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ABSTRACT 

 

Anti-CD19 chimeric antigen receptor (CAR) T-cell therapy has improved treatment options for 

patients with relapsed/refractory diffuse large B-cell lymphoma (r/r DLBCL). During anti-CD19 

CAR T-cell therapy, the patient’s T cells are transduced with an anti-CD19 CAR – a synthetic 

immunoreceptor that directs the T cell to recognize, activate, proliferate, and kill in response to 

CD19+ lymphoma cells. Despite encouraging ~40% complete response rates, non-responders 

generally succumb to their disease. Hence, improved CAR T-cell therapy formulations with higher 

response rates are urgently needed in the clinic. My research questions, experiments, findings, 

and conclusions in this dissertation are organized around this central clinical problem. In this body 

of work, after providing a brief introduction to CD19-directed CAR T-cell therapy (Section I), I first 

reviewed the existing methods used by CAR T-cell scientists to detect and investigate the CAR 

across the genomic, transcriptomic, proteomic, and organismal levels (Section II). With this 

background in mind, I designed, constructed, and validated antigen multimers as specific, 

sensitive, precise, and multifunctional high-avidity reagents to detect the CAR at the proteomic 

level (Section III). Using antigen multimers to sort CAR T cells from patient biospecimens for 

longitudinal, single-cell, multi-omics analysis, I next reported that CD28-costimulated CAR T cells 

undergo two distinct clonal expansion stages in vivo, each of which is dominated by unique 

phenotypes (Section IV). Finally, using findings from comparing the single-cell data from complete 

responders and non-responders, I leveraged the type I interferon/interferon response factor 7 

pathway for increasing CAR T-cell efficacy in vitro (Section V). Collectively, these findings are 

expected to introduce a better CAR-detection reagent for CAR T-cell scientists, improve how we 

understand CAR T-cell expansion and persistence, and synergize CAR T-cell therapy with an 

existing pharmaceutical in vitro. Ultimately, I hope these efforts will translate into improved CAR 

T-cell therapy formulations and longer progression-free survival for patients with r/r DLBCL. 
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SECTION I: INTRODUCTION TO CAR T-CELL THERAPY FOR B-CELL LYMPHOMAS 

 

Chimeric antigen receptor (CAR) T-cell therapy has improved therapeutic options for patients with 

diffuse large B-cell lymphoma (DLBCL), the most common aggressive non-Hodgkin’s lymphoma 

in the United States.1 Every year, ~18,000 Americans are newly diagnosed with DLBCL, which 

results in a 64% 5-year survival rate and presents with a tumor comprised of diffusely proliferating 

B cells at nodal or extranodal sites. Although up-front chemoimmunotherapy is often curative (50-

60% of patients), patients with lymphomas that are refractory to up-front treatment or relapse after 

achieving remission (r/r DLBCL) often succumb to their cancer.2,3 Effective treatment options were 

limited until the United States Food and Drug Administration approved autologous CD19-directed 

CAR T-cell therapies for r/r DLBCL in 2017. 

 Autologous CD19-directed CAR T-cell therapy involves virally transducing a patient’s T 

cells ex vivo with an anti-CD19 CAR—an engineered receptor consisting of an extracellular anti-

CD19 single-chain variable fragment (scFv), a hinge/transmembrane region, and intracellular 

costimulatory (CD28 or 4-1BB) and activation (CD3ζ) domains. Over the course of therapy, a 

patient’s peripheral blood T cells are collected through apheresis, activated, retrovirally 

transduced with the CAR, expanded ex vivo, and infused back into the patient for cancer treatment. 

Upon scFv-dependent recognition of CD19 (antigen associated with normal and lymphoma B 

cells) on the surface of a lymphoma cell in vivo, CAR-transduced T cells (i.e., CAR T cells) activate, 

proliferate, differentiate, kill the target cell, and produce cytokines. Having elicited ~40% complete 

response rates, CAR T-cell therapy represents significantly improved survival for patients with r/r 

DLBCL.4–7 

 In this introduction to CD19-directed CAR T-cell therapy for r/r DLBCL, I will first present 

a concise history of CARs from their inception to the present day. Then, I will describe the state 

of and clinical/engineering frontiers associated with the current generation of CAR T-cell therapy 

formulations used to treat patients with r/r DLBCL. This introduction is not meant to be exhaustive. 
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The main goal is to contextualize the reader with the current state-of-the art, while providing the 

motivation and background to understand the following chapters.  

 

I: Historical development of CD19-directed CAR T-cell therapy for r/r DLBCL 

The earliest studies that spawned the development of CARs involved chimeric genes designed 

under Dr. Zelig Eshhar, a pioneer in T-cell engineering at the Weizmann Institute of Science. In 

these initial studies (published in 1989), the constant domains of TCRα and TCRβ were fused to 

the variable domains of an antibody fragment specific for the 2,4,6-trinitrophenyl (TNP) hapten. 

These chimeric constructs endowed T cells with MHC-independent recognition of TNP.8 In a 

subsequent series of studies (published in 1993), the anti-TNP scFv was chimerically fused with 

the transmembrane region and intracellular domain of CD3γ or CD3ζ, activating subunits of the 

TCR-CD3 complex. Transduction of this chimeric construct into cytolytic hybridoma T cells 

endowed the ability to secrete IL-2 upon MHC-independent recognition of trinitrophenyl-decorated 

target cells.9 These pioneering studies spawned interest in engineering effector lymphocytes, 

such as T cells or natural killer cells, to recognize tumor-associated antigens for cancer treatment. 

We now call these early constructs “1st-generation CARs”. Despite effector functionality in vitro, 

1st-generation CARs did not persist in vivo, which precluded clinical utility. 

 Poor persistence was eventually improved under critical studies spearheaded by the 

laboratory of Dr. Michel Sadelain at the Memorial Sloan-Kettering Cancer Center. The Sadelain 

group recognized that low expression of ligands for costimulatory receptors (i.e., B7 family ligands 

for CD28) on tumor cells hindered their immunogenicity by tumor-specific lymphocytes. Around 

this same time, it was increasingly recognized that T cells require signaling from both the TCR-

CD3 complex (signal 1) and the CD28 costimulatory receptor (signal 2) for full T-cell activation. 

Signal 1 in the absence of signal 2 causes apoptosis through activation-induced cell death 

(AICD).10,11 To ameliorate AICD, the Sadelain group (published in 1998) replaced the ligand 

recognition domain of CD28 with an scFv targeting GD2, a ganglioside overexpressed in many 
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human cancers. Upon transduction into human T cells, this chimeric receptor produced signal 2 

upon recognition of GD2 on target cells, thereby rescuing T cells from AICD and amplifying IL-2 

secretion.12 Subsequently in 2002, the Sadelain group published a study describing how they 

appended the CD3ζ intracellular domain to CD28 fused to an scFv targeting prostate-specific 

membrane antigen (PSMA). Upon transduction in human T cells, this chimeric receptor 

concomitantly provided signal 1 (via the CD3ζ domain) and signal 2 (via the CD28 domain) upon 

recognition of PSMA on target cells. Consequently, transduced T cells became activated, robustly 

proliferated, and secreted copious amounts of IL-2 in co-cultures with target cells.13 We now call 

this construct a “CD28-costimulated 2nd-generation CAR”. In 2007, the Sadelain group engineered 

a CD19-directed CD28-costimulated 2nd-generation CAR, and compared its antitumor efficacy 

with that of its first-generation counterpart in immunodeficient mice bearing CD19+ tumor cells. 

These studies conclusively demonstrated that the CD28 domain increased T-cell persistence, 

augmented T-cell function, and prolonged survival of the host, leading to long-term survival in 

some cases.14 With compelling preclinical data supporting its efficacy, the CD28-costimulated 

anti-CD19 CAR was quickly moved to clinical trials. 

 At the same time, a second CAR was being developed under a group of laboratories, 

including that of Dr. Carl June at the University of Pennsylvania. Simultaneously while the CD28-

costimulated second-generation CAR was tested, it was increasingly recognized that TNFR family 

receptors, including 4-1BB, can also deliver signal 2.15 In 2004, the laboratory of Dr. Campana at 

St. Jude Children’s Hospital published a study detailing a chimeric receptor consisting of an anti-

CD19 scFv, the CD8α transmembrane and hinge, and the 4-1BB and CD3ζ intracellular domains. 

Upon transduction into human lymphocytes, this chimeric construct enabled cytotoxicity, clonal 

expansion, and cytokine secretion against CD19+ acute lymphoblastic leukemia cells.16 We now 

call this construct a “4-1BB-costimulated 2nd-generation CAR”. Then, in 2009, the June lab tested 

and compared the 4-1BB- and CD28-costimulated 2nd-generation CARs in vivo in xenograft 

leukemia models. These studies established that while both 2nd-generation CARs mediate greater 
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in vivo efficacy than their 1st-generation counterparts, the 4-1BB costimulatory domain caused 

prolonged survival and greater efficacy than the CD28 costimulatory domain.17 Later studies will 

dispute the latter claim.18 With such remarkable preclinical data supporting its efficacy, the 4-1BB-

costimulated anti-CD19 CAR was also moved to clinical trials. 

 At this point, the stage was set for the testing of both second-generation CARs in patients. 

In a landmark clinical study (NCT00924326) published in 2010, autologous T cells expressing the 

CD28-costimulated CAR were infused into a patient with follicular lymphoma that relapsed 

following chemoimmunotherapy. CAR T cells rapidly eradicated both the patient’s lymphoma and 

B-cell precursors in the bone marrow, resulting in a complete response. B-cell aplasia and 

hypogammaglobulinemia continued at least 39 weeks after infusion, suggesting that functional 

CAR T cells persisted in vivo.19 In a similarly remarkable clinical study (NCT01029366) published 

in 2011, autologous T cells expressing the 4-1BB-costimulated CAR were infused into three 

patients with chronic lymphocytic leukemia that was refractory to chemotherapy. CAR T cells 

expanded >1000-fold, trafficked to bone marrow, and rapidly lysed tumor cells, resulting in 

complete remission for two patients. CAR T cells were detectable for at least 6 months, mediating 

both B-cell aplasia and hypogammaglobulinemia.20 It is noteworthy that this clinical study 

suggests CAR T-cell therapy is not a “silver bullet”, since one of the three patients did not achieve 

a complete remission. Nonetheless, both clinical studies demonstrated that CD28- or 4-1BB-

costimulated CAR T cells can graft and kill CD19+ cancer cells in vivo. 

