS), or tumor lysis syndrome (TLS).63 In addition, chemokines such as CCL19, 

MIP-1α, and SDF-1α may indicate the potential of CAR T cells to recruit other immune 

populations, especially innate immune cells.64 

 

Proliferative Capacity 

The ability of CAR T cells to expand upon antigen encounter is a critical indicator 

of therapeutic efficacy. Clinically, greater in vivo CAR T cell expansion has been 

associated with complete responders, while limited expansion is more often observed in 

non-responders or partial responders.65 In vitro, proliferative capacity can be assessed 

directly by counting total cell numbers post-stimulation or by [3H]-thymidine 
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incorporation assays. Alternatively, flow cytometry approaches can also be used, 

including detection of proliferation markers, such as Ki-67, or BrdU incorporation, as 

well as tracking dye dilution methods using CFSE or CellTrace Violet.66  

 

Cytotoxic Function 

Cytotoxicity can be measured both directly and indirectly. Direct methods include 

quantifying target cell death by flow cytometry using viability dyes (i.e., propidium iodide, 

7-AAD) or apoptosis markers (i.e., annexin V) to distinguish between live, apoptotic, and 

dead target cells, or by engineering target cells to express fluorescent proteins (i.e., 

GFP) or luciferase, then monitoring the loss of these signals over time as an indicator of 

cell death.67 Indirect methods include impedance-based killing assays (e.g., 

xCELLigence) or measuring the release of intracellular contents such as ATP, lactate 

dehydrogenase (LDH), or chromium-51 from lysed cells.67 These assays provide 

multiple functional readouts to evaluate the ability of CAR T cells to kill antigen-

expressing tumor target cells.  

 

Limitations of Preclinical In Vitro Assessment 

While in vitro assays serve as a useful first pass in evaluating CAR T cell effector 

function and proliferative capacity upon antigen encounter, they fall short in replicating 

complex in vivo physiological conditions. Standard co-culture assays create an artificial 

environment where CAR T cells are placed in close immediate proximity with tumor 

cells overexpressing the targeted antigen. In reality, CAR T cells must circulate 
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systemically, traffic to the tumor site, and infiltrate the TME, where its functionality is 

influenced by immunological and metabolic barriers.  

In solid tumors, antigen expression may not be restricted to malignant cells and 

are often expressed at varying levels on normal tissues, increasing the risk of on-target, 

off-tumor (OTOT) toxicity, a phenomenon observed in multiple clinical trials.68  

Additionally, while tumor cell lines used in co-culture assays typically express uniformly 

high levels of antigen, patient tumors are generally far more heterogeneous, and may 

exhibit low antigen density, which can reduce CAR T cell activation and cytotoxicity.69 

A major limitation of in vitro modeling is the absence of an immunosuppressive 

TME. In vivo, CAR T cells must contend with the presence of regulatory T (Treg)  cells, 

myeloid-derived suppressor cells (MDSCs), and M2-polarized tumor-associated 

macrophages (TAMs).70–73 These cells secrete immunosuppressive cytokines like TGF-

β and IL-10, express inhibitory ligands, and interfere with T cell homing, all of which 

collectively impair CAR T cell function in the TME and are rarely accounted for in 

standard in vitro assays.74,75 Conversely, by releasing pro-inflammatory cytokines and 

chemokines, CAR T cells can also recruit other immune and stromal populations to the 

TME.76 This is particularly true for fourth-generation CAR T cells, which are engineered 

to secrete immunomodulatory factors that enhance not only their own anti-tumor 

capabilities but also that of neighboring immune cells.77   

Furthermore, in vitro assays typically fail to replicate other critical features of the 

TME, such as hypoxia, acidic pH, nutrient depletion, and abnormal vasculature (i.e. 

fibrotic stromal barriers), all factors that impact CAR T cell trafficking, persistence, 

metabolism, and overall effector function.78,79  
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To improve the translational relevance of 2D in vitro assays, future studies should 

consider incorporating stromal, endothelial, and immunosuppressive immune cells, 

introducing physical barriers to mimic tumor vasculature, and simulating hostile 

conditions (i.e., hypoxia, low pH, and nutrient scarcity). While in vitro models are 

important for early-stage CAR T cell evaluation, their inability to recapitulate the 

complexities of human physiology and the TME limits their translational value and 

underscores the need for complementary in vivo modeling. 
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In Vivo Characterization of CAR T cell Efficacy  

In vivo models provide an essential platform for evaluating CAR T cell efficacy, 

persistence, trafficking, and safety in physiologically relevant context. These models 

typically involve engrafting either human (xenogeneic) or murine (syngeneic) tumor cells 

into mice and subsequently treating them with CAR T cells. Unlike in vitro assays, 

during in vivo modeling, CAR T cells circulate, traffic to tumor sites, and interact with the 

tumor microenvironment (TME). 

 

Xenogeneic Mouse Modeling 

Xenogeneic models typically involve implanting human tumor cell lines or patient-

derived xenografts (PDXs) into severely immunodeficient mice such as NSG, NOG, or 

NRG strains.80,81 These mice lack functional T, B, and NK cells, and exhibit deficiencies 

in their macrophage and dendritic cell compartments, allowing for engraftment of both 

human tumor cells and human CAR T cells.82 PDXs, generated from clinical tumor 

samples grown and passaged in immunodeficient mice, may improve translational 

relevance by modeling tumor heterogeneity although they are limited logistically by 

availability (depending on the tumor), long establishment times, and high costs. 

Repeated passaging also selects for dominant fast-growing subclones thereby reducing 

tumor heterogeneity over time.83 In addition, the human TME in PDXs is progressively 

replaced with murine extracellular matrix and stromal cells limiting its ability to faithfully 

model the human TME.84  

Hematological tumors are typically injected intravenously while solid tumors can 

be implanted subcutaneously, orthotopically, or intravenously, depending on the cancer 
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type and the experimental objectives. After a period of engraftment, CAR T cells are 

then administered intravenously, and anti-tumor efficacy is monitored primarily through 

survival analysis over time. To better mirror the clinical process, lymphodepleting 

regimes, such as radiation and chemotherapy (i.e., cyclophosphamide/fludarabine), 

may be administered beforehand to enhance CAR T cell engraftment. This 

preconditioning, however, can lead to altered tumor metabolism and premature tumor 

clearance, complicating interpretation of CAR T cell eficacy.85 Furthermore, since 

immunodeficient mice lack other functional immune populations and interactions 

between then and CAR T cells, the effects of lymphodepletion in this context may not be 

physiologically representative.86 Tumor burden can be assessed via caliper 

measurements (solid tumors), flow cytometry, MRI, or bioluminescent/fluorescent 

imaging using tumor cells engineered to express luciferase or fluorescent proteins.87,88 

These imaging techniques are especially valuable for tracking disease progression in 

disseminated or metastatic cancer models. 

Additionally, CAR T cell persistence and memory phenotype can be evaluated by 

collecting and processing blood, lymphoid tissues (although lymph nodes are absent in 

most immunodeficient strains), tumor-infiltrated organs, and tumors themselves and 

analyzing via flow cytometry or immunohistochemistry. Cytokine and chemokine 

secretion profiles can also be evaluated by serum analysis. While immunodeficient 

mouse models provide valuable insight into CAR T cell efficacy and persistence in vivo, 

they ultimately lack a functional immune system and therefore cannot accurately model 

the spectrum of CAR T cell interactions with other immune cell types. Furthermore, 

while functional myeloid-derived suppressor cells (MDSCs) and tumor-associated 
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macrophages (TAMs) have been detected in NSG mice, their impact on human CAR T 

cells may be minimized due to species incompatibility.89   

 

To better model these human immune interactions, humanized mouse models 

can be generated by engrafting human PBMCs or hematopoietic stem cells into 

immunodeficient mice. To promote engraftment and support development of human 

immune lineages, these mice are often engineered to express additional human 

components such as cytokines (i.e., NSG-SGM3), MHC molecules, or phagocytosis-

inhibiting receptors like SIRPα (i.e., MISTRG mice). Despite these advances, however, 

cross-species incompatibilities remain. Human CAR T cells cannot fully interact with 

mouse cytokines, vasculature, or stroma, and additionally, humanized mice develop 

graft-versus-host disease (GvHD), limiting experimental windows.90 Furthermore, while 

human cytokines such as TNF and IL-1α/β can signal through murine receptors, 

xenogeneic models are inconsistent and unreliable for evaluating systemic toxicities 

with mixed reports showing that they observe systemic toxicities in some cases and not 

in others.91–94 To address these limitations, syngeneic mouse models are often used in 

conjunction or as an alternative platform to assess CAR T cell activity in the context of a 

fully functional species-compatible immune system. 

 

Syngeneic Mouse Modeling 

In syngeneic models, murine tumor cell lines are implanted into immunocompetent 

mice, typically C57BL/6 or BALB/c strains, which are then treated with mouse-derived 

CAR T cells. These models offer one distinct advantage over xenogeneic ones by 
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enabling the evaluation of CAR T cell function in the context of a fully intact immune 

system. This includes interactions and crosstalk with endogenous T cells, innate 

immune cells, stromal components, and tumor vasculature, all of which can modulate 

CAR T cell efficacy, expansion, and persistence.95,96  

Additionally, while lymphodepleting regimens can be applied in xenogeneic 

models, their use in syngeneic ones provide greater physiological relevance owing to an 

intact immune system.97 Furthermore, since cytokine-receptor signaling is maintained in 

a mouse-to-mouse context, systemic toxicities, including CRS or immune-mediated 

organ damage, can be more accurately modeled than in immunodeficient or humanized 

mice. Toxicity assessments include histopathological analysis, complete blood counts, 

and serum chemistry testing (e.g., ALT, AST) to monitor organ function and 

hematological changes.98  

However, translating syngeneic models to humans is limited by reliance on 

murine CAR T cells and tumor antigens, which may not accurately reflect the 

functionality of human CAR T cells. Additionally, mouse tumor cell lines are often more 

immunogenic than patient tumors, which may cause overestimation of CAR T cell 

potency.99 Therefore, while syngeneic models are important to study immune dynamics 

and safety profiles, their results should be evaluated together with xenogeneic and 

humanized models for a more comprehensive preclinical evaluation.  

 

Limitations of In Vivo Models 

While in vivo models have significantly advanced the preclinical evaluation of 

CAR T cells, mouse biology does not fully capture human physiology particularly in 
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terms of immune cell trafficking, cytokine signaling, and systemic toxicity. Toxicities 

observed in mice do not always translate to humans, especially since disease states 

must often be artificially induced. Furthermore, neither tumor cell lines nor PDXs fully 

capture the heterogeneity, TME, and complexity of human patient tumors, limiting the 

ability of these models to simulate mechanisms of tumor resistance such as antigen 

loss or immune escape.100 

To address these limitations, alternative animal models have been explored. 

Canines, for example, are genetically and histologically similar to humans and share 

comparable inherited disease patterns and microbiome compositions.101 Furthermore, 

their cancers arise spontaneously in immunocompetent hosts, leading to tumor 

heterogeneity that more closely resembles human disease.102 Non-human primates, 

which are even more genetically similar with humans, have been shown to recapitulate 

key CAR T cell-associated toxicities such as cytokine release syndrome (CRS) and 

neurotoxicity with high fidelity.103  However, both canine and non-human primate models 

are limited by high costs, logistical challenges, and ethical constraints. 
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Future Directions 

In 2013, European states adopted EU Directive 2010/63/EU strengthening ethical 

reviews of all animal studies. Furthermore, the European Parliament passed a 

resolution in 2021 calling for a plan to phase out all animal testing by 2035. In the 

United States, the FDA Modernization Act 2.0 was signed into law in 2022 removing the 

federal mandate for animal testing in drug approvals. More recently, the SPARE Act 

was introduced to Congress in March 2025 proposing to ban animal use in all federally 

funded research facilities, and the NIH announced in July 2025 that it would no longer 

fund research exclusively relying on animal models. With the research community 

moving towards replacing in vivo models, it is necessary to develop advanced in vitro 

techniques that faithfully replicate complex in vivo biology.  

Patient-derived tumor organoids (PDTOs) are derived from stem or progenitor 

cells of a patient’s tumor, embedded in an 3D extracellular matrix and differentiated into 

organ-like tissues that largely preserve the histological and molecular heterogeneity of 

the original tumor. While PDTOs do not yet fully recapitulate the tumor 

microenvironment (TME) or CAR T cell trafficking dynamics within the human body, 

they represent a 3D spatial model to study CAR T cell efficacy in a heterogeneous 

tumor. Multiple studies have demonstrated the strong predictive ability of PDTOs for 

immunotherapy outcomes.104,105 Notably, a recent study successfully generated 

glioblastoma PDTOs that accurately mirrored patient responses to CAR T cell therapy, 

both treatment efficacy and potential neurotoxicity, in a simultaneous, side-by-side 

comparison.106 
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To better simulate immune cell trafficking and the TME, organ-on-a-chip (OOC) 

and multi-organs-on-a-chip (MOC) platforms have been developed that use microfluidic 

technologies to create interconnected microchannels mimicking vasculature, enabling 

the flow of immune cells through tissue-like structures that incorporate organ-specific 

tissues along with stromal cells, endothelial cells, immune cells, and components of the 

extracellular matrix.107 Along with their ability to evaluate CAR T cell efficacy in complex, 

physiologically relevant environments, these systems have been shown to successfully 

replicate interactions between CAR T and other cell types, such as M2-like TAMs 

impairing CAR T cell cytotoxicity.108 Researchers have also engineered these platforms 

to emulate TME-associated stresses such as hypoxia and acidic pH, allowing for 

predictive assessment of CAR T cell function under adverse environmental 

conditions.109,110 

Complementing both established and innovative techniques is in silico modeling 

and machine learning (ML), which are transforming CAR T cell development. These 

computational tools can simulate molecular interactions and predict CAR-to-antigen 

binding interfaces at the atomic level, enabling the development of CAR constructs that 

avoid steric hindrance and improve target engagement.111,112 ML algorithms can further 

integrate large datasets, including single-cell RNA sequencing (scRNA-seq), spatial 

transcriptomics, proteomics, metabolomics, and link them to patient outcomes and 

uncover key cellular mechanisms, signaling networks, and predictive biomarkers 

influencing CAR T cell efficacy. In one study, deep learning models accurately predicted 

over 90% of clinical outcomes in mantle cell lymphoma patients.113 When computational 

approaches are integrated with experimental data, they can yield personalized, 
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mechanistically predictive insights that improve translational success without reliance on 

animal models.  
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Conclusions 

In conclusion, T cells play an instrumental part of an effective immune response, 

clonally expanding in the presence of antigenic peptides presented onto MHC, and 

mediating immunity through cytotoxic effector function, orchestrating immune cell 

recruitment via cytokines and chemokines, and generating long-lasting immunological 

memory. Advances in the molecular understanding of basic T cell biology have allowed 

researchers to leverage the signaling motifs of classical T cell activation receptors to 

engineer CAR T cells that can mediate MHC-unrestricted cell-mediated cytotoxicity. 

However, CAR T cells still face significant clinical challenges, especially pertaining to 

differences in patient responses, systemic toxicities, tumor heterogeneity, antigen 

escape, and limited efficacy in solid tumors. A thorough understanding of the preclinical 

pipeline – including CAR design, manufacturing optimizing, and experimental modeling 

– is essential for developing next-generation CAR T cell therapies. Refining the CAR 

construct and manufacturing process, applying current preclinical models while 

acknowledging their limitations, and incorporating innovative technologies to uncover 

novel mechanistic insights will enable generation of more clinically meaningful data and 

improve the translational success of future CAR T cell therapies. 
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Abstract 

Adoptive T cell therapies, including chimeric antigen receptor (CAR) T cells, are 

increasingly being applied for cancer and other diseases. Immune checkpoint inhibitors 

(ICIs), including those targeting the PD-1/PD-L1 axis, focus on enhancing T cell 

activation and effector functions. However, clinical combination of combined ICI and 

CAR T cell therapies have yielded mixed results. Activation-induced cell death (AICD) 

as a potential limiting factor in these responses has not been fully explored. Here, using 

multiple models, we show that during strong T cell receptor (TCR) or chimeric antigen 

receptor (CAR) stimulation, PD-1 signaling protects both conventional and CAR T cells 

from AICD. This occurs in part by suppressing interferon-gamma (IFN-γ) production and 

downstream CD95 expression. Using murine, canine, and human T and CAR T cell 

models, we demonstrate that genetic deletion, signal modulation, or antibody blockade 

of PD-1 augments early T cell activation and increases IFN-γ production but is followed 

by increased apoptosis and decreased persistence. Deletion of the IFN-γ receptor in T 

and CAR T cells reduced AICD, improving engraftment and anti-tumor efficacy. These 

findings identify a dual role for PD-1 in restraining T cell activation while also preserving 

survival, with clinical implications for optimizing checkpoint blockade in immunotherapy. 
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Introduction 

T cell checkpoint molecules such as PD-1, upon engagement with its ligands PD-

L1 and PD-L2, inhibit T cell activation, leading to impaired cytokine production, 

proliferation, and effector function1,2. Physiologically, these inhibitory receptors are 

essential for maintaining immune homeostasis by preventing self-antigen recognition, 

limiting overactivation, and sustaining memory T cell responses following strong or 

continuous stimulation – such as during acute and chronic viral infections, particularly in 

aged individuals3–5. In chronic disease settings, such as some viral infections and 

cancers, PD-1 expression remains elevated and is associated with an “exhausted” 

phenotype characterized by reduced proliferative capabilities and cytokine production6,7. 

Immune checkpoint inhibitor (ICI) approaches targeting the PD-1/PD-L1 axis have been 

shown to reinvigorate precursor exhausted T cells (Tpex) and lower activation thresholds, 

thereby expanding tumor-specific T cell responses and leading to significantly improved 

anti-tumor responses against multiple cancer types8–10.  

