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Abstract 

CAR Pooling:  

High throughput screening of CAR T cells identifies diverse immune signaling domains for 

next-generation immunotherapies 

Camillia Azimi 

 

Chimeric antigen receptors (CARs) repurpose natural signaling components to retarget T cells to 

refractory cancers but have shown limited efficacy in persistent, recurrent malignancies. Here, we 

introduce “CAR Pooling”, a multiplexed approach to rapidly identify CAR designs with clinical 

potential. Forty CARs with signaling domains derived from a range of immune cell lineages were 

evaluated in pooled assays for their ability to stimulate critical T cell effector functions during 

repetitive stimulation that mimics long-term tumor antigen exposure. Several domains were 

identified from the tumor necrosis factor (TNF) receptor family that have been primarily associated 

with B cells. CD40 enhanced proliferation, whereas B-cell activating factor receptor (BAFF-R) 

and transmembrane activator and CAML interactor (TACI) promoted cytotoxicity. These 

functions were enhanced relative to clinical benchmarks after prolonged antigen stimulation, and 

fell into distinct states of memory, cytotoxicity, and metabolism. BAFF-R CAR T cells were 

enriched for a highly cytotoxic transcriptional signature previously associated with positive 

clinical outcomes. Additionally, we observed that replacing the 4-1BB intracellular signaling 

domain with the BAFF-R signaling domain in a clinically validated B-cell maturation antigen 

(BCMA)-specific CAR resulted in enhanced activity in a xenotransplant model of multiple 

myeloma. Together, these results show that “CAR Pooling” is a general approach for rapid 

exploration of CAR architecture and activity to improve the efficacy of CAR T cell therapies.   
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Chapter 1 

NextGen cell-based immunotherapies in cancer and other immune disorders 

 

Material for this chapter comes from the following published work: 

Azimi CS, Tang Q, Roybal KT, Bluestone JA. NextGen cell-based immunotherapies in cancer 

and other immune disorders. Curr Opin Immunol. 2019 Aug;59:79-87. doi: 

10.1016/j.coi.2019.03.007. Epub 2019 May 6. PMID: 31071513. 
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1.1 Abstract 

T lymphocyte and other cell therapies have the potential to transform how we treat cancers and 

other diseases that have few therapeutic options. Here, we review the current progress in 

engineered T cell therapies and look to the future of what will establish cell therapy as the next 

pillar of medicine. The tools of synthetic biology along with fundamental knowledge in cell 

biology and immunology have enabled the development of approaches to engineer cells with 

enhanced capacity to recognize and treat disease safely and effectively. This along with new modes 

of engineering cells with CRISPR and strategies to make universal ‘off-the-shelf’ cell therapies 

will provide more rapid, flexible, and cheaper translation to the clinic. 
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1.2 Introduction 

It has been over 50 years since the first bone marrow transplant was used successfully to 

reconstitute the entire blood system to cure cancer [1]. This singular success transformed the field 

of hematology-oncology and paved the way for a cell therapy revolution including the imple- 

mentation of antigen-specific T cell therapies to treat a variety of tumors such as melanoma, renal, 

lung, and multiple other solid tumors [2]. In a secondary wave of innovation, new in vitro 

techniques to efficiently expand neoantigen-specific T cells from tumor tissue have shown efficacy 

in treating a number of tumors. Recently, the third revolution, enabled by the use of genetic 

engineering to modify cells with exceptional specificity and almost unlimited flexibility, is poised 

to dramatically advance modern medicine. Target-specific Chimeric Antigen-specific Receptors 

(CAR), which combine cell surface tumor antigen specificity of monoclonal antibodies with the 

signaling machinery of T cells, have led to the development of two FDA-approved cell-based 

drugs, Yescarta™ and Kymriah™. These novel genetically engineered therapeutics have yielded 

extraordinary cures of CD19+ lym- phomas and for the treatment of multiple blood cancers and 

myeloma on the horizon. But many challenges in the field remain unresolved including: side 

effects resulting from cytokine release syndrome (CRS); difficulty in harnessing the technology 

for solid tumors; and issues of tumor antigen escape, adoptive T cell durability, stability, and 

exhaustion. In this perspective, we will summarize the advances and opportunities in the field of 

human adoptive cell therapy (ACT), emphasizing the breath of opportunities using various cell 

subsets, gene engineering and creative gene editing approaches in TCRab cells, although there are 

ongoing research efforts to develop engineered NK, macrophage and TCRgd cells as well. Novel 

synthetic biology approaches will be highlighted that introduce payloads and multi-antigen 

specificities, regulate receptors and alter epigenetic landscapes that impact T cell functionality, 
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durability, and efficacy in a hostile microenvironment in the cancer, autoimmunity and organ 

transplant settings. Finally, we peek into the future when highly regulated, universal ACT are 

developed, not just from T cells but induced Pluripotent Stem (iPS) cells, to treat an array of 

immune-mediated and other inflammation-associated diseases. 
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1.3 Generation of antigen-specific T cells 

The adaptive immune system has evolved to detect small often single-amino acid changes in a 

foreign protein. For T cells, this is accomplished through the T cell receptor complex (TCR) 

designed to recognize small peptides presented by major histocompatibility complex (MHC) class 

I and II. In contrast, B cells use two-chain antibodies to recognize epitopes created by tertiary 

protein structures. Modern ACT for cancer has hijacked individual receptors to expand and, in 

many cases, engineer antigen-specific T cells. Specific TCRab chains have been isolated from 

disease-reactive T cells and introduced into function effector cells to mediate the relevant 

immunity, be it cytotoxicity (for cancer and infectious diseases) or suppression (in autoimmunity 

and transplantation). The TCRs have the advantage of recognizing peptides derived from the entire 

proteome and have evolved high sensitivity to a small number of MHC–peptide complexes on an 

antigen-presenting cell [3,4]. In contrast, antibodies recognize epitopes expressed on whole 

proteins, either soluble or on the surface of cells. CARs utilize the antibody recognition structure, 

fused to costimulatory and TCR signaling domains, to direct T cells to cell surface-displayed whole 

proteins. CARs are generally less sensitive than TCRs and sometimes exhibit on-target, off-tissue 

activities. These two modes of targeting and activating T cell therapies are the basis for much of 

the current approaches to antigen-specific ACT (Fig. 1.1). 

 

1.4 TCR versus CAR ACT 

Two major strategies have been deployed to treat cancer with T cells with tumor-specific TCRs. 

One is to isolate, expand, and reinfuse tumor-infiltrating lymphocytes (TILs) from excised tumors. 

This strategy uses the power of a polyclonal tumor-specific T cell population that can lead to a 

multi-pronged attack. A second strategy is to sequence the TCRs of TILs and engineer selected 



        6 

receptors into patient-derived T cells for ACT. Unlike TIL therapy, which often has a mixed 

population that includes many irrelevant T cells thus limiting efficacy, engineered TCR therapies 

can generate uniformly functional T cells. These neoantigen-specific T cells, which target unique 

tumor mutations have limited off-target effects [5,6] and, in some cases, the TCRs target shared 

tumor antigens, often of embryonic origin [7], making the therapeutic strategy even more broadly 

applicable. The use of antigen-specific TCRs are also being exploited for regulatory T cells (Tregs) 

therapies as well to treat organ transplant rejection and potentially, autoimmunity [8]. Highly 

selective TCR-based T cell therapies will continue to evolve and may be superior to CARs in 

certain therapeutic settings due to the unique properties of the receptor and available targetable 

antigens. 

 

The efficacy of CARs can be seen in the first two FDA-approved CAR T cell therapies in which 

both tisagenlecleucel and axicabtagene ciloleucel recognize an extracellularly expressed protein 

(CD19) to eliminate certain lymphomas. In contrast to TCRs that are capable of being activated 

by a single peptide-MHC complex [9], CARs require a minimum of $200–10000 target molecules 

to activate [10,11]. The low sensitivity of CARs can be overcome by high-density ligands such 

that CARs can drive potent anti-tumor T cell responses. However, in some cases, the cells cause 

toxicity via on-target off-tumor specificity or induction of CRS [12,13]. Despite these flaws, the 

high affinity, lack of MHC restriction, and modular architecture for rapid engineering CARs have 

made them a focal point in ACT. Next-generation CARs, reviewed below, have been engineered 

to address critical problems within therapeutic applications such as antigen escape, T cell 

exhaustion, and the need for universal ‘off-the-shelf’ CARs. 
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CARs and TCRs are now being engineered to detect new classes of antigens. For example, TCR-

like CARs have been generated that detect intracellular neoantigens in the context of MHC [14]. 

In addition, both TCRs and CARs are being developed against phosphorylated and citrullinated 

proteins, fusion proteins, alternative splice variants, and mutations in driver antigens such as 

KRAS [15,16]. Therefore, investigators at the NCI and companies, such as PACT Pharma, are 

gearing up to conquer personalized ACT by identifying and generating receptors against 

neoantigens (especially truncal mutations) [17–19]. In these studies, it will be essential to make 

sure that these receptors do not have toxic off-tumor effects [20,21]. In the case of TCRs, 

mispairing with the endogenous chains can lead to receptors with unknown specificity [22], which 

can be avoided with single-chain alpha-beta TCRs, cysteine bridges and other genetic 

modifications [23,24]. Lastly, despite the signaling and engineering advantages, TCR therapies are 

intrinsically HLA-restricted. While this is not a problem in personalized medicine, shared tumor 

antigens will only be targetable by TCRs within patients of similar genetic backgrounds or on less 

polymorphic HLA molecules such as HLA-E or HLA-G. 

1.5 Tackling the challenge of solid tumors 

There is growing evidence that controlling T cell activation, specificity, receptor signaling 

dynamics, and cell communication systems (e.g. cytokines and chemokines) will be essential in 

the successful adaptation of CARs to treat solid tumors. Many investigators have turned toward 

engineered regulatory mechanisms to control each aspect of CAR-T cell function. 

As the field has progressed, CAR T cell therapy has challenged researchers and clinicians with the 

threat of CRS and T cell exhaustion. Regulating CAR T cell activity can be as simple as controlling 

the longevity of CAR expression. One of the easiest ways to accomplish this is to transiently 

express the CAR via electroporation of mRNA [25,26]. However, once the CAR expression is lost, 
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there is no way to regain activity and multiple doses will likely be required. Therefore, more 

sophisticated control of CAR expression dynamics would be ideal. With advances in the use of 

CRISPR in T cells, groups have achieved high-efficiency integration of CARs into the TCRa locus 

(TRAC), where CAR expression is controlled by endogenous regulatory elements [27]. This is 

beneficial because it reduces the complexity of T cell engineering and mimics the dynamics of 

TCR expression upon antigen stimulation. The natural regulation of CAR expression, which likely 

controls the timing and duration of signaling, can reduce exhaustion and improve therapeutic 

efficacy (Fig. 1.2) [28,29]. 

1.6 Controlling CAR signaling and activation.  

Aside from modulating CAR expression, several groups have begun engineering solutions to CRS 

and T cell exhaustion by directly engineering CAR signaling domains. Feucht et al. set out to 

promote long-term T cell proliferation and persistence by mutation of the CD3z immunoreceptor 

tyrosine-based activation motifs thus dampening CAR signaling [30]. The company TCR2 has 

designed a chimeric scFv–TCR complex that may improve T cell responses due to more natural 

TCR activation [31]. While many labs have focused on TCR signaling, others enhanced CAR T 

cell activation and differentiation by integrating cytokine JAK-STAT signaling domains, such that 

T cells strongly proliferate and are less dependent on their microenvironment (Fig. 1.3) [32,33].  

There have also been extensive characterizations of the two clinically utilized costimulatory 

domains, 4-1BB and CD28, that has shown stark differences in signaling speed (with  CD28 being 

faster), signaling strength (with CD28 being stronger), and signaling persistance (with  4-1BB 

lasting longer), all of which have an effect on the long-term efficacy within patients. Although the 

modularity of CARs is conducive to innovative engineering, it remains unknown how to alter CAR 

signaling to produce ideal clinical results. 
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Beyond engineering signaling domains into CARs to shape the T cell response, others have 

developed new strategies to gate the activity of CARs such that they are activated in a context-

dependent manner. Desnoyers et al. engineered a system of ‘receptor masking’ where CAR-target 

engagement is blocked by a probody: an scFv whose binding is dynamically controlled by matrix 

metalloproteinases commonly found in the tumor microenvironment (TME) [34]. Roybal et al. 

developed a novel synthetic receptor system called synthetic Notch receptors (synNotch) which, 

unlike CARs, translate ligand-binding to release of a receptor-tethered tran- scription factor that 

regulates a user-defined transcriptional circuit [35,36]. SynNotch receptors can reliably control the 

expression of CARs such that the CAR is only expressed in the TME, confining T cell activity to 

the disease site (Fig. 1.3). An added feature of SynNotch/CAR circuits is combinatorial antigen 

recognition, which improves the specificity of ACTs. Wu et al. and later Raj et al. took a different 

approach by controlling CAR activity with small molecule drugs making the strength and duration 

of CAR activation titratable [37,38]. This synthetic regulation of CARs via their external cues 

designated a new way of thinking about CAR dynamics and reducing on-target off-tumor 

toxicities; however, it did not address the growing complication of antigen escape. To address this 

issue, designs revolving around the dynamic control of CAR specificity and activation once in 

vivo has resulted in solutions such as the convertible CARs of Xyphos, Calibr, and Unum or more 

recently the SUPRA CAR system [39–42,43]. These regulation platforms highlight a dynamic, 

rapidly expanding field of in vivo dynamic CAR regulation. (Fig. 1.3). 

 

1.7 Controlling the T cell and cellular environments.  

Investigators have begun to realize how the nature of the T cell type that is modified with the TCR 

or CAR can control cell fate. For instance, groups have expressed CARs or TCRs in viral-specific 
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T cells (VSTs) and suggest this better exploits the proliferative capability of the T cell with 

vaccination during treatment [44]. Others have used subsets of purified central memory cells as 

vaccine studies have suggested that this cell type is more efficient at longterm immunity [45–47]. 

Conversely, others have focused on modifying the TME, rather than the T cell itself, to alter T cell 

function. Many of the suppressive mechanisms of the TME (e.g. metabolic control, suppressive 

cytokines and infiltrating cell types) are now being targeted with ACT to improve the efficacy of 

the T cell response in the inhospitable environment. Many labs have focused on how CAR T cells 

can synthetically control the effects of immunosuppressive cytokines such as TGFb or IL-4. New 

CAR T cells that sequester immunosuppressive cytokines, activate within their presence, block 

their signaling, or secrete orthogonal cytokines that confine communication to the engineered T 

cells are being developed to reduce the impact of the TME [48,49,50,51,52]. Recently, multiple 

versions of antibodies, including nanobodies, have been used to target growth factors to attenuate 

tumor aggressiveness [53–56], in the form of titratable bispecifics [57–61]. These include the use 

of bi-specific T-cell engagers (BiTE) that combine specificities for cytokines, cell surface target 

antigens and checkpoint inhibitors to maximize cell-based therapies [62–66]. CAR-T cells paired 

with synNotch and granzyme-B systems could soon be used to deliver these therapeutics and 

attenuate the suppressive capabilities of the TME [36,67,68] (Fig. 1.4). 

1.8 Cell therapy for the masses — universal ACT 

Cell therapies have successfully avoided issues of graft-versus-host disease (GvHD) because the 

current therapies utilize autologous T cells [69,70]. While this is an FDA-approved pipeline, the 

treatment could be simplified through the use of ‘off-the-shelf’ universal cells— therapeutics in 

which patients would receive allogeneic cells that evade detection by the recipient immune sys- 

tem. Many groups have focused on editing out the TCR to prevent GvHD [71,72] while others, 
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have selectively deleted HLA class I and class II molecules to avoid recognition by host T cells 

and, thus, prevent rejection by the adaptive immune system of the host. These modifications in 

combination with CAR engineering may allow allogeneic universal CAR T cells to eradicate tumor 

cells with similar efficacy to autologous CAR T cells. This approach has been successful clinically 

in two patients with pediatric B-ALL [71,73]. 