 Therefore, large-scale clinical studies were conducted to measure the efficacy and clinical 

utility of CAR T-cell therapy for patients with r/r DLBCL. In a multicenter study (ZUMA-1, 

NCT02348216), autologous CD28-costimulated CAR T-cell therapy (now called axicabtagene 

ciloleucel or “axicel”) was administered to 101 patients, causing a 40% complete response rate 

15 months after infusion.4 Similarly, in a single-center study (JULIET, NCT02445248), autologous 

4-1BB-costimulated CAR T-cell therapy (now called tisagenlecleucel or “tisacel”) was 

administered to 93 patients, causing a 32% complete response rate 12 months after infusion.5 In 
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both studies, patients often exhibited adverse side effects shortly after infusion of CAR T cells, 

including cytokine release syndrome (CRS) and immune effector cell-associated neurotoxicity 

(ICANS). With CRS, patients experience fever, tachycardia, hypotension, among other signs of 

systemic inflammation. With ICANS, patients experience delirium, confusion, impaired 

consciousness, among other signs of neurotoxicity. Both CRS and ICANS occur presumably due 

to pro-inflammatory cytokines in serum or cerebrospinal fluid. Since patients in both trials had 

advanced disease and exhausted most other treatment options, CAR T-cell therapy undeniably 

improved treatment options and offered the possibility of remission. Hence in 2019, both 

formulations were approved by the US Food and Drug Administration for treating r/r DLBCL. 

 Subsequently, a third CAR T-cell therapy formulation (now called lisocabtagene 

maraleucel or “lisocel”) was also tested on patients with r/r DLBCL. The CAR construct used in 

lisocel consisted of the costimulatory domain from the CAR used in tisacel (4-1BB), but also the 

transmembrane domain from the CAR used in axicel (CD28). Moreover, CD4 and CD8 CAR T 

cells were infused at a fixed 1:1 ratio. In a multi-center study (TRANSCEND, NCT02631044), 

lisocel was administered to 269 patients, causing a 64% complete response rate 18 months after 

infusion. Notably, lisocel caused lower incidences of high-grade CRS or ICANS.6,7 Hence in 2021, 

lisocel was approved by the US Food and Drug Administration for treating r/r DLBCL. 

 

II: Current state and frontiers of CD19-directed CAR T-cell therapy for r/r DLBCL 

As previously described, three formulations of autologous CD19-directed CAR T-cell therapy are 

FDA-approved for r/r DLBCL: axicel, tisacel, and lisocel. All formulations utilize CAR constructs 

(Figure I-1) featuring an anti-CD19 scFv (clone FMC63), but differ in the hinge, transmembrane, 

and costimulatory domains. Axicel utilizes the CD28 hinge, CD28 transmembrane, and CD28 

costimulatory domains. Tisacel utilizes the CD8α hinge, CD8α transmembrane, and 4-1BB 

costimulatory domains. Lisocel utilizes the IgG4 hinge, CD28 transmembrane, and 4-1BB 

costimulatory domains. In axicel, the CAR is transduced γ-retrovirally, whereas in tisacel and 
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lisocel, the CAR is transduced lentivirally. A final distinction is how the CAR T-cell infusion is 

prepared. With axicel and tisacel, all peripheral blood T cells are transduced, cultured, and infused, 

without controlling for the CD4:CD8 ratio. With lisocel, the peripheral blood CD4+ and CD8+ T cells 

are isolated, transduced, and cultured separately. Then, the CAR T cells are infused at a 1 to 1 

CD4:CD8 ratio. 

Figure I-1. Clinical CAR constructs used for treating r/r DLBCL. Diagrams detailing the 
construct (left) and protein (right) designs of the CARs used in axicel, tisacel, and lisocel. Colors 
used in the construct and protein diagrams are harmonized. 
 
 Clinical response rates do not differ between the three formulations. In a comprehensive 

meta-analysis of 33 studies involving 2172 CAR T-cell therapy patients, all three formulations 

achieved ~70% and ~54% objective and complete response rates, respectively. However, 

differences emerged in rates of high-grade side effects. Axicel, tisacel, and lisocel caused high-

grade CRS in 9%, 21%, and 2% of patients, respectively. Furthermore, axicel, tisacel, and lisocel 

caused high-grade ICANS in 31%, 8%, and 10% of patients, respectively. Overall, axicel tends to 

cause ICANS while tisacel tends to cause CRS. Meanwhile, lisocel caused low incidences of both 

CRS and ICANS.21 However, the data regarding lisocel completely originates from the trial used 

to establish efficacy for licensing. Lisocel is the newest formulation and lacks corresponding real-

world data. Newer data may change these conclusions. 

 Physicians considering CAR T-cell therapy for treating patients with r/r DLBCL must 

choose between axicel, tisacel, and lisocel. Two important technical considerations are 
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manufacturing turnaround time and frailty of the patient. In particular, axicel has the quickest 

manufacturing turnaround time and may be more appropriate for patients with aggressive disease. 

On the other hand, lisocel causes the lowest incidence of high-grade side effects and may be 

more appropriate for frailer or older patients who cannot tolerate toxicities. Other non-technical 

considerations include the hospital’s access to the particular product, the clinical team’s prior 

experience and expertise, and the different financial cost of each product. 

 Many current and exciting research frontiers exist for CAR T-cell therapy for r/r DLBCL, 

but most focus on two directions: addressing therapy non-response and broadening indications 

for CAR T-cell therapy. Since CAR T-cell therapy is a third-line therapy, non-responders do not 

have many treatment options and commonly succumb to their disease. Understanding therapy 

failure in non-responder patients may unveil avenues for improving response rates or useful 

biomarkers of clinical response. Clinical studies have demonstrated that therapy non-response 

correlates with molecular signatures of T-cell exhaustion in the infusion product.22 Furthermore, 

non-responder CAR T cells from the infusion product exhibit less polyfunctional cytokine secretion 

upon target cell stimulation23, which is a hallmark of T-cell exhaustion. In the T-cell 

immunoengineering field, T-cell exhaustion universally correlates with suboptimal tumor 

control.24,25 In fact, preclinical studies have demonstrated that CAR T cells can get exhausted 

from a variety of sources, including the tumor microenvironment26, tonic signaling27, and TCR-

mediated signaling28. Many strategies for ameliorating CAR T-cell exhaustion are being tested in 

preclinical studies, including synergizing CAR T-cell therapy with checkpoint blockade 

immunotherapy, enriching for stem-like CAR T cells, tuning elements of the CAR design, and 

application of cytokines or pharmaceuticals.29,30 

 The other frontier lies in broadening indications for CAR T-cell therapy. Current therapy 

formulations are FDA-approved only for patients with r/r DLBCL as a third-line therapy. Hence, 

response rates are likely limited by the advanced disease of the chosen patient population. 

Furthermore, autologous CAR T-cell therapy depends on the immune abilities of the patient’s own 
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T cells, which may be compromised if the patient has undergone intense chemoimmunotherapy 

or autologous stem cell transplant. Many clinical trials have tested CD19-directed CAR T-cell 

therapy as second-line therapy, including ZUMA-7 (NCT03391466) for axicel31, Belinda 

(NCT03570892) for tisacel32, and Transform (NCT03575351) for lisocel33. Compared to the 

standard of care, both axicel and lisocel caused higher complete response rates, longer event-

free survival, and longer progression-free survival. Disappointingly, tisacel did not improve upon 

the standard of care in these parameters, though this can be explained by longer manufacturing 

turnaround time and patients with more aggressive and/or advanced disease.34 Moreover, newer 

clinical trials are beginning to test CD19-directed CAR T-cell therapy as first-line therapy. Recently, 

axicel was tested with high-risk large B-cell lymphoma as a first-line therapy in 40 patients in a 

multicenter trial (ZUMA-12, NCT03761056). High-risk large B-cell lymphoma has poorer 

outcomes under standard chemoimmunotherapy than other lymphoma subtypes. Complete 

response rate was 78% at 6 months following infusion.35 These studies suggest a future when 

CAR T-cell therapy becomes a more ubiquitous and effective tool. 
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SECTION II: REVIEW OF EXISTING TOOLKIT FOR CAR DETECTION1 

  

Chimeric antigen receptor (CAR) T-cell therapy is a promising frontier of immunoengineering and 

cancer immunotherapy. Methods that detect, quantify, track, and visualize the CAR, have 

catalyzed the rapid advancement of CAR T-cell therapy from preclinical models to clinical 

adoption. For instance, CAR-staining reagents have enabled flow cytometry analysis, imaging 

applications, cell sorting and high-dimensional clinical profiling. Molecular assays, such as 

quantitative polymerase chain reaction, integration site analysis, and RNA-sequencing, have 

characterized CAR transduction, expression, and in vivo CAR T-cell expansion kinetics. In vitro 

visualization methods, including confocal and total internal reflection fluorescence microscopy, 

have captured the molecular details underlying CAR immunological synapse formation, signaling, 

and cytotoxicity. In vivo tracking methods, including two-photon microscopy, bioluminescence 

imaging, and positron emission tomography scanning, have monitored CAR T-cell biodistribution 

across blood, tissue, and tumor. In this section, we review the plethora of CAR detection methods, 

which can operate at the genomic, transcriptomic, proteomic, and organismal levels. For each 

method, we discuss: (1) what it measures; (2) how it works; (3) its scientific and clinical importance; 

(4) relevant examples of its use; (5) specific protocols for CAR detection; and (6) its strengths and 

weaknesses. Finally, we consider current scientific and clinical needs in order to provide future 

perspectives for improved CAR detection. By facilitating experimental design and planning, this 

review aims to catalyze basic, immunoengineering, and clinical research. 

                                                
1 This chapter is based on a published paper:  
Hu, Y., & Huang, J. (2020). The Chimeric Antigen Receptor Detection Toolkit. Frontiers in 

Immunology, 11, 1–16. https://doi.org/10.3389/fimmu.2020.01770 
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Figure II-1. CAR detection methods across multiple levels. CARs can be detected at the 
genomic, transcriptomic, proteomic, and organismal levels. At the genomic level, quantitative 
PCR (qPCR) and digital PCR (dPCR) measure CAR vector copy number while integration site 
analysis profiles sites of insertional mutagenesis of the CAR vector. At the transcriptomic level, 
RNA-seq and RNAscope in situ hybridization (RNAscope ISH) measure abundance and 
subcellular localization of CAR mRNA molecules respectively. At the proteomic level, staining 
reagents facilitate flow cytometry and western blotting for quantification of the CAR protein, while 
the Topanga reagent detects the CAR via luminescence. The CAR can also be fused with 
fluorescent proteins for fluorescence microscopy. At the organismal level, bioluminescence 
imaging (BLI) and positron emission tomography (PET) scanning determines the distribution of 
CAR T cells between organs, while two-photon microscopy tracks single CAR T cells in tissue. 
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I: Introduction 

Accurate and reproducible CAR detection methods are required to address major engineering 

and clinical challenges in the CAR T-cell field. For instance, developing CAR T-cell therapy for 

solid tumors and elucidating clinical nonresponse/relapse mechanisms in B-cell cancers require 

methods to stain and sort CAR T cells from clinical samples for downstream applications, such 

as multiparameter flow cytometry and next-generation sequencing. Investigating in vivo CAR T-

cell biology requires methods to track and assess in vivo CAR T-cell expansion kinetics, 

persistence, biodistribution, and effector functions in patients and animal models. Optimizing CAR 

molecular designs requires methods to characterize CAR signaling and visualize CAR 

immunological synapse formation at the molecular and cellular levels. 