Activation-induced cell death (AICD) is another essential mechanism for 

maintaining immune balance where apoptosis is triggered by heightened or prolonged 

activation11. AICD has been observed across various cell types, including 

lymphocytes12,13. In T cells, AICD plays a critical role in limiting excess immune 

responses by ensuring clonal contraction after antigen clearance and by maintaining 

peripheral tolerance by eliminating self-reactive cells12–14. It is primarily mediated 

through the upregulation of the death receptor CD95 (Fas) and its ligand CD95L (FasL), 

both of which are induced on T cells upon activation15,16. CD95-CD95L interactions 

recruit the death-inducing signaling complex (DISC), initiating a caspase cascade that 
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ultimately results in apoptosis17. Interestingly, AICD has been linked to interferon-

gamma (IFN-γ) production, which can enhance CD95 expression and sensitize cells to 

apoptosis18,19. ICIs, by rejuvenating and augmenting T cell responses, increase IFN-γ 

secretion20–22. However, while most studies focus on their effects in boosting T cell 

activation and effector function, little attention has been given to how these therapies 

may impact AICD and affect long-term persistence of antigen-specific T cells. This is 

particularly relevant under conditions of strong and/or continuous T cell stimulation, 

such as during cancer and/or adoptive cell therapies. Notably, lymphopenia following 

ICI administration has been reported in several clinical trials, raising the possibility that 

AICD may limit the sustained durability of ICI-augmented T cell responses23,24. 

The success of genetically engineered chimeric antigen receptor (CAR) T cells in 

certain cancers has generated interest in applying ICIs to further enhance their 

therapeutic efficacy. However, clinical applications of combined ICI and CAR T cell 

therapy have surprisingly yielded equivocal or negative results25–27. Additionally, several 

studies have demonstrated that disruption of PD-1 signaling in activated CAR T cells 

decreases proliferation and compromises long-term persistence28,29. To investigate the 

underlying biology, we examined the impact of PD-1 signal inhibition on T and CAR T 

cell function using mouse, canine, and human T or CAR T cells. We report that across 

all systems, PD-1 abrogation via either genetic ablation, signal modulation, or antibody 

blockade, initially enhanced T and CAR T cell activation, but was subsequently followed 

by increased AICD and impaired T cell persistence. Using PD-1-/- mouse T cells, a PD-

1/CD28 chimeric switch receptor in canine CAR T cells, and PD-1 antibody blockade 

with mouse T, human T, and human CAR T cells, we observed that increased T cell 
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activation was consistently followed by greater T and CAR T cell loss compared to 

controls. ICI noticeably increased IFN-γ production, which correlated with increased 

AICD. Abrogation of IFN-γ signaling through the removal of IFNGR expression resulted 

in improved T cell persistence and greater anti-tumor efficacy. These results 

demonstrate that the PD-1/PD-L1 pathway plays a significant role in T cell maintenance 

during strong activation, including CAR signaling, by inhibiting IFN-γ production and 

subsequent CD95 upregulation, thereby preventing AICD. Furthermore, impairing IFN-γ 

signaling via IFNGR knockout attenuates AICD, resulting in greater T and CAR T cell 

engraftment and efficacy, representing a promising strategy for improving the 

effectiveness and therapeutic durability of CAR T cells.  
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Methods 

Tumor Cell Lines and Culture 

The wild-type (WT) human Burkitt’s lymphoma cell line, Raji (RRID: CVCL_0511), was 

generously gifted by Caring Cross. The human PD-L1-expressing Raji cell line 

(Raji/hPD-L1) was purchased from InvivoGen (InvivoGen, Cat. #raji-hpdl1). Luciferase-

expressing Raji/hPD-L1 cells (Raji/hPD-L1/ffLuc) were generated by infecting Raji/hPD-

L1 cells with GFP and firefly luciferase-expressing virus provided by Caring Cross in the 

presence of 5 µg/mL polybrene (Millipore, Cat. #TR-1003-G). Subsequently, GFP+ cells 

were flow sorted and expanded. Raji and Raji/hPD-L1 cells expressing Incucyte 

Nuclight Green were generated by transducing parental lines with lentivirus encoding for 

Incucyte Nuclight Green at an MOI of 3 in the presence of 5 µg/mL polybrene. The 

transduced cells were selected for Nuclight Green expression in media containing 1 

μg/mL puromycin (Gibco, Cat. #: A1113803). The K562 cell line (RRID: CVCL_0004) 

expressing canine CD20, canine PD-L1, GFP, and firefly luciferase (K562/cCD20/cPD-

L1/GFP-ffLuc) was generated and provided by the laboratory of Dr. Nicola Mason 

(University of Pennsylvania School of Veterinary Medicine). Both cell lines were cultured 

in RF10C media and passaged twice a week to maintain high cell viability (>90%). 

RF10C media is made of: 90% RPMI 1640 without glutamine (Gibco, Cat. #: 

21870084), 10% Nu-Serum (Corning, Cat. #: 355100), 2 mM L-glutamine (Gibco, Cat. 

#: 25030081), 1x MEM non-essential amino acids (Gibco, Cat. #: 11140050), 1 mM 

sodium pyruvate (Gibco, Cat. #: 11360070), 1% penicillin/streptomycin (Gibco, Cat. #: 

15140122), 1 mM HEPES (Gibco, Cat. #: 15630080). All tumor cell lines were tested to 
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ensure there was no mycoplasma every 3 months using a MycoStrip kit (InvivoGen, 

Cat. #: rep-mysnc-100) and evaluated for antigen expression prior to use.  

 

Mice 

Wild-type (WT) female C57BL/6J mice (Jackson Laboratory, RRID: IMSR_JAX:000664) 

and IFNGR1 knockout (IFNGR-/-) female mice (Jackson Laboratory, RRID: 

IMSR_JAX:003288) were purchased from the Jackson Laboratory. PD-1 knockout (PD-

1-/-) C57BL/6J mice were generously provided by Dr. Bruce Blazar (University of 

Minnesota Medical School). Male and female NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) 

mice (Jackson Laboratory, RRID: IMSR_JAX:005557) were also purchased from the 

Jackson Laboratory. Mice were housed in groups of four per cage under specific 

pathogen-free (SPF) conditions at the University of California, Davis (UC Davis) Institute 

for Regenerative Cures, an AAALAC-accredited animal facility. Animals were 

maintained on a 12-hour light/dark cycle with ad libitum access to food (NIH-31 chow) 

and water. All animal procedures were approved by the UC Davis Institutional Animal 

Care and Use Committee (IACUC) protocols 20395, 20680, 20707, 22739, and carried 

out in accordance with institutional guidelines, ethical regulations, and humane 

endpoints. Group sizes were selected based on previous studies and the principal 

investigator’s guidance.  

 

Mouse Splenocyte In Vitro Studies 

Splenocytes harvested from WT, IFNGR-/-, PD-1-/- C57BL/6J mice were processed into 

single-cell suspensions in D-PBS (Gibco, Cat. #: 14190136) + 2% FBS and filtered 



49 
 

through a Falcon 70 µm cell strainer (Corning, Cat. #352350). Afterwards, splenocytes 

were treated for 5 minutes with 1x RBC lysis buffer (BioLegend, Cat. #: 420302) and 

washed once with D-PBS and 2% FBS. They were then counted using a Z1 Coulter 

Particle Counter (Beckman Coulter). They were then resuspended to a concentration of 

0.75x10^6 – 1.0x10^6 cells/mL in RF10C media. 200 µL of the single cell suspensions 

were plated in 96-well round bottom plates (~1.5x10^5 to 2.0x10^5 cells per well) and 

activated with 0.625 µg/mL concanavalin A (conA). In studies involving the addition of 

mouse IFNγ, 100 ng/mL of mouse IFNγ (Miltenyi, Cat. #: 130-105-785) were 

concurrently added to select wells with conA. After 72 hours of activation, splenocytes 

were counted using a hemocytometer and trypan blue exclusion. Cells were incubated 

with Near-IR (780) viability dye (Invitrogen, Cat. #: L34976), Fc blocked with a 1:20 of 

TruStain FcX anti-mouse CD16/32 (BioLegend, Cat. #: 101320), surface stained (APC 

anti-mouse CD45 [BioLegend, Cat. # 103112], BV785 anti-mouse CD3 [BioLegend, 

Cat. #: 100231], BV711 anti-mouse CD4 [BioLegend, Cat. #: 100549], BV605 anti-

mouse CD8 [BioLegend, Cat. #: 100743], PerCP/Cyanine5.5 anti-mouse CD25 

[BioLegend, Cat. #: 101912], FITC anti-mouse CD69 [Cat. #: 104506], PE anti-mouse 

PD-1 [BioLegend, Cat. #: 135206]), intracellular stained as applicable (APC/Cyanine7 

anti-mouse IFN-γ [BioLegend, Cat. #: 505850]), incubated with fluorescently labeled 

annexin V as applicable (Pacific Blue annexin V [BioLegend, Cat. #: 640918] or 

PE/Dazzle 594 annexin V [BioLegend, Cat. #: 640956]) and analyzed by flow cytometry.  
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Mouse Splenocyte In Vivo Allogeneic Adoptive Transfer Studies 

WT and PD-1-/- bone marrow chimeras were generated by adoptive transfer of 2.5x10^7 

bone marrow cells isolated from C57BL/6J WT or PD-1-/- mice into lethally irradiated 

C57BL/6J WT recipient mice. Recipients were subjected to a split-dose total body 

irradiation regimen (2 × 650 cGy) prior to transplantation. Allogeneic adoptive transfer 

experiments were performed using a C57BL/6J (H-2ᵇ) into NSG (H-2ᵍ⁷) model. NSG 

recipients received a sublethal total body irradiation (TBI) conditioning regimen of 200–

300 cGy prior to intravenous injection (i.v.) of donor cells. Donor cells were harvested 

from the spleens and lymph nodes of C57BL/6J mice, mechanically processed into 

single-cell suspensions. 10x10^6 donor cells were transferred intravenously into 

preconditioned recipients. PD-1 blockade was performed using an anti-mouse PD-1 

monoclonal antibody (clone 29F.1A12, BioXCell, Cat. # BE0273). A loading dose of 500 

µg was administered on day 1, followed by maintenance doses of 250 µg twice weekly 

(e.g. days 4, 7, 11, 14, etc.). At indicated time points, spleens were removed and 

mechanically processed into single-cell suspensions in D-PBS + 2% FBS, filtered 

through a Falcon 70 µm cell strainer, treated with 5 mL of 1x RBC lysis buffer, washed 

once in D-PBS + 2% FBS, and counted using a Z1 Coulter Particle Counter (Beckman 

Coulter). Cells were incubated with either eFluor 780 viability dye (Invitrogen, Cat. #: 65-

0865-14 or Zombie NIR viability dye (BioLegend, Cat. #: 640956), Fc blocked with a 

1:20 of TruStain FcX anti-mouse CD16/32, surface stained (APC/Fire 810 anti-mouse 

CD45 [BioLegend, Cat. #: 103174], BUV563 anti-mouse CD3 [BD Biosciences, Cat. #: 

741319], BUV395 anti-mouse CD4 [BD Biosciences, Cat. #: 563790], BUV496 anti-

mouse CD8a [BD Biosciences, Cat. #: 750024], R718 anti-mouse CD11b [BD 
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Biosciences, Cat. #: 567469], PE/Fire 700 anti-mouse CD11c [BioLegend, Cat. #: 

161108], BUV615 anti-mouse CD19 [BD Biosciences, Cat. #: 751213], PE/Dazzle 594 

anti-mouse CD25 [BioLegend, Cat. #: 101920], BV650 anti-mouse CD69 [BioLegend, 

Cat. #: 104541], RB744 anti-mouse LAG3 [BD Biosciences, Cat. #: 756907], APC anti-

mouse TIGIT [BioLegend, Cat. #: 142106], PE anti-mouse TIM3 [BioLegend, Cat. #: 

119704]), intracellular stained as applicable (BV421 anti-mouse Ki67 [BioLegend, Cat. 

#: 151208]), incubated with fluorescently labeled annexin V as applicable (Pacific Blue 

annexin V [BioLegend, Cat. #: 640918]) and analyzed by flow cytometry. Cytokine 

analysis was performed using cytokine bead array (CBA) kits to detect IFN-γ (BD, Cat. 

#: 558296) and TNF (BD, Cat. #: 558299).  Adoptive transfer experiments using PD-1-/- 

donor cells were conducted under similar conditions. Recipients were conditioned with 

200–300 cGy TBI prior to receiving 8 - 10x10^6 WT or PD-1-/- via intravenous injection. 

At indicated time points, blood and spleen were obtained for immune analysis. Blood 

was treated twice with 1x RBC lysis buffer, and spleens were processed into single-cell 

suspensions, filtered through a Falcon 70 µm cell strainer and counted using a Z1 

Coulter Particle Counter. Cells were incubated with eFluor 780 viability dye or Zombie 

NIR viability dye, Fc blocked with a 1:20 of TruStain FcX anti-mouse CD16/32, surface 

stained (BUV395 anti-mouse CD45 [BD Biosciences, Cat. #: 564279], BUV496 anti-

mouse CD3 [BD Biosciences, Cat. #: 741117], BV711 anti-mouse CD4 [BioLegend, 

Cat. #: 100549], BV605 anti-mouse CD8 [BioLegend, Cat. #: 100743], 

PerCP/Cyanine5.5 anti-mouse CD25 [BioLegend, Cat. #: 101912], FITC anti-mouse 

CD69 [Cat. #: 104506] or FITC anti-mouse CD95 [BioLegend, Cat. #: 152606], PerCP-

eFluor710 anti-mouse LAG3 [Invitrogen, Cat. #: 46-2239-42], APC anti-mouse TIGIT 
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[BioLegend, Cat. #: 142106], PE anti-mouse TIM3 [BioLegend, Cat. #: 119704]) 

incubated with fluorescently labeled annexin V as applicable (Pacific Blue annexin V 

[BioLegend, Cat. #: 640918]) and analyzed by flow cytometry. ~2.0x10^6 to 5.0x10^6 

splenocytes from day 21 were flash frozen and stored at -80°C for qPCR. 

 

Canine PBMC/T cell Isolation 

Whole blood was obtained from canine donors from the laboratory of Dr. Robert 

Rebhun (UC Davis School of Veterinary Medicine) and diluted 1:1 with D-PBS 

containing 2% FBS. The resulting diluted blood was placed into 50 mL SepMate PBMC 

isolation tubes (STEMCELL Technologies, Cat. #: 85450) pre-filled with 15 mL of 

lymphocyte separation media (Corning, Cat. #: 25-072-CV) and centrifuged at 1200 x g 

for 10 minutes at room temperature with the brake on. The top layer containing the 

enriched PBMCs was poured into a new 50 mL conical tube and washed once with D-

PBS containing 2% FBS. Afterwards, to remove residual red blood cells the purified 

canine PBMCs were treated with 1x RBC lysis buffer for 5 minutes and washed once 

with D-PBS and 2% FBS. Canine T cells were isolated as described previously32. 

 

Canine CAR T cell Generation, Expansion and Validation 

Lentiviral vectors encoding a chimeric antigen receptor (CARs) targeting canine CD20, 

with or without a canine PD-1-CD28 chimeric switch receptor (CSR), as well as canine 

T cell anti-CD3/anti-CD28 activation beads, were generously provided by the laboratory 

of Dr. Nicola Mason (University of Pennsylvania School of Veterinary Medicine). 

Isolated canine T cells were activated, transduced, and validated for CAR transduction 
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efficiency using previously described methods with lentiviral transduction performed at a 

multiplicity of infection (MOI) of 1032. CSR transduction efficiency was validated using 

human PD-1 biotinylated antibody (R&D, Cat. #: BAF1086) combined with BV605 

streptavidin (BioLegend, Cat. #: 405229). After transduction, canine CAR T cells were 

cultured and expanded in RF10C media containing 100 IU/mL recombinant human 

interleukin-2 (rhIL-2, TECIN Teceleukin, Bulk Ro 23-6019, provided by National Cancer 

Institute). Every 2 days, cells were counted and resuspended to a concentration of 

0.5x10^6 in RF10C media until use.  

 

Canine CAR T cell In Vitro Studies 

Canine wild-type (WT) cCD20 or cCD20 + PD-1 chimeric switch receptor (CSR) CAR T 

cells were incubated with irradiated (10,000 cGy) K562/cCD20/cPD-L1/GFP-ffLuc cells 

at a 1:1 effector:target (E:T) ratio for 72 hours in 3 consecutive stimulations. After the 

third stimulation, supernatants were collected and ELISA (R&D Systems, Cat. #: 

CAIF00) was used to quantify the levels of canine IFN-γ produced. 

 

Canine CAR T cell Treatment of Tumor-Bearing Mice  

NSG mice were i.v. injected with 2.0x10^7 K562/cCD20/cPD-L1/GFP-ffLuc cells on day 

0. On day 10, mice were treated with 3.0x10^6 WT cCD20 or cCD20 + CSR CAR T 

cells. On indicated time points, spleens and bone marrow were harvested. Spleens and 

bone marrow were mechanically processed into single-cell suspensions in D-PBS + 2% 

FBS, filtered through a Falcon 70 µm cell strainer, treated with 5 mL of 1x RBC lysis 

buffer, washed once in D-PBS + 2% FBS, and counted using a Z1 Coulter Particle 
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Counter. Cells were then incubated with Zombie NIR viability dye, Fc blocked with a 

1:20 of TruStain FcX anti-mouse CD16/32 a, surface stained (APC anti-mouse CD45 

[BioLegend, Cat. #: 103112], PE-Cyanine7 anti-canine CD4 [Invitrogen, Cat. #: 25-

5040-42], eFluor 450 anti-canine CD8a [Invitrogen, Cat. #: 48-5080-42], PE anti-canine 

CD25 [Invitrogen, Cat. #: 12-0250-42] and analyzed with flow cytometry. Tumor burden 

in mice was assessed at indicated timepoints by i.p. injection of 4.5 mg D-luciferin 

(Revvity, Catalog #: 122799) followed by bioluminescent imaging using the IVIS Lumina 

III system (PerkinElmer, Cat. #: CLS136334). 