 

In fact, there is an incredible rate of progress in genome editing and cellular engineering 

technologies leading to new approaches to rapidly generate universal T cells for cell therapies. T 

cells have been reprogrammed into an embryonic-like state to enable unlimited proliferation and 

production of iPS T cells [74,75]. Clarke et al. recently generated FT819 [76], an iPS cell line 

containing the standard CD19 CAR and a bi-allelic disruption of the TRAC locus [ 76]. Cooper et 

al. utilized CRISPR/Cas9 to create UCART7, a universal CAR T cell therapy targeting CD7+ T 

cells with both CD7 and its TRAC locus knocked out, making it fratricide and GvHD resistant 

[77]. While these approaches need to be further tested in the lab and clinic, they mark a critical 

step toward true universal T cell therapies that could be cost-effective, ready for immediate use, 

and compatible with a wider patient population, particularly those with few therapeutic options. 
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1.9 Conclusion 

ACT has now been established as another pillar of medicine along with small molecule drugs and 

biologics. The promise of cell therapy goes beyond cancer, or even immune diseases such as 

autoimmunity and organ transplantation. In fact, under the right conditions, ‘off-the-shelf’ T cells, 

engineered with novel receptors, may be applied to many applications from tissue repair and 

regeneration to the elimination of senescent cells in degenerative diseases such as dementias and 

heart disease. To get there, the use of novel gene editing and deliberate synthetic biology 

approaches, described above, will be key and the ability to engineer both enhanced therapeutic 

functionality and control systems into cells will increase safety and efficacy. Additionally, the 

incorporation of synthetic solutions to central problems such as CAR T cell exhaustion will be 

central to ensuring their persistence both in the patient and in the clinic. It should also be noted 

that the current limitations of cost of goods will need to be addressed using novel manufacturing 

approaches, virus-free introduction of gene edits and receptors, and better closed automated 

systems for cell expansion. In addition to the cost of goods, reducing the burden of labor for 

designing novel receptors will need to become a priority as faster iteration reduces cost of novel 

therapeutics. This is an exciting time in immunology, synthetic biology, and systems biology as 

we can now envision the wide-range of tools that will be developed to control cells. We are at an 

inflection point in cell-based immunotherapies, but the field must be thorough in testing this 

transformative form of therapy to make sure the safety profile matches the therapeutic need. 
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1.10 Figures for Chapter 1 

Figure 1.1 

 

Figure 1.1. CAR versus TCR. A comparison of T cell receptors (TCRs) and chimeric antigen 
receptors (CARs) T cell therapy. CARs are composed of a BCR-like monoclonal antibody-based 
scFv binding domain and an intracellular signaling domain composed of an ITAM containing 
domain such as CD3ζ and a costimulatory signaling domain. 
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Figure 1.2 

 

Figure 1.2. Targeted Insertion of CARs with CRISPR. The entities 1) and 2) demonstrate two 
recent methods for utilizing CRISPR to genetically engineer T cells for ACT. Insertion of the 
engineered receptor into the TRAC locus results in a TCR-like expression pattern in response to 
antigen exposure. These approaches provide a flexible platform to engineer cell therapies with 
implications beyond CARs. 
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Figure 1.3 

 

Figure 1.3. Next-generation CARs for ACT. Overcoming the challenges of CRS and T cell 
exhaustion with receptor signaling and regulatory modalities. The top panel is a comparison of the 
most recent CAR designs with altered signaling. From left to right: the classical CAR, the 1XX 
CAR (with only a singular N terminal CD3ζ ITAM), the JAK-STAT CAR (with additional 
cytokine signaling domains), and the TCR2 CAR (an scFv CD3ε fusion). The bottom panel is a 
comparison of the recent CAR designs that allow for dynamic in vivo regulation. From left to 
right: the Universal CAR (with swappable binding elements that allow for titratable and 
convertible specificity), the proCAR (scFv can only engage with its target only when certain TME-
specific proteases are present), the ON-switch CAR (signaling controlled by a small molecule), 
and the synNotch/CAR circuits (context-specific CAR expression and multi-antigen recognition 
capabilities). 
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Figure 1.4 

 

Figure 1.4. Custom regulation of therapeutic immune cells. The expansive capabilities of 
locally delivered payload therapeutics to alter the targeted microenvironment. Payload delivery 
systems such as the synNotch can transcriptionally regulate the expression of natural or non-
natural therapeutics that can alter the surrounding microenvironment. Targeted delivery of 
antibody-based BiTEs and immunotherapies as well as biologics that sequester 
immunosuppressive cytokines or block their signaling capabilities on the CAR T cell can 
drastically affect the cell therapy’s persistence, proliferation, and continued activation. 
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Chapter 2 

CAR Pooling: High throughput screening of CAR T cells identifies diverse immune signaling 

domains for next-generation immunotherapies 

2.1 Abstract 

 

Chimeric antigen receptors (CARs) repurpose natural signaling components to retarget T cells to 

refractory cancers but have shown limited efficacy in persistent, recurrent malignancies. Here, we 

introduce “CAR Pooling”, a multiplexed approach to rapidly identify CAR designs with clinical 

potential. Forty CARs with signaling domains derived from a range of immune cell lineages were 

evaluated in pooled assays for their ability to stimulate critical T cell effector functions during 

repetitive stimulation that mimics long-term tumor antigen exposure. Several domains were 

identified from the tumor necrosis factor (TNF) receptor family that have been primarily associated 

with B cells. CD40 enhanced proliferation, whereas B-cell activating factor receptor (BAFF-R) 

and transmembrane activator and CAML interactor (TACI) promoted cytotoxicity. These 

functions were enhanced relative to clinical benchmarks after prolonged antigen stimulation, and 

fell into distinct states of memory, cytotoxicity, and metabolism. BAFF-R CAR T cells were 

enriched for a highly cytotoxic transcriptional signature previously associated with positive 

clinical outcomes. Additionally, we observed that replacing the 4-1BB intracellular signaling 

domain with the BAFF-R signaling domain in a clinically validated B-cell maturation antigen 

(BCMA)-specific CAR resulted in enhanced activity in a xenotransplant model of multiple 

myeloma. Together, these results show that “CAR Pooling” is a general approach for rapid 

exploration of CAR architecture and activity to improve the efficacy of CAR T cell therapies.   
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2.2 Introduction 

Adoptive cell therapy using engineered chimeric antigen receptor (CAR) T cells has 

revolutionized the treatment of B-cell leukemias and lymphomas(1, 2). CAR T cells currently in 

the clinic use either a 4-1BB or CD28 intracellular costimulatory domain, which come from 

natural, well-studied T cell costimulatory receptors. Costimulation is a critical component of 

immune activation, and CARs lacking the “signal 2” from a costimulatory domain quickly 

become anergic upon stimulation(3). CARs containing 4-1BB and CD28 intracellular domains 

are used in second generation CAR T cells, which elicit more robust and sustained T cell 

activation than the original CD3ζ-only CARs. Although both CD28-and 4-1BB-CAR T cells are 

effective therapeutics, there are substantial differences in their synapse development, 

cytotoxicity, metabolic state, and clinical performance(4–7). Additionally, preclinical and 

clinical studies show that T cells expressing CD28 CARs are initially faster to proliferate and kill 

tumor cells, but suffer from reduced long-term engraftment and heightened exhaustion after 

prolonged activation(8–12). 

  

There is considerable diversity in costimulatory domains, and evidence for both quantitative and 

qualitative differences in costimulatory signaling in the context of a CAR(7). 4-1BB and CD28 

utilize two separate signaling pathways [tumor necrosis factor (TNF) receptor associated factor 

(TRAF) and phosphatidylinositol-3-kinase (PI3K)/lymphocyte-specific protein tyrosine kinase 

(Lck)/growth factor receptor-bound protein 2 (Grb2), respectively], however these pathways 

converge upon conserved signaling intermediates, suggesting that costimulatory domains from 

other immune cells may also be able to signal in T cells(13–15). Other studies have individually 

characterized additional T cell costimulatory domains within CARs or searched for mutant 
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domains with enhanced properties(16–20). However, the scale of these searches has been limited 

to selected domains, focused on receptors with known functions in T cells. 

  

Pooled screens are a powerful tool for probing T cell biology, including using clustered regularly 

interspaced short palindromic repeats (CRISPR) knockouts and switch receptors(21, 22), but 

have only recently been applied to CAR engineering. Pooled assays offer increased throughput 

and direct comparison of cells from the same blood donor tested in identical conditions. 

Screening of large numbers of domains to assess their effects on multiple cell-intrinsic T cell 

phenotypes would help identify optimal CAR designs for clinical applications. Although pooled 

measurement can be applied to many aspects of CAR architecture, signaling domains-which are 

small, have minimal secondary structure, consist of short and modular signaling motifs(23)-lend 

themselves to pooled characterization using large synthetic DNA libraries(24). Signaling 

domains identified from these screens can then be more deeply characterized for potential 

clinical translation.   

 

The lack of persistence and long-term efficacy in patients is a central problem for current CAR T 

therapies, in both solid cancers and hematological tumors such as multiple myeloma(25–27). To 

answer this clinical need, we assembled a signaling domain library consisting of both inhibitory 

and stimulatory domains from a range of innate and adaptive immune cells to assess their 

propensity to resist exhaustion within the CAR architecture(3). We then performed a suite of 

pooled assays in primary human CD4 or CD8 T cells containing this CAR library using a 

repetitive stimulation assay we developed to mimic the protracted stress and exhaustion of 

chronic antigen exposure on T cells in difficult-to-eliminate tumors. The dataset produced from 
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these assays represents a systematic survey of the CAR T cell costimulation landscape. We 

identified a set of potent costimulatory domains from the TNF receptor family – CD40, B-cell 

activating factor receptor (BAFF-R), and transmembrane activator and CAML interactor (TACI) 

– that drove T cells to exhibit enhanced proliferation and cytotoxicity in vitro, despite the 

domains being primarily associated with the B cell lineage. We also identified killer cell lectin 

like receptor G1 (KLRG1), an inhibitory domain, that silenced CD3ζ activation and kept CAR T 

cells in a naive transcriptional state. Additionally, single-cell RNA and surface protein 

expression profiles among these candidates showed that CAR T cells using the signaling domain 

of BAFF-R were enriched for a highly cytotoxic transcriptional signature, which has been 

associated with enhanced CAR T engraftment and improved response against melanoma in 

clinical studies(28, 29). BAFF-R-based CAR T cells, as compared to benchmark 4-1BB- and 

CD28-based CAR T cells, exhibited equivalent efficacy in a mouse model of mesothelioma and 

superior efficacy in a model of multiple myeloma. 

 

2.3 CAR Pooling allows for screening of a pooled library of CARs with diverse costimulatory 

domains. 

Innate and adaptive immune cells use a set of specialized receptors to sense their extracellular 

environment and elicit critical cellular functions. To transduce these signals, these receptors often 

use modular linear signaling motifs within their intracellular domains, which bind to downstream 

signaling proteins. These motifs and signaling partners are often highly conserved across the 

immune system(3, 23), and we hypothesized that some of these unexplored signaling domains and 

motifs could engage distinct and beneficial T cell signaling in the context of a CAR. To test this, 

we developed a method for high-throughput, pooled screening of CAR signaling libraries within 
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primary human T cells, which we call “CAR Pooling”. To generate the CAR Pooling library, we 

mined 40 costimulatory and coinhibitory receptor intracellular domains from different protein 

families and functional classes associated with several immune cell types, including natural killer 

(NK) cells, B cells, and other innate immune cells (Fig. 2.1A and B, table S1). We synthesized and 

cloned the domains into a second-generation CAR scaffold and lentivirally transduced the CAR 

into independent CD4 and CD8 primary human T cell cultures from matched donors (Fig. 2.1C). 

CAR-positive T cells were sorted for a defined range of CAR expression using a 2A-green 

fluorescent protein (GFP) marker and rested before proceeding with tumor cell stimulation (Fig. 

2.1C). 

   

To mimic the exhaustion conditions encountered in patients with a high tumor burden, we 

performed repetitive, long-term in vitro stimulations of the CAR T cells over 24 to 33 days, with 

CD19+ or CD19- K562 cells added 1:1 to the T cell culture every three days (Fig. 2.1D). K562 

cells were irradiated prior to their addition to reduce their proliferative capacity and prevent rapid 

depletion of the media. CD28 and 4-1BB CAR T cells in this assay became increasingly exhausted 

(Fig. 2.1E, fig. 2.8A and B). Additionally, a CAR containing only the CD3ζ domain appeared to 

have an anergic phenotype by day 15 and did not survive after day 24, indicating that the effect of 

costimulation, which is critical to durable responses in vivo, is at least partially captured by this 

model(7, 30–32). 

  

To efficiently characterize the CAR Pooling library across multiple assays and time points, we 

employed FlowSeq, a pooled measurement that quantitatively measures any cell-based fluorescent 

readout across a genetically-diverse population of cells(33). We used FlowSeq to measure different 
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markers of T cell function, such as activation (CD69), cytokine production [interferon (IFN)-γ and 

interleukin (IL)-2], and proliferation using CellTrace Violet (CTV) dye. For each pooled assay, 

cells were sorted and separately sequenced to compare the functional differences among the 

domains (Fig. 2.1D and F; Fig. 2.2A and B). This multiplexed approach allowed us to compare 

differential CAR T activity between CD4 and CD8 T cell types, and between early and late stages 

of antigen stimulation and expansion. 

 

Despite donor variability, the domain ranking across replicates for all assays was consistent and 

highly correlated (Kruskal-Wallis H > 110; p < 1e-10) (fig. 2.8C). We found no correlation among 

the library domains between either initial domain abundance or length and early or late relative 

expansion (fig. 2.8D). Given these measurements, we determined that CAR Pooling is a generally 

reproducible and robust platform for these multiplexed assays. 

2.4 Multidimensional comparison of signaling domains across repetitive expansion identifies new 

potent costimulatory domains. 

Antigen-induced proliferation, cytokine secretion, and activation varied across CAR T cells 

expressing different costimulatory domains (Fig. 2.2A, fig. 2.9A, B, and C), and the canonical 

CD28 and 4-1BB domains were among those that promoted the most cytokine secretion and 

proliferation (average rank 4 and 5, respectively; Mann-Whitney U, p < 9.6e-8, across all 

assays). However, other domains consistently appeared among the top-performers, including 

BAFF-R and TACI (average ranks 1 and 2, respectively). 

 

Antigen-independent proliferation also varied considerably among the domains. Although overall 

proliferation was universally lower without antigen, domains that promoted strong 
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proliferation upon antigen-exposure also tended to exhibit enhanced proliferation in antigen-

negative co-culture (Spearman’s ⍴ = 0.63-0.75, p = 1.3x10-5), indicating a strong correlation 

between antigen-dependent proliferation and increased basal proliferation (fig. 2.9B). Among 

the top-performing domains, CD28 and TACI exhibited the highest degree of non-specific 

proliferation, whereas CD40 had the lowest (fig. 2.9B). 

 

We measured IL-2 and IFN-γ production (Fig. 2.2B, fig. 2.9C) and CD69 expression (fig. 2.9D 

in both CD4 and CD8 T cells. Ranking of CARs from least to most cytokine production in log2 

fold change, IL-2 and IFN-γ secretion was similar in multiple cultures of CD4 and CD8 T cells 

(yellow, orange) across three human donors (Fig. 2.2B, fig. 2.9C).  

  

The lack of long-term CAR T cell persistence is often cited as a major reason for antigen-

positive relapse in patients (34). Multiple aspects of cell dynamics underlie CAR T cell 

persistence, including a cell’s lifespan during and after stimulation. Cell proliferation (CTV) is 

thus an incomplete representation of CAR T efficacy. To better capture persistence, we also 

measured change in the relative frequency of a domain over time, termed “relative expansion”. 

We compared amplicon sequencing of the library immediately before stimulation and 

subsequently after the first, sixth, and eighth stimulations (days 3 or 4, 14 or 16, and 24, 

respectively, for CD4 T cells and CD8 T cells) (Fig. 2.2C). Many of the domains that 

preferentially expanded after the first stimulation were subsequently diminished after further 

stimulations, indicating that initial proliferation did not correlate well with long-term 

proliferative capacity and persistence (fig. 2.9E). We also saw some domains differentially 

enriched in either CD4 or CD8 T cells (Fig. 2.2D). Most domains promoted a greater expansion 
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overall in CD8 T cells, with the notable exceptions of CD30, CD40, and 4-1BB, where, after 24 

days of stimulation, CD4 T cells expanded over two-fold more than CD8 T cells. As noted by 

previous studies, these results imply that using different costimulatory domains in CD4 versus 

CD8 T cells may improve overall CAR T therapeutic efficacy (17). 

 

2.5 Scoring CARs across pooled measurements identifies signaling domains with distinct 

stimulatory activity. 

 To summarize the relative performance of all domains over the repetitive stimulation assays, 

hierarchical clustering was performed (Fig. 2.3A). A subset of CAR T cells containing CD28, 4-

1BB, and several additional domains clustered into a potent costimulatory group, demonstrating 

enhanced T cell functions relative to the average domain in the library (Fig. 2.3A).  This group 

was highly enriched for domains belonging to the TNF receptor family. CD40 and CD30 were 

most similar to 4-1BB, demonstrating substantial overall expansion and late-stage proliferation in 

both CD4 and CD8 T cells. In contrast, BAFF-R, CD28, and TACI showed moderately enhanced 

expansion and late-stage proliferation but promoted substantial cytokine production, with CD28 

and TACI producing high IL-2. Overall, the eight most potent CAR costimulatory domains were 

distributed along a spectrum of late-stage proliferators to high-cytokine producers, suggesting that 

there may be inherent tradeoffs between these two aspects of CAR T activity. As members of the 

TNF receptor family spanned the stimulatory spectrum, we highlighted BAFF-R (light green), 

TACI (dark green), CD40 (light purple), and CD30 (dark purple). 

 

Some domains, such as KLRG1 and NKR-P1A, consistently demonstrated the lowest initial 

proliferation, activation, and cytokine production in both CD4 and CD8 T cells (Fig. 2.3A). These 
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are also of interest because inhibitory signaling could be used to halt, dampen, or dynamically 

modulate T cell functions (35). For this reason we added KLRG1, a potential inhibitory domain 

(pink), in our subsequent investigations.  

 

To further compare overall library performance, a principal component analysis (PCA) was 

performed across all measurements with and without antigen stimulation (Fig. 2.3B, fig. 2.10A 

and B). The PCA showed that domains are spread across a diverse signaling landscape, with 

principal component (PC) 1 being associated with early proliferation, cytokine secretion, CD69 

activation, and more tonic signaling; in contrast, PC2 was associated with long-term expansion in 

CD8 T cells, less cytokine secretion, less early proliferation, and relatively less tonic signaling 

(fig. 2.10A). PC2 was also correlated with domain size, suggesting that increasing the distance 

between the membrane and CD3ζ reduces the strength of early activation and tonic signaling (fig. 

2.10B). This is supported by recent work showing that altering the position of CD3ζ 

immunoreceptor tyrosine-based activation motifs (ITAMs) modulates differentiation and memory 

formation(36–39). There was no discernable clustering based on cell-type specific expression or 

protein family structure, aside from the aforementioned enrichment of TNF family members in the 

stimulatory group (Fig. 2.3B). Additionally, there were only minor differences in cell surface 

expression for each of the highlighted CARs measured using an N-terminal myc tag normalized 

for transduction through the co-expressed T2A GFP reporter (fig. 2.10C).   

 

CAR T cells that used BAFF-R, TACI, CD40, or CD30 also enhanced persistence in the pooled 

library, demonstrated by the dynamics of their relative expansion through day 24 (Fig. 2.3C). In 

addition, CD30 and CD40 showed the most and least antigen-independent expansion, respectively 
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(fig. 2.10D). Lastly, as our highlighted domains all belong to the TNF receptor family, and thus 

all use TRAF signaling (40), we surveyed their literature-annotated TRAF binding sites and post-

translational modifications (41) to assess shared signaling characteristics (fig. 2.10E). They can 

associate with a diverse set of TRAFs, with no discernible shared motif or partner across the 5 

domains (42–45). 

 

2.6 A subset of signaling domains differentially affects proliferation, long-term expansion, and 

late-stage metabolism.  