 Here, we review current CAR detection methods. After describing the target and 

importance of each CAR detection method, we will discuss experimental protocols, examples of 

its application, as well as its strengths and weaknesses. Wherever possible, we will provide 

perspectives for method improvements. We will introduce CAR detection methods in the order of 

the level at which they operate: genomic, transcriptomic, proteomic, and organismal (Figure II-1). 

By facilitating experimental design and planning, this review aims to catalyze basic, 

immunoengineering, and clinical research. 

 

II: CAR Detection at the Genomic Level 

During the CAR manufacturing process, T cells are virally transduced with a CAR vector, which 

semi-randomly integrates into the T cell’s genome. There are three main methods for detecting 

the integrated CAR vector: quantitative polymerase chain reaction (qPCR, Figure II-2A), digital 

polymerase chain reaction (dPCR, Figure II-2B), and integration site analysis (Figure II-2C). 

Using genomic DNA (gDNA) extracted from the cell analyte, qPCR and dPCR determine the 

frequency while integration site analysis determines the genomic locations of the integrated CAR 

vector. Since gDNA is more stable than mRNA, proteins, or cryopreserved cells, experiments 
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involving qPCR, dPCR, and integration site analysis can be easier to coordinate. Importantly, 

these methods can help evaluate and optimize the safety profiles of alternative non-viral 

techniques for CAR vector delivery, including CRISPR/Cas9 and transposon-mediated 

insertion.36,37 

 

 

Figure II-2. Genomic CAR detection. Real-time quantitative PCR (qPCR) and digital PCR 
(dPCR) measure CAR vector copy number (VCN) while integration site analysis determines sites 
of insertional mutagenesis. (A) With qPCR, target amplicons are amplified from genomic DNA 
(gDNA) with fluorescent probes. Cq is calculated from fluorescence tracked over PCR cycles, 
which measures copy number. In the singleplex setup, vector and reference gene are amplified 
separately. In the multiplex setup vector and reference are amplified concurrently using two 
independent probes. (B) With dPCR, gDNA is partitioned into tiny droplets. Most droplets contain 
zero or one template copies. Target amplicons are amplified from each droplet separately, and 
the proportion of fluorescent droplets measures copy number. (C) With integration site analysis, 
gDNA is fragmented and ligated with adaptors in two steps with sonication or restriction enzymes, 
or in one step with tagmentation. Fragments containing either of the CAR vector flanks (left flank 
shown here) can be enriched and prepped for sequencing with multiple rounds of PCR. Mapping 
the reads to the genome determines sites of insertional mutagenesis. 
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Quantitative Polymerase Chain Reaction 

qPCR measures the frequency of integrated CAR vector in the genome (Figure II-2A). Using 

target-specific primers and fluorescent probes, qPCR fluorescently quantifies an amplicon’s 

accumulation over PCR cycles, resulting in a sigmoidal curve. The quantitation cycle (Cq), when 

fluorescence exceeds background levels, measures an amplicon’s relative (compared to another 

amplicon) or absolute (compared to a standard curve) copy number. With CAR T-cell gDNA and 

CAR-specific primers and probes, qPCR can measure vector copy number (VCN)—the average 

vector copies per genome. VCN estimates CAR vector delivery efficiency and CAR T-cell 

representation in a cell pool. Hence, VCN is an important quality metric for clinical-grade CAR T-

cell infusions and a technical benchmark that non-viral forms of CAR vector delivery, such as 

transposon-mediated delivery, must improve upon.37 In both research and clinical settings, qPCR 

helps monitor VCN from patient blood gDNA over the course of treatment. These results have 

broadly shown strong correlations between CAR T-cell expansion, persistence, clinical response, 

and grade of side effects across multiple types of B cell cancers.4,38,39 

 Optimized CAR qPCR protocols have been developed to detect the anti-CD19 (clone 

FMC63) scFv. Wang et al. developed and validated TaqMan qPCR primers and probes for a ~130 

bp amplicon from the FMC63 nucleotide sequence. In their assay, qPCR was performed side-by-

side against FMC63 and GAPDH to measure CAR copy number and genome copies respectively. 

These two measured values were used to calculate VCN. In addition to robustness across 

replicates, their qPCR assay achieved a minimum detection limit of 10 CAR copies per µL of blood 

and linear signal between 101-107 copies/µL.40 However, a singleplex design increases sample 

and reagent use, decreases throughput, and introduces pipetting noise. Multiplexed qPCR can 

address these issues. Kunz et al. developed a single copy gene-based duplex qPCR assay (SCG-

DP-PCR) to measure VCN. In their assay, the FMC63 scFv and RPPH1 (RNaseP) were 

simultaneously PCR-amplified from the same gDNA sample using two independent fluorescent 

probes. Using RPPH1 as an internal control, their duplex setup achieved similar efficiency as the 
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corresponding singleplex setup. As proof-of-principle, they used SCG-DP-PCR to measure 

longitudinal VCN from three sets of CAR T-cell therapy patient blood gDNA samples.41 

 Overall, qPCR is a common and robust assay for monitoring CAR VCN. With well-

designed primers and probes, qPCR is rapid, easily performed, and trustworthy for clinical use. 

qPCR can measure CAR vector delivery efficiency, on-treatment expansion kinetics, and 

persistence to predict clinical response.4,38,39 As such, qPCR machines optimized and certified for 

CAR VCN measurements are now available commercially. However, qPCR has notable 

weaknesses. While robust at the population level, qPCR cannot differentiate subtle copy number 

differences. Hence, qPCR for VCN at the single-cell level is expected to be noisy and has never 

been implemented.42 Other than VCN, qPCR cannot determine the CAR T cells’ phenotype or 

whether the CAR is actually expressed. CAR expression depends on the chosen viral promoter, 

local chromatin architecture, regulatory elements (i.e., promoters, enhancers, insulator 

sequences), DNA methylation, and biological noise. Hence, qPCR overestimates the number of 

functional CAR T cells in a given population. Furthermore, the reliability of qPCR results depends 

on the target specificity of the primers and probes. In conclusion, qPCR is a clinically useful assay 

for monitoring VCN, but RNA-seq and flow cytometry may be more useful methods for 

determining CAR T-cell functionality in research settings. 

 

Digital Polymerase Chain Reaction 

Like qPCR, dPCR also measures VCN (Figure II-2B). However, dPCR measurements are more 

sensitive and precise. In brief, the gDNA template is partitioned into miniscule droplets, such that 

most droplets contain zero or one template molecule. PCR amplification of the target amplicon 

with a fluorescent probe occurs separately within each droplet. Subsequently, the droplets are 

flowed through an excitation source and detector, which measures each droplet’s fluorescence. 

With Poisson statistics, the proportion of fluorescent droplets is used to calculate copy number.43 

While qPCR relies on continuous intermediate fluorescence measurements from PCR cycles, 



15 

 

dPCR relies only on end-point fluorescence. Therefore, dPCR is robust to amplification kinetics 

and suppresses noise. Like with qPCR, dPCR can be multiplexed to decrease sample and 

reagent use, increase throughput, and decrease pipetting noise. 

 Fehse et al. developed a duplex dPCR assay to concomitantly probe the anti-CD19 CAR 

and a reference gene. Their duplex dPCR assay achieved a minimum detection limit of 0.01% 

CAR-transduced cells from 100 ng of gDNA. As proof-of-principle, they applied their assay on five 

sets of axicabtagene ciloleucel patient blood gDNA samples.44 The enhanced sensitivity from 

dPCR also enables single-cell VCN measurements. Santeramo et al. developed dPCR to 

measure VCN in single lentivirally transduced T cells. In their assay, target amplicons were first 

pre-amplified to generate sufficient template material, prior to dPCR for vector and reference 

amplicons. Their single-cell assay generated results that were consistent with bulk 

measurements.45 However, their method has yet to be applied for CAR VCN measurements. 

 As a more sensitive assay for monitoring VCN, dPCR shares strengths and weaknesses 

with qPCR. Unlike qPCR, the increased sensitivity allows dPCR to measure VCN in single cells. 

Single-cell VCN measurements can capture heterogeneity in transduction efficiency within a CAR 

T-cell infusion, which may impact clinical efficacy. However, compared to with qPCR, dPCR-

compatible machines are rarer and dPCR reactions are more costly. Hence, widespread adoption 

of dPCR will require time. 

 

Integration Site Analysis 

The genomic locations of the integrated CAR vector can be profiled via integration site analysis 

(Figure II-2C). During CAR transduction, the CAR vector is randomly inserted into the genome 

(i.e. insertional mutagenesis), which can disrupt genes, trigger premalignant T cell proliferation, 

promote CAR T-cell efficacy, and influence clinical response.46–48 Integration site analysis maps 

sites of insertional mutagenesis using next-generation sequencing. Importantly, integration site 

analysis can characterize the integration loci biases of different CAR vector delivery techniques. 
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In brief, integration site analysis involves fragmentation, PCR, and analysis steps. First, gDNA 

from the CAR T-cell sample is fragmented via restriction enzymes, transposases, or sonication. 

If necessary, adaptors are ligated onto the resulting DNA fragments. Then, fragments containing 

the CAR vector and flanking genome are enriched by PCR amplification, using a primer that 

anneals on the adaptor paired with a primer that anneals on the CAR vector. When this amplicon 

is sequenced, reads from the vector can extend into flanking human DNA, which can be aligned 

onto the human genome to reveal the integration loci. 

 Historically, integration site analysis employed restriction enzymes to fragment gDNA.49 

However, restriction enzymes generated inconsistent results that depended on which restriction 

enzyme was used.50 The more up-to-date integration site pipeline for paired-end reads 

(INSPIIRED) eliminates restriction enzyme bias by using sonication for fragmentation. INSPIIRED 

includes well-documented steps for sonication, library preparation, Illumina paired-end 

sequencing, and bioinformatic site-calling.51,52 INSPIIRED has been employed on anti-CD19 CAR 

T-cell therapy infusion samples, which showed that insertional mutagenesis near genes in cell-

signaling and chromatin modification pathways predicted clinical response.46 The final and more 

elegant method for integration site mapping uses transposases to combine the fragmentation and 

ligation steps (i.e. tagmentation). In one step, the transposase agnostically fragments gDNA and 

inserts an adaptor for PCR amplification and Illumina sequencing. The tagmented gDNA can 

simultaneously be used for integration site analysis and chromatin accessibility profiling (via 

ATAC-seq) via the recently developed vector integration analysis with epigenomic assay (EpiVIA), 

which can be applied at both the bulk and single-cell level.53 In a clinical case study, Mu 

transposase-enabled integration site analysis characterized how lentiviral insertion of the CAR 

vector disrupted TET2 and led to massive (94% of blood CD8+ T cells) CAR T-cell expansion.47,50 

In addition, Tn5 transposase-enabled integration site analysis was employed to compare 

integration sites between γ-retrovirus, lentivirus, and piggyBac transposon-mediated gene 
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transfer. Compared to viral transduction, the piggyBac transposon integrated less often near 

transcriptional start sites and more often into genomic safe harbors37. 