 

Human PBMC/T cell Isolation 

Leukocyte reduction chambers containing blood from healthy human donors were 

procured from (Vitalant) and diluted 1:1 with D-PBS containing 2% FBS. The diluted 

blood was placed into 50 mL SepMate PBMC isolation tubes pre-filled with 15 mL of 

lymphocyte separation media and centrifuged at 1200 x g for 10 minutes at room 

temperature with the brake on. The top layer containing the enriched PBMCs was 

poured into a new 50 mL conical tube and washed once with D-PBS containing 2% 

FBS. Afterwards, to remove residual red blood cells the purified human PBMCs were 

treated with 1x RBC lysis buffer for 5 minutes and washed once with D-PBS and 2% 

FBS. T cells were subsequently isolated from the enriched PBMCs using a MagniSort 

human T cell enrichment kit (Invitrogen, Catalog #: 8804-6810-74) and cryopreserved in 

90% FBS and 10% DMSO at -80°C for 24 to 72 hours. Isolated T cells were stored in 

liquid nitrogen for long-term storage until used for CAR T cell generation. 
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Human PBMC In Vivo Xenogeneic Adoptive Transfer Studies 

Xenogeneic adoptive transfer experiments were performed using human PBMCs into an 

NSG model as previously described34. 10.0x10^6 human PBMCs were injected i.v. into 

NSG recipients on day 0. On days 0, 3, 7, 11 and 14, select mice also received either 

human IgG isotype control (Invitrogen, Cat. #: 31154) or 500 μg of anti-human PD-1 

(pembrolizumab) injected i.p. On indicated timepoints, blood was collected or and/or 

spleens were harvested. Blood was treated twice with 1x RBC lysis buffer, and spleens 

were processed into single-cell suspensions in D-PBS + 2% FBS, filtered through a 

Falcon 70 µm cell strainer, treated once with 1x RBC lysis buffer, and counted using a 

Z1 Coulter Particle Counter. Cells from spleens and bone marrow were incubated with 

live/dead aqua viability dye (Invitrogen, Cat #: L34957), Fc blocked with a 1:20 dilution 

of human TruStain FcX and a 1:20 dilution of TruStain FcX anti-mouse CD16/32, 

surface stained (BV785 anti-human CD3 [BioLegend, Cat. #: 317330], BV711 anti-

human CD4 [BioLegend, Cat. #: 317440], FITC anti-human CD8 [BioLegend, Cat. #: 

BioLegend, Cat. #: 344704], Alexa647 anti-HLA-DR [BioLegend, Cat. #: 307622], PE 

anti-human PD-1 [BioLegend, Cat. #: 329906]) and analyzed by flow cytometry. Clinical 

assessment of acute GVHD was conducted according to previously described 

methods50. 

 

Human CAR T cell Generation, Expansion and Validation 

Isolated T cells were thawed from liquid nitrogen on day 0 and resuspended in pre-

warmed TexMACS GMP medium (Miltenyi Biotec, Cat. #: 170-076-307) and counted. 

To activate, they were resuspended to a concentration of 1x10^6 cells/mL in TexMACS 
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containing 200 IU/mL rhIL2 and a 1:20 dilution of MACS GMP T cell TransAct (Miltenyi 

Biotec, Cat. #: 200-076-204). 1 day post-activation, T cells were transduced with 

lentivirus encoding a tri-specific CAR recognizing hCD19/hCD20/hCD22 (provided by 

Caring Cross) at an MOI of 40. On day 3, T cells were collected, centrifuged at 1200 

RPM for 5 minutes, and the media decanted. The T cells were then resuspended in pre-

warmed TexMACS medium, counted, and subsequently resuspended to a 

concentration of 0.25x10^6 cells/mL in TexMACS containing 200 IU/mL rhIL2. On days 

6, 8, and 10, the T cells were counted and resuspended to a concentration of 0.5x10^6 

cells/mL in TexMACS containing 200 IU/mL rhIL2. CAR T cells were validated by 

primary staining with recombinant human CD19 Fc chimera protein (R&D Systems, Cat. 

#: 9269-CD-050) and human siglec-2 (CD22) His-tag recombinant protein (Invitrogen, 

Cat. #: A42609) followed by secondary staining with Alexa Fluor 647 goat anti-human 

Fc (Jackson ImmunoResearch, Cat. #: 109-606-098) and PE His antibody (Miltenyi, 

Cat. #: 130-120-718) and analysis by flow cytometry. CAR T cells were used for 

experiments between days 10 and 12. 

 

Human CAR T cell CRISPR KO and Validation 

On day 3 post-T cell activation (as described above), human CAR T cells were collected 

and resuspended to a concentration of 20x10^6 cells/mL in Buffer R (Thermo Fisher, 

Cat. #: MPK10096B). CRISPR-Cas9 ribonucleoprotein (RNP) mixtures were prepared 

per 2.0x10^6 human CAR T cells by incubating 100 pmol of IFNGR1 gRNA (Thermo 

Fisher, Cat. #: CRISPR748746_SGM) with 12.5 µg of TrueCut Cas9 Protein v2 (Thermo 

Fisher, Cat. #: A36498) and 50 µL of Buffer R for 20 minutes at room temperature. 
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Afterwards, 50 µL of each RNP mixture was added to 100 µL of CAR T cells, collected 

in a 100 µL Neon transfection system pipette and electroporated using a Neon 

Electroporation System set to the conditions 1600 V/10 ms/3 pulses. After 

electroporation, the cells were added back to pre-warmed TexMACS medium containing 

200 IU/mL rhIL2 and cultured as described above. To validate knockout efficiency, WT 

and IFNGR1 KO CAR T cells were stained with PE anti-human CD119 (IFN-γ R α 

chain) antibody (BioLegend, Cat. #: 308704) or PE mouse IgG2b, κ isotype ctrl antibody 

(BioLegend, Cat. #: 400314) and analyzed with flow cytometry. 

 

Human CAR T In Vitro Studies 

In a 96-well round bottom plate, CAR T cells were co-cultured with irradiated (10,000 

cGy) Raji WT or Raji/hPD-L1 cells for 72 hours with and without the addition of 20 

μg/mL of pembrolizumab at a 1:1 E:T ratio (1.0x10^5 cells of both) in TexMACS GMP 

medium. Afterwards, supernatants were collected and IFN-γ and IL-2 levels were 

measured by ELISA (Invitrogen, Cat. #: 88-7316-22; Invitrogen, Cat. #: 88-7025-22). 

Cells were then incubated with Zombie NIR viability dye, Fc blocked with a 1:20 dilution 

of human TruStain FcX (BioLegend, Cat. #: 422302), surface stained (anti-human 

CD22-His + PE anti-His, BV711 anti-human CD3 [BD Biosciences, Cat. #: 563725], 

BV785 anti-human CD4 [BioLegend, Cat. #: 317442], BUV737 anti-human CD8 [BD 

Biosciences, Cat. #: 749367], BV421 anti-human CD25 [BioLegend, Cat. #: 302630], 

BV605 anti-human CD69 [BioLegend, Cat. #: 310938], BV650 anti-human CD95 

[BioLegend, Cat. #: 305642], BV510 anti-HLA-DR [BioLegend, Cat. #: 307646]), 

intracellular stained when applicable (PE/Cyanine7 anti-human Granzyme B 
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[BioLegend, Cat. #: 372214], PE/Dazzle 594 anti-human Ki67 [BioLegend, Cat. #: 

350534], BV605 anti-human CD107a [BioLegend, Cat. #: 328634], APC anti-human IL2 

[eBioscience, Cat. #: 17-7029-82], BV421 anti-human IFN-γ [BioLegend, Cat. #: 

506538]), incubated with PE-Dazzle 594 annexin V when applicable (BioLegend, Cat. #: 

640956) and analyzed by flow cytometry. CAR T cytotoxicity studies were done by 

plating CAR T cells with either target Raji WT/Nuclight Green or Raji/hPD-L1/Nuclight 

Green cells at different E:T ratios in a 96-well flat bottom plate. The plate was placed in 

an Incucyte Live-Cell Analysis System (Sartorius) for 72 hours and analyzed using 

Incucyte analysis software (Sartorius). For IFN-γ studies, CAR T cells were co-cultured 

with 100 ng/mL rhIFN-γ for 24 hours in TexMACS. For restimulation experiments with 

TransAct, a 1:20 dilution TransAct for 3 days is used followed by restimulation, cell 

counts by trypan blue exclusion, and/or flow cytometry. For flow cytometry, cells were 

incubated with Zombie NIR viability dye, surface stained (anti-human CD22-His + PE 

anti-His, BV711 anti-human CD3 [BD Biosciences, Cat. #: 563725], BV785 anti-human 

CD4 [BioLegend, Cat. #: 317442], BUV737 anti-human CD8 [BD Biosciences, Cat. #: 

749367], BV650 anti-human CD95 [BioLegend, Cat. #: 305642]) and incubated with PE-

Dazzle 594 annexin V and analyzed by flow cytometry. 

 

Human CAR T cell Treatment of Tumor-Bearing Mice  

NSG mice were injected i.v. with 1x10^6 Raji/hPD-1/ffLuc cells on day 0 and 5x10^6 

CAR T cells on day 9. On day 9, select mice also received 500 μg of anti-human PD-1 

(pembrolizumab) injected i.p. with subsequent doses of 250 μg on days 13 and 17. On 

indicated timepoints, blood, spleens, and bone marrow were harvested. Blood was 
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collected in Microtainer Collection Tubes (BD Biosciences, Cat. #: 365967) and spun at 

8000 x g for 10 minutes to acquire serum; serum was frozen at -80°C until used. 

Spleens and bone marrow were mechanically processed into single-cell suspensions in 

D-PBS + 2% FBS, filtered through a Falcon 70 µm cell strainer, treated with 5 mL of 1x 

RBC lysis buffer, washed once in D-PBS + 2% FBS, and counted using a Z1 Coulter 

Particle Counter. ~2.0x10^6 to 5.0x10^6 spleen cells were flash frozen and stored at -

80°C for qPCR. For RNA-seq, human CD3+ cells were sorted from splenocytes stained 

with FITC anti-human CD3 (BioLegend, Cat. #: 300406) on a FACSAria II (BD), flash 

frozen and stored at -80°C until used. Cells from spleens and bone marrow were 

incubated with Zombie NIR viability dye, Fc blocked with a 1:20 dilution of human 

TruStain FcX and a 1:20 dilution of TruStain FcX anti-mouse CD16/32, surface stained 

(anti-human CD22-His + PE anti-His, BV711 anti-human CD3 [BD Biosciences, Cat. #: 

563725], BV785 anti-human CD4 [BioLegend, Cat. #: 317442], BUV737 anti-human 

CD8 [BD Biosciences, Cat. #: 749367], BV421 anti-human CD25 [BioLegend, Cat. #: 

302630], BV605 anti-human CD69 [BioLegend, Cat. #: 310938] or BV605 anti-human 

LAG3 [BioLegend, Cat. #: 369323], BV650 anti-human CD95 [BioLegend, Cat. #: 

305642], BV510 anti-HLA-DR [BioLegend, Cat. #: 307646], BUV395 anti-human TIGIT 

[BD Biosciences, Cat. #: 747845], BV421 anti-human TIM3 [BioLegend, Cat. #: 

345007]), intracellular stained when applicable (PE/Cyanine7 anti-human Granzyme B 

[BioLegend, Cat. #: 372214], PE/Dazzle 594 anti-human Ki67 [BioLegend, Cat. #: 

350534]), incubated with PE-Dazzle 594 annexin V when applicable (BioLegend, Cat. #: 

640956) and analyzed by flow cytometry. Serum human IFN-γ, IL-2, and TNF levels 

were measured in serum samples using cytometric bead array (CBA) kits purchased 
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from BD Biosciences (BD Biosciences, Cat. #: 558269, 558270, 558273). Tumor burden 

in mice was assessed at indicated timepoints by i.p. injection of 4.5 mg D-luciferin on 

indicated timepoints followed by bioluminescent imaging using the IVIS Lumina III 

system. 

 

Bulk RNA-seq 

Snap-frozen, sorted CD3⁺ T cells were isolated from spleens of tumor-bearing mice 

treated with CAR T cells, with or without pembrolizumab, and submitted to Novogene 

for bulk RNA-seq. Total RNA (1 µg per sample) was used for library preparation using 

the NEBNext Ultra RNA Library Prep Kit for Illumina (NEB, Cat. #: E7770), following the 

manufacturer’s protocol. mRNA was enriched with poly-T magnetic beads and 

fragmented using divalent cations. First-strand cDNA synthesis was performed using 

random hexamer primers and M-MuLV Reverse Transcriptase, followed by second-

strand synthesis with DNA Polymerase I and RNase H. Libraries were end-repaired, 

adenylated, ligated with NEBNext adaptors, and size-selected (150–200 bp) using 

AMPure XP beads (Beckman Coulter). USER enzyme (NEB, Cat. #: M5505L) treatment 

and PCR amplification were followed by purification and quality assessment via Agilent 

Bioanalyzer 2100. FASTQ reads were trimmed and quality-filtered using fastp, and 

metrics including Q20, Q30, and GC content were calculated. High-quality paired-end 

reads were aligned to the reference genome using Spliced Transcripts Alignment to a 

Reference (STAR) software with default parameters. Genome and annotation files were 

sourced from NCBI (RRID: SCR_006472), UCSC (RRID: SCR_005780), or Ensembl 

(RRID: SCR_002344). Downstream analysis was performed using the aligned datasets. 
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Differential expression analysis between the samples and groups was performed using 

the DESeq2 (RRID: SCR_000154) R package. P values were also adjusted using the 

Benjamini–Hochberg method. Genes with an adjusted P value < 0.005 were considered 

significantly differentially expressed. 

 

qPCR 

RNA from flash frozen samples was extracted using a RNeasy Plus Mini Kit (Qiagen, 

Catalog #: 74136) with cDNA made using iScript RT Supermix (BioRad, Catalog #: 

1708840). qPCR was run using SsoAdvanced Universal SYBR Green Supermix 

(BioRad, Catalog #: 1725270) with primers directed against indicated genes using a 

BioRad CFX384 system. 

 

Trypan Blue Exclusion 

Throughout the experiments, total splenocyte and bone marrow numbers were 

determined using a Z1 Coulter Particle Counter (Beckman Coulter). For cell counting 

during in vitro experiments, trypan blue exclusion was performed using a 1:1 dilution of 

cells-to-trypan blue (Gibco, Cat. #: 15250061) and recording total and live cell numbers 

using a BioRad TC20 automated cell counter (BioRad, Cat. #: 1450102). 

  

Flow Cytometry 

For intracellular cytokine or CD107a staining, cells were incubated for 5 hours prior with 

a 1:1000 dilution of GolgiPlug (BD, Cat. #: 555029) and a 1:1500 dilution of GolgiStop 

(BD, Cat. #: 554724) prior to surface staining. Viability dye was prepared in D-PBS; all 
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cells were incubated at room temperature during viability dye staining. Surface antibody 

dilutions were prepared and washing was performed in staining buffer consisting of D-

PBS (Gibco, Cat. #14190-136) and 2% fetal bovine serum (FBS) (Gibco, Cat. 

#A5256701). Cells were incubated with surface antibodies on ice for 30 minutes per 

staining step and washed once in staining buffer between each step. For intracellular 

staining, cells were fixed and permeabilized using Cytofix/Cytoperm solution (BD 

Biosciences, Cat. #554722) for 1 hour at 4°C and washed once with BD Perm/Wash 

buffer (BD Biosciences, Cat. #554723). Intracellular antibody dilutions were prepared in 

BD Perm/Wash buffer and cells were incubated in them for 30 minutes at room 

temperature. Afterwards, cells were washed one time in BD Perm/Wash buffer. For 

annexin V staining, cells were incubated in annexin V binding buffer (BioLegend, Cat. 

#422201) containing fluorescently labeled annexin V. Samples were run on a BD 

LSRFortessa Cell Analyzer or a Sony ID7000 Spectral Cell Analyzer, and data was 

analyzed using FlowJo software (RRID: SCR_008520). 

 

Statistical Analysis 

Statistical analyses for all in vitro and in vivo experiments were performed using 

GraphPad Prism 9 (RRID: SCR_002798). Bulk RNA-seq data were analyzed in RStudio 

(RRID: SCR_000432). 

 

Data Availability 

The raw experimental data supporting the findings of this study are available from the 

corresponding author upon reasonable request. Bulk RNA-seq data have been 
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deposited in the NCBI Sequence Read Archive (SRA) under the project ID: 

PRJNA1282222 and BioSample accessions: SAMN49644584, SAMN49644585, 

SAMN49644586, SAMN49644587, SAMN49644588, SAMN49644589. 
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Results  

PD-1 signal ablation in activated mouse T cells leads to increased AICD in vitro 

We first assessed the role of PD-1 signaling on T cell activation through mitogen 

stimulation of mouse splenocytes from wild-type (WT) and PD-1-/- T cells in vitro. 

Following activation, WT T cells upregulated PD-1 in contrast to PD-1-/- T cells 

(Supplementary Fig. 1a). Stimulated PD-1-/- T cells displayed increased activation 

compared to their WT counterparts seen by upregulation of T cell activation markers 

CD25 and CD69 (Fig. 1a-b). Higher IFN-γ and TNF production was also present in the 

PD-1-/- T cells (Fig. 1c, Supplementary Fig. 1b-c). Interestingly, with increased 

activation, we observed significantly fewer live PD-1-/- T cells compared to WT controls 

(Fig. 1d, Supplementary Fig. 1d-e). This reduction in live PD-1-/- T cells correlated with 

increased binding of annexin V consistent with increased apoptosis (Fig. 1e).  

 

AICD on activated T cells is affected by IFNGR signaling 

IFN-γ has been associated with inducing AICD on T cells19. Accordingly, we observed 

that mitogen-activated IFNGR-/- mouse splenocytes displayed increased cellularity and 

live T cell numbers along with decreased apoptosis indicating reduced AICD (Fig. 1g-h, 

Supplementary Fig. 1f). Concurrently, this was associated with reduced expression of 

CD95 (FasR), a key receptor mediating apoptosis (Fig. 1h). Despite similar baseline 

percentages of CD4+ and CD8+ T cells with WT T cells, activated IFNGR-/- T cells had 

a significantly higher proportion of CD4+ T cells (Fig. 1i, Supplementary Fig. 1g). This 

aligns with previous reports showing that CD4+ T cells are more susceptible to IFN-γ-

mediated AICD compared to CD8+ T cells30,31. To validate the pro-apoptotic role of IFN-
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γ, IFN-γ was added to WT T cells during activation where it increased annexin V binding 

(Fig. 1j). Together, our results indicate that while PD-1 signal ablation enhances T cell 

activation, it concurrently increases T cell apoptosis and subsequent cell death 

mediated possibly in part by increased IFN-γ production and signaling, with the greatest 

effects on CD4+ T cells. 