To further assess the five selected CARs in CD4 and CD8 T cells and to confirm their efficacy 

outside of the pooled assays, an extended in vitro repetitive stimulation assay was performed on 

each individually. 4-1BB, CD28, and a CD3ζ first-generation CAR were included as benchmarks 

due to their clinical relevance and characterization within the literature (6, 46). Proliferation was 

measured weekly using CTV over 33 days of repetitive antigen stimulation in two primary 

human donors (Fig. 2.4A to C, fig. 2.11A and B). Representative measurements for a single 

donor are shown alongside quantifications of the average change in mean fluorescence intensity 

(MFI) of the CTV stain (Fig. 2.4B and C). These arrayed stimulations resulted in relative 

proliferations similar to those observed in the pooled screen, with CD28 demonstrating less 

proliferation in CD4 T cells at later time points, CD40 generating strong proliferation in CD4 T 

cells, 4-1BB and BAFF-R demonstrating stronger late-stage proliferation through day 33, and 

KLRG1 displaying dramatically less cell division overall. Lastly, contrary to our pooled data, 

CD30 drove an initial burst of proliferation, primarily in CD4 T cells, but this was not sustained 

in later weeks. Overall, we found a high degree of correlation between our pooled and arrayed 

proliferation screens.  
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In addition to measuring proliferation by CTV dilution, we counted the number of T cells in 

culture every 3 days prior to restimulation with additional K562 tumor cells using flow 

cytometry and cell-counting beads. We used these counts to calculate the overall cumulative 

expansion of each CAR. Like the relative expansion measurements in our pooled screen, this 

considers both proliferation and resistance to cell death. In CD4 T cells from both donors, 4-1BB 

promoted a higher degree of cumulative expansion and persistence than CD28, in line with the 

clinical findings that 4-1BB CAR T cells are better long-term proliferators in vivo and are more 

resistant to exhaustion than CD28 CAR T cells (Fig. 2.4D) (4). However, we found that over 33 

days, CD4 CAR T cells with CD40 costimulation doubled at an average of 1.8x the rate of those 

with 4-1BB or CD28 across both donors (Repeated Measures ANOVA, p=3.3x10-3), indicating, 

as in our pooled experiment, a heightened propensity for proliferation, resistance to cell death, or 

both during prolonged antigen stimulation. 

  

A recent study found a strong association between enhanced mitochondrial metabolism and long-

term proliferation (6). Therefore, we used single-cell energetic metabolism profiling 

(SCENITH), which uses oligomycin to inhibit mitochondrial oxidative phosphorylation (47) to 

determine its relative contribution to the overall metabolic output of each CAR T variant after 21 

days in culture (fig. 2.11C). As expected, the CD3ζ-only CAR T cells demonstrated a low degree 

of mitochondrial metabolism, indicating an increased dependence on glycolysis. 4-1BB and 

CD28 CAR T cells were biased towards mitochondrial or glycolytic metabolism respectively, as 

previously noted in the literature (6). BAFF-R CAR T cells exhibited even higher mitochondrial 
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dependence than 4-1BB after 21 days, in line with its long-term persistence in culture after 

repeated stimulations. 

 

2.7 T cells expressing BAFF-R and TACI CARs retain markers linked to persistence and 

demonstrate delayed exhaustion.  

To determine the relationship between cell state and expansion of these CAR variants, we 

measured the expression of several exhaustion (programmed cell death protein 1 (PD1), 

lymphocyte activating 3 (LAG3), T-cell  immunoglobulin mucin-3 (TIM3), CD39) and 

differentiation markers (CD62L, CD45RO, CD45RA, CD27, CCR7) throughout 33 days of 

repetitive stimulation (Fig. 2.4E, fig. 2.11D and E). BAFF-R CAR T cells exhibited slower 

upregulation of multiple exhaustion markers than 4-1BB and CD28, as shown by its overall lower 

number of markers on days 6 and 15 in both CD4 T cells and CD8 T cells (Fig. 2.4F, fig. 2.11D, 

E, and F). Additionally, although the CAR T cells showed relatively similar differentiation over 

time, both BAFF-R and TACI CD8 CAR T cells showed sustained CD27 expression over time, in 

contrast to CD28 and 4-1BB, where CD27 expression progressively decreased (fig. 2.4G and 

2.11G). We did not observe this trend in CD4 T cells (fig. 2.11G). CD27 has been linked to CD8 

T cell survival after extensive proliferation, and resistance to terminal effector differentiation and 

contraction(48–51). Finally, as seen in our proliferation assays, expression of exhaustion and 

differentiation markers by KLRG1 CAR T cells were most similar to those in untransduced T cells, 

suggesting that a larger fraction of KLRG1 CAR T cells remain in a naive-like memory state (fig. 

2.11D to H). 
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2.8 Cytokine secretion and in vitro toxicity differ across signaling domains. 

In addition to proliferation and persistence, we sought to measure differences in CAR T cell anti-

tumor activity by cytokine secretion and cytotoxicity. We measured cytokine production in CD4 

T cells in two human donors using intracellular flow cytometry after 1, 2, 3, 6 and 9 repeated 

stimulations in culture (Fig. 2.5A to B, fig. 2.12A). Most CAR T cells exhibited maximal cytokine 

production on day 4. Although comparisons can be made at early time points, none of the CAR T 

cells, including those containing the CD28 and 4-1BB costimulatory domains, produced 

substantial amounts of IFN-γ, IL-2, or TNF-α, as measured by intracellular staining after 3 or more 

in vitro stimulations (fig. 2.12A). 

  

We next sought to assess the persistence of each CAR T cell’s cytotoxic capability in culture after 

intervals of repetitive antigen stimulation. To directly measure cytotoxicity in vitro, we used 

Incucyte live-cell imaging, which allows for long-term imaging of fluorescently labeled cancer 

and T cell co-cultures inside of an incubator. At multiple timepoints after the repeated antigen 

stimulations, we sorted either CD4 or CD8 T cells from the co-culture using fluorescence activated 

cell sorting (FACS) and let them rest overnight (Fig. 2.5A). The next day, we combined the sorted 

T cells with red-fluorescent K562 cancer cells and performed time-lapse live-cell microscopy to 

observe cell killing (Fig. 2.5C and D). We then quantified the percentage of cancer cells killed at 

80 hours (CD4 T cells) or 32 hours (CD8 T cells) after each stimulation (Fig. 2.5C). 

  

Although we observed differences in the cytotoxic capacity between the two donors, BAFF-R- 

and TACI-expressing showed superior cytotoxicity relative to other CAR T cells (Fig. 2.5C and 



        41 

D, fig. 2.12B). This was especially pronounced after multiple rounds of antigen stimulation within 

CD4 T cells. This enhanced cytotoxicity was statistically significant within both donors in CD4 T 

cells and CD8 T cells when comparing BAFF-R activity to CD28, CD40, CD30, KLRG1 and 

CD3ζ-only CAR T cells, and when comparing TACI to CD28, KLRG1, and CD3ζ-only CAR T 

cells (FDR < 0.05 by Wilcoxon Signed-rank test, Fig. 2.5E). We repeated these assays with two 

additional donors in CD4 T cells, comparing the top four domains (CD28, 4-1BB, BAFF-R, 

TACI), which further confirmed significantly enhanced CD4 cytotoxicity for BAFF-R versus the 

other 3 domains (FDR < 0.05, Wilcoxon Signed-rank test) (fig. 2.12C to E). 

  

Additionally, we saw that KLRG1 had drastically reduced cytotoxicity, often only killing between 

0 and 20% of K562 tumor cells, compared to the CD3ζ-only CAR, which killed approximately 

75% of tumor cells at each timepoint (Fig. 2.5C to E). This was significant compared to the 

cytotoxic capabilities of all other CAR T cells (FDR < 0.0001, Fig. 2.5E). Combined with the 

proliferation, exhaustion, and differentiation data, this supports the hypothesis that KLRG1 

significantly dampens the CD3ζ domain’s function within a CAR T cell. 

2.9 Transcriptional reporters indicate differences in early signaling dynamics among the signaling 

domains. 

  Although most of our analyses indicated distinctions in CAR T cell phenotypes after prolonged 

periods of stimulation in vitro, we sought to determine if there were early differences in signaling 

upon the initial activation of each CAR that could help to understand the mechanisms behind these 

phenotypic differences. We transduced each of the CARs into three reporter Jurkat T cell systems 

that individually measured the transcriptional activity of activator protein 1 (AP-1), nuclear factor 
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of activated T cells (NFAT), and nuclear factor kappa B (NFκB)(52). We then co-cultured these 

purified CAR-positive Jurkat reporters with CD19+ or CD19- K562 cancer cells for 8, 24, or 48 

hours and measured their activity using flow cytometry (Fig. 2.5F, fig. 2.12F and G). We observed 

differences in basal and antigen-responsive transcription factor (TF) activity across the CARs, 

particularly in NFκB activity.  Cells expressing BAFF-R, TACI, and CD30 CARs showed both 

accelerated dynamics and a higher total percentage of cells with NFκB activity (Fig. 2.5F), a TF 

that is closely associated with TNF receptor signaling (53, 54). These three CARs also upregulate 

AP-1 activity within the first 8 hours, two-fold more rapidly than any other costimulatory domain, 

whereas CD28 and 4-1BB CAR T cells expressed higher AP-1 without any antigen-based 

stimulation (fig. 2.12F). In addition to increased AP-1 signaling, NFAT reporter induction was 

more rapid and sustained in BAFF-R and TACI (fig. 2.12G). As expected, KLRG1 CAR T cells 

had reduced activity for all three TF reporters as compared to CD3ζ-only CAR T and untransduced 

T cells. Lastly, we also saw reduced basal AP-1 activity from CD40, which correlates with its lack 

of tonic signaling (fig. 2.12F). We did not include CD30 in any further analyses due to its high 

degree of tonic signaling and exhaustion marker expression in the arrayed in vitro experiments. 

2.10 Single-cell RNA-seq and CITE-seq characterize functional differences between CAR 

costimulatory domains. 

 The marked differences between the CARs in the transcriptional reporter assay suggested that a 

deep and unbiased look into early transcriptomic signatures could explain their long-term 

functional differences in cytotoxicity, proliferation, and exhaustion which we observed throughout 

our repetitive stimulation co-culture. Previous studies have used single-cell RNA sequencing 

(scRNA-seq) to compare CARs containing CD28 and 4-1BB domains, identifying differences in 

signaling, metabolism, and differentiation (55). To achieve a comprehensive understanding of the 
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phenotypic landscape of CAR T cells incorporating these new signaling domains, we evaluated 

single cell RNA expression and employed a cellular indexing of transcriptomes and epitopes by 

Sequencing (CITE-seq) antibody panel of 75 proteins (56) in order to map the unbiased 

transcriptome measurements onto well-studied T cell surface markers. We separately transduced 

each CAR, except for CD30, into bulk CD3 T cells from two peripheral blood mononuclear cell 

(PBMC) donors and performed 10x Chromium 3’ v3 scRNA-seq after two days in culture, either 

with or without stimulation provided by irradiated CD19+ K562s. (Fig. 2.6A). 

 

We used a weighted-nearest neighbor graph-based clustering approach to combine both the CITE-

seq and scRNA-seq data across 79,892 cells, followed by uniform manifold approximation and 

projection (UMAP) dimensionality reduction(57). This combined protein and RNA embedding 

separated the cells into well-defined CD4 and CD8 lobes (left and right), with resting cells at the 

outer edges and stimulated CD4 and CD8 cells in the center bottom, in distinct but adjacent regions 

(Fig. 2.6A, fig. 2.13A), suggesting that CD4 and CD8 CAR T cells converge towards a more 

similar activated phenotype after CAR stimulation. Additionally, although the cells were grouped 

into 8 CD4 clusters and 9 CD8 clusters (Fig. 2.6A and B), we noticed a pronounced mirroring of 

transcriptional programs across 5 pairs of clusters between CD4 T cells  and CD8 T cells 

(Naive/CD62L, Memory, Cytotoxic, OXPHOS, and Glycolytic), and thus describe these clusters 

with matching labels (fig. S6B). Resting CAR T cells were found almost entirely in naive-like 

(Naive/CD62L and Naive/CD7) and memory clusters, whereas stimulated cells fell into three main 

clusters with differing cytotoxic and metabolic transcriptional and surface protein signatures 

(discussed below), as well as a few other clusters with phenotypes in between naive-like and fully 

activated (Fig. 2.6A to C, fig. 2.13C). 
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2.11 Activated CAR T cells fall into 3 distinct clusters shared between CD4 and CD8 T cells. 

In both CD4 and CD8 T cells, activated CAR T cells segregated into 3 distinct clusters we named 

Glycolytic, OXPHOS, and Cytotoxic, which differ in the transcription of several important 

metabolic genes and signaling pathways (Fig. 2.6B to D, fig. 2.13D). Cells in the Glycolytic cluster 

differentially upregulated transcription of genes involved in aerobic glycolysis (ARG2, PGK1, 

LDHA), the hypoxia inducible factor 1 subunit alpha (HIF1a) pathway (SLC2A3, ENO1, 

ALDOC), mitochondrial autophagy (BNIP3), protein markers involved in costimulation and T cell 

activation (IL2RA, CD69), and inhibitory receptors (PD1, CTLA4) (Fig. 2.6B and D, fig. 2.13E). 

Cells in the OXPHOS cluster upregulated genes involved in oxidative phosphorylation and 

arginine metabolism (SRM, C1QBP, ATP5MC3, MT-CO3), as well as the Myc, MTOR, and PI3K 

pathways (Fig. 2.6D). The third activated cluster, which we named Cytotoxic, had a strong 

inflammatory transcription signature, including high IFNG expression and  expression of multiple 

granzymes and cytotoxic molecules including GZMB, GZMK, GZMH, NKG7, and PRF1. The 

Cytotoxic cluster was also enriched for transcripts associated with NFκB signaling, including 

BIRC3. Both CD4 and CD8 Cytotoxic cells also abundantly expressed both RNA and protein for 

major histocompatibility complex (MHC) class II and CD74, an MHC class II chaperone, as well 

as RNA and protein for a variety of integrins and chemokine receptors including ITGB2 (CD29), 

ITGA2 (CD49b), ITGA4 (CD49d), CXCR3, and CCR5. The Cytotoxic cluster was more like 

Glycolytic than OXPHOS but shows distinct and overall lower expression of various inhibitory 

and activation protein markers, including IL2RA, OX40, 4-1BB, PD1, and glucocorticoid-induced 

TNFR-related protein (GITR); the Cytotoxic cluster also exhibited high expression of memory 

markers, including CD95 and CD45RO (Fig. 2.6C). 
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Having identified a variety of activation states and transcriptional signatures across CAR clusters, 

we next sought to identify those which were preferentially promoted by specific costimulatory 

domains (Fig. 2.6E, fig. 2.13A,C, and E). Although all 5 costimulatory domains were present in 

the three most activated clusters, CAR T cells that contained the CD28 and 4-1BB costimulatory 

domain were enriched in the CD4 and CD8 Glycolytic and OXPHOS clusters, whereas the BAFF-

R CAR T cells were particularly enriched in the Cytotoxic clusters. BAFF-R was also the most 

enriched CAR in the Memory cluster after stimulation, which indicated that a larger proportion of 

CAR T cells containing this domain remained in a less activated and less differentiated state after 

CAR stimulation. This divergence in BAFF-R versus CD28 and 4-1BB enrichment was observed 

in both donors (fig. 2.13E). 

2.12 The cytotoxic cluster matches signatures of improved clinical response and CAR engraftment. 

Neither mouse xenografts nor in vitro assays can fully recapitulate human in vivo biology and 

predict clinical outcomes of adoptive cellular therapies, but the unbiased and high-dimensional 

data acquired from single cell sequencing offers an opportunity to identify transcriptional 

signatures that correlate with positive clinical outcomes in patients. We found that the Cytotoxic 

cluster closely matches gene signatures associated with tumor infiltrating lymphocyte (TIL) and 

CAR efficacy identified in two recent studies. A study of clonal kinetics in patients undergoing 

CAR T immunotherapy identified a gene signature enriched in CAR T clones that preferentially 

expanded (IRF, increased relative frequency) in patients 1 to 2 weeks after infusion(28). We found 

that this IRF gene signature showed a distinct and significant overlap with gene expression in the 

CD4 and CD8 Cytotoxic clusters (p = 1x10-9), and that the BAFF-R CAR was enriched for this 

CAR expansion signature (Fig. 2.6F). A second set of studies by Nicolet and colleagues identified 
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a T cell transcriptional signature that resulted in enhanced IFN-γ secretion and increased survival 

in patients with melanoma (29, 58). Their studies associated this cytotoxic gene signature with the 

integrin CD29. In the Cytotoxic cluster, particularly in BAFF-R CAR T cells, we see an overlap 

with this CD29 gene signature (Fig. 2.6F). We additionally see within both the Cytotoxic cluster 

and the BAFF-R CAR T cells an upregulation in RNA and protein expression of both CD29 and 

CD49d, which together form the heterodimeric VLA-2 integrin complex that is associated with 

more potent effector memory T cell responses (fig. 2.13D and F) (59, 60). 

  

In addition to the increased expression of MHC genes and integrins, the Cytotoxic and Memory 

clusters also transcribed several receptors more typical of NK cells, including KLRB1, which 

encodes CD161. CD161 is expressed by a subset of T cells with characteristic tissue homing(61) 

and increased cytotoxicity (62), and recent work has shown that CD8+CD161+ T cells define a 

potent effector memory subset with enhanced CAR T cell efficacy (63). To explore this further, 

we turned to a recent study which identified a continuous gene expression gradient of lymphocyte 

innateness from T cells to NK cells(64). This innate lymphocyte gene expression program largely 

overlapped with the transcripts enriched in our Cytotoxicity and Memory clusters, transcripts 

enriched in the activated BAFF-R CAR T cells, and the clinical CAR T cell engraftment and CD29 

and IFN-γ transcriptional signatures we identified from recent literature (fig. 2.13G). The 

unexpected overlap among these disparate data suggested a linkage between innate-like gene 

expression and beneficial cytotoxic CAR phenotypes. Overall, we showed that the CAR signaling 

domains we identified using CAR Pooling promote altered T cell states, including ones associated 

with beneficial anti-tumor responses. 
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2.13 BAFF-R CAR T cells demonstrate enhanced in vivo efficacy.  