 Overall, integration site analysis is a clinically relevant CAR detection method for locating 

sites of insertional mutagenesis. Newer integration site analysis pipelines involving transposases 

significantly streamline benchwork and enable EpiVIA, which combines integration site analysis 

and ATAC-seq at the bulk and single-cell levels.53 Furthermore, the abundance of each CAR T-

cell clone (each of which can be assumed to harbor unique integration sites) can be 

bioinformatically inferred from integration site sequencing data.54 However, capture efficiencies 

for most CAR integration site analysis methods are unavailable. Where available, capture 

efficiencies are notably poor. For instance, at least three Mu transposase-enabled integration site 

analysis replicates were required to capture all six integration sites in a cell line.50 Since polyclonal 

CAR T-cell populations contain far more than six integration sites, integration site analysis is 

unlikely to capture all integration sites, especially those from rare clones. With single-cell EpiVIA, 

only ~200 integration sites were detected from 700 M read pairs in ~5000 CAR-transduced T cells, 

which was notably far from saturation.53 Hence, capture efficiencies should be better 

characterized, and protocol improvements are needed to assay rarer clones. 

 

III: CAR Detection at the Transcriptomic Level 

After genomic integration, the CAR vector is transcribed into mRNA. There are two main methods 

for detecting CAR mRNA: RNA-sequencing (Figure II-3A) and RNAscope in situ hybridization 

(Figure II-3B). These methods determine the abundance and subcellular location of the CAR 

mRNA respectively. Detection of CAR mRNA can be more functionally relevant than detection of 

the CAR vector, since CAR mRNA is closer to CAR protein, which exerts biological functions. 
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Figure II-3. Transcriptomic CAR Detection. RNA-sequencing (RNA-seq) and RNAscope in situ 
hybridization (RNAscope ISH) measure CAR mRNA abundance and subcellular localization 
respectively. (A) With RNA-seq, CAR mRNA is first converted to cDNA, which is then fragmented 
and prepped for sequencing. Counting the number of sequencing reads that map to the CAR 
transgene sequence measures CAR mRNA abundance. (B) With RNAscope ISH, the CAR mRNA 
is first hybridized with target-specific RNA probes. Subsequently, this complex is hybridized with 
the preamplifier, amplifier, and fluorescent probes to form a fluorescently labeled CAR mRNA 
complex for fluorescence microscopy. 
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RNA-sequencing 

CAR mRNA abundance can be quantified by RNA-sequencing (RNA-seq, Figure II-3A). CAR 

mRNA quantity depends upon genomic factors: VCN, promoter strength, local chromatin 

architecture, regulatory elements, and DNA methylation. Importantly, CAR mRNA quantity drives 

antigen-independent tonic signaling55 and amount of translated CARs on the cell surface 

influences antigen-sensitivity, NFAT signaling, and cytokine production.56 In general, RNA-seq 

quantifies mRNA by converting mRNA to cDNA via reverse transcription. The cDNA can 

subsequently be fragmented, sequenced, and aligned to gene sequences to measure mRNA 

abundance. RNA-seq can correlate CAR mRNA abundance with transcriptional profiles. For 

instance, Zhang et al. utilized RNA-seq on anti-CD19 CAR T-cell therapy patient samples to 

measure correlation between CAR and CD19 expression.57 These analyses also apply at the 

single-cell level. Sheih et al. utilized single-cell RNA-seq to quantify CAR mRNAs and interrogate 

transcriptional profiles in CD8+ T cells from CAR T-cell infusion products. CAR mRNA 

quantification helped to distinguish between CAR-transduced versus non-transduced cells in their 

single-cell dataset.58 Prospectively, RNA-seq may also help characterize how viral promoters 

influence CAR transcription and in vivo differentiation. For example, with anti-CD19 CAR-T cell 

therapy, tisagenlecleucel employs the elongation factor 1-α promoter while axicabtagene 

ciloleucel employs the murine stem cell virus promoter. Although the EF-1α promoter drives 

higher and more consistent murine in vivo transcription than the MSCV promoter59, no studies 

have determined whether this difference influences CAR T-cell functionality or clinical outcomes. 

 RNA-seq is now a routinely employed biological assay with many published protocols, 

commercial kits, and analysis pipelines. By integrating the genomic factors that influence CAR 

expression into a single readout, RNA-seq provides more clinically and biologically relevant data 

than qPCR for the CAR vector. Furthermore, in single-cell RNA-seq datasets, CAR mRNA 

quantification can help differentiate CAR T cells from non-CAR T cells during analysis.58 However, 

mRNA-seq notably cannot capture factors that influence CAR translation, such as ribosome, 
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initiation factors, and amino acid availability. Therefore, flow cytometry or western blotting for the 

CAR protein may be superior methods for determining CAR functionality in certain scenarios. 

 

RNAscope in situ Hybridization 

Both the quantity and subcellular localization of the CAR mRNA can be determined by RNAscope 

in situ hybridization (RNAscope ISH, Figure II-3B). RNAscope ISH utilizes RNA-specific 

oligonucleotide probes that anneal with a targeted RNA molecule in fixed and permeabilized cells, 

to generate fluorescence signals for microscopy. Dual target probes (for specificity) and additional 

adaptor probes (for signal amplification) enable detection, localization, and visualization at the 

single-molecule level. Using orthogonal sets of probes, RNAscope ISH can be multiplexed—CAR 

mRNA can be simultaneously detected along with other targets on the same slide.60 Furthermore, 

RNAscope ISH can correlate CAR mRNA quantity with the CAR T cell’s relative location within a 

tissue sample. For instance, RNAscope ISH (to detect the CAR mRNA’s 3’-untranslated region) 

was employed to visualize anti-EGFRvIII CAR T-cell infiltration into glioblastoma after intravenous 

infusion. This study showed active trafficking of anti-EGFRvIII CAR T cells into tumor regions, 

which correlated with EGFRvIII downmodulation on tumor cells.61 Furthermore, RNAscope ISH 

was employed to show anti-ROR1 and anti-BCMA CAR T-cell biodistribution and tissue trafficking 

in xenograft tumor models.62 

 RNAscope ISH is a specialized tool with many strengths: (1) spatial resolution spanning 

the single-molecule and subcellular levels; (2) capability for multiplex detection; (3) compatibility 

with microscopy. However, RNAscope ISH requires fixed and permeabilized cells, hence it cannot 

be used for live-cell RNA imaging. Studies have yet to take advantage of this method’s unique 

strengths. For example, current studies use RNAscope ISH to distinguish CAR T cells from non-

CAR T cells in tissue sections, with only limited use of its multiplexing capabilities. Furthermore, 

no studies have yet analyzed how CAR mRNA subcellular localization (e.g., near cell membrane) 

may influence CAR mRNA stability, degradation, or translation. 
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IV: CAR Detection at the Proteomic Level 

After translation from CAR mRNA, the CAR protein drives antigen-dependent signaling. Unlike 

detection at the genomic or transcriptomic levels, detection at the proteomic level can directly 

evaluate CAR functionality. The CAR protein can be detected by flow cytometry (with staining 

reagents), luminescence (with Topanga reagent), immunoprecipitation (with staining reagents), 

and microscopy (with fluorescent protein fusions). Figure II-4A depicts where each detection 

reagent acts. 

 

 

 

Figure II-4. Proteomic and Organismal CAR Detection. (A) At the proteomic level, the CAR 
protein can be detected with staining agents (for flow cytometry and immunoprecipitation), 
Topanga reagent (for luminescence), or fused fluorescent proteins (for microscopy and flow 
cytometry; cyan fluorescent protein (CFP) is shown as an example). The approximate location or 
binding site for each method is depicted on the cartoon. (B) At the organismal level, the 
biodistribution of CAR T cells between organ compartments can be measured by 
bioluminescence imaging (BLI) or positron emission tomography (PET) scanning using a 
luciferase substrate or radiotracer respective. Furthermore, single CAR T cells can be tracked in 
tissue with two-photon microscopy. 
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Staining Reagents for Flow Cytometry 

Table II-1. CAR-Staining Reagents 

Property 
Anti-IgG 

Antibodies 
Protein 

L 
Antigen

-Fc 
Anti-Idiotype 

Antibody 
Anti-Linker 
Antibody 

One-step staining Yes No No Yes Yes 
Compatibility w/antibody 

panels 
Inconsistent No Yes Yes Yes 

Compatibility w/FcX 
reagents 

Inconsistent No Some Yes Yes 

Reagent stability High High 
Often 
low 

High High 

Specificity for CAR Low Low High High High 
Access to academic labs Easy Easy Easy Hard Hard 

 

The presence and quantity of the CAR protein on the cell surface can be assayed via fluorescent 

CAR-staining reagents and flow cytometry. In addition to CAR protein quantitation, these staining 

reagents also enable multicolor flow cytometry-based profiling and fluorescence-activated cell 

sorting. CAR-staining reagents were instrumental in illuminating factors that impact CAR T-cell 

clinical efficacy, including T-cell subset composition, CAR downmodulation after antigen 

engagement56,63, and CAR T-cell trogocytosis64. Although many CAR-staining reagents exist, a 

comparison of sensitivity and specificity metrics between these staining agents has yet to be 

performed. Each staining reagent’s target site and general properties are summarized in Figure 

II-4A and Table II-1 respectively. 

 Two CAR-staining reagents target IgG-like fragments: polyclonal anti-IgG antibodies and 

Protein L. Polyclonal anti-IgG (often of goat origin) are commonly used as secondary antibodies 

to stain IgG-like fragments. As polyclonal reagents, they have significant batch-to-batch variation. 

Although they are provided by a variety of vendors, the polyclonal goat anti-mouse F(ab)2 from 

Jackson ImmunoResearch Laboratories is the most widely used, and was historically used to 

characterize the anti-CD19 CAR in axicabtagene ciloleucel.65 Protein L is a Peptostreptococcus 

magnus bacterial surface protein that binds to many immunoglobulin kappa (κ) light chains, 

including human VKI, VKIII, VKIV and murine VKI, without interfering with the immunoglobulin’s 
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antigen-binding site. In addition to whole antibodies, Protein L can also bind light chains on scFv.66 

Zheng et al. optimized Protein L as a CAR-staining reagent for flow cytometric detection, and 

demonstrated successful staining with a variety of CARs, including CARs containing human scFv 

(anti-EGFRvIII, anti-VEGFR2), murine scFv (anti-CD19, anti-CSPG4), and humanized scFv (anti-

HER2, anti-PSCA). However, their method requires multiple cell washes before Protein L staining 

since carry-over immunoglobulin in serum or culture media must be strictly removed. Furthermore, 

their own results suggest their method may have worse stain index compared to polyclonal anti-

IgG antibodies.67 Protein L has been used to characterize masked CARs with tumor-specific 

activation68, CAR downmodulation56, tonic signaling27, and to activate CAR T cells via Protein L 

that is bound on plates56. 