 

In vivo PD-1 ablation or blockade enhances early T cell activation but impairs long-term 

persistence  

Building upon our in vitro findings that PD-1 loss enhances T cell activation but 

increases apoptosis, we evaluated this phenomenon in vivo. WT or PD-1-/- C57BL/6J 

splenocytes were adoptively transferred into sub-lethally irradiated NSG mice (Fig. 2a). 

The MHC mismatch between C57BL/6J donors (H-2ᵇ) and NSG hosts (H-2ᵍ⁷) drives 

robust T cell activation and expansion. At 7 days post-transfer, peripheral blood analysis 

revealed a higher frequency of circulating PD-1-/- donor T cells compared to WT controls 

along with elevated CD69 expression indicative of greater activation (Fig. 2b, 

Supplementary Fig. 2a). However, by day 21, the frequency of PD-1-/- T cells was 

significantly reduced in both blood and spleen (Fig. 2c, Supplementary Fig. 2b,). qPCR 

confirmed PD-1 deficiency in the donor PD-1-/- cells in the spleen (Supplementary Fig. 

2c). Flow cytometry analysis showed that PD-1-/- T cells exhibited greater annexin V 

binding and increased CD95 expression – both by frequency and mean fluorescence 

intensity (MFI) – consistent with increased apoptosis and our in vitro data (Fig. 2d-f). To 

confirm these effects were not due to germline PD-1 knockout, we transferred WT T 

cells and treated recipient mice with an anti-mouse PD-1 blocking antibody (anti-mPD-
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1) (Fig. 2g). Similarly, on day 7, anti-mPD-1-treated mice exhibited increased donor T 

cell numbers and elevated expression of CD25, CD69, and Ki67 indicating enhanced 

activation and proliferation (Fig. 2h-j, Supplementary Fig. 2d). Serum IFN-γ and TNF 

levels were also elevated (Fig. 2k, Supplementary Fig. 2e). By day 21, however, donor 

T cell frequencies in the spleen were significantly reduced in anti-mPD-1-treated mice 

relative to controls (Fig. 2l). We subsequently performed a side-by-side adoptive 

transfer of donor PD-1-/- C57BL/6J splenocytes or WT C57BL/6J splenocytes with anti-

mPD-1 treatment and confirmed that genetic ablation and blockade of PD-1 similarly 

reduced long-term donor T cell engraftment (Supplementary Fig. 2f-j). Overall, these 

results align with our in vitro AICD data, indicating that while PD-1 signaling constrains 

early T cell activation it limits AICD and supports long-term persistence. 

 

PD-1 signal modulation using a PD-1-CD28 chimeric switch receptor results in early 

proliferation but also impaired engraftment of canine CAR T cells 

PD-1 blockade has been attempted to augment CAR T cell therapy with negative or 

equivocal clinical data being reported25–27. To determine whether the absence of PD-1 

signaling translate cross-species, we employed a canine CAR T cell model. Canine T 

cells were isolated from whole blood, activated, and transduced with retrovirus encoding 

a CAR targeting canine CD20, either alone or in combination with a canine PD-1/CD28 

chimeric switch receptor (CSR)32,33. The CAR consisted of an anti-cCD20 scFv fused to 

canine CD3ζ and 4-1BB intracellular signaling domains while the CSR consisted of the 

extracellular domain of canine PD-1 fused to a canine CD28 intracellular domain, 

designed to convert inhibitory PD-1 signaling into a costimulatory signal (Fig. 3a). T cell 
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transduction efficiencies post-expansion for the CAR WT and CAR+CSR constructs 

were comparable (Supplementary Fig. 3a-b). Both CAR T cell products were then co-

cultured in vitro with target K562 cells expressing cCD20, cPD-L1, and GFP-firefly 

luciferase (K562/cCD20/cPD-L1/GFP-ffLuc). Live-cell imaging (via Incucyte) revealed 

CAR T cells expressing the CSR exhibited modestly enhanced cytotoxicity relative to 

CAR-only T cells (Supplementary Fig. 3c–d). ELISA on co-culture supernatants further 

showed increased production of canine IFN-γ by CSR-expressing CAR T cells (Fig. 3b). 

These results are supportive that lack of PD-1 signaling results in initially greater T cell 

activation. Next, we assessed canine CAR T cell engraftment in vivo in a tumor-bearing 

environment. To test this, NSG mice were injected intravenously (i.v.) with 

K562/cCD20/cPD-L1/GFP-ffLuc cells on day 0 and treated with either CAR WT or 

CAR+CSR T cells on day 10 (Fig. 3c). Early on, on day 17, mice treated with CAR+CSR 

T cells had higher numbers of CAR T cells in the spleen and bone marrow compared to 

the CAR WT group (Fig. 3d). However, by day 24, CAR+CSR T cells were significantly 

reduced in all tissues analyzed, including blood, despite sustained expression of the 

activation marker CD25 while in contrast, CAR WT T cells showed continued expansion 

over time (Fig. 3e, Supplementary Fig. 3e). This decline was specific to the CAR 

population, as the proportion of CAR-positive T cells was reduced in the bone marrow of 

mice treated with CAR+CSR T cells despite similar transduction efficiencies at baseline 

(Fig. 3f, Supplementary Fig. 3a). Moreover, annexin V binding was higher in the 

CAR+CSR group, suggesting increased apoptosis as the mechanism of reduced 

persistence (Fig. 3g). These findings may explain why, despite greater cytotoxic 

function in vitro, in vivo tumor control was comparable between treatment groups 
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(Supplementary Fig. 3f). Overall, these results demonstrate in another species that PD-

1 signal modulation is linked to increased AICD and reduces CAR T cell persistence. 

 

PD-1 inhibition increases activation but also AICD of both human T and CAR T cells 

To evaluate the effects of PD-1 signal inhibition on human T cells, we first xenografted 

human peripheral blood mononuclear cells (PBMCs) into NSG mice and treated with 

pembrolizumab, an FDA-approved human anti-PD-1 blocking antibody with a mutated 

(S228P) IgG4 to prevent Fc receptor engagement (Supplementary Fig. 4a). As 

previously reported, human T cells become activated in this model via recognition of 

murine MHC molecules, leading to proliferation and eventual development of 

xenogeneic graft-versus-host disease (GVHD)34. By day 15 post-infusion, human T cells 

in the peripheral blood of NSG mice exhibited robust PD-1 expression, consistent with T 

cell activation (Supplementary Fig. 4b). Pembrolizumab treatment further increased the 

frequency of circulating human T cells and enhanced HLA-DR expression, indicating 

greater T cell activation compared to untreated controls (Supplementary Fig. 4c, d). This 

increased activation was further corroborated by an increase in the severity of acute 

GVHD observed in pembrolizumab-treated mice (Supplementary Fig. 4e). However, by 

day 25, human T cell frequency, particularly in the spleen, was reduced in treated mice 

mirroring the loss of persistence observed in murine and canine T cell models following 

PD-1 signal disruption (Supplementary Fig. 4f). This reduction appeared more 

prominent in the CD4⁺ T cell population compared to CD8⁺ T cells (Supplementary Fig. 

4g) 
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To further evaluate the effects of PD-1 signal blockade in human T cells under 

conditions of strong antigen stimulation, we engineered CAR T cells to target three 

antigens: CD19, CD20, and CD22 (Supplementary Fig. 5a). We co-cultured these 

trivalent CAR T cells with Raji cells, which express all 3 antigens and observed 

significant upregulation of PD-1 on CAR T cells more so in CD4+ than CD8+ T cells 

(Supplementary Fig. 5b-d). To test the effects of PD-1 signaling on human CAR T cells, 

we then utilized a Raji line expressing human PD-L1 (Supplementary Fig. 6a). Co-

culture of CAR T cells with PD-L1-positive Raji cells resulted in reduced CAR T cell 

cytotoxicity, measured by live-cell imaging (Incucyte), and decreased expression of 

CD25, Ki67, CD107a, IL-2, and IFN-γ (Supplementary Fig. 6b-d). Blockade of PD-1 

using pembrolizumab restored CAR T cell activation in vitro observed by increased IL-2 

and IFN-γ production, and upregulated CD25 and CD107a expression (Supplementary 

Fig. 7b–e). However, it also led to elevated expression of CD95 and annexin V binding, 

indicating increased apoptosis and AICD (Supplementary Fig. 7f–g). To investigate 

whether blocking PD-1/PD-L1 interactions impacts CAR T cell persistence in vivo, NSG 

mice were injected i.v. day 0 with PD-L1+ Raji cells, and on day 9 with CAR T cells, with 

the addition of an anti-hPD-1 antibody on days 9, 13, and 17 (Fig. 4a). On day 15, we 

observed comparable numbers of CAR T cells in the bone marrow of untreated and 

treated mice (Supplementary Fig. 8a-c). However, CAR T cells from anti-PD-1-treated 

mice exhibited greater activation, as evidenced by increased expression of CD69 and 

HLA-DR (Fig. 4b-c). Serum cytokine analysis on day 17 also revealed elevated IFN-γ, 

IL-2, and TNF in the anti-PD-1-treated group (Fig. 4d, Supplementary Fig. 8d). On day 

19, CAR T cells from both spleen and bone marrow maintained an activated phenotype 
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with upregulation of CD25, CD69, granzyme B, HLA-DR, and Ki67 (Supplementary Fig. 

9a-e, 10a-c). Despite sustained activation, in anti-hPD-1-treated mice there was a 

marked decrease in CAR T cell numbers in both the spleen and bone marrow (Fig. 4e, 

Supplementary Fig. 9f, 10d). This was further correlated with increased CD95 

expression and annexin V binding in the recovered CAR T cells, indicating increased 

apoptosis and AICD (Fig. 4f-g, Supplementary Fig. 10e-f). This loss was more 

pronounced in the CD4+ subset compared to CD8+ T cells, paralleling our mouse data 

with activated IFNGR-/- T cells, suggesting IFN-γ–mediated susceptibility to apoptosis 

(Fig. 4h, Supplementary Fig. 9g–h, 10g–h). RNA sequencing of sorted human CD3+ T 

cells sorted from spleens of untreated and anti-PD-1-treated mice revealed 

transcriptional upregulation of pathways involved in T cell activation, DNA replication, 

protein translation, and apoptosis, along with downregulation of genes associated with T 

cell survival (Fig. 4i-j, Supplementary Fig. 11a-e). These results using both human T 

and CAR T cells are consistent with our findings in murine and canine T cell models, 

demonstrating that while preventing PD-1 signaling enhances T cell activation, it 

consequently promotes apoptosis and AICD and limits long-term persistence. 

 

PD-1 ablation or signal inhibition in both activated mouse T and human CAR T cells 

resulted in compensatory upregulation of LAG3, TIGIT, and TIM3 

Previous studies have reported that PD-1 ablation or signal inhibition in mouse T cells 

leads to compensatory upregulation of other inhibitory receptors, demonstrating an 

intrinsic regulatory mechanism aimed at restraining excessive T cell activation. Our data 

are consistent with these findings and extends across both mouse and human T cell 
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models. In adoptive transfer experiments using WT or PD-1 KO C57BL/6 splenocytes 

transferred into allogeneic, MHC-mismatched NSG mice, PD-1 KO T cells exhibited 

significantly elevated expression of the co-inhibitory receptors Lag-3, TIGIT, and Tim-3, 

7 days post-transfer (Fig. 5a-c). Similarly, the administration of anti-mPD-1 monoclonal 

antibody to NSG mice receiving WT splenocytes resulted in increased expression of the 

same inhibitory receptors compared to untreated controls (Fig. 5d-f). Notably, this 

compensatory upregulation was not limited to mouse T cells. In human CAR T cells 

isolated from tumor-bearing mice treated with anti-hPD-1 antibody, we observed a 

similar pattern of compensatory inhibitory receptor upregulation, with increased levels of 

Lag-3, TIGIT, and Tim-3 (Fig. 5g-i). These results indicate that the inhibition of PD-1 

signaling triggers a broader upregulation of immune checkpoint receptors across 

species and T cell models.  

 

IFNGR1 deletion in CAR T cells display reduced AICD, increased persistence, and 

stronger anti-tumor efficacy 

To evaluate the effects of IFN-γ on activated human T cells, we incubated resting CAR 

T cells in media containing recombinant human IFN-γ (rhIFN-γ). After 24 hours, CAR T 

cells upregulated CD95 expression (Fig. 6a). They were then activated with TransAct 

for 24 hours where IFN-γ-treated CAR T cells exhibited reduced viability and increased 

annexin V binding relative to untreated controls, confirming that IFN-γ promotes 

apoptosis in activated human T cells (Fig. 6b–c). To determine whether this apoptotic 

effect could be mitigated, we used CRISPR-Cas9 with a guide RNA targeting IFNGR1 

to generate IFNGR1 knockout (KO) CAR T cells (Fig. 6d). CAR transduction efficiencies 
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were similar between wild-type (WT) and IFNGR1 KO T cells (Supplementary Fig. 12a). 

When co-cultured with irradiated Raji cells, IFNGR1 KO CAR T cells exhibited reduced 

expression of CD95 compared to WT CAR T cells, consistent with our findings in murine 

IFNGR-/- T cells (Fig. 6e). To further evaluate their resistance to AICD, both WT and 

IFNGR1 KO CAR T cells underwent repeated TransAct stimulation every 3 days. After 

three rounds of stimulation, IFNGR1 KO CAR T cells demonstrated enhanced long-term 

expansion compared to WT cells validated across three independent donors (Fig. 6f-g). 

Furthermore, IFNGR1 KO CAR T cells also showed significantly reduced annexin V 

binding, indicating less apoptosis and AICD (Fig. 6h). To assess these findings in vivo, 

NSG mice were injected i.v. with Raji tumor cells on day 0 and treated with WT or 

IFNGR1 KO CAR T cells on day 9 (Fig. 6i). Bioluminescent imaging showed that 

IFNGR1 KO CAR T cells mediated superior tumor control compared to WT CAR T cells, 

reproduced in two independent experiments using CAR T cells derived from different 

donors (Fig. 6j–k, Supplementary Fig. 12b–c). Flow cytometric analysis of bone marrow 

from tumor-bearing mice on day 19 revealed higher engraftment of IFNGR1 KO CAR T 

cells relative to WT controls (Fig. 6l). This correlated with reduced CD95 expression and 

lower annexin V binding on IFNGR1 KO CAR T cells, indicating reduced apoptosis (Fig. 

6m–n). Moreover, although the initial CD4+/CD8+ ratios were equivalent between 

groups, recovered IFNGR1 KO CAR T cells possessed a higher proportion of CD4+ T 

cells consistent with our data evaluating activated murine IFNGR-/- T cells (Fig. 6o). 

Overall, these findings spanning T cell models from three different species – mouse, 

canine, and human – provide strong evidence that IFN-γ signaling contributes to AICD 

in activated human T cells, particularly affecting the CD4+ subset. PD-1 signal inhibition, 
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whether through genetic ablation or antibody blockade, enhances T cell activation but 

may simultaneously increase AICD, possibly through elevated IFN-γ production. 

Targeting the IFN-γ signaling axis, through knockout of IFNGR via CRISPR-Cas9-

mediated deletion of IFNGR1, may represent a promising therapeutic strategy to reduce 

apoptosis, enhance CAR T cell persistence, and improve anti-tumor efficacy. 
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Discussion 

IFN-γ plays a dichotomous role in immune regulation by both promoting and 

inhibiting T cell responses as well as anti-tumor efficacy35. It can also have direct 

cytostatic and inhibitory effects on tumors as lack of tumor IFN-γ sensitivity is 

associated with reduced T and CAR T cell anti-tumor responses36,37. IFN-γ promotes 

cytotoxic effector function, and increased tissue infiltration, but also contributes to 

increased apoptosis and AICD resulting in T cell contraction38. Our results presented 

here demonstrate that PD-1 signaling limits AICD during strong T cell activation via TCR 

triggering pathways in part by inhibiting IFN-γ production and downstream CD95 

induction. This was demonstrated through multiple means of PD-1 signal abrogation – 

by genetic ablation, signal modulation, or antibody blockade – and across murine, 

canine, and human T cell models in which either mitogen stimulation, allogeneic 

activation, or CAR triggering occurred. Loss of PD-1 signaling augmented TCR-

mediated T cell activation and IFN-γ production, which in turn increased CD95 

expression and apoptosis. Importantly, these effects occurred following strong and 

sustained T cell stimulation through mitogen exposure, allogeneic responses, or CAR 

triggering suggesting that PD-1 protects from AICD primarily strong stimulatory 

conditions are present. In contrast, immune checkpoint blockade alone appears to result 

in increased T cell activation and anti-tumor efficacy pointing to the need for high 

activation conditions to simultaneously be present. This may reconcile some of the 

negative or equivocal clinical data with PD-1 blockade and CAR T cell therapies in 

which it was predicted to result in increased activation and efficacy. Given the strength 

of CAR T signaling, these pro-apoptotic effects may be more problematic in settings 
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where sustained CAR activity is needed. AICD’s impact on CAR efficacy may also 

depend on tumor-intrinsic factors affecting CAR activation, such as antigen density, as 

well as the specific CAR signaling domains used. It remains to be determined whether 

varying the dosage or timing of anti-PD-1/PD-L1 administration might modulate the 

extent of T cell AICD. Exploring alternative dosing strategies could help determine the 

thresholds at which PD-1 inhibition transitions from promoting T cell activation to 

inducing activation-associated loss, which may inform more effective clinical 

applications. 

It is important to note that AICD is not limited to CD95-mediated apoptosis alone. 

IFN-γ is also known to upregulate TNF-related apoptosis-inducing ligand (TRAIL) 

expression on CD4+ T cells, which can increase sensitivity to TRAIL-mediated 

apoptosis via caspase activation and IRF-1 upregulation39. TRAIL interacts with death 

receptors DR4 and DR5, the latter of which has been implicated in promoting apoptosis 

specifically in CD4+ but not CD8+ T cells40. This receptor selectivity may help explain 

why, in our studies, apoptosis was more prominent, though not exclusive to, in the 

CD4+ T cell population. While the upregulation of CD95 we observed is compelling, 

future studies are needed to delineate the individual contributions of the CD95 and 

TRAIL pathways to AICD. Such studies may also build upon our findings by clarifying 

how these pathways differentially affect CD4+ and CD8+ T cell survival following strong 

activation stimuli. 