To validate our observations in vivo, we tested the CAR T cells in two established tumor models 

known for their persistence and resistance to treatment. The first was an established epithelioid 

mesothelioma solid tumor model (M28), which is known to produce durable tumors that require 

CAR T cell persistence rather than rapid initial proliferation(52). We exogenously expressed CD19 

on M28 cells and sorted for cells with CD19 expression comparable to K562 cells utilized in 

screening experiments. We injected NOD-scid IL2Rgammanull (NSG) mice with 4x106 M28 cells 

and 7 days later treated them with 6x106 anti-CD19 CAR T cells. The TRAC locus of the CAR T 

cells was knocked-out using CRISPR to reduce potential graft-versus-host disease (GVHD) due 

to the long-term timescale of these experiments. To compare the rejection dynamics and ensure 

CARs targeting the exogenous CD19 antigen were similar to the previously established CARs 

targeting the endogenous ALPPL2 antigen, we set up a side-by-side in vivo experiment utilizing 

either anti-ALPPL2 4-1BB or anti-CD19 4-1BB CAR treatments. We saw no differences in tumor 

growth or rejection dynamics between CAR T cell treatments targeting the two antigens (fig. 

2.14A and B).  

 

Having confirmed similar tumor rejection between CAR T cells targeting the engineered and 

natural ligands, we compared the different CAR costimulatory domains head-to-head in the M28 

CD19 model (Fig. 2.7A). We were unable to distinguish a difference between —4-1BB and CD28 

CAR T cells at the time points shown here, despite the large amount of evidence from human 

studies that 4-1BB has increased long-term killing and persistence. Both 4-1BB and CD28, as well 

as the TACI and BAFF-R CAR treatments, exhibited similar tumor clearance and remission over 

50 days. Additionally, CD40 demonstrated markedly diminished in vivo efficacy as compared to 
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4-1BB, CD28, TACI, and BAFF-R. This is likely related to CD40’s moderate in vitro cytokine 

production and cytotoxicity (Fig. 2.5B to E). Lastly, CAR T cells expressing KLRG1 mirrored the 

results from the in vitro cytotoxicity assay and showed markedly increased tumor burden compared 

to all other CAR T cells, including the CD3ζ-only CAR, while showing modest efficacy compared 

to untransduced T cells (Fig. 2.7B). The in vivo M28 data included are representative of 5 repeated 

experiments in two human donors (fig. 2.14C). 

 

We also assessed CAR T activity in a multiple myeloma tumor model (MM1S) at a low “stress 

test” T cell dose. Multiple myeloma is a slow, incurable disease in which relapse is often a central 

clinical challenge. CAR T cells targeting BCMA are proving to be a transformative treatment 

against multiple myeloma (27). These primarily use 4-1BB costimulation, and although there have 

been substantial responses in patients treated with these CAR T cells, frequent relapse remains an 

issue (27). Thus, we engineered a clinical benchmark anti-BCMA 4-1BB CAR and replaced the 

costimulatory domain with the BAFF-R intracellular domain to determine if it could improve in 

vivo efficacy. We integrated the CAR into the TRAC locus using ssDNA non-viral integration 

(65) and injected 2x105 CAR T cells intravenously into mice that received 0.5 to 1x106 MM1S 

cells 21 days prior (0.5x106 for Donor 1 and 1x106 for Donor 2) (fig. 2.14D). We then measured 

tumors using bioluminescence for over 30 days. In data from two independent donors, the anti-

BCMA BAFF-R CAR showed significantly improved control of MM1S cancer compared to 4-

1BB (p = 0.017; t-test based on the normalized total cancer radiance AUC) (Fig. 2.7C). Anti-

BCMA BAFF-R CAR T cell treatment significantly enhanced mouse survival over 100 days 

compared to the 4-1BB CAR 100 days post tumor cell injection (Mantel Cox test, p<0.05; Fig. 

2.7D). Little variation was found in survival curves for a second human donor (fig. 2.14E). 
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Swapping the costimulatory domain from 4-1BB to CD28 resulted in no enhancement of cancer 

control or survival (fig. 2.14E and F). Collectively, we show that BAFF-R-based CARs exhibit 

promise for clinical indications, as they show enhanced survival and tumor clearance in a mouse 

model of multiple myeloma and most closely phenocopy a transcriptional signature for enhanced 

T cell fitness and persistence that was independently identified within two human patient studies.  

 

2.14 Discussion 

Costimulation is essential for long-term T cell proliferation, differentiation, survival, and is known 

to enhance CAR T cell efficacy. A wide variety of known signaling domains beyond the canonical 

T cell costimulatory domains 4-1BB and CD28, have yet to be tested in CARs, and the extent to 

which signaling domains from other cell types can act upon T cells is poorly understood. Here, we 

identified several novel CAR signaling domains through pooled library screens in primary human 

T cells that enhance persistence or cytotoxicity over those used in the current generation of FDA-

approved CARs. By screening 40 domains, we show the breadth of the signaling landscape within 

primary human CAR T cells. We observed that many of the most potent costimulatory domains 

measured belong to the TNF receptor family, which includes 4-1BB. 4-1BB signaling is known to 

increase T cell persistence and late stage proliferation relative to CD28(7), and our screen shows 

that this property extends to several other members of the TNF receptor family, especially CD40 

and BAFF-R. Based on the results of our pooled screens, we selected CARs containing 4 new 

costimulatory domains from the TNF receptor family, as well as a novel inhibitory CAR, and 

performed comprehensive characterization of their proliferation, persistence, differentiation, 

exhaustion, cytokine production, and cytotoxicity in vitro over several weeks of repetitive antigen 

stimulations. Characterizing these domains separately in CD4s and CD8s allowed us to identify 
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effects specific to each cell type. We found that the BAFF-R and TACI signaling domains had 

heightened cytotoxicity, CD40 had heightened persistence in CD4s, and KLRG1 can dampen 

ITAM-based signaling, preventing many hallmark features of T cell activation and differentiation. 

  

To identify differences in gene expression elicited by our curated set of costimulatory domains, 

we explored each CAR’s transcriptomic profile and surface protein expression via scRNAseq and 

CITE-Seq both before and after antigen exposure. We observed significant differences in gene and 

protein expression between the CARs, based on their representation in clusters mapped to states 

of differentiation, activation, cytotoxicity, and metabolism, and also observed a distinctive 

mirroring of these clusters across the CD4-CD8 axis. Activated CAR T cells fell into three clusters 

which differed in their expression of key metabolic and cytotoxic genes. We named these activated 

clusters Glycolytic, OXPHOS, and Cytotoxic. The Cytotoxic cluster was significantly enriched for 

CARs containing the BAFF-R costimulatory domain, which also showed strong anti-tumor and 

proliferative performance in our prior in vitro assays. We found significant overlap between this 

Cytotoxic cluster and gene signatures from several other recent studies of 4-1BB CAR infusion 

products and TIL efficacy in cancer patients, suggesting that this signature correlates with higher 

engraftment, persistence, and tumor rejection. Compared to 4-1BB, BAFF-R CAR-T cells are 

approximately two-fold enriched (3x in CD4s, 1.5x in CD8s) for this gene signature, suggesting 

that a BAFF-R CAR infusion product would have a much larger fraction of cells in this hyper-

effective state, potentially resulting in improved patient outcomes.   

 

Finally, we compared CAR-T performance in two in vivo models and found that our prior in vitro 

characterization and scRNAseq/CITE-Seq signature analysis successfully identified CARs with 
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enhanced in vivo anti-tumor activity. In the xenograft model of epithelioid mesothelioma, BAFF-

R- and TACI-based CARs demonstrated equivalent tumor clearance to clinical benchmarks 

containing 4-1BB or CD28. In multiple myeloma, we observed significantly enhanced tumor 

clearance and mouse survival upon anti-BCMA BAFF-R CAR T cell treatment with low stress-

test doses, pointing to the potential for clinical development of BAFF-R-based CARs in multiple 

myeloma. Given high rates of multiple myeloma relapse due to limited CAR persistence, an 

expanded set of CAR architectures with enhanced functions could improve clinical outcomes. (27).  

 

Caveats and future improvements to CAR Pooling - arrayed validation, in vivo screening, 

going beyond ‘screening for hits’ 

 

Although ‘CAR Pooling’ allows us to compare large numbers of signaling domains directly and 

efficientlys, discrepancies can arise between the performance of domains in a pooled versus an 

arrayed setting. For instance, we observed robust long-term expansion of CD30 in the pooled 

screens but more rapid exhaustion and tonic signaling in the follow-up arrayed screen. We 

additionally observed high IL2 production with TACI CARs within the pooled screens but more 

moderate IL2 production within the follow-up arrayed screen. This could be due to the more 

diverse set of paracrine signals and cytokines produced by neighboring CAR T cells in the pooled 

screens. Subsequent arrayed testing of CARs can thus be critical to rule out complex paracrine 

effects from a mixed cellular pool. We also observed differences between in vitro and in vivo 

performance, such as the lack of in vivo anti-tumor efficacy for CD40. To address such 

discrepancies, future CAR Pooling assays could also be performed directly in vivo. Measurements 
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associated with cytotoxicity (cytokine production, granzymes, or CD107a) could also be 

performed ex vivo after intratumoral expansion of the library. 

  

Although we are primarily concerned here with identifying improved costimulatory domains, it is 

important to note that the novel KLRG1 CAR is not simply a negative control but a potential tool 

to control CAR activity, and could be useful for reducing cytokine release syndrome, abrogating 

on-target off-tumor activation, and even generating post-translational oscillations in CAR activity 

that would mimic natural TCR signaling dynamics. Pooled screens can thus be employed not 

simply to find the optimal costimulatory domain ‘hits’, but rather as a discovery tool to understand 

how different receptor signals alter T cell biology and how these signals can be modulated to 

manipulate T cell function beyond optimizing a single chimeric antigen receptor. 

  

CAR Pooling combined with rapid design and synthesis of altered or non-natural synthetic 

signaling domains – a potential path to access new CAR T cell biology 

  

Much of the existing literature tends to compare CARs one-dimensionally as more or less effective 

overall, while we instead observed that individual CARs often excelled within specific assays or 

when expressed in different T cell types. This multidimensionality of costimulation was somewhat 

unexpected, reinforcing that what is usually referred to as a monolithic ‘signal 2’ is instead a 

variety of heterogeneous pathways, sometimes in opposition, which have the potential to be 

individually tuned to optimize different aspects of T cell function. This also suggests that future 

engineering could isolate individual signaling motifs to enhance specific T cell phenotypes and 

create synthetic combinatorial domains which are optimized for specific scFvs, tumor types, or to 
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better combat the functional deficiencies seen in CARs for solid tumors. Finally, in addition to 

engineering better therapeutics, future high-throughput studies will help to elucidate the ‘design 

rules’ for synthetic receptors and signaling motifs, generate powerful new tools to manipulate T 

cells for basic immunology research, and lead us to a greater understanding of T cell 

differentiation, development, and immune-related disease. 

 

2.16 Materials and Methods 

Study design 

The aim of this study was to develop a new multiplexed system for comparing many genetic CAR 

architectures, and to identify and characterize new costimulatory domains for improving CAR 

efficacy during a repetitive/chronic antigen challenge. We started by generating a library of 

second-generation CAR-Ts using 40 different signaling domains. This library was measured using 

several parallel multiplexed screens in a repetitive in vitro stimulation model. For the pooled 

screens, two or three donors were used, and CD4 and CD8 cells were transduced separately for 

each. Measurements were removed for an individual construct/replicate if fewer than 500 cells 

were sorted for that construct. Seven of these domains were chosen, and two separate donors were 

used to validate and further characterize them. All donor PBMCs were collected from healthy 

donors. For all in vivo experiments, mice were assigned to treatments randomly and the researchers 

were blinded until after data collection. 
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Library Construction 

Costimulatory intracellular domains (ICDs) were synthesized by Integrated DNA Technologies, 

amplified, and individually cloned of the C-terminal portion of a CAR construct (CD3z-2A-GFP) 

and sequence-verified. Each domain was mini-prepped separately and pooled at 1:1 molar ratio. 

A fragment containing an SFFV promoter and N-terminal portion of the CAR up until the 

costimulatory domain was inserted in front of the pooled ICD plasmid library using Golden Gate 

Assembly and electroporation. This was then digested and inserted via restriction cloning and 

electroporation into a pHR-SIN lentiviral backbone. We ensured at least 1000x coverage at each 

electroporation step. 

 

Lentivirus Production/Concentration and Cell Lines 

To produce lentivirus, Lenti-X 293T cells (Takara Bio) were transfected with a transgene 

expression vector and the viral packaging plasmids pCMVdR8.91 and pMD2.G using TransIT-

Lenti Transfection Reagent (Mirus Bio LLC). K562 tumor cells were originally obtained from 

American Type Culture Collection (ATCC), CCL-243. M28 tumor cells were originally obtained 

from B. Gerwin’s laboratory at the National Cancer Institute. Both M28 and K562 cell lines were 

transduced to exogenously express CD19 using lentiviral transduction and flow cytometry sorting 

to obtain a pure population with CD19 expression within a one log maximum width. Lentiviral 

concentration was performed 72 hours after Lenti-X 293T cell transfection through collection and 

filtration of the viral supernatant. Per 20mL of viral supernatant we added 4.58mL 50% PEG 8000 

(final concentration 8%) and 2mL of 4M NaCl (final concentration 0.3M) for 6-8 hours. We 
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pelleted the virus by spinning down cells at 3500rpm for 20 minutes at 4C, decanted, and 

resuspended the pellet in 200uL PBS. We then snap froze aliquots on dry ice for storage in a -80C 

freezer.  

 

In Vitro T cell Production 

Blood samples in the form of leukopaks were obtained from healthy male and female volunteers 

through STEMCELL Technologies. For in vitro experiments, T cells were isolated from PBMCs 

via a CD4 or CD8 negative selection kit and frozen. For in vivo experiments, T cells were isolated 

from PBMCs via a CD3 negative selection kit and frozen. We stimulated the T cells 24 hours after 

thawing with 25uL of CD3/CD28 beads (Thermo Fisher Dynabeads) per 1x106 T cells (1:1 ratio). 

Concentrated lentivirus was added 48 hours after thawing to reach a transduction rate of under 

15% for the pooled library experiments, between 30-50% for the arrayed screens, and between 65-

90% for the in vivo experiments (see below for in vivo). Virus was removed within 18 hours of 

addition and cells were expanded. Five days after thawing, the CD3/CD28 Dynabeads were 

removed via magnetic separation and cells were sorted for GFP expression at least half a log higher 

than the negative population and spanning no more than a log in MFI. Cells were plated at 0.5x106 

cells/mL and split every three days to this density until 10-14 days after thawing. All references to 

T cell media indicates usage of X-VIVO 15 + 5% hAb serum + 10mM NAC neutralized with 1N 

NaOH + 0.5% pen/strep + 1X beta-mercaptoethanol. 
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Repeat In Vitro Stimulations with K562s 

For the pooled experiments, we started stimulation with tumor cells on day 10 and for the arrayed 

experiments we started stimulation with tumor cells on day 14. To stimulate the T cells we 

combined them 1:1 with irradiated K562s (see next method) that either expressed or did not 

express surface human CD19 and plated at a density of 5x105 K562s/mL and 5x105 T cells/mL. 

Every three days we spun, resuspended, and counted the cultures using flow cytometry to split the 

T cells and add more irradiated K562s.  

 

We counted the T cells by adding an aliquot of the resuspended culture to CountBright beads and 

calculating the number of T cells through analysis on the BD X-50 Flow Cytometer and Flowjo. 

The cultures were restimulated with the addition of a new bolus of irradiated K562s 1:1 to total T 

cells in each culture. They were replated at the density of 5x105 T cells/mL. This was repeated for 

a total of 3-33 days. 

 

K562 Irradiation 

Live K562 cells (ATCC® CCL-243™) were grown up in T182 flasks until confluent. Cells were 

resuspended to 10x106/mL on ice and irradiated using a Cesium-137 irradiator for 20 minutes 

(~200 rad/min) in a 50mL falcon for a total dose of approximately 4,000 Rads. Cells were then 

aliquoted and frozen in IMDM media containing 10% DMSO and 10% FBS in liquid nitrogen 

until needed in the protocol.  
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CellTrace Violet (CTV) dye 

T cells were taken from culture, resuspended, and washed with PBS. We resuspended the culture 

to 1x106 cells/mL of a 5µM solution of CellTrace Violet (CTV) in PBS and incubated at room 

temperature for twenty minutes in the dark. We then added 5mL of T cell media on top for every 

1x106 cells that were stained and incubated another 10 minutes in the dark. Then, cells were 

pelleted via centrifugation at 500g for 5 minutes and resuspended and plated in T cell media at 

1x106 cells/mL. To stimulate proliferation, we plated an equal amount of K562s relative to the 

total number of T cells in each well, with or without CD19 expression, as described above. We 

assessed the proliferation 3 days after stimulation for CD4s via flow cytometry. For CD8 T cells, 

we restimulated T cells with an additional dose of irradiated K562s day 3 after the initial 

stimulation and stained for flow cytometry on day 4 after the initial stimulation. To determine 

proliferation after prolonged co-culture, rather than restaining, we kept a proportion of the cells 

separate in culture and stained on day 9 (CTV2), day 18 (CTV3), or day 27 (CTV4) post-initial 

stimulation. Therefore all CTV stained populations were seeing the CTV dye for the first time. We 

assayed proliferation on day 16 (CTV2), day 24 (CTV3), or day 33 (CTV4) via flow cytometry.  

 

CD69 Activation Staining 

To determine the degree of activation of each CAR we stimulated antigen-naive T cells with 

irradiated K562s, either with or without CD19 expression, in a 1:1 ratio. 24 hours after we plated 

the co-culture we centrifuged the cells at 500g for 5 minutes, washed twice into flow buffer (PBS 

+ 2% FBS), and stained with anti CD69 antibodies at 4°C for 20 minutes. We washed the cells 

twice with flow buffer (PBS + 2% FBS) and ran on a flow cytometer.  
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Cytokine Staining 

To determine the degree of cytokine production upon activation of each CAR, we stimulated 

antigen-naive T cells with irradiated K562s, either with or without CD19 expression, in a 1:1 ratio. 

3 days after, we replated the co-culture with a secondary bolus of K562s (see the above method). 