 Although both polyclonal anti-IgG antibodies and Protein L are relatively cheap and 

accessible CAR-staining reagents, they share significant shortcomings: (1) cross-reactivity with 

non-CAR IgG-like proteins on the cell surface, requiring stringent washing before and after 

staining; (2) incompatibility with other antibodies in antibody panels and many FcX blocking 

reagents during multicolor flow cytometry, requiring multiple staining and washing steps; (3) 

cannot independently stain different CARs on a dual-CAR expressing T cell; and (4) cannot stain 

CARs with synthetic scFv. While the former two shortcomings are inconvenient, the latter two 

shortcomings significantly limit their applications in newer CAR systems. 

 Antigen-Fc is a CAR-staining reagent that utilizes the CAR’s binding affinity for its target 

antigen. Antigen-Fc are chimeric proteins with an N-terminal target antigen fused to a C-terminal 

Fc fragment (often from human IgG1). Due to the Fc fragment, antigen-Fc dimerizes under non-

reducing conditions in solution and can be purified via Protein A beads. To stain CAR-T cells, 

antigen-Fc is applied, followed by a secondary staining step with fluorophore-labeled anti-Fc or 

anti-biotin/streptavidin (if the antigen-Fc was biotinylated). Alternatively, the antigen-Fc is directly 

conjugated with a fluorescent dye, which eliminates the secondary staining step. Biochemically, 

antigen-Fc binds with antibody-like specificity and affinity. Antigen-Fc has been used to evaluate 
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novel CAR constructs69, to independently measure expression of each CAR in dual CAR-T cells70, 

and to activate CAR T cells via antigen-Fc that is bound on plates69. Antigen-Fc, including CD19-

Fc, HER2-Fc, and PSCA-Fc, are commercially available from many vendors. 

 CD19-Fc is of special interest, due to the success of anti-CD19 CAR T-cell therapy and 

availability of patient samples for research. De Oliveira et al. expressed CD19-Fc for CAR T-cell 

staining and found that exon 4 of the CD19 ectodomain (CD19ecto) is required for binding to the 

anti-CD19 (clone FMC63) CAR used in Yescarta and Kymriah. However, their staining results 

show inferior stain index than either polyclonal anti-IgG antibodies or Protein L, hinting at issues 

with protein quality.71 Indeed, CD19ecto aggregates in higher-order disulfide-bonded oligomers 

and is notorious for being a difficult-to-express protein.72 The crystal structure of CD19ecto bound 

to a B43-Fab shows that CD19ecto can form a unique elongated β-sandwich, which may be 

difficult to fold properly within overexpression systems.73 In response to technical challenges with 

CD19ecto production, Lobner et al. expressed a novel chimera consisting of an N-terminal 

CD19ecto with a C-terminal human serum albumin domain 2 (AD2). Compared to CD19ecto, the 

CD19-AD2 chimera is easier to produce, monomeric, and effectively binds and stains the FMC63-

based anti-CD19 CAR.74 

 In conclusion, although antigen-Fc are more CAR-specific than polyclonal anti-IgG 

antibodies and Protein L, antigen-Fc also have notable limitations: (1) more expensive; (2) 

possible decreased stability in solution compared to traditional antibodies; (3) may be 

incompatible with FcX blocking reagents; and (4) the Fc fragment may non-specifically bind Fc 

receptors. Future iterations of antigen-Fc may involve engineered Fc regions that enable 

compatibility with FcX blocking reagents and disable non-specific binding of Fc receptors. 

Furthermore, future iterations of antigen-Fc may also take advantage of higher valency binding. 

Antigen-Fc are analogous to MHC-multimers, which stain antigen-specific T cells by binding to 

the TCR with high avidity.75,76 Research on MHC-multimers have shown that higher valency 

staining reagents improve sensitivity via higher avidity binding. For example, MHC-dodecamers 
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(12-valency) and MHC-dextramers (>>4-valency) are more sensitive than MHC-tetramers (4-

valency).77,78 CAR-staining reagents with higher binding valency than antigen-Fc (2-valency) 

should be constructed, and the potential sensitivity enhancement from higher avidity binding 

should be determined. Higher sensitivity antigen-Fc variants may facilitate staining and analysis 

of CAR T cells with low CAR expression due to genome position effects on the CAR vector or 

CAR downmodulation. These studies will be summarized in Chapter III of this dissertation. 

 Another CAR-staining reagent is anti-idiotype antibodies. Anti-idiotype antibodies 

specifically bind the variable regions of a particular scFv. Furthermore, anti-idiotype antibodies 

enable immunohistochemical staining and can potentially block CAR ligation in an in vivo setting. 

Jena et al. developed and characterized a novel monoclonal anti-idiotype antibody (clone 

136.20.1) against the FMC63-based anti-CD19 scFv from immunized mice. Their results show 

136.20.1 has a lower detection limit of 0.1%, is compatible with microscopy and 

immunohistochemistry, and inhibits the effector functions of anti-CD19 CAR T cells.79 This 

antibody has since been used to characterize CAR T cells in preclinical studies 47,55 and clinical 

trials.80 Interestingly, 136.20.1 was also used to create a novel anti-idiotype CAR as a cellular 

antidote and kill switch during therapy.81 Other anti-idiotype antibodies include clone 1A7, which 

can detect the anti-GD2 (14g2a) CAR.82 Notable advantages of anti-idiotype antibodies include 

high reagent stability, low background staining, compatibility with antibody panels in multicolor 

flow cytometry, and the ability to discriminate between different types of CARs. However, anti-

idiotype antibodies are expensive in cost and time, and most are commercially unavailable. 

Development of an anti-idiotype antibodies for every new CAR is infeasible. 

 Finally, Kite Pharma developed rabbit monoclonal antibodies against two commonly used 

linkers in the CAR scFv: clone KIP-1 against the Whitlow linker and clone KIP-4 against the G4S 

linker. These linkers connect the heavy and light chains in the scFv. KIP-1 can detect (via flow 

cytometry) and activate CAR-T cells with the Whitlow linker.83 KIP-1 was subsequently used in 
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Kite Pharma and Gilead-sponsored studies.84 However, these linker antibodies are unlikely to be 

accessible to most academic labs without industry sponsorship. 

 

Biochemical Assays 

The CAR’s presence and binding competence can be assayed by luminescence (in the absence 

of a flow cytometer) using the Topanga reagent. Gopalakrishnan et al. developed the Topanga 

reagent, a chimeric protein consisting of the N-terminal CAR-antigen fused to a C-terminal marine 

luciferase, NLuc. Incubation of the Topanga reagent with CAR T-cell mixtures facilitated 

luminescent detection. The Topanga reagent’s exceptional sensitivity allows it to detect CAR-

binding in a mixture of 0.001% CAR-T cells out of 1 million PBMCs.85 Although the Topanga 

reagent cannot determine percentage of CAR-expressing cells, it might be useful for quick quality 

control during manufacturing and testing the binding functionality of the CAR. 

 CAR signaling can be assayed by immunoprecipitation (IP) or co-immunoprecipitation (co-

IP) using Protein L-conjugated beads for analysis of CAR post-translational modifications and 

interaction partners.67 Protein L-conjugated beads bind to the light chain of the CAR scFv, and 

can pull down CAR interaction partners for western blotting or mass spectrometry. Ramello et al. 

utilized this approach to pull down CAR immune complexes. Complexes were analyzed by 

tandem liquid chromatography-mass spectrometry, to identify 253 CAR interaction partners 

enriched within 15 canonical pathways.86 In addition to Protein L beads, CAR IP can be performed 

on epitope-tagged CAR receptors. Salter et al. used the 9-amino acid Strep-tag II to tag the CAR 

between the scFv and the hinge, demonstrating that endogenous Lck and CD28 differentially 

associate with CD28-based and 4-1BB-based CARs in the absence of signaling.87 IP with epitope 

tags is more target-specific than IP with Protein L since Protein L is known to interact with IgG-

like molecules. However, these epitope tags must not interfere with CAR function. Furthermore, 

current FDA-approved anti-CD19 CAR designs do not have a convenient epitope tag for IP. 
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Microscopy 

CAR trafficking and immunological synapse (IS) formation can be visualized by microscopy. 

Importantly, confocal and total internal reflection fluorescence (TIRF) microscopy can probe CAR 

signaling and inform CAR engineering.  Confocal microscopy visualizes the CAR with high spatial 

resolution. Effector and target cells can be adhered to glass slides, allowed to interact, and fixed 

prior to imaging. Using this approach, Davenport et al. found that CAR T cells form non-classical 

IS with multifocal Lck microclusters that may facilitate serial killing.88 In addition, Long et al. utilized 

confocal microscopy with Cerulean-tagged CAR to show aggregation of the anti-GD2 CAR on the 

cell surface, which may contribute to antigen-independent tonic signaling.27 However, this setup 

limits spatial resolution because the CAR IS lies on a vertical imaging plane formed through 

horizontal cell-cell interactions.89 Xiong et al. circumvented this limitation using confocal 

microscopy with a vertical cell-pairing system, which flips the CAR IS onto a horizontal imaging 

plane. Their setup revealed that characteristics of the IS, including antigen clustering, lytic granule 

polarization, and distribution of key signaling molecules, predict CAR T-cell efficacy in vivo.90 

 In live cells, the CAR can be visualized at the molecular level via lipid bilayer experiments 

in conjunction with TIRF microscopy. TIRF microscopy excites fluorophores by inducing an 

evanescent field near the interface between two media with different refractive indices. In this 

setup, the CAR T cell interacts with antigen on glass-supported lipid bilayers to form an IS on the 

horizontal plane. The evanescent field selectively excites fluorophores near this plane. CAR 

proteins at this interface can be directly or indirectly detected, via fluorescently labeled CAR or 

CAR antigen.91 Using TIRF, Xiaolei et al. characterized recruitment of CAR microclusters to the 

CAR IS, and found that the CAR IS disassembles quicker than the classical TCR IS.92 

 With either TIRF or confocal microscopy, fluorescently labeling the CAR for direct 

detection is preferred over labeling the CAR antigen. Labeling the CAR allows CAR tracking 

outside of the IS and in resting CAR T cells. One common method is to chimerically tag fluorescent 

proteins, such as green fluorescence protein derivatives, to the CAR C-terminus. In addition to 
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enabling direct CAR visualization, this method also facilitates CAR quantification via flow 

cytometry. Walker et al. utilized cyan fluorescence protein-labeled CAR to measure anti-CD19 

CAR downmodulation after antigen engagement. However, this tagging was not possible with all 

CAR constructs. They reported that an anti-ALK CAR tagged with cyan fluorescence protein failed 

to express 56. Similarly, Morrissey et al. engineered enhanced green fluorescence protein-labeled 

CARs for phagocytosis that direct macrophages to engulf target cells. Trafficking of these CARs 

was studied via live-cell imaging.93 For CARs that are not amenable to fluorescent protein fusion, 

an alternative method is staining the extracellular regions of the CAR with fluorescent Fabs or 

scFvs immediately before microscopy. These Fabs should neither block the CAR antigen binding 

site nor influence CAR trafficking or mechanotransduction. Sasmal et al. utilized this method to 

label the TCR with an anti-TCRβ scFv for FRET studies.94 However, this method has yet to be 

applied onto CARs. 