Previous work with PD-1-/- and anti-mPD-1-treated mice has demonstrated 

impaired memory T cell formation in the absence of PD-1 signaling, suggesting that PD-

1 promotes antigen-specific T cell survival4,41. Our findings extend this concept by 



76 
 

identifying AICD prevention as one mechanism by which PD-1 contributes to enhanced 

T cell persistence. However, PD-1 likely affects additional cellular pathways influencing 

long-term T cell maintenance. For example, in models of chronic LCMV infection, 

antigen-specific T cells lacking PD-1 signaling exhibit greater dysfunction and terminal 

exhaustion, compromising their long-term engraftment and function42. Thus, the PD-

1/PDL-1 pathway may play roles in protecting T cells during initial activation but also 

with chronic stimulation in maintaining the population. 

While targeting IFNGR on T cells could protect from AICD, IFN-γ is likely not the 

sole cytokine mediator involved. Other induced cytokines such as TNF can also 

promote AICD independently of CD9543–45. Similarly, it was observed that PD-1 

inhibition not just elevated serum IFN-γ but also increased TNF which may contribute to 

AICD (Supplementary Fig. 2j, 8e). Consistent with this, other studies have shown that 

blocking TNF alongside PD-1 inhibition enhances T cell persistence46. It remains to be 

determined if concurrent targeting of TNFR2 on T cells would yield similar 

improvements in engraftment, as observed with IFNGR deletion. 

The role of pro-inflammatory cytokines in promoting AICD brings us to an 

important clinical consideration. Since pro-inflammatory cytokines play a central role in 

mediating T cell AICD, the cytoreductive conditioning applied in most CAR therapies 

while promoting CAR engraftment and activation, may also augment subsequent CAR 

AICD. In addition, other patient-intrinsic characteristics such as individuals with chronic 

inflammatory conditions or with aging and obesity may result in inflammatory conditions 

that drive T cells to AICD47. Additionally, PD-1 blockade has been shown to induce 

compensatory upregulation of other inhibitory receptors, such as TIM3, LAG3, and 
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TIGIT (Fig. 5a-i)48,49. While this phenomenon supports the rationale for combined 

checkpoint inhibition to increase activation or reverse exhaustion, it also raises 

concerns that simultaneous inhibition of multiple checkpoints may exacerbate T cell 

AICD. Future studies investigating the potential effects of combined checkpoint 

blockade on T cell survival and exploring strategies to mitigate pro-apoptotic effects 

while preserving activation are likely to be translationally impactful. 

We focused on IFN-γ’s role in AICD because PD-1 inhibition clearly increases its 

production. Using IFNGR-/- mouse T cells we found that loss of IFN-γ signaling reduced 

apoptosis and enhanced T cell persistence post-activation. We further corroborated 

these findings by developing IFNGR1 KO human CAR T cells, which displayed reduced 

AICD without impairing IFN-γ’s direct anti-tumor effects, maintaining T cell survival and 

function. 

In conclusion, our findings reveal a critical role for PD-1 signaling in protecting T 

cells from AICD during strong and sustained activation. While PD-1 signal abrogation 

enhances early T cell activation, it subsequently predisposes T cells to apoptosis and 

impaired persistence through increased IFN-γ production and subsequent CD95 

upregulation. Disruption of IFN-γ signaling by IFNGR deletion attenuates AICD allowing 

for improved T cell expansion, persistence, and anti-tumor effects. This strategy offers a 

promising avenue to enhance the therapeutic potential of CAR T cells, particularly in 

settings such as solid tumors, where durable CAR T cell responses remain a significant 

hurdle and where clinical successes have been limited. 
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Figure 1: In vitro, PD-1 signal loss enhances mouse T cell activation but also 

increases subsequent cell death, potentially mediated by IFN-γ 

 

Mouse splenocytes were activated in 0.625 μg/mL conA for 72 hours: 

(a, b) Expression of CD25 (a) and CD69 (b) by flow cytometry in WT and IFNGR-/- 

C57BL/6 T cells. 

(c) mIFN-γ expression in WT and PD-1-/- C57BL/6 T cells by flow cytometry. 

(d) Number of live WT and PD-1-/- C57BL/6 T cells by trypan blue exclusion. 

(e) Annexin V binding in WT and PD-1-/- T cells by flow cytometry. 

(f) Number of live  WT and IFNGR-/- C57BL/6 T cells by trypan blue exclusion. 

(g) Annexin V binding in WT and IFNGR-/- T cells by flow cytometry. 

(h) mCD95 expression in WT and IFNGR-/- C57BL/6 T cells. 

(i) Percent of mCD4+ and mCD8+ WT and IFNGR-/- T cells by flow cytometry. 

(j) Annexin V binding between T cells with and without mIFN-γ treatment. 

 

Data is representative of two independent experiments performed in technical 

triplicates. Statistical comparisons were performed using a two-tailed unpaired Student’s 

t test without Welch’s correction. Data are presented as mean ± standard error of the 

mean (SEM), with individual data points shown where applicable. 
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Figure 2: In an allogeneic adoptive transfer model, PD-1-/- and anti-PD-1-treated 

WT C57BL/6J T cells show increased activation and early expansion 

accompanied by elevated apoptosis compared to WT untreated controls 

 

(a) Experimental schematic: C57BL/6J WT or PD1-/-  splenocytes adoptively transferred 

into NSG mice. 

(b) C57BL/6J WT and PD1-/- engrafted T cell numbers in the blood of NSG mice 7 days 

after infusion. 

(c) C57BL/6J WT and PD1-/- engrafted T cell numbers in the blood and spleen of NSG 

mice 21 days after infusion. 

(d) Annexin V binding in C57BL/6J WT and PD1-/- engrafted T cells in the spleen of 

NSG mice 21 days after infusion by flow cytometry. 

(e) Percent mCD95 expression by flow cytometry in C57BL/6J WT and PD1-/- engrafted 

T cells in the spleen of NSG mice 21 days after infusion by flow cytometry. 

(f) MFI of mCD95 expression by flow cytometry in mCD95-positive C57BL/6J WT and 

PD1-/- engrafted T cells in the spleen of NSG mice 21 days after infusion.  

(g) Experimental schematic: C57BL/6J WT splenocytes are adoptively transferred into 

NSG mice and treated with or without anti-mPD-1.  

(h) C57BL/6J engrafted T cell frequency and numbers in the spleen of NSG mice 7 days 

after treatment with and without anti-mPD-1 treatment. 

(i, j) mCD25 (i) and mCD69 (j) expression by flow cytometry in C57BL/6J T cells 

engrafted in the spleens of NSG mice with and without anti-mPD-1 treatment 7 days 

after treatment. 
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(k) IFN-γ by CBA from the serum of NSG mice engrafted with C57BL/6J WT T cells with 

and without anti-mPD-1 treatment 7 days after treatment. 

(l) C57BL/6J engrafted T cell numbers in the spleen of NSG mice 21 days after 

treatment with and without anti-mPD-1 treatment. 

 

Data in b-f is representative of three independent experiments (n=4 or 5 per group), and 

in h-l is representative of two independent experiments (n=4 per group). Statistical 

comparisons were performed using a two-tailed unpaired Student’s t test without 

Welch’s correction. Data are presented as mean ± standard error of the mean (SEM), 

with individual data points shown where applicable.  
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Figure 3: Canine CAR T cells engineered with a PD-1/CD28 chimeric switch 

receptor (CSR) exhibit enhanced IFN-γ production but also increased AICD 

 

(a) Vector design of cCD20 CAR WT and cCD20 CAR+CSR constructs. 

(b) cIFN-γ production between CAR WT and CAR+CSR after co-culture with 

K562/cCD20/cPD-L1 cells. 

(c) Experimental schematic: K562/cCD20/cPD-L1/GFP-ffLuc tumor-bearing NSG mice 

treated with either CAR WT or CAR+CSR T cells. 

(d) Day 17: Number of CAR WT and CAR+CSR T cells in spleens and bone marrow of 

tumor-bearing mice 7 days after infusion. 

(e) Day 24: Number of CAR WT and CAR+CSR T cells in spleens, bone marrow, and 

blood of tumor-bearing mice 14 days after infusion. 

(f) Day 24: Percentage of CAR+ T cells by flow cytometry gated off total T cells in bone 

marrow of tumor-bearing mice treated with CAR WT and CAR+CSR T cells 14 days 

after infusion. 

(g) Day 24: Annexin V binding by flow cytometry on CAR WT and CAR+CSR T cells in 

NSG mice 14 days after infusion. 

 

Data in b consists of CAR T cells made from 4 different donors (n=4), and in d-g is 

combined from two independent experiments (total n=5 or 6 per group). Statistical 

comparisons were performed either using a two-tailed unpaired (d-g) or paired (b) 

Student’s t test without Welch’s correction. Data are presented as mean ± standard error 

of the mean (SEM), with individual data points shown where applicable.  
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Figure 4: PD-1 blockade in activated human CAR T cells results in increased 

activation but also greater apoptosis and a lack of long-term persistence 

 

(a) Experimental schematic: Raji/hPD-L1 tumor-bearing NSG mice were treated with 

human hCD19/hCD20/hCD22 tri-specific CAR T cells and treated with or without anti-

hPD-1 blocking antibody (pembrolizumab).  

(b, c) Day 15: expression of T cell activation markers hCD69 (b) and HLA-DR (c) by flow 

cytometry in CAR T cells in spleen of mice treated with and without anti-hPD-1 6 days 

post-CAR T infusion. 

(d) Day 17: serum cytokine levels of hIFN-γ by CBA in mice treated with and without 

anti-hPD-1 8 days post-CAR T infusion. 

(e) Day 19: frequency and number of CAR+ T cells by flow cytometry in spleens of mice 

treated with and without anti-hPD-1 10 days post-CAR T infusion. 

(f, g) Day 19: expression of hCD95 (f) and annexin V binding (g) by flow cytometry in 

CAR T cells from spleens of mice treated with and without anti-hPD-1 10 days post-

CAR T infusion. 

(h) Day 19: proportion of hCD4+ and hCD8+ CAR T cells by flow cytometry in spleens 

of mice treated with and without anti-hPD-1 10 days post-CAR T infusion. 

(i, j) Day 19: gene ontology analysis on activation (i) and apoptotic (j) pathways on 

sorted human CAR T cells from spleens of tumor-bearing mice treated with and without 

anti-hPD-1 10 days post-CAR T infusion; expression of select genes (cpm) from each 

pathway are shown. 
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Data in b-c and e-h is combined from 3 independent experiments (total n=11 for 

untreated group and n=10 or 7 for anti-hPD-1-treated group), and in d is from a single 

experiment (n=4 for all groups), and in i-j from a single experiment (n=3 for both 

groups). Statistical comparisons were performed using a two-tailed unpaired Student’s t 

test without Welch’s correction. Data are presented as mean ± standard error of the 

mean (SEM), with individual data points shown where applicable.  
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Figure 5: PD-1 ablation or signal blockade induces compensatory upregulation of 

other checkpoint molecules 

 

(a-c) Day 7: mLAG3 (a), mTIGIT (b), mTIM3 (c) expression by flow cytometry in 

adoptively transferred C57BL/6J WT and PD1-/- engrafted T cells in the spleen of NSG 

mice. 

(d-f) Day 7: mLAG3 (d), mTIGIT (e), mTIM3 (f) expression by flow cytometry in 

adoptively transferred C57BL/6J T cells engrafted in the spleens of NSG mice with and 

without anti-mPD-1 treatment. 

(g-i) Day 19: hLAG3 (g), hTIGIT (h), and hTIM3 (i) expression by flow cytometry in 

human CAR T cells from spleens of tumor-bearing mice treated with and without anti-

hPD-1 10 days post-infusion. 

 

Data in a-f is representative of two independent experiments (n=4 in all groups). Data in 

g is combined from 2 independent experiments (g: n=8 for untreated group and n=4 for 

anti-hPD-1-treated group), from h is combined from 3 independent experiments (n=11 

for untreated group and n=7 for anti-hPD-1 treated group), and from I from a single 

experiment (n=4 for untreated group and n=3 for anti-hPD-1 treated group). Statistical 

comparisons were performed using a two-tailed unpaired Student’s t test without 

Welch’s correction. Data are presented as mean ± standard error of the mean (SEM), 

with individual data points shown where applicable.  
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Figure 6: IFNGR knockout human CAR T cells show reduced AICD and prolonged 

persistence correlated with increased anti-tumor efficacy 

 

(a) hCD95 expression by flow cytometry in WT CAR T cells with and without 24 hours of 

rhIFN-γ treatment. 

(b) Cell counts of TransAct-activated (24 hours) WT CAR T cells treated with and 

without initial rhIFN-γ treatment (normalized to # of CAR T cells without rhIFN-γ 

treatment). 

(c) Annexin V binding by flow cytometry of TransAct-activated (24 hours) WT CAR T 

cells treated with and without initial rhIFN-γ treatment. 

(d) Validation of IFNGR1 KO CAR T cells by flow cytometry. 

(e) hCD95 expression in WT and IFNGR1 KO CAR T cells by flow cytometry 3 days 

after co-culture with irradiated Raji WT cells. 

(f) Cell counts of WT and IFNGR1 KO CAR T cells after 3 rounds of restimulation with 

TransAct. 

(g) Fold difference in IFNGR1 KO-to-WT CAR T cells after 3 rounds of restimulation 

with TransAct. 

(h) Annexin V binding by flow cytometry in WT and IFNGR1 KO CAR T cells after 3 

rounds of restimulation with TransAct. 

(i) Experimental schematic: Raji/hPD-L1 tumor-bearing NSG mice were treated with 

human hCD19/hCD20/hCD22 tri-specific WT or IFNGR1 KO CAR T cells. 

(j, k) Tumor burden by bioluminescent imaging after WT or IFNGR1 KO CAR T cell 

treatment. 
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(l) Day 19: frequency of CAR+ T cells by flow cytometry in bone marrow of mice treated 

with WT and IFNGR1 KO CAR T cells 10 days post-CAR T infusion. 

(m, n) Day 19: expression of hCD95 (m) and annexin V binding (n) in WT and IFNGR1 

KO CAR T cells from bone marrow of treated mice by flow cytometry 10 days post-CAR 

T infusion. 

(o) Day 19: proportion of hCD4+ and hCD8+ WT and IFNGR1 KO CAR T cells from 

bone marrow of treated mice by flow cytometry 10 days post-CAR T infusion. 

 

Data consists in a-c CAR WT T cells generated from 4 individual donors (n=4) and in e, 

g, and h, CAR WT and IFNGR1 KO T cells from 3 different donors (n=3), and in f is 

representative two independent experiments co-cultured in technical triplicates, and in j-

o is representative of two independent experiments (n=4 per group). Statistical 

comparisons were performed either using a two-tailed (l, n, o) or one-tailed (m) unpaired 

Student’s t test without Welch’s correction, a two-tailed paired (a-c) or ratio paired (e, g-

h) Student’s t test, or a two-way ANOVA with Tukey’s correction (f, k) for multiple 

comparisons. Data are presented as mean ± standard error of the mean (SEM), with 

individual data points shown where applicable.  
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Supplementary Figure 1: Additional phenotype data of activated PD-1-/- and 

IFNGR-/-  mouse T cells in vitro 

 

(a) Expression of PD-1 in conA-activated WT and PD-1-/- C57BL/6 T cells by flow 

cytometry. 

(b, c) IFN-γ & TNF levels of WT and PD-1-/- C57BL/6 splenocytes after conA activation 

measured by ELISA.  

(d, e) Live splenocyte counts (d) and viability (e) of conA-activated WT and PD-1-/- 

C57BL/6 splenocytes by trypan blue exclusion. 

(f) Live splenocyte counts of conA-activated WT and IFNGR-/- C57BL/6 splenocytes by 

trypan blue exclusion. 

(g) Baseline mCD4+ and mCD8+ percentages of WT and IFNGR-/- T cells by flow 

cytometry. 

 

Data is representative of two independent experiments performed in technical 

triplicates. Statistical comparisons were performed using either a two-tailed (a, c, d, e, f) 

or one-tailed unpaired Student’s t test (b) without Welch’s correction. Data are 

presented as mean ± standard error of the mean (SEM), with individual data points 

shown where applicable.  
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Supplementary Figure 2: Additional phenotype of donor WT, PD-1-/-, and anti-

mouse PD-1-treated WT C57BL/6 T cells from allogenic adoptive transfer 

experiments 

 

(a) mCD69 expression by flow cytometry in donor C57BL/6J WT and PD-1-/- T cells in 

the blood of recipient NSG mice 7 days after engraftment. 

(b) Splenic cellularity of recipient NSG mice receiving adoptive transfer of C57BL/6J WT 

and PD-1-/- T cells 21 days after engraftment.  

(c) mPD-1 expression by qPCR of recipient NSG spleens receiving adoptive transfer of 

C57BL/6J WT and PD-1-/- T cells 21 days after engraftment. 

(d) mKi67 expression in C57BL/6J T cells engrafted in the spleens of NSG mice with 

and without anti-mPD-1 treatment 7 days after treatment. 

C57BL/6J engrafted T cell numbers in the spleen of NSG mice 7 days after treatment 

with and without anti-mPD-1 treatment. 

(e) TNF from the serum of NSG mice engrafted with C57BL/6J WT T cells with and 

without anti-mPD-1 treatment 7 days after treatment. 

(f) Percent CD3+ donor C57BL/6J WT, PD-1-/- , or WT with anti-mPD-1 treatment T cells 

(gated off live) in blood of recipient NSG mice 21 days after engraftment. 

(g, h) mCD25 (g) and mCD69 (h) expression in donor C57BL/6J WT, PD-1-/- , or WT 

with anti-mPD-1 treatment T cells in blood of recipient NSG mice 21 days after 

engraftment. 

(i) Percent CD3+ donor C57BL/6J WT, PD-1-/- , or WT with anti-mPD-1 treatment T cells 

(gated off live) in spleen of recipient NSG mice 21 days after engraftment. 
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(j) mCD69 expression in donor C57BL/6J WT, PD-1-/- , or WT with anti-mPD-1 treatment 

T cells in blood of recipient NSG mice 21 days after engraftment. 