We then added 2x Brefeldin A 12 hours later for an additional 6 hours. We centrifuged the cells at 

500g for 5 minutes, washed twice into flow buffer (PBS + 2% FBS), stained with anti-CD4 or -

CD8 antibodies at 4C for 20 minutes. We washed the cells twice with flow buffer and added 100uL 

of fixative (50uL of flow buffer + 50 uL of Invitrogen IC fix) to each well. We incubated at room 

temperature for 1 hour in the dark. After fixation we spun the cells at 600g for 5 minutes and 

resuspended in Cytolast for continued staining the next day. To permeabilize the cells we added 

200uL of 1x Permeabilization buffer to each well, immediately spun at 600g for 5 minutes, and 

stained for intracellular antigens with anti-IL-2, -TNFɑ, and -IFNγ antibodies diluted in perm 

buffer. We stained in 50uL at room temperature for 30 minutes in the dark. We then washed twice 

with Permeabilization buffer and ran it on a flow cytometer.  

 

Incucyte Killing Assays 

50 µL 5 µg/mL of fibronectin was dispensed to each utilized well of a 96-well plate. Plate was 

incubated for 60 minutes at room temperature, and fibronectin was removed, followed by another 

60 minute incubation at room temperature. Both CAR T cells and live K562 target cells (either 

expressing mKate and CD19 or only mKate) were spun down and resuspend in Jurkat media + 30 

U/mL IL-2; Jurkat media (RPMI-1640 medium + 10% FBS + 1% PenStrep + 1X Glutamax) has 

less fluorescence than media based on X-VIVO-15. Cells were counted and diluted to 2.5x105/mL 

each, and 100 µL of each (T cell and Targets) was added to each well for a final assay volume of 
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200 µL. Each condition was done in duplicate so long as sufficient cells were available. We 

allowed plates to settle at room temperature for 30 minutes before beginning the incucyte assay. 

Images were taken every 60 minutes using the Incucyte software over the course of the 

experiments (see relevant Figures for total assay times, which varied between conditions).  

 

DNA Extraction/Sequencing 

After fluorescence activated cell sorting assays, after in vitro growth with target cells, or after 

transduction as a library abundance baseline measure, T cells containing the CAR library were 

spun down into pellets, supernatant removed, and frozen at -80°C. Subsequently, genomic DNA 

was prepared from cells using either the Machery-Nagel Nucleospin Tissue XS column, Machery-

Nagel Nucleospin column, or the Nucleospin 96 Tissue extraction plate. Manufacturer protocols 

were followed except for the addition of 10 µg polyadenylated RNA to each sample to increase 

yield.  

 

After gDNA prep, Picogreen and a plate-based fluorescence reader were used to quantify the 

extracted genomic DNA. Initial PCR amplification of the costimulatory domain region from the 

different samples (PCR1) were done in 3 batches with differing numbers of cycles (12, 16 or 22 

cycles) depending on the genomic DNA concentration. PCRs were performed with Takara ExTAQ 

to allow for maximum template concentration to be used in the PCR reaction. Reactions were done 

in 70 µL with between 200 and 1000 ng of DNA used as template depending on the batch as 

described above.  
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For the subsequent PCR to add Illumina barcodes and adapters to the products (PCR2), all products 

from PCR1 were diluted 15x and 25 µL of template was used in a 50 µL reaction with Takara 

ExTAQ. Different forward and reverse primers were used for each sample for PCR2 to add unique 

custom Illumina I5 and I7 barcode sequences to each sample. 

 

Finally, PCR2 products were again quantified using Picogreen in a plate-based fluorescence 

reader. These products were pooled at 1:1 molar ratio, diluted, loaded, and run on a MiniSeq 2x150 

cycle cartridge using the standard manufacturer protocols.  

 

Sequencing Analysis 

After demultiplexing, CAR costimulatory domain sequences in FASTQ format for each sample 

were adapter-trimmed, sorted, deduplicated, and aligned using custom python scripts and BWA-

mem. These alignments were then converted into count tables and analyzed using DESeq2 and 

custom R scripts (https://github.com/dbgoodman/tcsl-lenti). 

 

Statistical methods for Fig 3A heatmap 

Each metric along the Y axis of Figure 3A was converted into a set of z-scores within each donor, 

replicate, and T cell subset and checked for adherence to normality via Anderson-Darling and 

visually using Q-Q plots. Z-scores were then combined across donors and replicates using 

Stouffer’s method and then a one-sample z-test was performed on each domain and FDR-corrected 

using the Benjamini-Hochberg procedure. All relevant code is available in our GitHub repository, 

(https://github.com/dbgoodman/tcsl-lenti). 
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Calculations for In Vitro Cumulative Expansion Over Repeat Stimulation 

Each culture of CAR T cells was produced as described above in “In Vitro T cell Production.” T 

cells were then stimulated 1:1 with irradiated K562 cells as described and counted every three days 

using CountBright beads at a ratio of 1:20 in volume of beads to cells. This mixture was then run 

on an X-50 Fortessa and analyzed for the number of CAR positive T cells in culture (analyzed 

using the T2A-GFP).  

 

M28 In Vivo Injections 

Four days prior to tumor injection, M28 CD19+ tumor cells (generation explained above) were 

split and 0.75x106 cells were plated in one T182 flask for every 2.5 mice for propogation. On day 

0, we tripsonized M28 CD19+ cells, counted and resuspended them in RPMI at 40x106 cells/mL. 

We injected NOD-scid IL2Rgammanull (NSG) mice with 4x106 M28 cells subcutaneously on the 

right flank and measured the initial tumor growth via caliper 6 days later. On the 10th day after 

thawing the T cells (following the protocol for T cell production above), and a total of 7 days after 

we tumor injection, we injected 6x106 GFP positive anti-CD19 CAR T cells via tail vein. Tumors 

were measured via caliper every 3-7 days for a total of 30-50 days.  

 

In vivo T cell production: ALPPL2 vs CD19 

Using PBMCs from either leukopaks or TRIMA residuals, T cells were isolated via a CD3 negative 

selection kit and frozen. We then produced T cells as described above using 30uL concentrated 
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virus per 1x106 T cells to reach a transduction rate between 65-90% as assessed by flow cytometry. 

T cells were injected as described above within the M28 In Vivo Injections section.  

 

In vivo T cell production: M28 TRAC-KO 

The following describes the T cell production utilized when knocking out the TRAC locus for 

TCR downregulation and prolonged in vivo timelines. We stimulated bulk CD3+ T cells isolated 

from human PBMCs 4 hours after thawing with 25uL of CD3/CD28 beads (Thermo Fisher 

Dynabeads) per 1x106 T cells (1:1 ratio). 24 hours after stimulation, concentrated lentivirus was 

added to the T cells at 30uL per 1x106 T cells. 48 hours after stimulation, the lentivirus was washed 

off and Dynabeads were removed via magnetic separation. Cells were replated at 1x106 cells/mL. 

After an additional 24 hours we electroporated Cas9 and guide RNP to knock out the TRAC locus 

with approximately 98-99% efficiency as assessed via flow cytometry. Cells were plated at 1x106 

cells/mL and split every three days to this density until 10 days after thawing.  

 

MM1S In Vivo Tumor Injections 

We used 8- to 12-week-old NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ (NSG) (RRID:IMSR_JAX:005557) 

male mice (in-house breeding), under a protocol approved by the UCSF Institutional Animal Care 

and Use Committee. Mice were inoculated with 0.5x106-1x106 MM1S-luciferase+ cells by tail vein 

injection (0.5x106 for donor 1, 1x106 for donor 2). Three weeks after, mice were randomized post 

BLI tumor radiance measurements and 200,000 BCMA targeting CAR T cells were injected. 

Bioluminsence was measured with the Xenogen IVIS Imaging System (Xenogen) ~10-12 minutes 

after injecting 200uL of luciferin IP and analyzed utilizing the Living Image software.  
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In vivo T cell production: MM1S TRAC Knockin 

Long single-stranded DNA was manufactured at large scale by Genscript Biotech via a proprietary 

process (PCT/CN2019/128948) exactly as described by the Marson lab(65). Bulk T cells were 

isolated from PBMCs as described above and stimulated 4 hours later 1:1 with CD3/CD28 

Dynabeads. 48 hours after stimulation, Dynabeads were removed via magnetic separation and cells 

were electroporated with Cas9 and guide RNP to knock out the TRAC locus with approximately 

98-99% efficiency as assessed via flow cytometry. Immediately after the electroporation, long 

ssDNA was added to integrate the CAR into the TRAC locus. Cells were plated at 1x106 cells/mL 

and split every three days to this density until 10 days after thawing. 200,000 cells were then 

injected intravenously 21 days after MM1S injection.  

 

scRNAseq: T Cell Purification and Transduction 

Experiments for each donor were performed separately on different days. CD3 T cells were 

purified from PBMCs extracted from either leukopacks or TRIMA residuals, as described in more 

detail above. CARs were then lentivirally transduced into bulk CD3s, using the same methods as 

previously described, and five days after transduction, T cells were FACS-sorted based on GFP 

marker expression based on a range of a one log away from the mean expression across all 

constructs. Untransduced T cells were not sorted.  
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scRNAseq: T Cell Stimulation and 10x Prep 

Five days after sorting (total of 10 days after transduction), 2x106 cells were plated with either 

2x106 irradiated CD19+ K562 cells (described above) or replated in fresh media without K562 

cells, at a density of 1x106 T cells/mL, for a total of 18 conditions per T cell donor: 6 second-

generation CARs (excluding CD30), a CD3ζ-only CAR, and untransduced T cells, both with and 

without K562 co-culture. For the second donor, a CD3/CD28 Dynabead-stimulation condition was 

also performed with untransduced cells, following instructions from the manufacturer. A K562-

only control sample was also generated for both donors. After co-culture for 48 hours, cells in each 

condition were individually counted and stained CD3, DRAQ7, and with unique combinations of 

two TotalSeq-B hashtag antibodies (Biolegend) following the manufacturer’s instructions. After 

staining, the cells were pooled at approximately equal ratios based on counts taken prior to 

staining. The pooled cells were then sorted based on FSC/SSC, CD3, GFP, and DRAQ-7-negative 

gates to remove dead cells and irradiated K562s. Finally, the sorted cells were stained using the 

BD Bioscience ABseq antibody panel and loaded and processed via the standard Chromium V3 

3’ sequencing pipeline. Two lanes were loaded per donor at 60,000 cells per lane. Cells were able 

to be loaded at this high density because doublets could be identified based on HTO barcode 

collisions between samples. One 200-cycle Novaseq S4 lane of Illumina sequencing was 

performed per donor (approximately 6e9 reads in total). 

 

scRNAseq: Data Loading and Cleaning 

UMI counts were generated using CellRanger v5.0.1 using the standard settings and imported into 

Seurat v4, R v4.0.4, Rstudio v1.4. Barcode combinations were deconvolved using custom scripts 

and potential doublets were identified and removed based on barcode collisions 
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(https://github.com/dbgoodman/tcsl-lenti). CD4 and CD8 cells were identified based on RNA and 

ADT expression of CD4/CD8, and double-positive cells were removed from consideration. Cells 

whose UMIs came from mitochondrial genes greater than 25% of the time were removed. A total 

of 79,892 cells remained after removing potential doublets and cells enriched for mitochondrial 

RNA.  

 

scRNAseq: Multidonor and Multimodal Data Integration and Clustering 

Generation of UMAP embedding on both RNAseq and CITE-Seq data was performed using Seurat 

v4’s SCTransform and FindMultiModalNeighbors functions. Regression was done on cell cycle 

genes (Seurat’s cc.genes). Then, FindClusters was used to generate initial clusters with algorithm 

3, cluster resolution 1.3. For initial data exploration purposes, this UMAP embedding and 

clustering procedure was performed separately for activated CD4s, activated CD8s, all CD4s, all 

CD8s, and finally with all cells (the latter generating the embedding shown in Fig. 2.6A). Initial 

clusters were identified, then categorized and consolidated into the final clusters in Fig. 2.6A, 

based on curation of the most differentially expressed genes and proteins, an extensive search of 

the literature, using the VISION tool, GSEA and mSigDB, and by hierarchical clustering of 

average gene expression across clusters. 

 

Materials 

A table of all reagents with source and catalog number are listed in the Supplementary Information 

under the heading ‘Table of Materials’.  
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Statistical Analysis 

All relevant code used for statistical modeling, summarization, and visualization is available in 

our GitHub repository, (https://github.com/dbgoodman/tcsl-lenti). In all cases, multiple testing 

corrections were performed using the Benjamini–Hochberg procedure. 

  

For figures 2C, 3C, 4D, repeated-measures mixed effects linear models were constructed in R 

using the nlme package to assess statistical significance for relative expansion over time across the 

CAR signaling domains across different donors, time-points, and between CD4 and CD8 subsets, 

where applicable. Model selection was performed using AIC/BIC and an AR1 correlation structure 

was chosen. For Figure 2C, CD4 and CD8 subsets were considered separately, while for Figure 

3C, they were combined. A similar model was fit to the CD40/CD28/4-1BB arrayed expansion 

comparison in Figure 4D. 

  

For figures 1E, 4F, 4G, S4F, repeated-measures ANOVA models were constructed in R using the 

aov function to assess statistical significance. Donor and (and CD4/CD8 T cell subsets, where 

applicable) were used as error strata (e.g. aov(measure ~ car * day + Error(donor)) . 
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2.17 Figures 

Figure 2.1 
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Fig. 2.1. Generation and screening of a pooled library of CARs with diverse signaling 
domains. 
(A) Our CARs combine an αCD19 ScFv (FMC63), a CD8 hinge and transmembrane domain 
(TMD), an intracellular signaling domain, and a CD3ζ domain (left). Forty domains from across 
the human proteome were codon-optimized, synthesized, pooled into a plasmid library, and 
packaged to generate lentivirus (right). These spanned protein families such as immunoglobulin 
superfamily (IgSF), T cell/transmembrane, immunoglobulin, and mucin (TIM), TNF receptor 
super family (TNFRSF), and triggering receptors expressed on myeloid cells (TREM). (B) A Venn 
diagram showing natural expression of library members across immune cell types. Expression 
patterns are listed in table S1. NK, natural killer cell; NKT, natural killer T cell; DC, dendritic cell. 
(C) Primary human CD4 and CD8 T cells were separately isolated from PBMCs for two human 
donors and lentivirally transduced with the library. The cells were FACS purified using T2A-GFP 
fluorescence within one log of mean expression to reduce variability. (D) The pooled library was 
repeatedly stimulated 1:1 with CD19+ or CD19- irradiated K562 tumor cells to quantify antigen 
specific activation (CD69), cytokine production (IFN-γ, IL-2), and proliferation (CTV: CellTrace 
Violet). The library was also sequenced at the specified timepoints to measure relative expansion 
of individual constructs. (E) Percentage of CD8+ T cells expressing different numbers of 
exhaustion markers (PD1, TIM3, LAG3, CD39) after a repeat stimulation assay with CD19+ 
irradiated K562 tumor cells. T cells expressing CD28, 4-1BB, or CD3ζ-only CARs are compared 
to untransduced (Untrans.) cells. Grey boxes correspond to timepoints in which no live cells 
remained. Significance was assessed in CD8 T cells for 2 donors using a Repeated Measures 
ANOVA model. FDR-corrected p < 0.05:*, p<0.001:***; ns, not significant. The second donor 
and data for CD4+ T cells are shown in fig. S1 A and B. (F) We used FlowSeq, a FACS and next 
generation sequencing (NGS)-based pooled quantification workflow, to quantify enrichment by 
sorting the library into bins of fluorescent signal corresponding to a functional readout, as shown 
by the colored histograms. We then amplified the costimulatory domain by genomic DNA 
extraction and PCR, and performed amplicon sequencing on each bin to estimate the phenotype 
for each library member. 
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Figure 2.2 
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Fig. 2.2. Comparison of proliferation, expansion, and cytokine secretion identifies differences 
in costimulatory activity at different time scales and in different T cell types.  
(A) FlowSeq measurement of proliferation are shown for CD4 (left) and CD8 (right) T cells 
containing different signaling domains, separately stimulated in vitro with irradiated CD19+ K562 
tumor cells for 3 or 4 days (see Fig. 1D). Percentage of cells with different numbers of divisions 
were calculated from amplicon sequencing of sorted CTV bins. CARs are ranked from left to right 
by the average number of cell divisions in CD4 or CD8 cells from lowest (left) to highest (right). 
4-1BB and CD28 CARs are highlighted in blue shades. On the right, two donors are shown 
separately along with 4-1BB and CD28 rank. (B) FlowSeq measurements of intracellular cytokine 
production are shown for CD4 (yellow) and CD8 (orange) T cells averaged across three 
independent donors, 18 hours after addition of CD19+ irradiated K562 cells. Mean of each domain 
is indicated by an open circle. Dashed lines indicate the cytokine production of the average library 
member, normalized for each donor and T cell subset. Significance was determined using a 
Wilcoxon rank-sum test. FC, fold-change. (C) Relative expansion over time is shown for CD4 and 
CD8 T cells, based on the average fold-change in library abundance from baseline before 
stimulation. Mean of 3 replicates from 2 donors are shown. The 6 domains with the most and least 
relative expansion are labeled in green and pink, respectively, with CD28 and 4-1BB labeled in 
blue shades. Significance is based on FDR-corrected p values derived from a linear mixed effects 
model (see Methods). (D) Comparison of CD4 versus CD8 proliferation and expansion after 
CD19+ K562 stimulation. Larger dots correspond to constructs that have significantly better 
performance in either CD4 T cells or CD8 T cells. The x-axis is the mean fold-change across CD4 
and CD8 T cells, and the y-axis is the CD8:CD4 expansion ratio. Significance was determined 
using a Wald test. For all panels, FDR < 0.05:*, < 0.01:**, <0.001:***, <0.0001:****. 
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Figure 2.3 

 
 
Fig. 2.3. Multidimensional comparison of signaling domains across multiple weeks of chronic 
antigen stimulation identifies a subset with potent stimulatory activity.  
(A) Hierarchical clustering of the CAR signaling domain library in CD4 and CD8 T cells 
stimulated with CD19+ K562 tumor cells. All 40 domains were clustered based on their z-scores 
in each assay. 8 stimulatory domains were identified on the right (green bar). Gray boxes are 
excluded domains where < 500 cells were detected for the assay. TNF receptor family members 
are marked with black dots. KLRG1 (pink), CD40 (dark purple), CD30 (light purple), 4-1BB (light 
blue), BAFF-R (light green), CD28 (dark blue), and TACI (dark green) are highlighted. 
Significance is indicated by a black border and an asterisk(Wilcoxon rank-sum test, FDR < 0.05). 
(B) Principal components analysis (PCA) of pooled library screen cytokine, proliferation, 
expansion, and activation data is shown for CD4 T cells, CD8 T cells, CD19+ and CD19- 
stimulation conditions, and all donors and timepoints. Chosen CARs are larger, with shapes and 
color indicating known function and protein family.  (C) Fold-change of the proportion of selected 
CARs within the library at each timepoint (x-axis) over 24 days of repeated stimulation with 
irradiated CD19+ K562 cells as compared to the average CAR in the pooled library. CARs were 
measured in CD4 and CD8 primary human T cells individually in 2 to 3 biological replicates. 
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Significant p values were derived from a linear mixed effects model; FDR < 0.05:*, < 0.01:**, 
<0.001:***, <0.0001:****. 