 Finally, CARs have yet to be visualized with super-resolution microscopy or lattice light-

sheet microscopy (LLSM). These emerging technologies can significantly improve spatial and 

temporal resolution. Rosenberg et al. utilized LLSM to visualize TCR dynamics, which were 

correlated with T-cell signaling states.95,96 However, similar experiments to characterize CAR 

dynamics have not yet been performed. Nerreter et al. utilized stochastic optical reconstruction 

microscopy (a form of super-resolution microscopy) to image CD19 expression on multiple 

myeloma patient cancer cells to establish a sensitivity threshold for CAR T-cell efficacy.97 

However, similar studies to visualize the CAR itself have not been conducted. 

 

V: CAR Detection at the Organismal Level 

After CAR T cells are manufactured and intravenously infused, CAR T cells proliferate and traffic 

between blood, lymph nodes, bone marrow, peripheral tissue, and tumor. In vivo detection and 

tracking of CAR T cells can probe location-dependent phenotypes and elucidate models for 

therapy failure. There are three main methods for tracking CAR T cells at the organismal level:  
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Table II-2. Representative BLI and PET Scanning Applications 

Method 
Type 

Reporter Probe Validation System Notes 

BLI 
Firefly luciferase 
(FLuc) 

D-luciferin 
Anti-PSCA CAR-T 
cells in xenograft 
mouse model 

- 

BLI 
Firefly luciferase 
(FLuc) 

D-luciferin 

anti-HLA-A*02:01 
CAR-Tregs in human 
allograft mouse 
model 

- 

Duplex 
BLI 

Renilla luciferase 
(RLuc)  
Click beetle 
luciferase 
(CBRLuc)  

Coelenterazine and 
D-luciferin 

anti-PSMA CAR-T 
cells in xenograft 
mouse model 

Signal 
diminished by 
poor substrate 
availability 

Duplex 
BLI 

FLuc mutants  Infraluciferin 
anti-CD19 CAR-T 
cells in xenograft 
mouse model 

Used spectral 
unmixing 

PET 
Scanning 

Herpes simplex 
virus type 1 
thymidine kinase 
(HSV1-TK) 

18F-FHBG 
IL-13 zetakine CAR-
T cells in clinical trial 

Clinical study 

PET 
Scanning 

DOTA antibody 
reporter 1 
(DAbR1) 

86Y-AABD for imaging  
177Lu-AABD for 
suicide 

anti-CD19 CAR-T 
cells in xenograft 
mouse model 

Forms 
covalent bond 
between 
reporter and 
probe 

PET 
Scanning 

E. coli 
dihydrofolate 
reductase 
(eDHFR) 

18F-labeled 
trimethoprim  
(18F-TMP) 

anti-GD2 CAR-T 
cells in xenograft 
mouse model 

Sensitivity of 
~11,000 CD8+ 
CAR-T cells 
per mm3 

PET 
Scanning 

Human 
somatostatin 
receptor 2 
(SSTR2) 

18F-NOTA-Octreotide 
(NOTAOCT) 

ICAM-1-directed 
CAR-T cells in 
xenograft mouse 
model  

Background 
expression of 
SSTR2 in 
healthy human 
tissue 

PET 
Scanning 

Human sodium 
iodide symporter 
(hNIS) 

99mTcO4
- 

anti-PSMA CAR-T 
cells in xenograft 
mouse model 

Cheap and 
widely used 
radiotracer 

PET 
Scanning 

Prostate-specific 
membrane 
antigen 

18F-DCFPyL 
anti-CD19 CAR-T 
cells in xenograft 
mouse model 

Reporter/probe 
used 
extensively in 
tracking 
prostate 
cancer 

PET 
Scanning 

None 

89Zr-p-
isothiocyanatobenzyl-
desferrioxamine  
(89Zr-DFO) 

anti-CD19 CAR-T 
cells in xenograft 
mouse model 

Physical 
labeling 
bypasses need 
for reporter; 
long half-life 
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bioluminescence imaging (BLI), positron emission tomography (PET) scanning, and two-photon  

microscopy (Figure II-4B). All three methods can monitor CAR T cells in organs. BLI and PET  

scanning utilize reporters and probes for visualization. A representative, but not exhaustive, list 

of applications of BLI and PET scanning is provided in Table II-2. Two-photon microscopy utilizes 

fluorescence for visualization with single-cell resolution. Unlike CAR detection in the previous 

levels, CAR detection at the organismal level most directly studies CAR T cells in vivo. 

 

Bioluminescence Imaging 

In vivo bioluminescence imaging (BLI) captures CAR T-cell biodistribution throughout an 

organism. BLI can probe for trafficking into solid tumors without needing to isolate the tumor for 

manual processing. To enable BLI, CAR T cells must be co-transduced with luciferase. During 

imaging, luciferase substrate is injected, circulate and diffuse to CAR T cells, and get processed 

by luciferase to emit light. The emitted light is captured using charge-coupled device (CCD) 

cameras, which convert light into electronic currents that localizes the light source. Conventional 

luciferases come from terrestrial (i.e., North American firefly luciferase, FLuc) or marine (i.e., 

Renilla luciferase, RLuc) animals, which use D-luciferin or coelenterazine respectively, along with 

O2 and sometimes ATP. Newer luciferases are smaller and more sensitive.98 

 BLI can track in vivo CAR T-cell expansion. Chavez et al. utilized BLI to compare 

expansion kinetics of anti-CD19 CAR T cells cultured with different sera during ex vivo 

transduction. BLI showed that human platelet lysate led to memory-like CAR T cells, which 

exhibited superior in vivo expansion upon tumor re-challenge.99 Furthermore, BLI can track in vivo 

CAR T-cell trafficking. Dawson et al. utilized BLI to show trafficking of anti-HLA-A*02:01 CAR-

Tregs, which migrated into transplanted human allograft skin tissue and associated draining 

lymph nodes. These migratory behaviors correlated with CAR-Tregs preventing allograft rejection 

in NSG mice.100 
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 Importantly, luciferase/substrate pairs can be multiplexed. For example, FLuc and RLuc 

can tag different cell populations in the same animal for imaging using different substrates. 

Serganova et al. used multiplex BLI to simultaneously track anti-PSMA CAR-T and PSMA+ tumor 

cells with RLuc and click beetle luciferase respectively in a mouse model. Multiplex BLI revealed 

initial CAR T-cell sequestration in the lungs.101 However, this method requires sequential injection 

of luciferase substrates. The signal from the first injection must entirely disappear before the 

second injection, which requires careful optimization. Hence, Stowe et al. developed a different 

approach to BLI multiplexing: spectral unmixing. In their system, two cell populations are tagged 

with two distinct luciferases that share a common substrate: infraluciferin. These distinct 

luciferases generate light with dissimilar emission wavelengths. After infraluciferin injection, total 

BLI signal is captured, which is spectrally unmixed into two bioluminescence channels. Their 

method captured anti-CD19 CAR-T cells homing to and expanding within the lymphoma tumor in 

a mouse model.102 Spectral unmixing eliminates the requirement for sequential substrate injection. 

 Strengths of BLI include accessibility of CCD cameras among core facilities, standardized 

and high-throughput protocols, affordability, and multiplexed live-cell imaging. Furthermore, 

engineered FLuc derivatives, such as AkaLumine-HCl can emit near-infrared light, for superior 

deep-tissue penetration.103 Hence, BLI is the method of choice for preclinical CAR T-cell 

experiments. However, it comes with notable weaknesses. BLI is not used in clinical trials 

because humans are too large for the emitted light to penetrate tissue efficiently. Furthermore, 

the luciferase reporter may be immunogenic. In mice, unlike intravital two-photon microscopy, BLI 

cannot track CAR T cells at the single-cell level. Finally, the location and metabolism of the CAR-

T cells may decrease ATP and O2 availability, leading to diminished BLI signal. Substrate 

availability is even more limited in the tumor microenvironment.101 Development of engineered 

luciferases with superior enzymatic activity and tissue penetration only partially addresses these 

issues. 
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Positron Emission Tomography 

Positron emission tomography (PET) scanning also captures CAR-T cell biodistribution 

throughout an organism. To enable PET, the CAR is co-transduced with a PET reporter, which 

can capture and accumulate a positron-emitting small molecule probe. For imaging, a probe is 

intravenously injected, which preferentially accumulates in CAR T cells due to the co-expressed 

PET reporter. Emitted positrons colocalize with CAR T cells, lose kinetic energy, combine with a 

nearby electron, gets annihilated, and emits high-energy photons. The high energy photons are 

captured with a PET scanner.104 

 Although many PET reporter/probe pairs have been developed to track CAR T cells, only 

one pair has been tried on patients in a CAR T-cell clinical study (NCT00730613 and 

NCT01082926): herpes simplex virus type 1 thymidine kinase (HSV1-TK) paired with 9-[4-

[18F]fluoro-3-(hydroxymethyl)butyl]guanine (18F-FHBG). HSV1-TK is a cytosolic viral kinase that 

selectively phosphorylates nucleoside analogs such as 18F-FHBG. Phosphorylated 18F-FHBG 

then accumulates intracellularly. The pharmacology and safety profile of 18F-FHBG in humans are 

well-documented, and 18F-FHBG is FDA-approved as an investigational new drug. In this clinical 

study, Keu et al. co-expressed HSV1-TK with an interleukin-13 (IL-13) zetakine CAR in CD8+ T 

cells to treat recurrent high-grade glioma in seven patients. The glioma disrupts the blood-brain 

barrier, allowing 18F-FHBG to diffuse into the tumor. PET scans show increased signal around the 

tumor after CAR T-cell infusion, which suggests active trafficking of CAR T cells into the tumor. 

However, increased PET signal can also feasibly be due to increased nonspecific vascular 

leakage or glioma progression, which this pilot study cannot address.105 Importantly, the HSV1-

TK reporter may also function as a suicide switch by accumulating ganciclovir, a separate 

nucleoside analog which can induce apoptosis.106 This can be a critical safety mechanism for 

patients experiencing adverse CAR T-cell-related side effects, including cytokine release 

syndrome and pneumonia. The kinetics and utility of HSV1-TK as a suicide switch for CAR T cells 

have yet to be clinically tested. 
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 Other PET reporter/probe pairs have been developed in preclinical mouse models and are 

summarized in Table II-2. Krebs et al. used DOTA antibody reporter 1 (DAbR1), which binds 

irreversibly on the cell surface with 86Y-labeled (S)-2-(4-acrylamidobenzyl)-DOTA (86Y-AABD). 