 

Data in a-c is representative of two independent experiments (n=4 or 5 per group), in d-

e is representative of two independent experiments (n=4 per group), and in f-j is from a 

single experiment (n=3 or 4 per group). Statistical comparisons were performed using a 

two-tailed unpaired Student’s t test without Welch’s correction. Data are presented as 

mean ± standard error of the mean (SEM), with individual data points shown where 

applicable.  
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Supplementary Figure 3: Additional phenotype data of cCD20 CAR WT and cCD20 

CAR+CSR T cells  

 

(a) In vivo pre-infusion CAR transduction efficiency between CAR WT and CAR+CSR T 

cells. 

(b) In vivo pre-infusion CSR transduction efficiency between CAR WT and CAR+CSR T 

cells. 

(c-d) In vitro cytotoxicity of CAR WT and CAR+CSR T cells against K562/cCD20/cPD-

L1/GFP-ffLuc cells via live cell imaging using an Incucyte® including representational 

images of tumor killing (d). 

(e) Day 24: cCD25 expression on CAR WT and CAR+CSR T cells in bone marrow of 

tumor-bearing mice 14 days after infusion. 

(f) Tumor (K562/cCD20/cPD-L1/GFP-ffLuc) burden of NSG mice treated with CAR WT 

and CAR+CSR T cells over time.  

 

Data in e-f is combined from two independent experiments (n=5 or 6 per group). 

Statistical comparisons were performed using a two-tailed unpaired Student’s t test 

without Welch’s correction (e) or 2-way analysis of variance (ANOVA) with Tukey’s 

multiple comparisons test (c, f). Data are presented as mean ± standard error of the 

mean (SEM), with individual data points shown where applicable.  
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Supplementary Figure 4: PD-1 blockade in xenogeneic activated human T cells 

results in increased activation but also reduced persistence 

 

(a) Experimental schematic: NSG mice engrafted with human PBMCs. 

(b) Day 15: representative flow expression of hPD-1 in human T cells engrafted in the 

blood of NSG mice without anti-hPD-1 15 days after infusion. 

(c) Day 15: human T cell frequency by flow cytometry in the blood of NSG mice with and 

without anti-hPD-1 15 days after infusion. 

(d) Day 15: expression of HLA-DR in human T cells engrafted in the blood of NSG mice 

with and without anti-hPD-1 15 days after infusion. 

(e) Acute GVHD clinical scoring of NSG mice engrafted with human PBMCs with and 

without anti-hPD-1. 

(f) Day 25: human T cell frequency by flow cytometry in the blood and spleens of NSG 

mice with and without anti-hPD-1 25 days after infusion. 

(g) Day 25: proportion of hCD4+ and hCD8+ T cells in spleens of mice treated with and 

without anti-hPD-1 25 days after infusion. 

 

Data in c-d and f-g is representative of 2 independent experiments (n=3 or 4 per group) 

and in e is combined from 3 experiments (n=10 total). Statistical comparisons were 

performed either using a two-tailed (c, d) or one-tailed (f, g) unpaired Student’s t test 

without Welch’s correction or two-way ANOVA (e). Data are presented as 

mean ± standard error of the mean (SEM), with individual data points shown where 

applicable.  
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Supplementary Figure 5: Human CAR T cells upregulate PD-1 expression upon 

antigen stimulation; CD4+ CAR+ T cells more so than CD8+ CAR+ T cells 

 

(a) Flow cytometry validation of hCD19/hCD20/hCD22-trispecific CAR T cell 

transduction efficiency using hCD19-Fc and hCD22-His recombinant proteins with 

subsequent respective secondary antibody staining. 

(b) Schematic (in vitro): CAR T cells from 3 donors were incubated at a 1:1 E:T ratio 

with irradiated Raji cells for 3 days and evaluated for hPD-1 expression by flow 

cytometry 

(c) Flow cytometry staining of CAR T cels for hPD-1 expression after co-culturing with 

Raji cells for 72 hours. Experiments were performed in technical triplicates for each 

donor.    

(d) Comparison of hPD-1 expression (by flow cytometry) between hCD4+CAR+ and 

hCD8+CAR+ T cells.  

 

Data is from CAR T cells generated from 3 different donors (n=3) and co-cultured in 

technical triplicates. Statistical comparisons were performed either using a two-tailed 

unpaired Student’s t test without Welch’s correction (c) or a two-tailed paired t test (d). 

Data are presented as mean ± standard error of the mean (SEM), with individual data 

points shown where applicable.  
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Supplementary Figure 6: PD-L1 expression on tumor cells downregulates CAR T 

cell effector function 

 

(a) Flow cytometry staining of Raji WT and PD-L1-engineered cells for PD-L1 

expression.  

(b) Raji WT or Raji/hPD-L1 cells engineered with Nuclight Green were incubated in an 

Incucyte® Live-Cell Analysis System with fluorescence measured over time. Tumor 

killing was computed by the following formula: (normalized green area [tumor+CAR T 

cells])/(normalized green area [tumor alone]) * 100.  

(c) CAR T cells from 4 donors were co-cultured with either Raji WT or PD-L1 expressing 

cells for 72 hours. Expression of the activation marker CD25 and the proliferation 

marker Ki67 by flow cytometry. 

(d) IFN-γ, IL2, and CD107a expression of CAR T cells by flow cytometry after co-

culturing.  

 

Data in b and d is representative of two independent experiments using the same donor 

CAR T cells co-cultured in technical triplicates. Data in c consists of CAR T cells made 

from 4 different donors (n=4). Statistical comparisons were performed either using a 

two-tailed unpaired (b, d) or paired (c) Student’s t test without Welch’s correction. Data 

are presented as mean ± standard error of the mean (SEM), with individual data points 

shown where applicable.  
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Supplementary Figure 7: In vitro, blocking PD-1/PD-L1 signaling in CAR T cells 

increases activation but also apoptosis  

 

(a) Experimental Schematic: CAR T cells were co-cultured with Raji hPD-L1 expressing 

cells for 72 hours with and without anti-hPD-1 and ELISA and flow cytometry were 

performed.  

(b, c) hIFN-γ and hIL2 production detected by ELISA in supernatants of co-cultured cells 

(b) and by flow cytometry (c). 

(d, e) hCD107a and hCD25 expression by flow cytometry in CAR T cells after co-culture 

(f, g) hCD95 expression and annexin V binding by flow cytometry in CAR T cells after 

co-culture.  

 

Data in b-d is representative of two independent experiments using the same donor 

CAR T cells co-cultured in technical triplicates. Data in e-g consists of CAR T cells 

made from 5 different donors (n=5). Statistical comparisons were performed either using 

a two-tailed unpaired Student’s t test without Welch’s correction (b-d) or a two-tailed 

paired t test (e-g). Data are presented as mean ± standard error of the mean (SEM), 

with individual data points shown where applicable.  
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Supplementary Figure 8: Gating strategy for human CAR T cell phenotype; some 

additional phenotype of CAR T cells from tumor-bearing mice treated with and 

without anti-hPD-1 

 

(a) Gating strategy for phenotyping CAR T cells from bone marrow of tumor-bearing 

mice. 

(b) Gating strategy for phenotyping CAR T cells from spleen of tumor-bearing mice. 

(c) Day 15: CAR T cell numbers in bone marrow of tumor-bearing mice treated with and 

without anti-hPD-1 6 days post-CAR T infusion. 

(d, e) Day 17 (8 days post-CAR T infusion) serum cytokine levels of hIL2 (d) and hTNF 

(e) by CBA from tumor-bearing mice treated with and without anti-hPD-1. 

 

Data in c is combined from 3 independent experiments (n=11 in untreated group and 

n=10 in anti-hPD-1-treated group) and in d-e is from a single experiment (n=4 in all 

groups). Statistical comparisons were performed either using a two-tailed (c, d) or one-

tailed (e) unpaired Student’s t test without Welch’s correction. Data are presented as 

mean ± standard error of the mean (SEM), with individual data points shown where 

applicable.  
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Supplementary Figure 9: Additional phenotype of CAR T cells isolated from 

spleens of tumor-bearing mice treated with and without anti-hPD-1 

 

(a-e) Day 19: expression of T cell activation markers hCD25 (a), hCD69 (b), hGzmB (c), 

hKi67 (d), HLA-DR (e) by flow cytometry in CAR T cells in spleen of mice treated with 

and without anti-hPD-1 10 days post-CAR T infusion. 

(f) Day 19: splenic cellularity of mice treated with and without anti-hPD-1 10 days post-

CAR T infusion. 

(g, h) Day 19: frequency and number of hCD4+ (g) and hCD8+ (h) CAR T cells by flow 

cytometry in spleens of mice treated with and without anti-hPD-1 10 days post-CAR T 

infusion. 

 

Data in is combined from 3 independent experiments (n=11 for untreated group and n=7 

for anti-hPD-1-treated group. Statistical comparisons were performed using a two-tailed 

unpaired Student’s t test without Welch’s correction. Data are presented as 

mean ± standard error of the mean (SEM), with individual data points shown where 

applicable.  
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Supplementary Figure 10: Phenotype of CAR T cells isolated from the bone 

marrow of tumor-bearing mice treated with anti-hPD-1 show increased activation 

induced cell death mirroring phenotype from spleen 

 

(a-c) Day 19: expression of T cell activation markers hCD69 (a), hGzmB (b), and HLA-

DR (c) by flow cytometry in CAR T cells in bone marrow of mice treated with and 

without anti-hPD-1 10 days post-CAR T infusion. 

(d) Day 19: CAR T cell numbers in bone marrow of mice treated with and without anti-

hPD-1 10 days post-CAR T infusion. 

(e, f) Day 19: expression of hCD95 (e) and annexin V binding (f) by flow cytometry in 

CAR T cells from bone marrow of mice treated with and without anti-hPD-110 days 

post-CAR T infusion. 

(g, h) Day 19: frequency and number of hCD4+ (g) and hCD8+ (h) CAR T cells by flow 

cytometry in bone marrow of mice treated with and without anti-hPD-1 10 days post-

CAR T infusion. 

 

Data in is combined from 3 independent experiments (n=11 for untreated group and n=7 

for anti-hPD-1-treated group). Statistical comparisons were performed using a two-tailed 

unpaired Student’s t test without Welch’s correction. Data are presented as 

mean ± standard error of the mean (SEM), with individual data points shown where 

applicable.  
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Supplementary Figure 11: Additional bulk RNA-seq data of of CAR T cells isolated 

from the bone marrow of tumor-bearing mice with and without anti-hPD-1 

treatment  

 

(a) Heat map showing differential expression of genes of CAR T cells in spleens of mice 

treated with and without anti-hPD-1. 

(b) Volcano plot showing differential expression of genes upregulated and 

downregulated CAR T cells in spleens of mice treated with anti-hPD-1 compared to 

those from mice without treatment 

(c) Normalized cpm reads for IL7RA and TCF7, genes important for T cell survival, 

between CAR T cells from spleens with and without anti-hPD-1. 

(d) Gene ontology analysis of DNA replication pathways and normalized cpm reads 

several activation genes between CAR T cells from spleens of mice treated with and 

without anti-hPD-1. 

(e) Gene ontology analysis of protein translation pathways and normalized cpm reads 

several apoptosis genes between CAR T cells from spleens of mice treated with and 

without anti-hPD-1. 
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Supplementary Figure 12: Additional phenotype and data from CAR IFNGR1 KO T 

cell experiments 

 

(a) CAR transduction efficiencies from 3 donors with and without knocking out IFNGR1. 

(b, c) Tumor burden by bioluminescent imaging after WT or IFNGR1 KO CAR T cell 

treatment (repeat).  

(d) Baseline proportion of CD4+ and CD8+ WT and IFNGR1 KO CAR T cells by flow 

cytometry. 

 

Data from b-c is representative of two independent experiments (repeat of anti-tumor 

efficacy study in Fig. 5j-k). Data are presented as mean ± standard error of the mean 

(SEM), with individual data points shown where applicable.  
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Abstract 

Chimeric antigen receptor (CAR) T cells are highly potent and FDA-approved for 

treating several hematological malignancies. Despite these clinical successes, however, 

CAR T cell efficacy remains variable amongst patients due to tumor-intrinsic resistance, 

antigen modulation, and systemic toxicities; furthermore, they also remain 

therapeutically limited in solid tumors. Developing novel and improved CAR T cell 

products relies heavily on testing on preclinical models that can accurately recapitulate 

tumor biology and predict clinical outcomes. For this purpose, typically immortalized 

tumor cell lines, such as the Burkitt’s lymphoma Raji cell line, are used. In this study, we 

observed that CD19-specific CAR (CAR19) T cells demonstrated cytotoxicity not only 

against Raji wild-type (WT) cells expressing CD19, but also unexpectedly against 

CD19-negative Raji cells. This reactivity was seen both in vitro and in vivo and was 

associated with increased expression of T cell activation markers such as CD25, CD69, 

HLA-DR, PD-1, the proliferation marker Ki-67, and elevated cytokine production – all 

features consistent with endogenous T cell receptor (TCR) engagement. To exclude the 

possibility of CAR tonic signaling as the cause of this reactivity, we also generated non-

transduced (NT) T cells and found that they exhibited similar activation and cytokine 

responses against Raji cells. Interestingly, NT T cells did not respond to other B cell 

leukemia/lymphoma or solid tumor cell lines in vitro. These findings highlight that certain 

tumor cell lines, such as Raji, can unintendedly trigger T cell activation, possibly through 

alloreactivity mediated by the TCR. This reveals a key limitation in preclinical modeling 

for CAR T cell therapies, where false-positive efficacy data may arise from T cell 

responses unrelated to CAR specificity to antigen. 
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Introduction 

In chimeric antigen receptor (CAR) T cell therapy, T cells are taken, typically 

autologously, from a patient and genetically modified to express an artificial receptor – 

termed a ‘CAR’ – that enables antigen-specific recognition and subsequent activation 

and cytotoxicity against tumor cells. This approach has profoundly revolutionized cancer 

immunotherapy, achieving unprecedented clinical success, particularly in hematological 

malignancies, and providing a highly curative alternative to conventional cancer 

treatments.  

Large-scale international clinical trials, including ELIANA/ENSIGN, ELARA, and 

ZUMA-1, have routinely reported objective response rates eclipsing 80%, complete 

response rates exceeding 60%, and 12-month survival rates surpassing 50% in patients 

with relapsed or refractory (R/R) B-cell acute lymphoblastic leukemia (B-ALL) and 

diffuse large B-cell lymphoma (DLBCL).1–4 In contrast, the SCHOLAR-1 study, which 

evaluated conventional salvage chemotherapy regimens in R/R DLBCL, reported 

overall and complete response rates of only 26% and 7% respectively, and a median 

overall survival of 6.3 months.5 

 Despite clinical success, CAR T cell therapy still faces significant limitations. Not 

all patients respond positively due to key challenges including systemic toxicities, 

antigen escape, poor T cell persistence, and an immunosuppressive and hypoxic tumor 

microenvironment characteristic of many cancers; moreover, CAR T cells have 

demonstrated limited efficacy in solid tumors.6,7  These challenges have necessitated 

the development of novel next-generation CAR T cell therapies with enhanced 

persistence and anti-tumor activity in hostile tumor environments, such as armored CAR 
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T cells and T cells redirected for universal cytokine-mediated killing (TRUCKs).8  

However, before translation to the clinic, these therapies must be validated in rigorous 

preclinical model testing. 

Preclinical evaluation of CAR T cells typically relies heavily on using CAR 

antigen-expressing tumor cell lines as targets for in vitro and in vivo studies. In studies 

of CAR T cells directed against lymphoma, the Burkitt’s lymphoma cell line Raji is 

commonly used due to its distinction of being the first hematopoietic cell line and high 

expression of several CAR-targeted antigens such as CD19, CD20, and CD22.9–12 

In our studies using CD19-specific CAR (CAR19) T cells, however, we unexpectedly 

observed T cell reactivity against Raji cells that had genetic ablation of CD19 (Raji 

CD19 KO). CAR19 T cells exhibited cytotoxicity against Raji CD19 KO cells both in vitro 

and in vivo, along with increased expression of T cell activation and proliferation 

markers and elevated cytokine production. Furthermore, non-transduced (NT) T cells 

also exhibited a similar reactivity demonstrating that this effect was not solely due to 

CAR tonic signaling. Additionally, this phenomenon was not observed with other 

leukemia/lymphoma or solid tumor cell lines tested, suggesting instead that there are 

Raji-intrinsic factors capable of eliciting a strong T cell response. These findings 

suggest that Raji cells may present uniquely immunogenic peptides onto major 

histocompatibility (MHC) molecules or exhibit other tumor-intrinsic properties that 

promote T cell activation across multiple donors, raising concerns about its reliability in 

use as a preclinical model for evaluating CAR T cell efficacy. 
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Methods 

Tumor Cell Lines and Culture 

The wild-type (WT) and CD19 knockout (KO) human Burkitt’s lymphoma, Raji, cell lines 

were engineered to constitutively express firefly luciferase (ffLuc) and were gifted by 

Caring Cross. The Raji CD19 KO cell line was validated by staining with anti-human 

CD19 (BioLegend, Cat. #: 302206) and analyzing with flow cytometry. Raji WT and 

CD19 cells expressing Incucyte Nuclight Green were generated by transducing parental 

lines with lentivirus encoding for Incucyte Nuclight Green at an MOI of 3 in the presence 

of 5 µg/mL polybrene. The transduced cells were selected for Nuclight Green 

expression in media containing 1 μg/mL puromycin (Gibco, Cat. #: A1113803). The 

human lymphoid leukemia cell line, NALM6, was also provided by Caring Cross. The 

K562 cell line was purchased from ATCC (ATCC, Cat. #: CCL-243). The SKMEL-28 cell 

line was provided by Dr. Jose Guevara (Moffitt Cancer Center). A-673 cells were 

purchased from ATCC (ATCC, Cat. #: CRL-1598). Granta, Ramos, and REH cell lines 

were received from Dr. Joseph Tuscano (UC Davis School of Medicine). Raji, Granta, 

NALM6, Ramos, and REH cell lines were cultured in media made of: 90% RPMI 1640 

without glutamine (Gibco, Cat. #: 21870084), 10% Nu-Serum (Corning, Cat. #: 355100), 

2 mM L-glutamine (Gibco, Cat. #: 25030081), 1x MEM non-essential amino acids 

(Gibco, Cat. #: 11140050), 1 mM sodium pyruvate (Gibco, Cat. #: 11360070), 1% 

penicillin/streptomycin (Gibco, Cat. #: 15140122), 1 mM HEPES (Gibco, Cat. #: 

15630080) and passaged twice a week to maintain high cell viability (>90%). SKMEL-28 

and A-673 cells were cultured in media made of 90% DMEM (Gibco, Cat. #: 11995081), 

10% Nu-Serum (Corning, Cat. #: 355100), 2 mM L-glutamine (Gibco, Cat. #: 
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25030081), 1% penicillin/streptomycin (Gibco, Cat. #: 15140122), 1 mM HEPES (Gibco, 

Cat. #: 15630080) and passaged once a week to maintain high cell viability (>90%). 