Figure 2.4 
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Fig. 2.4. Distinct signaling domains differentially affects proliferation, long-term expansion, 
markers of memory, and exhaustion. 
(A) The timeline for arrayed proliferation assays in (B and C) is shown. Primary human CD4 and 
CD8 T cells were separately transduced with the 8 CARs in (B and C) and stimulated 1:1 with 
irradiated CD19+ or CD19- K562 cells every three days. Proliferation was assessed by CTV 
dilution every 9 days. (B) Relative proliferation of each CAR was quantified by the relative 
decrease in mean fluorescence intensity (MFI)  (i.e. dilution of CTV dye) between two donors of 
CD4 or CD8 T cells. The color legend ranges from less proliferative (dark blue) to more 
proliferative (yellow). The x-axis indicates the day the cells were stained. White boxes are 
representative of CAR T cells that dropped out of culture. (C) Histograms of CTV staining of CD4 
or CD8 CAR T cells in a representative donor on selected days are shown. Data summarized in 
(B). Both donors are shown in fig. S4A and B. AU, arbitrary units. (D) Quantification of the 
cumulative expansion of CD4 T cells engineered with either CD40 (purple), 4-1BB (light blue), 
or CD28 (dark blue) CARs and stimulated as described in (A). Co-cultures were measured every 
three days starting on day 3 by flow cytometry and counting beads. The y-axis measures 
cumulative fold-expansion every three days. (Significance was derived from a linear mixed effects 
model, for CD40 comparisons, all p < .001).  (E) Cells were transduced and stimulated as described 
in (A). Every 9 days in culture, cells were rested for 6 days without additional stimulation and 
assessed for surface expression of PD1, LAG3, and TIM3. (F) Percentage of CAR T cells 
expressing 0 to 3 of the exhaustion markers PD1, TIM3, LAG3 after day 6 and day 15 as described 
in (E). All CARs, markers, and time points are shown in fig. S4D and E. (G) CD27 surface 
expression on CD8 CAR T cells was measured over 33 days, as in (E). Percentage of CD27-high 
cells is shown for each CAR and day on the right. All CARs and time points are shown in fig. 
S4G. Significance in (F and G) was assessed using a repeated measures (RM) ANOVA model, 
(FDR < 0.05:*, < 0.01:**, < 0.001:***, < 0.0001:****). 
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Figure 2.5 
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Fig. 2.5. Comparison of signaling domains across measures of cytokine secretion, T cell 
signaling reporters, in vitro cytotoxicity, and in vivo solid tumor clearance. 
(A) Timeline for in vitro cytotoxicity and cytokine production assays. CD4 or CD8 T cells were 
transduced and stimulated as in Fig. 4A. Once weekly, a portion were stained for cytokine 
production. (panel B). For cytotoxicity assays, a portion of T cells (Ts) were sorted from the same 
co-culture by FACS, rested overnight, then cultured 1:1 with mKate+ CD19+ K562 cells and 
imaged every 60 minutes by Incucyte for the next 3 to 5 days (C and D). The color legend is shown 
on the right. (B) Mean cytokine production by CD4 T cells at 1, 4, and 10 days, measured across 
two donors by intracellular cytokine staining. Percentage of cytokine-positive cells was averaged 
between two donors. (C) Cytotoxicity of CD4 or CD8 CAR T cells sorted at the indicated days 
was quantified at 80 and 32 of co-culture respectively, by calculating the percentage of tumor cells 
at each time point relative to no T cells. CARs are ranked from least to most cytotoxic for each 
day.  (D) Representative plots of cytotoxicity are shown for two donors’ CAR T cells sorted at day 
8 and day 22 for CD4 T cells and day 0 and day 29 for CD8 T cells, plotting the percentage of 
mKate+ tumor cells remaining relative to a well with no T cells (gray). Vertical dashed lines 
indicate the time points analyzed in (C). (E) Overall significance is shown for the cytotoxicity of 
CD4 and CD8 T cells from two donors for all days indicated above. Data were analyzed using a 
Wilcoxon signed-rank test and FDR-corrected; p<0.05:*, p<0.01:**, p<0.001:***, 
p<0.0001:****; ns, not significant. (F) NFκB transcriptional activity was determined using a 
reporter Jurkat cell line transduced with each CAR and stimulated with either CD19- or CD19+ 
K562s. Samples were assessed by flow cytometry. The y-axis is relative (Rel.) to untransduced 
cells.  
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Figure 2.6 
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Fig. 2.6. Single-cell RNA-seq and CITE-seq characterize functional differences between 
CAR costimulatory domains. 
(A) Weighted-nearest neighbor (WNN) Uniform Manifold Approximation and Projection 
(UMAP) embedding of scRNA-seq and CITE-seq data from stimulated and resting CAR T cells 
are shown for samples from two donors. UMAP separates into CD4 and CD8 lobes (left and right 
sides). Cells are colored by eight CD4 and nine CD8 phenotypic clusters. Bottom inset: Cells 
colored by cell cycle phase, donor identity, and stimulated versus resting cells. fig. S6A shows the 
UMAP faceted for each CAR and stimulation condition. (B) Heatmap of differentially expressed 
(DE) genes. For each cluster, the top 50 DE genes are ordered by hierarchical clustering of the 
pseudo-bulk expression z-scores for all clusters and donors. Genes in multiple clusters are only 
included for the cluster with the highest score. For each, four genes that are representative of the 
overall phenotype of the cluster are highlighted. (C) UMAP plots show relative CITE-seq 
expression for the surface expression of six markers associated with T cell differentiation and 
activation. HLA, human leukocyte antigen; IL2RA, IL-2 receptor subunit α. (D) Mean z-scores 
are shown for MSigDB gene modules associated with various aspects of T cell activation, 
metabolism, and signaling among the three major activated phenotypic clusters in CD4 and CD8 
T cells. TCA, tricarboxylic acid cycle; HIF1a, hypoxia inducible factor 1 subunit alpha; OXPHOS, 
oxidative phosphorylation; AICD, activation-incudec cell death. (E) Enrichment of stimulated 
CAR T cells containing different signaling domains within each phenotypic cluster. The size of 
each dot corresponds to the percentage of stimulated CAR T cells in a cluster and with a 
costimulatory domain. The color of each dot corresponds to the log2 enrichment or depletion of 
that CAR relative to others. Clusters are arranged with the most activated at the center to 
correspond to the (A) UMAP. Similar plots for resting cells and a per-donor breakdown are in fig. 
S6C and E, respectively. (F) Correlation of T cell gene signatures indicative of enhanced CAR T 
engraftment (top) and melanoma survival (bottom) with phenotypic clusters in CD4 and CD8 CAR 
T cells (middle column) or with CARs containing different costimulatory domains (right column). 
Cluster and CAR colors match those in (E). The two dots per group correspond to two separate 
donors. Error bars indicate 99% confidence intervals for the z-scores. 
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Figure 2.7 

 
Fig. 2.7. BAFF-R demonstrates potent anti-tumor in vivo activity in solid and hematological 
cancers. 
(A) Tumors were untreated, treated with untransduced T cells, or treated with engineered CAR T 
cells. Tumor size was monitored over 49 days post tumor injection. CAR T cells containing the 
potent costimulatory domains are shown, compared to untransduced T cells and no T cell controls. 
Data are representative of 5 in vivo experiments using 2 human donors. (B) Tumor size as in (A), 
showing a CD3ζ-only control and a KLRG1 inhibitory CAR, compared to untransduced T cells 
and no T cells. Error bars in (A and B) indicate tumor volume variability across mice with the 
same treatment.  (C) MM1S cancer radiance after luciferin injection was plotted over time for 
individual mice across CAR T cells generated from two donors. Tumors were measured by BLI 
every 7 days for a total of over 30 days. This was repeated independently in two donors. For panels 
(A to C), statistical analysis was done by t test on the normalized tumor volume area under the 
curve (AUC). (D) Survival curves are shown mice with MM1S cancer using T cells from a 
representative donor; mice were followed past 100 days (Mantel Cox test). For all panels, 
p<0.05:*, p<0.01:**, p<0.0001:****; ns, not significant. 
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2.18 Supplemental Figures 

Figure 2.8 
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Fig. S1. Repetitive stimulation reproducibly induces exhaustion. 
(A) Mean fluorescence intensity (MFI) for four cell surface markers of exhaustion (CD39, 
lymphocyte activating protein 3 (LAG3), programmed cell death protein 1 (PD1), T cell 
immunoglobulin domain and mucin domain 3 (TIM3)) in anti-CD19 chimeric antigen receptor 
(CAR) T cells generated from two donors measured after repeated stimulation with CD19-
expressing irradiated K562 cells. CARs contained either 4-1BB or CD28 costimulation domains, 
no costimulatory domain (CD3ζ only), or were untransduced (Unt) T cells from the same donor 
as a control. (B) Aggregated measurements for panel (A) are shown, displayed as the percentage 
of cells expressing 0 to 4 exhaustion (Exh.) markers, for each donor, timepoint, and CAR. (C) 
Rank ordering of all 40 CARs within multiple assays is shown, with average rank for donor as 
well as CD4 and CD8 replicates plotted against the rank within the individual donors and T cell 
subsets. Proliferation (Prolif.), relative (Rel.) expansion, interferon (IFN)-γ production, and 
interleukin (IL)-2 production are shown. A Kruskal Wallis H test was performed for each assay, 
and the H statistic and p-value are shown. The upper right and lower left (lowest- and highest-
ranked domains) are the most consistently ranked among individual replicates. (D) Initial library 
abundance (Init. Lib. Abund.) of each CAR (as a log2 fraction of the total read count) and 
domain length (log2 of the number of nucleotides) plotted versus either the Cell Trace Violet 
(CTV) score on day 3 (representing early proliferation) or the long-term expansion, log2-
transformed and normalized to the average library member. None of these plots show any 
statistically significant correlation between either initial library abundance or costimulatory 
domain size and domain performance.  
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Figure 2.9 
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Fig. 2.9. Additional data and statistical correlations for the differential activation, 
proliferation, and long-expansion in a library of CAR-T costimulatory domain variants. 
(A) Volcano plots showing the relative proliferation or expansion (according to panel labels) of 
CD4 or CD8 T cells expressing CARs containing different costimulatory domains, during the 
repetitive stimulation assay with CD19+ K562 cells. The x-axis shows the calculated difference in 
log2-fold change (FC) in proliferation or expansion, and the y-axis shows the associated adjusted 
P-value, as calculated by the DESeq2 algorithm. (B) A comparison of CAR T cell proliferation 
from d0-d3 across the library with and without CD19 stimulation. The top plots show the scaled 
proliferation averaged over each replicate but retain the differences in relative proliferation 
between CD19- and CD19+ conditions, which were measured simultaneously in our FlowSeq 
CTV assay. The bottom plots show the mean CAR rankings separately for the CD19- and CD19+ 
conditions. The top-performing potent costimulatory CARs are labeled. On the top, the Y axis is 
truncated due to the higher relative proliferation in the CD19+ condition. (C) FlowSeq 
measurement of intracellular cytokine production are shown across library domains in CD4 and 
CD8 (circle, square) T cells across three independent human donors (blue, purple, green), 18 hours 
after the initial addition of CD19+/- irradiated K562 cells. Means of all conditions for each 
cytokine are indicated by an open circle. Domains labeled in bold with stars next to their name 
indicate significance using a Wilcoxon rank-sum test, FDR-corrected p < 0.05. (D) FlowSeq 
measurement of the percentage of CD69+ cells is shown for each CAR library domain in both 
CD4 and CD8 cells, 18 hours after the addition of irradiated K562 cells either with or without 
CD19 expression. Cells are ranked based on the difference in percentage of CD69+ cells between 
CD19+ and CD19- conditions. (E) A comparison of early versus late antigen-stimulated 
proliferation is shown. The x- axis measures overall expansion by day 14 or 16 (d14/16) with more 
potent CARs on the right and less potent CARs on the left. The y-axis measures the ratio of late 
proliferation (d3 to d14) versus early proliferation (d0 to d3). CARs above 0 on the y-axis are more 
expanded in the library at later time points, and CARs below 0 are more expanded earlier. Domains 
significantly enriched earlier versus later during the expansion were colored purple and green 
respectively. Significance of each domain’s overall relative expansion indicated by size of circle 
(Wald test using DeSEQ2, -log10(p)).  
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Figure 2.10 
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Fig. 2.10. Functional characterization of costimulatory landscape and analysis of the 
composition of the principal components of CAR performance across our library.  
(A) The bar plots show the relative contributions of different measurement types (in CD4 T cells 
and CD8 T cells, with and without antigenic stimulation) to each principal component (PC) of 
the PC analysis (PCA) plot in Fig. 3B and fig. S3B. Y axis indicates the mean log fold change 
(LFC) and the x-axis indicates the contribution of each PC. Contributions are grouped across 
donor replicates and separated out by different timepoints, proliferation (cell trace violet (CTV) 
FlowSeq), expansion (change in relative library abundance over time), intracellular cytokine 
FlowSeq, and activation (CD69 FlowSeq). PC1 (red) describes most of the variability in antigen-
positive proliferation and expansion, and contributions to PC2 (blue) include early expansion 
(but not CTV-measured cell divisions), decreased CD4 cytokine secretion and reduced tonic 
signaling. (B) A recoloring of Fig. 3B is shown according to the amino acid length of each 
costimulatory domain, showing a slight correlation between domain length (blue to red is 
shortest to longest) and the second principal component, but not the first. (C) Ratio of surface 
CAR expression (using a myc tag and flow cytometry staining) to green fluorescent protein 
(GFP) fluorescence is shown for each CAR. All CAR variants were normalized to the mean 
within each time point, donor, and T cell type (CD4 or CD8). Expression with CD19+ K562 
cells, CD19- K562 cells, and no target cells are shown separately. Box and whisker plots indicate 
median CAR:GFP ratio and variance as plotted by intequartile range, minimum, and maximum 
(excluding outliers plotted separately) for each measured CAR. (D) Relative expansion of library 
members CD28, 4-1BB, B cell activating factor receptor (BAFF-R), Transmembrane activator 
calcium modulator and cyclophilin ligand interactor (TACI), CD40, CD30, and killer cell lectin 
like receptor G1 (KLRG1) is shown over 24 days of repeated stimulation with irradiated CD19- 
K562 cells, as in Fig. 3C. Expansion was quantified by calculating the fold-change of the 
proportion of each CAR within the library at each timepoint (x-axis) as compared to baseline 
relative to the average CAR within the pooled library. The library was measured in CD4 and 
CD8 primary human T cells individually in 2 to 3 biological replicates. (E) Amino acid sequence 
and motif analysis of selected library members’ belonging to the tumor necrosis factor (TNF) 
receptor family. TNF receptor associated factor (TRAF) binding sites indicated with colored 
lines under amino acid sequence. Phosphorylation and ubiquitination sites as annotated by 
Phosphosite are indicated with blue and red downward arrows, respectively.  
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Figure 2.11 
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Fig. 2.11. Proliferation, exhaustion, and differentiation characteristics of CARs with chosen 
costimulatory domains, and metabolism of CARs with chosen costimulatory domains. 
(A) CTV flow cytometry histograms are shown, as in Fig. 4C, for both donors, all time points, and 
CD4 T cells. AU, arbitrary units. (B) CTV cytometry histograms are shown, as in Fig. 4C, for both 
donors, all time points and CD8 T cells. (C) Normalized relative metabolic mitochondrial 
dependence for CD4 and CD8 T cells was measured among select CARs. This metric is based on 
measurement of protein synthesis using the simple method for complex immune-metabolic 
profiling (SCENITH) , which calculates the change in overall metabolic output with and without 
the addition of oligomycin, a mitochondrial inhibitor. (D) MFI for three cell surface markers of 
exhaustion (LAG3, PD1, and TIM3) is shown for anti-CD19 CAR T cells generated from two 
donors, measured after repeated stimulation with CD19+ irradiated K562 cells. (E) The proportion 
of CAR T cells expressing 0 to 3 of the exhaustion (Exh.) markers PD1, TIM3, and LAG3 after 
different numbers of days in culture is shown, as in Fig. 4F. (F) A table of significant differences 
in pairwise statistical tests based on a Repeated Measures ANOVA model is shown for mean 
exhaustion markers across different subtypes, donors, and days of measurement. FDR < 0.05:*, < 
0.01:**, < 0.001:***, < 0.0001:****; ns, not significant. (G) MFI of CD27 was measured across 
all T cells, timepoints, and CAR T variants, as in Fig. 4G. (H) Differentiation of T cells at different 
timepoints throughout the repeated stimulation assay was evaluated. Differentiation subsets 
[Naive, Central Memory (TCM), Effector Memory (TEM), and Effector Memory RA-positive 
(TEMRA)] were calculated using surface expression of CD45RA and CD62L,.  
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Figure 2.12 
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Fig. 2.12. Time course of cytokine production, cytotoxicity, and transcriptional activity 
across CARs with chosen costimulatory domains. 
(A) Mean cytokine production is shown across all T cells, time points, and CAR T variants, as in 
Fig. 5B. (B) All cytotoxicity plots across both CD4 and CD8 donors and all measured days are 
shown as in Fig 5E. (C) Cytotoxicity of CAR T cells were quantified at 80 hours for all four CD4 
T cell donors (left) or at 32 hours for all CD8 T cell donors (right) expressing BAFF-R, TACI, 
CD28, or 4-1BB as in Fig. 5. Colors for each CAR are indicated in the legend. CARs are ranked 
at each timepoint from least to most cytotoxic (left to right). (D) Representative plots of 
cytotoxicity of CD4 CAR T cells from all four donors expressing BAFF-R, TACI, CD28, or 4-
1BB are shown, with colors labeled as in (B). CARs are ranked at each timepoint from least to 
most cytotoxic (left to right). Vertical dashed lines indicate the time points analyzed in (C). Error 
bars indicate the standard error calculated across donors.  (E) Table of significant differences in 
CD4 cytotoxicity shown in (D) using pairwise statistical tests across the chosen 4 donors and 4 
CARs. Significance scores are based on a Repeated Measures ANOVA model of percentage of 
cell killing at 80 hours across different donors and days of repetitive stimulation (FDR < 0.05:*; 
ns, not significant). (F) Transcriptional activity reporter Jurkat cell lines for activator protein 1 
(AP-1) were transduced with each CAR and sorted within one log of GFP expression. The cells 
were stimulated with either CD19- or CD19+ K562 cells for 0, 8, 24, or 48 hours and then assessed 
for activity by flow cytometry. Percent transcription factor activity relative to untransduced 
reporter Jurkat cells is plotted on the y-axis. (G) Transcriptional activity reporter Jurkat cell lines 
for nuclear factor of activated T-cells (NFAT) as described in (F).  
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Figure 2.13 
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Fig. 2.13. Single-cell analysis of CARs with chosen costimulatory domains with and without 
antigen stimulation. 
(A) Uniform manifold approximation and projection (UMAP) plots are faceted separately for 
each CAR costimulatory domain and stimulation condition. Points are colored the same as Fig. 
6A. An additional CD3/CD28 bead stimulation condition is also shown, which was done only in 
Donor 2. (B) Gene expression overlap is shown across 5 pairs of clusters, which are very similar 
between CD4 and CD8 T cells (Naive/CD62L, Memory, Cytotoxic, OXPHOS, and Glycolytic). 
A list of the top 100 differentially expressed genes was calculated for each cluster among all 
CD4 or CD8 T cells. This plot shows the percentage overlap in these gene lists between clusters, 
showing a mirroring of gene expression across the CD4-CD8 axis among the 5 matched clusters 
in the bottom left quadrant. (C) Enrichment of resting CAR T cells containing different signaling 
domains within each phenotypic cluster, similar to Fig. 6E. The size of each dot corresponds to 
the percentage of stimulated CAR T cells with a specific costimulatory domain that is assigned 
to a cluster. The color of each dot corresponds to the log-2 fold enrichment or depletion of that 
CAR within the cluster. (D) Cellular indexing of transcriptomes and epitopes by sequencing 
(CITE-seq) z-scores are shown for a variety of surface proteins among T cells in different 
activated clusters, grouped by their functional classification. Z-scores for CD4 and CD8 T cells 
were calculated separately. (E) A breakdown of the cluster frequency is shown among all 
stimulated and resting CAR variants of both donors. The bar length on the x-axis is the 
percentage of each costimulatory CAR variant (resting and stimulated separately) within that 
cluster, such that each set of bars within each faceted box sums to 1. The bars represent the mean 
percentage for both donors, and the blue and red dots represent the individual percentages for 
each donor. The color of each bar corresponds to the relative log2 enrichment for that CAR 
variant in that cluster, relative to other CAR variants. (F) UMAP heatmaps display the relative 
RNA expression of single cells (scaled individually), showing a subset of functionally-important 
transcripts that are upregulated in the Cytotoxic and Memory subsets. (G) Correlation of T cell 
gene signatures indicative of lymphocyte innateness, based on Gutierrez-Arcelus et al. (64) (left) 
with phenotypic clusters in CD4 and CD8 CAR T cells (middle) or with CARs containing 
different costimulatory domains (right). Cluster and CAR colors match those in Fig. 6F. The two 
dots per group correspond to donors A and B. Error bars indicate 99% confidence intervals for 
the z-scores. 
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Figure 2.14 
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Fig 2.14. In vivo efficacy of highlighted signaling domains in the M28 and MM1S cancer 
models. 
(A) Experimental timeline for in vivo M28 mesothelioma tumor model. We injected 4x106 
CD19+ M28 mesothelioma tumor cells subcutaneously into the flanks of NOD.Cg-Prkdc scid 
Il2rg tm1Wjl /SzJ (NSG) mice and, seven days later, transferred 6x106 engineered TRAC 
knockout (KO) CAR T cells targeting CD19 intravenously into the tail vein. Tumors were 
measured by caliper every 7 days for a total of 49 days. (B) Tumor burden was measured in mice 
treated with CAR T cells targeting either ALPPL2 or CD19. Untransduced (Unt) T cells and 
non-treated (NT) mice were included as controls. Tumors were measured by caliper every 7 days 
for a total of 30 days. (C) M28 tumor volume was plotted over time for individual mice, 
corresponding to the mean tumor volumes in Fig. 7A and B. (D) Experimental timeline for in 
vivo MM1S multiple myeloma tumor model is shown. We injected 1x106 MM1S multiple 
myeloma tumor cells intravenously into NSG mice and, three weeks later, transferred 200,000 
engineered TRAC-knockin CAR T cells targeting B-cell maturation antigen (BCMA) 
intravenously into the tail vein. (E) Survival curves are shown for mice treated with CAR T cells 
derived from Donor 1 and Donor 2 in the MM1S tumor model; results were combined for both 
donors. Mice were monitored over 100 days. (F) MM1S tumor volume is shown plotted over 
time for individual mice in all treatments, corresponding to Fig. 7C.  
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2.19 Supplemental Tables 