DAbR1 does not inhibit in vitro cytotoxicity, and PET scans show homing of CAR T cells to the 

tumor. Furthermore, they predicted DAbR1 can be a suicide switch with 177Lu-AABD, a heavier 

and more radioactive nuclide.107 Sellmyer et al. used Escherichia coli dihydrofolate reductase 

enzyme (eDHFR), which binds to 18F-labeled trimethoprim (18F-TMP), to image anti-GD2 CAR T 

cells in mouse xenograft models. PET scans show colocalization between anti-GD2 CAR T cells 

and GD2+ tumor, which was confirmed with bioluminescence. Finally, they calculated that their 

method can detect ~11,000 CD8+ CAR T cells per mm3.108 Park et al. used human somatostatin 

receptor 2 (SSTR2), which ensures intracellular accumulation of 18F-NOTA-Octreotide 

(NOTAOCT), to track CAR T cells of differing affinities to ICAM-1. PET scans captured CAR T-

cell expansion and contraction kinetics.109 However, background expression of SSTR2 may 

preclude its use in clinical trials.110 Emami-Shahri et al. used human sodium iodide symporter 

(hNIS), which is compatible with 99mTcO4
-, a cheap and widely used clinical radiotracer. Their 

results show trafficking of anti-PSMA CAR T cells into the tumor, which was confirmed by IHC.111 

Finally, Minn et al. co-transduced CAR T cells with PSMA, which interacts with 18F-DCFPyL. Their 

results show divergence between CAR T-cell occupancy in blood, bone marrow, and tumor.112 

Furthermore, PET scanning can image physically labeled CAR T cells, which bypasses the 

requirement for a PET reporter. CAR T cells can be radiolabeled after manufacturing and prior to 

infusion. Lee et al. developed 89Zr-p-isothiocyanatobenzyl-desferrioxamine (Df-Bz-NCS, DFO), 

which covalently labels 70-79% of CAR T cells with negligible impact on cell viability and 

proliferation. 89Zr’s long half-life (78.4 hours) makes this nuclide suitable for long-term in vivo 

tracking. PET scanning captured these cells as they migrated between lung, liver and spleen.113 

 Strengths of PET scanning include accessibility of PET scanners in the clinic, penetration 

of positrons through tissue, and the dual use of PET reporter also as a suicide safety switch. 



34 

 

Unlike BLI, PET scanning is widely used in the clinic. However, PET scanning shares some 

limitations with BLI, including lack of single-cell resolution and potential immunogenicity of the 

PET reporter. The latter limitation can be ameliorated with PET reporters that are based on 

endogenous human proteins (e.g., SSTR2 and NIS). However, background expression of 

endogenous human proteins may also obscure results. Finally, unlike with multiplexed BLI, PET 

scanning cannot multiplex different reporters since all reporter/probe pairs emit positrons. Hence, 

PET scanning cannot simultaneously image both CAR T and tumor cells. 

 

Two-Photon Microscopy 

Finally, two-photon microscopy can capture the distribution, motility, and functionality of CAR T 

cells in vivo at the single-cell level. With two-photon microscopy, one fluorophore simultaneously 

absorbs multiple (usually two) units of near-infrared (NIR) photons and emits a single unit of 

fluorescence. Since NIR photons minimize scattering and multiphoton absorption occurs rarely in 

an area of high photon density, two-photon microscopy has deep tissue penetration, superior 

spatial resolution, and diminished photobleaching. These qualities are ideal for in vivo live-

imaging mouse experiments to capture single CAR T cells in action.114 Hence, out of the three 

CAR detection methods at the organismal level, two-photon microscopy is the most suitable for 

mechanistic studies at the cellular level. 

 Cazaux et al. utilized intravital two-photon microscopy to track GFP+CD8+ anti-murine 

CD19 CAR T cells in a syngeneic lymphoma mouse model. In addition to CAR T-cell motility, two-

photon microscopy was also used to measure calcium flux and detect apoptosis in CAR T cells 

and cancer cells respectively via Förster resonance energy transfer sensors. Two-photon 

microscopy demonstrated that: (1) B cells in circulation hindered CAR T cells from trafficking to 

the bone marrow; (2) CAR T cells killed both directly (through contact) and indirectly (through 

epitope spreading or cytokines); and (3) there is less immunosurveillance in lymph nodes than in 

bone marrow.115 Furthermore, Mulazzani et al. used intravital two-photon microscopy to compare 
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GFP+ anti-CD19 CAR T-cell infiltration into primary central nervous system lymphoma from 

intravenous and intracerebral CAR T-cell injection. Two-photon microscopy showed that 

intracerebral injection caused superior CAR T-cell infiltration and persistence, which was 

associated with long-term survival.116 In addition to genetically encoded fluorescent proteins, two-

photon microscopy can also involve inorganic fluorophores. Ma et al. developed biodegradable 

polydopamine nanodots with oxidation-induced fluorescence to track CAR T-cell targets in vivo. 

Polydopamine nanodots can be endocytosed by target cells and oxidized intracellularly for 

imaging. They demonstrated proof-of-principle in dissected mouse tissue.117 

 Two-photon microscopy is a powerful tool to capture in vivo CAR T-cell behavior and to 

generate novel hypotheses for CAR T-cell therapy failure and relapse. Its strengths (single-cell 

resolution, spatiotemporal resolution, tissue penetration) are ideal for mechanistic studies in mice. 

In addition, this method naturally links with other fluorescence-based tools, such as FRET sensors. 

However, unlike PET-based CAR tracking, two-photon microscopy cannot realistically be applied 

for clinical studies. Furthermore, two-photon microscopy requires equipment that might be 

inaccessible for many labs. 

 

VI: Discussion 

In this review, we summarized CAR detection methods that operate at the genomic, 

transcriptomic, proteomic, and organismal levels. We also identified key areas where CAR 

detection methods may be improved. 

 Based on the studies summarized in this review, we observed that development of new 

CAR detection methods has often proceeded through three phases. First, the new detection 

method is tested, validated, and optimized using CAR T cells generated from a healthy donor’s T 

cells after transduction with a known CAR construct. Under this controlled scenario, the method’s 

accuracy (e.g., false negative and false positive incidences) and reproducibility (e.g., error across 

replicates) can be measured and optimized. Second, the optimized detection method is applied 
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on clinical CAR T-cell samples from patients, in order to demonstrate utility in a real-world 

scenario. Third, the results from the new detection method are compared with results obtained 

from existing detection methods. These three phases measure performance metrics and ensure 

utility for clinical studies. Although no standard guidelines exist for developing new CAR detection 

methods, we believe the three aforementioned phases can serve as practical guidelines for 

development of future CAR detection methods. Furthermore, if the detection method is to be used 

for clinical or diagnostic purposes, it should be accurate, reproducible, readily implemented, and 

easily interpreted. Results from one clinical laboratory should be replicable in another clinical 

laboratory. These suggestions complement Good Clinical Laboratory Practices (GCLP). 

 For CAR basic science studies, we believe that developing single-molecule microscopy-

based CAR visualization will become increasingly important. The CAR has existed in its current 

form for years, but its molecular mechanisms are poorly understood or optimized. Although 

functionally similar to the TCR, the CAR traffics differently92, and signaling is less efficient and 

sensitive118. Furthermore, CAR-induced tonic signaling hastens CAR T-cell exhaustion.27,55 We 

believe CAR signaling inefficiencies should be understood via microscopy-based CAR 

immunological synapse visualization. Mechanistic insights from CAR immunological synapse 

visualization paired with new technologies, such as super-resolution or lattice light-sheet 

microscopy, may inform engineering endeavors that improve CARs. 

 For CAR clinical studies, we believe that developing PET-based in vivo CAR-tracking 

methods will become increasingly important. Since multiple clinical trials aim to extend CAR T-

cell therapy from hematological cancers to solid tumors, the ability to measure CAR T-cell 

trafficking into the tumor without the need for a biopsy is essential. This is particularly important 

for tumors at physically hard-to-access locations. The recent clinical trial that utilizes HSV1-TK as 

a PET reporter is a promising start, but confounding variables (vascular leakage and glioma 

progression) obscured conclusions drawn from their data.105 Newer CAR T-cell clinical studies 

that involve solid tumors should routinely employ PET scanning as both a research tool and on-
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treatment indicator of clinical efficacy. Meanwhile, other clinical studies should address the 

potential use of PET reporters as a CAR suicide safety switch. 
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SECTION III: ANTIGEN-MULTIMERS FOR CAR DETECTION2 

 

Although chimeric antigen receptor (CAR) T-cell therapy has transformed cancer treatment, high-

quality and universal CAR-staining reagents are urgently required to manufacture CAR T cells, 

predict therapy response, decipher CAR biology, and engineer new CARs. Here, we developed 

tetrameric and dodecameric forms of a multifunctional and extensible category of high-avidity 

CAR-staining reagents: antigen-multimers. Antigen-multimers detected CARs against CD19, 

HER2, and Tn-glycoside with significantly higher specificity, sensitivity, and precision than existing 

reagents. In addition to accurate CAR T-cell detection by flow cytometry, antigen-multimers also 

enabled ≥100-fold magnetic enrichment of rare CAR T cells, selective CAR T-cell stimulation, and 

high-dimensional CAR T-cell profiling by single-cell multi-omics analyses. Finally, antigen-

multimers accurately captured clinical anti-CD19 CAR T cells from patients’ cellular infusion 

products, post-infusion peripheral blood, and tumor biopsies. Antigen-multimers can be readily 

extended to other CAR systems by switching its antigen ligand. As such, antigen-multimers have 

broad clinical and research applications. 