 

Mice 

Female NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice (Jackson Laboratory, Cat. 

#005557) were purchased from the Jackson Laboratory. Mice were housed in groups of 

four per cage under specific pathogen-free (SPF) conditions at the University of 

California, Davis (UC Davis) Institute for Regenerative Cures, an AAALAC-accredited 

animal facility. Animals were maintained on a 12-hour light/dark cycle with ad libitum 

access to food (NIH-31 chow) and water. All animal procedures were approved by the 

UC Davis Institutional Animal Care and Use Committee (IACUC) and carried out in 

accordance with institutional guidelines, ethical regulations, and humane endpoints. 

 

Human PBMC/T cell Isolation 

Leukocyte reduction chambers containing blood from healthy human donors were 

procured from (Vitalant) and diluted 1:1 with D-PBS containing 2% FBS. The diluted 

blood was placed into 50 mL SepMate PBMC isolation tubes pre-filled with 15 mL of 

lymphocyte separation media and centrifuged at 1200 x g for 10 minutes at room 

temperature with the brake on. The top layer containing the enriched PBMCs was 

poured into a new 50 mL conical tube and washed once with D-PBS containing 2% 

FBS. Afterwards, to remove residual red blood cells the purified human PBMCs were 

treated with 1x RBC lysis buffer for 5 minutes and washed once with D-PBS and 2% 

FBS. T cells were subsequently isolated from the enriched PBMCs using a MagniSort 
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human T cell enrichment kit (Invitrogen, Catalog #: 8804-6810-74) and cryopreserved in 

90% FBS and 10% DMSO at -80°C for 24 to 72 hours. Isolated T cells were stored in 

liquid nitrogen for long-term storage until used for CAR T cell generation. 

 

Human CAR and Non-Transduced (NT) T cell Generation, Expansion and Validation 

Isolated T cells were thawed from liquid nitrogen on day 0 and resuspended in pre-

warmed TexMACS GMP medium (Miltenyi Biotec, Cat. #: 170-076-307) and counted. 

To activate, T cells were resuspended to a concentration of 1x10^6 cells/mL in 

TexMACS containing 200 IU/mL rhIL2 and a 1:20 dilution of MACS GMP T cell 

TransAct (Miltenyi Biotec, Cat. #: 200-076-204). On day 1 post-activation, for CAR T cell 

transduction T cells were transduced with lentivirus encoding a CAR targeting hCD19 

(provided by Caring Cross) at an MOI of 10. Cells that did not receive lentivirus were 

demarcated as non-transduced (NT). On day 3, T cells were collected, centrifuged at 

1200 RPM for 5 minutes, and media was decanted. The T cells were then resuspended 

in pre-warmed TexMACS medium, counted, and subsequently resuspended to a 

concentration of 0.25x10^6 cells/mL in TexMACS containing 200 IU/mL rhIL2. On days 

6, 8, and 10, the T cells were counted and resuspended to a concentration of 0.5x10^6 

cells/mL in TexMACS containing 200 IU/mL rhIL2. CAR T cells were validated by 

primary staining with recombinant human CD19 Fc chimera protein (R&D Systems, Cat. 

#: 9269-CD-050) followed by secondary staining with Alexa Fluor 647 (AF647) goat 

anti-human Fc (Jackson ImmunoResearch, Cat. #: 109-606-098) and analyzed by flow 

cytometry. CAR T cells were used for experiments between days 10 and 12. 

Human CAR and NT T cell In Vitro Studies 
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In a 96-well round bottom plate, CAR or NT T cells were co-cultured with irradiated 

(10,000 cGy) target cells for 72 hours at a 1:1 E:T ratio (1.0x10^5 cells of both) in 

TexMACS GMP medium. For cytokine analysis, supernatants were collected and IFN-γ 

and IL-2 levels were measured by cytokine bead array (CBA) (BD, Cat. #: 558270; BD, 

Cat. #: 558269). For flow cytometry, cells were then incubated with Zombie NIR viability 

dye, Fc blocked with a 1:20 dilution of human TruStain FcX (BioLegend, Cat. #: 

422302), surface stained (anti-human CD19-Fc + AF647 anti-human Fc, BV711 anti-

human CD3 [BD Biosciences, Cat. #: 563725], BV785 anti-human CD4 [BioLegend, 

Cat. #: 317442], BUV737 anti-human CD8 [BD Biosciences, Cat. #: 749367], BV421 

anti-human CD25 [BioLegend, Cat. #: 302630], BV605 anti-human CD69 [BioLegend, 

Cat. #: 310938], BV510 anti-HLA-DR [BioLegend, Cat. #: 307646], PE anti-human PD-1 

[BioLegend, Cat. #: 329906]), intracellular stained when applicable (PE/Cyanine7 anti-

human Granzyme B [BioLegend, Cat. #: 372214], PE/Dazzle 594 anti-human Ki67 

[BioLegend, Cat. #: 350534], BV605 anti-human CD107a [BioLegend, Cat. #: 328634]) 

and analyzed by flow cytometry. Incucyte cytotoxicity studies were done by plating CAR 

or NT T cells with either target Raji WT/Nuclight Green or Raji CD19 KO/Nuclight Green 

cells at different E:T ratios in a 96-well flat bottom plate. The plate was placed in an 

Incucyte Live-Cell Analysis System (Sartorius) for 72 hours and analyzed using Incucyte 

analysis software (Sartorius). 

 

Human CAR and NT T cell Treatment of Tumor-Bearing Mice  

NSG mice were injected i.v. with 1x10^6 Raji/ffLuc or Raji CD19 KO/ffLuc cells on day 0 

and 5x10^6 CAR or NT T cells on day 7. On indicated timepoints, blood, spleens, and 
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bone marrow were harvested. Blood was collected in Microtainer Collection Tubes (BD 

Biosciences, Cat. #: 365967) and spun at 8000 x g for 10 minutes to acquire serum; 

serum was frozen at -80°C until used. Spleens and bone marrow were mechanically 

processed into single-cell suspensions in D-PBS + 2% FBS, filtered through a Falcon 70 

µm cell strainer, treated with 5 mL of 1x RBC lysis buffer, washed once in D-PBS + 2% 

FBS, and counted using a Z1 Coulter Particle Counter. Cells from spleens and bone 

marrow were incubated with Zombie NIR viability dye, Fc blocked with a 1:20 dilution of 

human TruStain FcX and a 1:20 dilution of TruStain FcX anti-mouse CD16/32 

(BioLegend, Cat. #: 101320), surface stained (anti-human CD19-Fc + AF647 anti-

human Fc, BV711 anti-human CD3 [BD Biosciences, Cat. #: 563725], BV785 anti-

human CD4 [BioLegend, Cat. #: 317442], BUV737 anti-human CD8 [BD Biosciences, 

Cat. #: 749367], BV421 anti-human CD25 [BioLegend, Cat. #: 302630], BV605 anti-

human CD69 [BioLegend, Cat. #: 310938], BV510 anti-HLA-DR [BioLegend, Cat. #: 

307646], PE anti-human PD-1 [BioLegend, Cat. #: 329906]), intracellular stained when 

applicable (PE/Cyanine7 anti-human Granzyme B [BioLegend, Cat. #: 372214], 

PE/Dazzle 594 anti-human Ki67 [BioLegend, Cat. #: 350534]) and analyzed by flow 

cytometry. Serum human IFN-γ levels were measured in serum samples using 

cytometric bead array. Tumor burden in mice was assessed at indicated timepoints by 

i.p. injection of 4.5 mg D-luciferin (Revvity, Cat. #: 122799) on indicated timepoints 

followed by bioluminescent imaging using the IVIS Lumina III system. 
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Trypan Blue Exclusion 

Throughout the experiments, total splenocyte and bone marrow numbers were 

determined using a Z1 Coulter Particle Counter (Beckman Coulter). For cell counting 

during in vitro experiments, trypan blue exclusion was performed using a 1:1 dilution of 

cells-to-trypan blue (Gibco, Cat. #: 15250061) and recording total and live cell numbers 

using a BioRad TC20 automated cell counter (BioRad, Cat. #: 1450102). 

  

Flow Cytometry 

For CD107a staining, cells were incubated for 5 hours prior with a 1:1000 dilution of 

GolgiPlug (BD, Cat. #: 555029) and a 1:1500 dilution of GolgiStop (BD, Cat. #: 554724) 

prior to surface staining. Viability dye was prepared in D-PBS; all cells were incubated 

at room temperature during viability dye staining. Surface antibody dilutions were 

prepared and washing was performed in staining buffer consisting of D-PBS (Gibco, 

Cat. #14190-136) and 2% fetal bovine serum (FBS) (Gibco, Cat. #A5256701). Cells 

were incubated with surface antibodies on ice for 30 minutes per staining step and 

washed once in staining buffer between each step. For intracellular staining, cells were 

fixed and permeabilized using Cytofix/Cytoperm solution (BD Biosciences, Cat. 

#554722) for 1 hour at 4°C and washed once with BD Perm/Wash buffer (BD 

Biosciences, Cat. #554723). Intracellular antibody dilutions were prepared in BD 

Perm/Wash buffer and cells were incubated in them for 30 minutes at room 

temperature. Afterwards, cells were washed one time in BD Perm/Wash buffer. 

Samples were run on a BD LSRFortessa Cell Analyzer, and data was analyzed using 

FlowJo software. 
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Statistical Analysis 

Statistical analyses for all in vitro and in vivo experiments were performed using 

GraphPad Prism 9.  

 

Data Availability 

The raw experimental data supporting the findings of this study are available from the 

corresponding author upon reasonable request. 
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Results 

CAR19 T cells Demonstrate Reactivity to Both Raji WT and CD19 KO Cells In Vitro 

We generated CAR19 T cells using a standard manufacturing protocol involving 

activation with anti-CD3/anti-CD28 agonist antibodies (TransAct), transduction with 

CAR-encoding lentivirus, and ex vivo expansion in media containing recombinant 

human IL-2 (rhIL-2) (Supplementary Fig. 1a). CAR19 T cell transduction efficiencies 

routinely exceeded 70% (Supplementary Fig. 1b).  Following successful CAR19 T cell 

generation, cells were co-cultured in vitro with Raji WT and CD19 knockout (KO) (Fig. 

1a). Raji CD19 KO cells were confirmed to be devoid of CD19 cell surface expression 

by flow cytometry (Fig. 1b). After co-culture with Raji WT cells, CAR19 T cells 

demonstrated robust upregulation of T cell activation markers such as CD25, CD69, 

GzmB, HLA-DR, and PD-1, and increased expression of the proliferation marker Ki67; 

notably, however, these same markers were upregulated, though to a lesser extent, 

following co-culture with Raji CD19 KO cells despite the absence of the CAR-specific 

antigen (Fig. 1c-e). This response was observed in CAR19 T cells made from five 

independent donors. This pattern of expression was consistent with TCR stimulation 

using TransAct, suggesting that CAR19 T cell reactivity to Raji CD19 KO cells may be 

mediated by TCR-dependent alloreactivity (Supplementary Fig. 1c). Furthermore, 

analysis of supernatants revealed increased levels of both IFN-γ and IL-2 in CAR19 T 

cell co-cultures with both Raji WT and CD19 KO cells. CAR19 T cells also exhibited 

both CD107a degranulation, a marker of cellular cytotoxicity, and demonstrated dose-

dependent anti-tumor effects against both Raji and Raji CD19 KO cells (Fig. 1g, 

Supplementary Fig. e-f).  
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CAR19 T cells Exhibit Anti-Tumor Effects Against Raji CD19 KO Cells In Vivo 

To evaluate whether CAR19 T cell reactivity also extended in vivo, we tested 

xenograft models using NSG mice. Mice were injected day 0 with Raji WT or CD19 KO 

cells, and on day 7 with CAR19 T cells (Fig. 2a). As expected, over 90% of Raji WT 

tumor-bearing mice survived to day 50. However, more than half of the mice bearing 

Raji CD19 KO tumors also survived to day 50 indicating that CAR19 T cells are capable 

of exerting anti-tumor effects leading to prolonged survival even in the absence of CD19 

expression on Raji cells, consistent with the intermediate activation phenotype we 

observed in vitro (Fig. 2b). These anti-tumor effects varied based on the donor the 

CAR19 T cells were derived from, with CAR19 T cells from one donor in particular 

causing all Raji CD19 KO tumor-bearing mice to survive (Supplementary Fig. 2a). Using 

bioluminescent imaging (Raji WT and CD19 KO tumor cells were engineered with firefly 

luciferase), we further confirmed CAR19 T cell-mediated clearance in both Raji WT and 

CD19 KO tumor-bearing mice (Fig. 2c-d, Supplementary Fig. 2b).  

Serum cytokine levels of human IFN-γ were upregulated at days 14 and 21 in 

both Raji WT and Raji CD19 KO tumor-bearing mice treated with CAR19 T cells (Fig. 

2e, Supplementary Fig. 2c). Flow cytometry was also performed on cells harvested from 

the bone marrow and spleen (Supplementary Fig. 3a-b). On day 14, there were higher T 

cell frequencies in the bone marrow of treated Raji WT tumor-bearing mice relative to 

those bearing Raji CD19 KO tumors with a higher proportion of these T cells expressing 

the CAR (Fig. 2f, Supplementary Fig. 2d). By day 21, this trend reversed, possibly due 

to the complete clearance of Raji WT tumors, causing a contraction of the CAR T 
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population while the persistence of Raji CD19 KO tumor may have sustained T cell 

activation and expansion (Supplementary Fig. 2e). 

In addition, T cells isolated from both Raji WT and CD19 KO tumor-bearing mice 

showed upregulation of CD25, GzmB, HLA-DR, PD-1, and Ki67, although these 

markers were more strongly expressed in T cells from the Raji CD19 KO group possibly 

because of ongoing TCR-mediated stimulation due to incomplete tumor clearance (Fig. 

2g–h; Supplementary Fig. f). By day 28, T cell frequencies were higher in both the bone 

marrow and spleens of mice bearing Raji CD19 KO tumors relative to ones bearing Raji 

WT tumors, and these cells continued to exhibit an increased activation phenotype (Fig. 

2i, Supplementary Fig. 2g, h). 

Together, our in vitro and in vivo results demonstrate that CAR19 T cells are 

capable of becoming activated and mediating anti-tumor effects not only against 

antigen-expressing Raji WT cells, but also against antigen-negative Raji CD19 KO cells, 

and this reactivity may be driven by endogenous TCR signaling. 

 

Non-Transduced T cells Also Demonstrate Reactivity to Raji Cells In Vitro and In Vivo 

 To confirm CAR19 T cell antigen-independent reactivity towards Raji cells was 

not due to CAR tonic signaling or an artifact of CD19 ablation in Raji cells, we also 

generated NT T cells that lacked CAR expression. NT T cells were then incubated in 

vitro with either Raji WT or CD19 KO cells (Fig. 3a). Following co-culture, NT T cells 

demonstrated augmented expression of CD25, CD69, GzmB, HLA-DR, PD-1, and Ki-67 

(Fig. 3b-d). Furthermore, supernatants collected from these co-cultures contained 
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elevated levels of IFN-γ and IL-2 (Fig. 3e). NT T cells also mediated cytotoxicity against 

both Raji WT and CD19 KO targets (Fig. 3f). 

 To see if these effects extended in vivo, NSG mice were injected day 0 with Raji 

WT or CD19 KO cells, and on day 7 with NT T cells (Fig. 4a). Bioluminescent imaging of 

tumor burden revealed partial tumor clearance by NT T cells in both Raji WT and CD19 

KO tumor-bearing mice (Fig. 4c). Anti-tumor activity was more pronounced in Raji CD19 

KO tumor-bearing mice; notably, NT T cells from one donor prolonged survival of Raji 

CD19 KO tumor-bearing mice up until day 70, the survival endpoint (Fig. 4d, 

Supplementary Fig. 4a). Additionally, serum cytokine analysis confirmed the presence 

of IFN-γ in both treated groups (Fig. 4e). Furthermore, flow cytometry showed sustained 

T cell engraftment in both the bone marrow and spleen of tumor-bearing mice along 

with elevated expression of CD25, CD69, HLA-DR, PD-1, and Ki67 (Fig. 4f-h, 

Supplementary Fig. 4b-d).  

Collectively, these in vitro and in vivo findings demonstrate that NT T cells, 

without CAR expression, can mediate anti-tumor activity against both Raji WT and 

CD19 KO cells. These results mirror our findings with CAR19 T cells and indicate that 

the observed reactivity is not attributable to CAR tonic signaling or CD19 gene deletion 

in Raji cells, but instead likely reflects an intrinsic reactivity of donor T cells toward Raji 

cells. 
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Other B cell Leukemia/Lymphoma or Solid Tumor Cell Lines Do Not Elicit T cell 

Activation Responses  

 To determine whether this observed T cell reactivity in other tumor cell lines, we 

co-cultured CAR19 or NT T cells with four additional non-Raji B cell leukemia/lymphoma 

cell lines: Granta, NALM6, Ramos, and REH. All 4 of these cell lines expressed 

homogenous surface levels of CD19 (Supplementary Fig. 5a). As expected, after co-

culture, CAR T cells upregulated expression of CD25, CD69, GzmB, HLA-DR, and PD-1 

(Supplementary Fig. 5b). In contrast, NT T cells did not augment expression of any of 

these activation markers nor Ki-67, indicating a lack of reactivity toward these cell lines 

(Fig. 5a-b). Similarly, we co-cultured NT T cells with two solid tumor cell lines: the 

melanoma line SKMEL28 and the Ewing sarcoma-like line A673 and neither cell line 

elicited T cell activation indicated by the absence of upregulated activation or 

proliferation markers (Supplementary Fig. 5c).  
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Discussion 

Overall, our results demonstrate that Raji broadly stimulate T cells across 

multiple donors. This was observed both in vitro and in vivo by the upregulation of 

activation and proliferation markers, elevated cytokine production, and cytotoxicity 

towards both Raji WT and CD19 KO cells. However, this reactivity appears to be 

specific to Raji cells as neither other B cell leukemia/lymphoma lines (Granta, NALM6, 

Ramos, and REH) nor solid tumor lines (SKMEL28 and A673) were capable of inducing 

a similar activation response, suggesting that Raji cells possess unique tumor-intrinsic 

characteristics that allow them to elicit T cell activation independent of CAR expression. 