Table 2.1: Expression of individual signaling domains by receptor type. 

The table slows a list of all costimulatory domains in our library and whether they are expressed 
by different immune cell types. Note that some receptors may have low expression or only be 
expressed under specific circumstances by individual cell types. 
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Table 2.2. List of reagents used in this study. 

Reagent Source Catalog Number 

Antibodies 

Monoclonal anti-human 

CD197(CCR7)-PE/Cy7 (clone 

G043H7) 

BioLegend Cat# 353226, RRID: AB_11126145 

Monoclonal anti-human 

CD223(LAG-3)-AF647 (clone 

11C3C65) 

BioLegend Cat# 369304, RRID: AB_2566480 

Monoclonal anti-human CD27-

APC/Cyanine7 (clone M-T271) 

BioLegend Cat# 356424, RRID: AB_2566773 

Monoclonal anti-human CD297(PD-

1)-BV711 (clone EH12.2H7) 

BioLegend Cat# 329928, RRID: AB_2562911 

Monoclonal anti-human 

CD366(Tim-3)-BV421 (clone F38-

2E2) 

BioLegend Cat# 345008, RRID: AB_11218598 

Monoclonal anti-human CD39-

APC/Cyanine7 (clone A1) 

BioLegend Cat# 328226, RRID: AB_2571981 

Monoclonal anti-human CD4-PE 

(clone OKT4) 

BioLegend Cat# 317410, RRID: AB_571955 

Monoclonal anti-human CD4-PE 

(clone SK3) 

BioLegend Cat# 344606, RRID: AB_1937246 
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Reagent Source Catalog Number 

Monoclonal anti-human CD4-

BUV395 (clone SK3) 

BD 

Biosciences 

Cat# 563552 

Monoclonal anti-human CD4-Pacific 

Blue (clone SK3) 

BioLegend Cat# 344620, RRID: AB_2228841 

Monoclonal anti-human CD45RA-

APC (clone HI100) 

BioLegend Cat# 304112, RRID: AB_314416 

Monoclonal anti-human CD45RO-

BUV395 (clone UCHL1) 

BD 

Biosciences 

Cat# 564291 

Monoclonal anti-human CD62L-

BV785 (clone DREG-56) 

BioLegend Cat# 304830, RRID: AB_2629555 

Monoclonal anti-human CD8-PE 

(clone SK1) 

BioLegend Cat# 344706, RRID: AB_1953244 

Monoclonal anti-human CD8-

BUV395 (clone RPA-T8) 

BD 

Biosciences 

Cat# 563795 

Monoclonal anti-human CD8-Pacific 

Blue (clone SK1) 

BioLegend Cat# 344718, RRID: AB_10551438 

Monoclonal anti-human CD95-

BV711 (clone DX2) 

BioLegend Cat# 305644, RRID: AB_2632623 

Monoclonal anti-human c-Myc-

AF594 (clone 9B11) 

Cell Signaling 

Technology 

Cat# 9483S 



        96 

Reagent Source Catalog Number 

Monoclonal anti-human IFN-γ-

BV786 (clone 4S.B3) 

BD 

Biosciences 

Cat# 563731 

Monoclonal anti-human IL-2-APC 

(clone MQ1-17H12) 

BD 

Biosciences 

Cat# 554567 

Monoclonal anti-human TNF-

BUV395 (clone MAb11) 

BD 

Biosciences 

Cat# 563996 

TotalSeq-A0251 HT1 Biolegend Cat# 394601 

TotalSeq-A0252 HT2 Biolegend Cat# 394603 

TotalSeq-A0253 HT3 Biolegend Cat# 394605 

TotalSeq-A0254 HT4 Biolegend Cat# 394607 

TotalSeq-A0255 HT5 Biolegend Cat# 394609 

TotalSeq-A0256 HT6 Biolegend Cat# 394611 

TotalSeq-A0257 HT7 Biolegend Cat# 394613 

TotalSeq-A0258 HT8 Biolegend Cat# 394615 

TotalSeq-A0259 HT9 Biolegend Cat# 394617 

TotalSeq-A0260 HT10 Biolegend Cat# 394619 
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Reagent Source Catalog Number 

TotalSeq-A0262 HT12 Biolegend Cat# 394623 

TotalSeq-A0263 HT13 Biolegend Cat# 394625 

ABSeq Oligo Mouse Monoclonal 

anti-human CD2 

BD 

Biosciences 

 Cat# 940046 

ABSeq Oligo Mouse Monoclonal 

anti-human CD3 

BD 

Biosciences 

 Cat# 940000 

ABSeq Oligo Mouse Monoclonal 

anti-human CD183 

BD 

Biosciences 

 Cat# 940030 

ABSeq Oligo Mouse Monoclonal 

anti-human CD103 

BD 

Biosciences 

 Cat# 940067 

ABSeq Oligo Mouse Monoclonal 

anti-human CD270 

BD 

Biosciences 

 Cat# 940097 

ABSeq Oligo Mouse Monoclonal 

anti-human CD54 

BD 

Biosciences 

 Cat# 940072 

ABSeq Oligo Mouse Monoclonal 

anti-human CD45RA 

BD 

Biosciences 

 Cat# 940011 

ABSeq Oligo Mouse Monoclonal 

anti-human CD197 

BD 

Biosciences 

 Cat# 940014 

ABSeq Oligo Mouse Monoclonal 

anti-human CD11a 

BD 

Biosciences 

 Cat# 940077 
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Reagent Source Catalog Number 

ABSeq Oligo Mouse Monoclonal 

anti-human CD194 

BD 

Biosciences 

 Cat# 940047 

ABSeq Oligo Mouse Monoclonal 

anti-human CD336 

BD 

Biosciences 

 Cat# 940085 

ABSeq Oligo Mouse Monoclonal 

anti-human CD126 

BD 

Biosciences 

 Cat# 940090 

ABSeq Oligo Mouse Monoclonal 

anti-human CD123 

BD 

Biosciences 

 Cat# 940020 

ABSeq Oligo Mouse Monoclonal 

anti-human CD5 

BD 

Biosciences 

 Cat# 940038 

ABSeq Oligo Mouse Monoclonal 

anti-human CD196 

BD 

Biosciences 

 Cat# 940033 

ABSeq Oligo Mouse Monoclonal 

anti-human CD178 

BD 

Biosciences 

 Cat# 940089 

ABSeq Oligo Mouse Monoclonal 

anti-human CD24 

BD 

Biosciences 

 Cat# 940028 

ABSeq Oligo Mouse Monoclonal 

anti-human CD56 

BD 

Biosciences 

 Cat# 940007 

ABSeq Oligo Mouse Monoclonal 

anti-human CD124 

BD 

Biosciences 

 Cat# 940092 



        99 

Reagent Source Catalog Number 

ABSeq Oligo Mouse Monoclonal 

anti-human CD185 

BD 

Biosciences 

 Cat# 940042 

ABSeq Oligo Mouse Monoclonal 

anti-human CD18 

BD 

Biosciences 

 Cat# 940086 

ABSeq Oligo Mouse Monoclonal 

anti-human IgG 

BD 

Biosciences 

 Cat# 940027 

ABSeq Oligo Mouse Monoclonal 

anti-human CD127 

BD 

Biosciences 

 Cat# 940012 

ABSeq Oligo Mouse Monoclonal 

anti-human CD25 

BD 

Biosciences 

 Cat# 940009 

ABSeq Oligo Mouse Monoclonal 

anti-human CD13 

BD 

Biosciences 

 Cat# 940044 

ABSeq Oligo Mouse Monoclonal 

anti-human CD1c 

BD 

Biosciences 

 Cat# 940083 

ABSeq Oligo Mouse Monoclonal 

anti-human CD278 

BD 

Biosciences 

 Cat# 940043 

ABSeq Oligo Mouse Monoclonal 

anti-human CD274 

BD 

Biosciences 

 Cat# 940035 

ABSeq Oligo Mouse Monoclonal 

anti-human CD11b 

BD 

Biosciences 

 Cat# 940008 
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Reagent Source Catalog Number 

ABSeq Oligo Mouse Monoclonal 

anti-human CD49a 

BD 

Biosciences 

 Cat# 940094 

ABSeq Oligo Mouse Monoclonal 

anti-human CD11c 

BD 

Biosciences 

 Cat# 940024 

ABSeq Oligo Mouse Monoclonal 

anti-human CD62L 

BD 

Biosciences 

 Cat# 940041 

ABSeq Oligo Mouse Monoclonal 

anti-human CD279 

BD 

Biosciences 

 Cat# 940015 

ABSeq Oligo Mouse Monoclonal 

anti-human CD195 

BD 

Biosciences 

 Cat# 940050 

ABSeq Oligo Mouse Monoclonal 

anti-human CD69 

BD 

Biosciences 

 Cat# 940019 

ABSeq Oligo Mouse Monoclonal 

anti-human CD335 

BD 

Biosciences 

 Cat# 940064 

ABSeq Oligo Mouse Monoclonal 

anti-human CD49b 

BD 

Biosciences 

 Cat# 940087 

ABSeq Oligo Mouse Monoclonal 

anti-human CD184 

BD 

Biosciences 

 Cat# 940056 

ABSeq Oligo Mouse Monoclonal 

anti-human CD30 

BD 

Biosciences 

 Cat# 940103 
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Reagent Source Catalog Number 

ABSeq Oligo Mouse Monoclonal 

anti-human CD10 

BD 

Biosciences 

 Cat# 940045 

ABSeq Oligo Mouse Monoclonal 

anti-human CD223 

BD 

Biosciences 

 Cat# 940080 

ABSeq Oligo Mouse Monoclonal 

anti-human CD61 

BD 

Biosciences 

 Cat# 940065 

ABSeq Oligo Mouse Monoclonal 

anti-human IL-21R 

BD 

Biosciences 

 Cat# 940099 

ABSeq Oligo Mouse Monoclonal 

anti-human CD90 

BD 

Biosciences 

 Cat# 940032 

ABSeq Oligo Mouse Monoclonal 

anti-human CD80 

BD 

Biosciences 

 Cat# 940036 

ABSeq Oligo Mouse Monoclonal 

anti-human CD94 

BD 

Biosciences 

 Cat# 940081 

ABSeq Oligo Mouse Monoclonal 

anti-human CD226 

BD 

Biosciences 

 Cat# 940075 

ABSeq Oligo Mouse Monoclonal 

anti-human HLA-ABC 

BD 

Biosciences 

 Cat# 940062 

ABSeq Oligo Mouse Monoclonal 

anti-human TCRgd 

BD 

Biosciences 

 Cat# 940057 
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Reagent Source Catalog Number 

ABSeq Oligo Mouse Monoclonal 

anti-human CD86 

BD 

Biosciences 

 Cat# 940025 

ABSeq Oligo Mouse Monoclonal 

anti-human CD155 

BD 

Biosciences 

 Cat# 940102 

ABSeq Oligo Mouse Monoclonal 

anti-human CD206 

BD 

Biosciences 

 Cat# 940068 

ABSeq Oligo Mouse Monoclonal 

anti-human CD117 

BD 

Biosciences 

 Cat# 940051 

ABSeq Oligo Mouse Monoclonal 

anti-human CD95 

BD 

Biosciences 

 Cat# 940037 

ABSeq Oligo Mouse Monoclonal 

anti-human CD9 

BD 

Biosciences 

 Cat# 940078 

Bacterial and Virus Strains 

Escherichia coli: strain HST08 

(Stellar Competent Cells) 

Takara Bio Cat# 636766 

NEB 5-alpha Electrocompetent E. 

coli 

  

  

New England 

Biosciences 

Cat # C2989 

Biological Samples 
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Reagent Source Catalog Number 

T Cells from Donor D001004304 STEMCELL 

Technologies 

Cat# 70500.2 

T Cells from Donor RG1765 STEMCELL 

Technologies 

Cat# 70500.1 

T Cells from Donor RV01000251 STEMCELL 

Technologies 

Cat# 70500.1 

T Cells from Donor RG1310 STEMCELL 

Technologies 

Cat# 70500.1 

T Cells from Donor RG1945 STEMCELL 

Technologies 

Cat# 70500.1 

Chemicals, Peptides, and Recombinant Proteins 

Recombinant Human IL-2 Protein R&D Systems Cat# 202-IL-500 

Acetic acid, glacial Sigma-Aldrich Cat# ARK2183-1L 

CellTrace Violet Thermo Fisher Cat# C34557 

eBioscience Brefeldin A Solution 

(1000X) 

Invitrogen Cat# 00-4506-51 

Zombie Yellow Fixable Viability Kit BioLegend Cat# 423104 
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Reagent Source Catalog Number 

Dulbecco’s Phosphate Buffered 

Saline 

Sigma-Aldrich Cat# D8537 

X-VIVO 15 Lonza 

Bioscience 

Cat# 04-418Q 

Human AB Serum Heat Inactivated Valley 

Biomedical, 

Inc 

Cat# HP1022HI 

N-Acetyl-L-Cysteine Sigma-Aldrich Cat# A9165 

1.0N NaOH Sigma-Aldrich Cat# S2770 

2-Mercaptoethanol Gibco Cat# 21985-023 

RPMI 1640 Medium Gibco Cat# 11875-093 

Glutamax Fisher 

Scientific 

Cat# 35050061 

Fetal Bovine Serum (Heat 

Inactivated) 

SAFC 

Biosciences 

Cat# 12306C-500ML 

Penicillin-Streptomycin (10,000 

IU/mL, 10,000 µg/mL) 

MP 

Biomedicals 

Cat# 1670249 

InFusion Takara Bio Cat# 638951 
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Reagent Source Catalog Number 

EasySep Human CD4+ T Cell 

Isolation Kit 

STEMCELL 

Technologies 

Cat# 17952 

EasySep Human CD8+ T Cell 

Isolation Kit 

STEMCELL 

Technologies 

Cat# 17953 

EasySep Human T Cell Negative 

Isolation Kit 

STEMCELL 

Technologies 

Cat # 17951 

Cyto-Last Buffer BioLegend Cat# 422501 

NucleoSpin Tissue XS Macherey-

Nagel 

Cat# 740901.50 

NucleoSpin Macherey-

Nagel 

Cat# 740952.50S 

NucleoSpin 96 Tissue Macherey-

Nagel 

Cat# 740741.4 

TaKaRa Ex Taq DNA Polymerase Takara Bio Cat# RR001B 

MiniSeq High Output Reagent Kit 

(150-cycles) 

Illumina Cat# FC-420-1002 

HiSeq 4000 300 Cycle Kit Illumina Cat# FC-410-1003 

eBioscience Intracellular Fixation & 

Permeabilization Buffer Set 

Invitrogen Cat# 88-8824-00 
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Reagent Source Catalog Number 

Experimental Models: Cell Lines 

Human: HEK293T ATCC   

Human: K562 

(CD19+mCherry+) 

Lim Lab, 

UCSF 

  

Human: Nalm6 

(CD19+GFP+Luciferase+) 

Eyquem Lab, 

UCSF 

  

Human: M28 Gerwin Lab, 

NCI/NIH 

  

Experimental Models: Organisms/Strains 

Mouse: NOD.Cg-Prkdcscid 

IL2rgtm1Wjl/Szj 

The Jackson 

Laboratory 

JAX: 005557 

Software and Algorithms 

FlowJo version 10 FlowJo, LLC https://www.flowjo.com 

RStudio RStudio https://rstudio.com/ 

IncuCyte Base Software Essen 

Bioscience 

(now part of 

Sartorius) 

https://www.essenbioscience.com/en/ 
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Reagent Source Catalog Number 

Living Image PerkinElmer https://www.perkinelmer.com 

Prism version 9 Graph Pad https://www.graphpad.com/scientific-

software/prism/ 

Other 

Poly(A), Polyadenylic acid Roche Cat# 10108626001 

Dynabeads Human T-Activator 

CD3/CD28 

Thermo Fisher Cat# 11131D 

CountBright Absolute Counting 

Beads 

Invitrogen Cat# C36950 

OneComp eBeads Compensation 

Beads 

Invitrogen Cat# 01-1111-42 
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Chapter 3 

Dual CAR Engineering: Testing for additive effects of TNF Receptor Family members on 

clinical CARs 

 

3.1 Abstract 

Costimulatory variations of CARs were previously shown to have modular effects on enhancing 

CAR T function (Chapter 2). BAFF-R and TACI CARs enhanced cytotoxicity, CD40 CARs 

enhanced persistence, and KLRG1 CARs seemed to dampen CAR T function. Here, we interrogate 

the potential for multiplexing the modular functions of each of these domains into combinatorial 

therapeutics. While additional engineering is likely required, we found no in vivo enhanced 

efficacy of either differential CARs in CD4s and CD8s or dual CAR systems combining a clinical 

CAR (CD28 or 41BB) with one of our TNFRF CARs (BAFF-R, TACI, or CD40). 

 

3.2 Introduction 

Costimulatory receptor signaling has previously been investigated in groupings of protein families 

or pathways of activation such as PI3K and TRAF signaling in CD28 and 41BB respectively. 

However, while phenotypically different, each of the hits we identified in our previous screen 

(Chapter 2) were all members of the TNF Receptor Family and utilized TRAF signaling, similar 

to 41BB, indicating that the downstream effects of costimulation are dictated by more than those 

two paradigms. Previous studies have introduced multiple costimulatory domains into the CAR 

architecture to varying degrees of success including CARs with multiple full length costimulatory 

domains N-terminal to the CD3-zeta domain as well as CARs containing multiple signaling motifs 
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originating from different domains (1, 2, 3).  However, most have delved primarily into the 

signaling of CD28 and 4-1BB as they have been more thoroughly investigated in the literature. 

Here we investigate the potential for BAFF-R, TACI, and CD40 to have an additive effect on the 

clinical CAR T cells in vivo.  

 

3.3 T cell specific CAR T treatments 

As our previous results indicated distinct advantages for our library hits within CD4 T cells, we 

decided to test whether combining CAR T cell treatments utilizing differential CARs with CD4 

and CD8 T cells would enhance in vivo efficacy as compared to the clinical CAR treatments. To 

do so we transduced bulk CD3 CAR T cells as previously described and, 3 days post virus removal, 

we performed a negative selection CD4 or CD8 pulldown on the bulk, CD3+ fraction to isolate 

pure, untouched CAR T cells that were either CD4 or CD8 positive. We subsequently measured 

the purity using flow cytometry and performed additional purification via FACS to all samples. 

The CAR T cells were then rested overnight and mixed 50:50 CAR positive CD4 and CD8 T cells 

injected intravenously into the tail vein (Fig. 3.1A to B). We then proceeded to measure tumors 

once weekly for over 3 weeks. Through these comparisons, we determined no detectable increase 

in CD28 CAR T cell anti-tumor cytotoxicity with any combinatorial CD4 CD8 treatment (Fig. 

3.1C). Additionally, we observed that the CD4 fraction seemed to have a greater effect on tumor 

clearance than the CD8 fraction, with CD28 CD4 + BAFF-R CD8 performing similarly to CD28 

CAR T cells whereas BAFF-R CD4 + CD28 CD8 treatment performed poorly. This CD4 CAR T 

cell potency in vivo has previously been documented (4, 5), and is potentially dependent on 

cytokine production as NSG mice are missing a majority of their paracrine cytokines from other 
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immune populations (6). This result repeated within the 41BB combinatorial treatment as well 

(Fig. 3.1D).  

3.4 Dual CAR Treatment 

To further investigate the potential for combinatorial CAR treatments, we performed dual CAR T 

cell treatments within the M28 model where we cotransduced bulk CD3 T cells with two CAR T 

vectors. Based on our previous work, we were especially interested in potential proliferative 

capabilities of adding CD40 to the clinical CARs. To distinguish cotransduced cells we cloned a 

flag tag onto 41BB and CD28 for surface staining in comparison with the myc tag and T2A GFP 

expressed on the library hits. All CAR variants targeted CD19 utilizing the same scFv. We thawed, 

stimulated, and transduced as described (Chapter 2 methods), with an additional FACS sorting for 

flag positive myc positive cotransduced cells on a Fortessa 2 machine 8 days post T cell thaw (Fig. 

3.2A). We then injected mice intravenously via the tail vein 7 days post M28 injection and 

monitored weekly for 30+ days. We saw no significant differences between CD28-only CAR T 

cells and  CD28-CD40 or CD28-41BB CAR T cells (Fig. 3.2B). As the tumor clearance dynamics 

were all quite similar, we decided to repeat this experiment with ¼ the original dose to determine 

if we were able to distinguish a beneficial effect (Fig. 3.2C). After monitoring for 40 days, we 

determined there was no significant effect (Fig. 3.2D).  

To further investigate the capacity for a dual CAR T cell treatment, we tested the BAFF-R, CD20, 

and TACI CARs against 4-1BB to determine if they had any additive anti-tumor effect within the 

M28 model. As described in Fig 3.2A, all CD19 CAR variants were selected via FACS sorting for 

flag positive myc positive cotransduced cells on a Fortessa 2 machine 8 days post T cell thaw and 

were injected via tail vein two days later (Fig. 3.3A). After monitoring for over 30 days we noted 

no significant improvement in cotransduced cells as compared to 4-1BB only T cell treatments 
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(Fig 3.3B). However, 3/5 4-1BB-TACI treated mice cleared their tumors (not shown). We 

therefore repeated the 4-1BB and TACI groups with two additional human donors at 1/2 of the 

original dose (now 1e6) and found no effect on tumor burden (Fig. 3.3C and D).  

 

3.5 Discussion 

Here we tested the capacity to utilize either T cell specific CAR expression or dual CAR expression 

as additive components of T cell therapeutics. Although we have not found additional additive 

effects within our systems, there are still potential benefits to be unveiled with additional 

engineering. Due to the dual CARs both being anti-CD19, there are potential complications due a 

limited amount of antigen available. If both CARs are not fully bound to antigen then you can 

potentially get insufficient signaling from both and mixed effects resulting in no additive benefit. 

Additionally, both CARs within the dual CAR system had the CD8 hinge domain which can 

heterodimerize and potentially result in dampened signaling from about 50% of the complexes 

which will contain heterodimers of each costimulatory domain. Further engineering is required to 

truly test this system including an additional scFv, and swapping which CAR has each scFv in 

each pairing, alongside inclusion of another hinge domain to prevent heterodimers.  

 

3.6 Materials and Methods 

Lentivirus Production/Concentration and Cell Lines 

To produce lentivirus, Lenti-X 293T cells (Takara Bio) were transfected with a transgene 

expression vector and the viral packaging plasmids pCMVdR8.91 and pMD2.G using TransIT-

Lenti Transfection Reagent (Mirus Bio LLC). Lentiviral concentration was performed 72 hours 
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after Lenti-X 293T cell transfection through collection and filtration of the viral supernatant. Per 

20mL of viral supernatant we added 4.58mL 50% PEG 8000 (final concentration 8%) and 2mL of 

4M NaCl (final concentration 0.3M) for 6-8 hours. We pelleted the virus by spinning down cells 

at 3500rpm for 20 minutes at 4C, decanted, and resuspended the pellet in 200uL PBS. We then 

snap froze aliquots on dry ice for storage in a -80C freezer.  

 

M28 in vivo experiments: 

M28 tumor cells were originally obtained from B. Gerwin’s laboratory at the National Cancer 

Institute. M28 cells were transduced to exogenously express CD19 using lentiviral transduction 

and flow cytometry sorting to obtain a pure population with CD19 expression within a one log 

maximum width. All FACS was performed on a Fortessa-2 staining 1:200 for CD19-PE and FACS 

Diva software.  

 

Tumor growth and injections: Four days prior to tumor injection, M28 CD19+ tumor cells were 

split and 0.75x106 cells were plated in one T182 flask for every 2.5 mice for propagation. On day 

0, M28 CD19+ cells were trypsinized, counted, and resuspended in RPMI-1640 at 40x106 

cells/mL. We injected NOD-scid IL2Rgammanull (NSG) mice with 4x106 M28 cells 

subcutaneously on the right flank and measured the initial tumor growth by caliper 6 days later. 

Groups were split up so that they have even tumor volume variance. A dose of 1-2x106 GFP 

positive anti-CD19 CAR T cells were injected on the 7th day post tumor injection intravenously 

by tail vein. Tumors were measured by caliper every 3 to 7 days for a total of 30 to 50 days.  
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T cell generation: We produced T cells as described above in Chapter 2 using 30µL concentrated 

virus per 1x106 T cells to reach a transduction rate between 65 and 90% as assessed by flow 

cytometry. T cells were injected as described above 10 days after initial thaw.   
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3.7 Figures 

Figure 3.1 

 

Fig 3.1. In vivo efficacy of T cell specific CAR T mesothelioma treatments. 
(A) Experimental timeline for in vivo M28 mesothelioma tumor model. We injected 4x106 CD19+ 
M28 mesothelioma tumor cells subcutaneously into the flanks of NOD.Cg-Prkdc scid Il2rg 
tm1Wjl /SzJ (NSG) mice and, seven days later, transferred 2x106 engineered CAR T cells 
targeting CD19 intravenously into the tail vein. CAR T cells were sorted based on cell type and 
combined 1:1 CD4s: CD8s on injection day. Tumors were measured by caliper every 7 days for a 
total of 49 days. (B) Experimental outline indicating the treatment groups tested below. (C) Tumor 
burden was measured in mice treated with CD28 or CD28 mixed with other CAR T cells targeting 
CD19. Untransduced (Unt) T cells and non-treated (NT) mice were included as controls. Tumors 
were measured by caliper every 7 days for a total of 30 days. (D) Tumor burden was measured in 
mice treated with 4-1BB or 4-1BB mixed with other CAR T cells as indicated in (C).  
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Figure 3.2 

 

Fig 3.2. In vivo efficacy of CD28 Dual CAR T mesothelioma treatments. 
(A) Experimental timeline for in vivo M28 mesothelioma tumor model. We injected 4x106 CD19+ 
M28 mesothelioma tumor cells subcutaneously into the flanks of NOD.Cg-Prkdc scid Il2rg 
tm1Wjl /SzJ (NSG) mice and, seven days later, transferred 2x106 engineered CAR T cells 
targeting CD19 intravenously into the tail vein. CAR T cells were sorted based on cotransduction 
of CD28 and either CD40 or 4-1BB. Tumors were measured by caliper every 7 days for a total of 
30 days. (B) Tumor burden was measured in mice treated with CD28 or CD28 cotransduced with 
anti-CD19 CD40 or 4-1BB CARs. Mice treated with untransduced (Unt) T cells were included as 
controls. Tumors were measured by caliper every 3-4 days for a total of 30 days. (C) Experimental 
timeline as indicated in (A) of a low dose dual CAR T cell treatment. After M28 tumors have been 
in  mice for 7 days they were injected with 0.5x106 CAR T cells of each indicated treatment and 
monitored for over 40 days. (D) Tumor burden was measured in mice by caliper every 3-4 days 
for a total of 40 days. Tumor volume was calculated by length x width x width x 0.5.   
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Figure 3.3 

 

Fig 3.3. In vivo efficacy of 4-1BB Dual CAR T mesothelioma treatments. 
(A) Experimental timeline for in vivo M28 mesothelioma tumor model. We injected 4x106 CD19+ 
M28 mesothelioma tumor cells subcutaneously into the flanks of NOD.Cg-Prkdc scid Il2rg 
tm1Wjl /SzJ (NSG) mice and, seven days later, transferred 2x106 engineered CAR T cells 
targeting CD19 intravenously into the tail vein. CAR T cells were sorted based on cotransduction 
of 4-1BB and either CD40, BAFF-R, or TACI. Tumors were measured by caliper every 7 days for 
a total of 30 days. (B) Tumor burden was measured in mice treated with 4-1BB or 4-1BB 
cotransduced with anti-CD19 CD40, BAFF-R, or TACI CARs. Mice treated with untransduced 
(Unt) T cells were included as controls. Tumors were measured by caliper every 3-4 days for over 
30 days. (C) Experimental timeline as indicated in (A) of a low dose dual CAR T cell treatment. 
After M28 tumors have been in  mice for 7 days they were injected with 1x106 CAR T cells of 
each indicated treatment and monitored for over 30 days. (D) Tumor burden was measured in mice 
by caliper every 3-4 days for over 30 days. Tumor volume was calculated by length x width x 
width x 0.5.  
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Chapter 4 

Conclusion 

The field of synthetic immunology is often most liberated and limited by the creativity and 

bandwidth of the scientists performing the work. While the impact of cancer immunotherapeutics 

and CAR T cell treatments cannot be underestimated, engineering novel receptors through arrayed 

cloning and screening can be restricting due to its labor intensive nature and the in vivo validation 

required. As the explored arena of what types of domains can be utilized within a CAR expands, 

so must our capacity for screening potential receptor designs. My work on CAR Pooling, as 

described in this dissertation, represents an important advance in our capacity to iteratively 

engineer novel receptors within the CAR architecture.  

 

Through this work, I have demonstrated how to build pooled libraries, how to push them to their 

limits within an exhaustive environment, and the power to design novel receptors to enhance CAR 

T cell function. Most notably, our discovery of the anti-exhaustion functionality of many members 

within the TNF Receptor family, despite their classical expression within B cells, is an exemplar 

of the power of CAR Pooling to reduce the bandwidth and allow for this exploration of non-T cell 

signaling domains from across immune proteome. Furthermore, within this work I have shown the 

BAFF-R CAR’s specialized capacity for enhanced cytotoxicity and in vivo tumor clearance as 

well as its overlapping transcriptional signature with patient studies assessing CAR T cell 

engraftment and patient survival. This work has resulted in two licensed patents, an accepted 

manuscript at Science Translational Medicine, and additional testing of the BAFF-R CAR by our 

collaborators for inclusion within a multiple myeloma clinical trial starting at UCSF. In addition 

to those more quantifiable metrics, the discovery of the BAFF-R CAR has illuminated the flexible 
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capacity of T cell signaling to incorporate non-native domains and is the first step toward 

determining what can truly compose a T cell costimulatory domain and how to synthetically build 

and enhance them in the future. Lastly, while not included within this thesis, I have helped expand 

our capacity for library screening from the modest 40 member library described above to new 

10,000 member in vivo screens, exponentially expanding the depth of questions we can ask via 

CAR Pooling.  

 

As I continue onward in my scientific career, I cannot help but be enamored by the potential of 

synthetic immunology, not only within cancer immunotherapeutics but autoimmunity, 

neurodegeneration, and more. The more I learn about the role the immune system plays within 

different disease states, the more I see their interconnection and the shifting of scales within the 

regulation of inflammation and immunosuppression and the potential for novel receptor designs 

to impact these systems in clinically translatable ways.  
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