A potential explanation for this donor-independent T cell activation against Raji 

cells comes from a prior study using humanized immune system mice (HIS), where 

immunodeficient mice were reconstituted with human CD34+ hematopoietic stem cells 

from ten donors. Researchers observed spontaneous regression of subcutaneously 

implanted Raji tumor cells in HIS mice reconstituted from all ten donor populations.13 

Depletion of human T cells prevented Raji tumor clearance and furthermore, tumor-

infiltrating T cells isolated from the Raji-bearing HIS mice possessed an activated 

phenotype and displayed memory formation along with clonal expansion, all 

characteristics indicative of antigen-specific TCR engagement. 

Mechanistically, their study also showed that antibody blockade of MHC class II 

partially attenuated IFN-γ production in vitro, suggesting that CD4+ T cell activation may 

be driven in part by peptide presentation onto MHC class II molecules. A possible 

explanation is that Raji cells are transformed with Epstein-Barr virus (EBV) and harbor 

approximately 50-60 complete copies of the EBV genome per cell.14,15 This omnipresent 
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viral integration may result in the expression and presentation of highly immunogenic 

viral peptides onto MHC molecules, which may trigger alloreactive and/or cross-reactive 

T cell responses. To test this hypothesis, future experiments could evaluate whether 

other EBV-transformed B cell lines such as Akata, CBM1, Namalwa, or P3HR-1, induce 

similar T cell activation, cytotoxicity and cytokine release in our in vitro and in vivo 

studies. This comparative evaluation of inducing T cell responses using EBV-positive 

and EBV-negative cell lines would clarify whether EBV transformation can drive T cell 

immunogenicity, findings which would have major implications for the use of EBV 

transformation in generating immortalized lymphoblastoid cell lines, a widely employed 

technique.16,17 

Alternatively, another hypothesis is that Raji cells may produce superantigens – 

microbial-derived proteins that induce widespread, non-specific T cell activation. 

Superantigens bypass conventional antigen processing by binding the region outside 

the MHC class II peptide-binding groove and directly cross-linking the MHC molecule to 

the Vβ region of the TCR region causing activation in up to 20% of all T cells regardless 

of antigen specificity.18 Raji cells are highly effective at presenting superantigen, such 

as TSST-1 and SEA.19,20 While superantigens are typically associated with microbial 

pathogens, the idea of superantigen-like molecules being secreted and presented by 

tumor cell lines such as Raji cells remains an intriguing hypothesis, albeit untested. 

To elucidate the mechanisms underlying Raji-induced T cell activation, future studies 

should focus on examining the roles of MHC class I and II on Raji cells in mediating T 

cell responses, whether through antibody blockade or CRISPR-mediated gene ablation. 

Additionally, the potential contribution of superantigen-like proteins or EBV-derived 
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antigens should be explored by assessing their presentation on MHC molecules via 

peptide-MHC profiling or mass spectrometry. Understanding the basis of this antigen-

independent T cell activation is critical for improving the fidelity of preclinical models of 

CAR T cell efficacy to avoid generating false-positive efficacy data.  
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Figure 1: Human CAR19 T cells mediate anti-tumor activity against antigen-loss 

Raji CD19 KO cells in vitro, exhibiting a phenotype consistent with TCR-driven 

alloreactivity 

 

(a) Staining of Raji and Raji CD19 KO cells for hCD19 expression by flow cytometry. 

(b) Experimental schematic: Raji WT or CD19 KO cells were co-incubated with CAR19 

T cells. 

(c, d) Expression of T cell activation markers hCD25, hCD69, hGzmB, HLA-DR, and 

hPD-1 on CAR19 T cells by flow cytometry (c) and representational flow (d) after co-

culture. 

(e) Expression of T cell proliferation marker hKi67 on CAR19 T cells after co-culture. 

(f) Cytokine levels of hIFN-γ and hIL2 after co-culture. 

(g) Raji CD19 KO cells engineered with Nuclight Green were incubated with CAR19 T 

cells in an Incucyte Live-Cell Analysis System with fluorescence measured over time.  

  

Data in c and e involves CAR19 T cells generated from 5 different donors (n=5 [except 

for hCD69 expression which is from 4 donors]), and in f-g contains involves CAR19 T 

cells generated from 2 different donors run in technical triplicates. Statistical 

comparisons were performed using a two-tailed paired ratio (c, e) or Student’s t test 

without Welch’s correction (f), or a two-way ANOVA (g). Data are presented as 

mean ± standard error of the mean (SEM), with individual data points shown where 

applicable.  
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Figure 2: Additionally, human CAR19 T cells mediate anti-tumor activity against 

antigen-loss Raji CD19 KO cells in vivo prolonging survival 

 

(a) Experimental schematic: Raji WT or CD19 KO tumor-bearing NSG mice were 

treated with human hCD19-targeted CAR T cells derived from Donor 2. 

(b) Survival curves of Raji WT or CD19 KO tumor-bearing NSG mice treated with 

human hCD19-targeted CAR T cells. 

(c, d) Tumor burden by bioluminescent imaging of Raji WT or CD19 KO tumor-bearing 

NSG mice treated with human hCD19-targeted CAR T cells. 

(e) Day 14: serum cytokine levels of hIFN-γ in Raji WT or CD19 KO tumor-bearing NSG 

mice treated with human hCD19-targeted CAR T cells. 

(f) Day 14: frequency of T cells by flow cytometry in bone marrow of Raji WT or CD19 

KO tumor-bearing NSG mice treated with human hCD19-targeted CAR T cells. 

(g, h) Day 14: expression of T cell activation markers hCD25, hGzmB, HLA-DR, hPD-1, 

and the proliferation marker Ki67 by flow cytometry (g) and representational flow (h) on 

T cells in bone marrow of Raji WT or CD19 KO tumor-bearing NSG mice treated with 

human hCD19-targeted CAR T cells 

(i) Day 28: frequency of T cells by flow cytometry in bone marrow of Raji WT or CD19 

KO tumor-bearing NSG mice treated with human hCD19-targeted CAR T cells. 

 

Data in b is combined survival from CAR19 T cells generated from 4 different donors 

and in c to i is representative of 2 independent experiments (n=3 per each group). 

Statistical comparisons were performed using a log-rank (Mantel-Cox) test (b) or a two-



152 
 

tailed unpaired Student’s t test without Welch’s correction (d-f, i). Data are presented as 

mean ± standard error of the mean (SEM), with individual data points shown where 

applicable.  
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Figure 3: Human non-transduced (NT) T cells also mediate anti-tumor activity 

against Raji cells in vitro, exhibiting a phenotype consistent with TCR-driven 

alloreactivity 

 

(a) Experimental schematic: Raji WT or CD19 KO cells were co-incubated with NT T 

cells. 

(b, c) Expression of T cell activation markers hCD25, hCD69, hGzmB, HLA-DR, and 

hPD-1 on NT T cells by flow cytometry (b) and representational flow (c) after co-culture. 

(d) Expression of T cell proliferation marker hKi67 on NT T cells after co-culture. 

(e) Cytokine levels of hIFN-γ and hIL2 after co-culture. 

(g) Raji WT and CD19 KO cells engineered with Nuclight Green were incubated with NT 

T cells in an Incucyte Live-Cell Analysis System with fluorescence measured over time.  

  

Data in b and d involves NT T cells generated from 5 different donors (n=5 [except for 

hCD69 expression which is from 4 donors]) and in e-f contains NT T cells generated 

from 2 different donors run in technical triplicates. Statistical comparisons were 

performed using a two-tailed paired ratio (b, d) or Student’s t test without Welch’s 

correction (e), or a two-way ANOVA (f). Data are presented as mean ± standard error of 

the mean (SEM), with individual data points shown where applicable.  
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Figure 4: Human NT T cells also mediate anti-tumor activity against Raji cells in 

vivo 

 

(a) Experimental schematic: Raji WT or CD19 KO tumor-bearing NSG mice were 

treated with human NT T cells. 

(b-d) Tumor burden by bioluminescent imaging of Raji WT or CD19 KO tumor-bearing 

NSG mice treated with human NT T cells. 

(e) Serum cytokine levels of hIFN-γ in Raji WT or CD19 KO tumor-bearing NSG mice 

treated with human NT T cells. 

(f) Frequency of T cells by flow cytometry in bone marrow of Raji WT or CD19 KO 

tumor-bearing NSG mice treated with human NT T cells. 

(g, h) Expression of T cell activation markers hCD25, hGzmB, HLA-DR, hPD-1 and the 

proliferation marker Ki67 by flow cytometry (g) and representational flow (h) on NT T 

cells in bone marrow of Raji WT or CD19 KO tumor-bearing NSG mice treated with 

human NT T cells. 

 

Data in b-g is representative of 2 independent experiments (n=3 per each group). 

Statistical comparisons were performed using a two-tailed unpaired Student’s t test 

without Welch’s correction (d-e). Data are presented as mean ± standard error of the 

mean (SEM), with individual data points shown where applicable.  
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Figure 5: Other non-Raji lymphoma cell lines do not induce activation in T cells 

 

(a) Expression of T cell activation markers hCD25, hCD69, hGzmB, HLA-DR, hPD-1 by 

flow cytometry on NT T cells after co-culture for 72 hours with non-Raji lymphoma target 

cells. 

(b) Expression of T cell proliferation marker hKi67 by flow cytometry on NT T cells after 

co-culture for 72 hours with non-Raji lymphoma target cells. 

 

Data in a-b is NT T cells generated from 5 different donors. Statistical comparisons 

were performed using a two-tailed ratio paired Student’s t test. Data are presented as 

mean ± standard error of the mean (SEM), with individual data points shown where 

applicable.  
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Supplemental Figure 1: Additional human CAR19 T cell phenotypic data from in 

vitro experiments 

 

(a) Experimental schematic: hCD19-targeted CAR T cells were generated then 

expanded for 10 to 12 days. 

(b) Validation of CAR transduction efficiency by flow cytometry. 

(c, d) Expression of T cell activation/proliferation markers hCD25, hCD69, HLA-DR, 

hKi67, and hPD-1 by flow cytometry (c) and representational flow (d) after co-culture 

with TransAct. 

(e) Expression of T cell degranulation marker hCD107a after co-culture and 

representational flow.  

(f) Raji WT cells engineered with Nuclight Green were incubated with CAR19 T cells in 

an Incucyte Live-Cell Analysis System with fluorescence measured over time.  

 

Data in c involves CAR19 T cells generated from 3 different donors (n=3), in e involves 

CAR19 T cells generated from 2 different donors run in technical triplicates, and in f 

involves CAR19 T cells generated from 1 donor run in technical triplicates. Statistical 

comparisons were performed using a two-tailed paired (c) or Student’s t test without 

Welch’s correction (f), or a two-way ANOVA (e). Data are presented as mean ± standard 

error of the mean (SEM), with individual data points shown where applicable.  
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Supplementary Figure 2: Extra phenotype data from Raji WT or CD19 KO tumor-

bearing NSG mice treated with human hCD19-targeted CAR T cells 

 

(a) Comparison of survival in Raji WT or CD19 KO tumor-bearing NSG mice treated 

with human hCD19-targeted CAR T cells made from different donors. 

(b) Full time course tumor burden by bioluminescent imaging of Raji WT or CD19 KO 

tumor-bearing NSG mice treated with human hCD19-targeted CAR T cells. 

(c) Day 21: serum cytokine levels of hIFN-γ in Raji WT or CD19 KO tumor-bearing NSG 

mice treated with human hCD19-targeted CAR T cells. 

(d) Day 14: CAR expression of T cell activation markers hCD25, hGzmB, HLA-DR, 

hKi67, hPD-1 by flow cytometry. 

(e) Day 21: frequency of T cells by flow cytometry in bone marrow of Raji WT or CD19 

KO tumor-bearing NSG mice treated with human hCD19-targeted CAR T cells in bone 

marrow and spleen. 

(f) Day 21: expression of T cell activation markers hCD25, hGzmB, HLA-DR, hKi67, 

hPD-1 by flow cytometry.  

(g) Day 28: frequency of T cells by flow cytometry in spleen of Raji WT or CD19 KO 

tumor-bearing NSG mice treated with human hCD19-targeted CAR T cells in spleen. 

(h) Day 28: expression of T cell activation markers hCD25, hGzmB, HLA-DR, hKi67, 

hPD-1 by flow cytometry.  
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Data in c-h i is representative of 2 independent experiments (n=3 per each group). 

Statistical comparisons were performed using a two-tailed unpaired Student’s t test 

without Welch’s correction. Data are presented as mean ± standard error of the mean 

(SEM), with individual data points shown where applicable.  
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Supplementary Figure 3: Gating strategy of Raji WT or CD19 KO tumor-bearing 

NSG mice treated with human hCD19-targeted CAR T cells 

 

(a, b) Gating strategy for phenotyping T cells from bone marrow (a) or spleen (b) of 

tumor-bearing mice. 
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Supplementary Figure 4: Extra phenotype data from Raji WT or CD19 KO tumor-

bearing NSG mice treated with human NT T cells 

 

(a) Tumor burden by bioluminescent imaging of an additional study treating Raji WT or 

CD19 KO tumor-bearing NSG mice with human NT T cells from Donor 2. 

(b) Frequency of T cells by flow cytometry in spleens of Raji WT or CD19 KO tumor-

bearing NSG mice treated with human NT T cells. 

(c, d) Expression of T cell activation markers hGzmB, HLA-DR, hKi67, hPD-1 by flow 

cytometry on NT T cells in spleens of tumor-bearing NSG mice treated with human NT 

T cells (c) and representational flow (d).  

 

Data in b-d is representative of 2 independent experiments (n=3 per each group). Data 

are presented as mean ± standard error of the mean (SEM), with individual data points 

shown where applicable.  
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Supplementary Figure 5: Other non-Raji cell lines extended phenotype with and 

without co-culture 

 

(a) Expression of hCD19 on other non-Raji lymphoma cell lines. 

(b) Expression of T cell activation markers hCD25, hCD69, hGzmB, HLA-DR, hPD-1 by 

flow cytometry on CAR19 T cells after co-culture for 72 hours with non-Raji lymphoma 

target cells. 

(c) Expression of T cell activation markers hCD25, hGzmB, HLA-DR, hPD-1 by flow 

cytometry on NT and/or CAR19 T cells after co-culture for 72 hours with non-Raji solid 

tumor target cells. 

 

Data in b is CAR19 T cells generated from 5 different donors and in c is NT or CAR19 T 

cells run in technical triplicates. Statistical comparisons were performed using either a 

two-tailed paired Student’s t test (b) or unpaired Student’s t test (c). Data are presented 

as mean ± standard error of the mean (SEM), with individual data points shown where 

applicable.  

 

 

 

 

 

 



170 
 

CHAPTER 4: Final Remarks 

Conclusion 

My dissertation investigated the molecular and cellular regulation of T cell biology 

pertaining to activation, persistence, and cytotoxicity, with a particular focus on how this 

impacts adoptive T cell therapies such as CAR T cells. While CAR T cell therapy has 

achieved remarkable clinical success, particularly in hematological malignancies, its 

therapeutic impact and persistence in systemic circulation remain inconsistent across 

patients. Furthermore, preclinical models often fail to fully recapitulate physiologically 

relevant conditions and tumor-intrinsic factors, potentially generating misleading efficacy 

data. My work presented here demonstrates how activation-induced cell death (AICD) 

can negatively impact conventional and CAR T cell persistence, and how translational 

discrepancies pertaining to false-positive efficacy data can arise from preclinical 

modeling limitations. 

In Chapter 1, I summarized key discoveries in T cell signaling and described how 

this molecular foundation has been leveraged to engineer antigen-specific CAR T cells 

that function independently of MHC restriction. Furthermore, I reviewed the evolving 

CAR T cell development pipeline and discussed how CAR construct design, optimized 

manufacturing, and current and next-generation preclinical modeling systems can be 

integrated to generate more clinically relevant efficacy data and improve translational 

success.  

In Chapter 2, I identified a role for PD-1 signaling in protecting both conventional 

and CAR T cells from AICD. These findings challenge the notion that checkpoint 
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inhibition is unilaterally beneficial in augmenting effector function instead suggesting 

there is a tradeoff between heightened activation and long-term persistence. This dual 

role for PD-1 provides not only novel insight into the role of PD-1 signaling in shaping T 

cell responses but has direct implications on how immune checkpoint inhibitors are 

administered in combination with adoptive T cell therapies in clinical settings.  

In Chapter 3, I uncovered a key limitation in preclinical modeling by 

demonstrating that both non-transduced and CAR T cells can exhibit activation and 

cytotoxicity against antigen-negative Raji tumor cells. These findings show that certain 

tumor cell lines can trigger unintended T cell activation and cause tumor regression 

independent of CAR specificity. This underscores the importance of carefully vetting 

tumor cell lines for baseline reactivity to T cells prior to their use in preclinical modeling 

applications in order to avoid producing confounding efficacy data. 

Collectively, the studies presented in this dissertation provide novel mechanistic 

insights into the regulation of T cell activation and survival while also critically assessing 

the preclinical systems used to model CAR T cell functionality. These findings deepen 

our understanding of how signaling pathways can regulate T cell responses and also 

how preclinical model selection may impact interpretations of potential therapeutic 

performance. Future studies should aim to optimize the molecular design of CAR T cells 

to enhance function and persistence and improve upon the preclinical models and 

methodologies used to evaluate them, in order to realize their full therapeutic potential 

across a broad range of cancers. 