 

                                                
2 This chapter is based on a published paper:  
Hu, Y., Cao, G., Chen, X., Huang, X., Asby, N., Ankenbruck, N., Rahman, A., Thusu, A., He, Y., 

Riedell, P. A., Bishop, M. R., Schreiber, H., Kline, J., & Huang, J. (2021). Antigen 
multimers: Specific, sensitive, precise, and multifunctional high-avidity CAR-staining 
reagents. Matter, 4, 1–24. https://doi.org/10.1016/j.matt.2021.09.027 
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Figure III-1. Antigen-multimers: Specific, Sensitive, Precise, and Multifunctional High-

Avidity CAR-Staining Reagents. Graphical abstract showing antigen-tetramers and antigen-
dodecamers CAR-staining reagents. Antigen-multimers were designed for high-accuracy CAR-
detection, multifunctionality, and extensibility to new CARs.  
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I: Introduction 

 

Although CAR-staining reagents are essential for understanding and developing better CARs, 

each existing CAR-staining reagent has important shortcomings.119 Generic CAR-staining 

reagents that bind the CAR scFv are limited by non-specific binding, incompatibility with other 

antibodies, and requirements for multi-step staining procedures.67 Specific CAR-staining reagents 

(e.g., target antigen and anti-idiotype antibodies) can be commercially available, but often are 

limited by protein instability and high developmental cost.71,74,79,120 Furthermore, all existing CAR-

staining reagents are limited by ≤2-valency binding. Although higher avidity CAR-staining 

reagents may improve CAR-detection performance, such reagents have not been developed.119 

 To address these limitations, here we designed, constructed, tested, and validated 

tetrameric and dodecameric forms of a new, multifunctional, and extensible category of high-

avidity CAR-staining reagents: antigen-multimers. According to results from cell lines and patient 

biospecimens, antigen-multimers enabled highly specific, sensitive, and precise CAR-detection, 

magnetic enrichment for sensitive detection of rare CAR T cells, temperature-controlled and 

specific CAR T-cell stimulation for activation phenotyping, and high-dimensional CAR T-cell 

profiling via single-cell multi-omics analyses. In addition, antigen-multimers successfully captured 

clinical anti-CD19 CAR T cells from patients’ cellular infusion products, post-infusion peripheral 

blood, and tumor biopsies, underscoring their broad utility for clinical and translational research. 

Finally, antigen-multimers can be readily extended to existing and new CAR systems by switching 

its antigen ligand. We demonstrated this extensibility across three independent CAR systems 

(anti-CD19, anti-HER2, anti-Tn). Although we only tested antigen-tetramers and antigen-

dodecamers in these current studies, antigen-multimers may also be extended to other valencies, 

such as dimers, pentamers, octamers, and dextramers.121 Due to their multifunctional and 

extensible nature, antigen-multimers are a new class of CAR-staining reagents with broad CAR 

T-cell research and clinical applications. 
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II: Results 

 

Antigen-multimer design and validation.  

To generate high-avidity CAR-staining reagents for CAR T-cell detection, we designed, 

constructed, and validated two forms of antigen-multimers: antigen-tetramer and antigen-

dodecamer. Analogous to MHC-multimers77,122,123, antigen-multimers are comprised of the CAR 

antigen ligand multimerized on a streptavidin scaffold (Figure III-2A). The antigen ligand moiety 

is expected to bind the CAR with antibody-like affinity. We designed antigen-tetramers and 

antigen-dodecamers with 4-valency and 12-valency binding, respectively, in order to leverage 

higher-avidity binding for enhanced detection.  

 To construct antigen-tetramers, fluorescent tetrameric streptavidin was associated with 

four biotinylated antigen ligand molecules. To construct antigen-dodecamers, biotinylated 

tetrameric dodecamer base protein was associated with four fluorescent tetrameric streptavidin, 

each of which was further associated with three biotinylated antigen ligand molecules. For all 

experiments, antigen ligand molecules were site-specifically biotinylated instead of randomly 

biotinylated, in order to curtail higher-order oligomerization and steric obstruction of the CAR 

binding site.124  

 Next, we validated antigen-multimers on three 2nd-generation CARs: anti-CD19 CAR 

(clone FMC63), anti-HER2 CAR (clone 9), and anti-Tn CAR (clone 237) (Figure III-2B). From N-

terminus to C-terminus, each validation CAR consists of an extracellular scFv, CD8α hinge and 

transmembrane region, 4-1BB and CD3ζ intracellular domains, and monomeric enhanced green 

fluorescent protein (meGFP). The C-terminal meGFP was included to track CAR transduction 

efficiency and expression. The hinge, transmembrane region, and intracellular domains were 

designed identically to the clinical CAR construct used in tisagenlecleucel. The anti-CD19 and 

anti-HER2 CARs utilize human domains while the anti-Tn CAR utilizes murine domains. Our three 

validation CARs can test antigen-multimers for utility: (1) in clinical research, since our anti-CD19 
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CAR utilizes the same FMC63-based scFv as in clinical CD19-directed CAR therapies; (2) under 

CAR binding affinities widely ranging from 0.3 nM to 140 nM125–127; and (3) under antigen ligand 

molecular sizes widely ranging from 2.6 kDa to 73 kDa.  

 

Antigen-multimers stain CARs directed against CD19, HER2, and Tn-glycoside. 

Staining capabilities of antigen-multimers were first examined on CAR-transduced cell lines, 

including human Jurkat cells and murine 58-/- hybridoma cells. The meGFP-tag on the CAR served 

as a marker for successful CAR transduction and expression (figure III-S1A-C). Subsequently, 

CD19-multimers, HER2-multimers, and Tn-podoplanin peptide-multimers (Tn-PDPN-multimers) 

were titrated to stain CAR-meGFP cell lines. The monomeric antigen ligand was included as a 

control for avidity. Staining reagent and meGFP fluorescence intensities were simultaneously 

measured by flow cytometry.  

 Staining titrations demonstrate that CD19-multimers, HER2-multimers, and Tn-PDPN-

multimers stained their matched CAR-transduced cell lines (Figure III-2C, III-2F, III-2I). 

Untransduced cells were negligibly stained. Furthermore, a negative control (BSA-multimers) 

generated minimal non-specific fluorescence (figure III-S1D-E). Higher antigen-multimer 

concentrations stained more cells (Figure III-2D, III-2G, III-2J). At the highest concentrations, 

antigen-tetramers and antigen-dodecamers equally captured ≥92% of their matched target cells. 

Higher antigen-multimer concentrations also stained with greater mean fluorescence intensity 

(Figure III-2E, III-2H, III-2K). These findings indicate that high-avidity antigen-multimers stain 

matched CARs in a dose-dependent manner, while generating negligible non-specific 

fluorescence (with both biological and BSA-multimer controls). 

 At equimolar concentrations, antigen-dodecamers enhanced fluorescence relative to 

antigen-tetramers. Furthermore, both antigen-multimers enhanced fluorescence relative to the 

monomeric antigen ligand. The magnitude of these enhancements positively correlated with the 

dissociation constant of the CAR for its antigen ligand. Fluorescence enhancement by avidity was 
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marginal when staining the anti-CD19 CAR (KD = 0.3 nM), moderate when staining the anti-HER2 

CAR (KD = 1 nM), and substantial when staining the anti-Tn CAR (KD = 140 nM). For the Tn-

PDPN ligand, Tn-PDPN-dodecamers caused up to 4-fold greater fluorescence than Tn-PDPN-

tetramers, while monomeric Tn-PDPN completely failed to stain at similar concentrations (Figure 

III-2K and figure III-S1F). Monomeric Tn-PDPN only stained the anti-Tn CAR at >1000-fold higher 

concentrations (figure III-S1G). Hence, the binding avidity of an antigen-multimer enhances its 

staining capability, particularly for lower affinity CARs.  

  



45 

 

 

Figure III-2. Antigen-multimer design and validation in CARs directed against CD19, HER2, 
and Tn-glycoside. (A) Cartoon depicting antigen-tetramer and antigen-dodecamer with each 
major molecular component. (B) Diagram depicting CD19-, HER2-, and Tn-directed CAR 
constructs used to validate antigen-multimers. Each CAR contains a C-terminal meGFP to track 
CAR expression. CAR transcription is directed by either a spleen focus-forming virus (SFFV) or 
a murine embryonic stem cell virus (MSCV) promoter. (C,F,I) Staining titration of three types of 
antigen-tetramers (blue) and antigen-dodecamers (red) on their matched CAR-transduced cell 
lines. Staining of the untransduced cell line is shown in gray and used for gating. Histograms are 
representative of three independent titrations. (D,G,J) Triplicate staining titration results for 
antigen-tetramers, antigen-dodecamers, and monomeric antigen controls were fitted to dose-
response curves. The mean ± standard error of the mean is depicted for each concentration. 
(E,H,K) Plots from representative titrations (fitted to dose-response curves) showing the 
relationship between geometric mean fluorescence intensity and staining reagent concentration 
on CAR-transduced (T) and untransduced cell lines (U). Associated with Figure III-S1. 
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Figure III-S1. CAR transduction, monomeric target antigen controls, and BSA-multimers 
negative controls. (A-C) Histograms showing transduction of monomeric enhanced GFP-tagged 
CARs directed against CD19, HER2, and Tn-glycoside into human Jurkat cells (anti-CD19 and 
anti-HER2 CARs) or murine 58-/-

 hybridoma cells (anti-Tn CAR). Untransduced cells served as 
negative controls. (D-E) Histograms showing titration (from 0.1 to 10 nM) of Alexa 647-labeled 
bovine serum albumin-multimers (BSA-multimers) on untransduced and αCD19-CAR-transduced 
Jurkat cells. Gates to quantify non-specific staining percentage from the isotype control were 
established based on cells not stained with BSA-multimers (0 nM). (F) Staining titration of 
monomeric CD19, HER2, or Tn-PDPN on their matched CAR-transduced cell lines. Staining of 
the untransduced cell line is shown in gray and used for gating. (G) Staining titration of monomeric 
Tn-PDPN at 1000-fold higher concentrations. Associated with Figure III-2. 
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Antigen-multimers are highly specific. 

Having titrated three types of antigen-tetramers and antigen-dodecamers against their respective 

matched CARs, we further examined antigen-multimers for staining specificity. One source of 

non-specificity is staining of cells not expressing CARs.  Another source of non-specificity is 

staining of cells expressing unmatched CARs. For example, CD19-multimers should not stain 

cells expressing anti-HER2 or anti-Tn CARs. Our staining results demonstrate that antigen-

tetramers (Figure III-3A) and antigen-dodecamers (Figure III-3B) stained ≥90% of their matched 

CAR-transduced cell lines. On the other hand, staining of untransduced cells and non-matched 

CAR-transduced cell lines were equally negligible (≤1%). Therefore, antigen-multimers are highly 

CAR-specific.   

 Then, we evaluated the staining specificity of existing generic CAR-staining reagents: 

polyclonal anti-IgG antibodies and Protein L.67,119 Since both CAR-staining reagents bind to Fab-

like molecules on the cell surface, neither can discriminate between different CARs. Relative to 

antigen-multimers, polyclonal anti-IgG antibodies (Figure III-3C, top) provided equivalent staining 

of anti-HER2 and anti-Tn CARs. However, anti-IgG antibodies were significantly less efficient than 

CD19-multimers in staining the anti-CD19 CAR, due to substantial non-specific staining of 

untransduced cells. Protein L (Figure III-3C, bottom), which binds to immunoglobulin κ light 

chains, stained the anti-CD19 CAR, but  the anti-HER2 CAR was barely stained, and the anti-Tn 

CAR was not stained. This inconsistency across different CARs may be due to the differential 

affinity of Protein L for alternative κ light chains. These observations support the conclusion that 

antigen-multimers are more specific than existing generic CAR-staining reagents.  

 Finally, we evaluated the staining specificity of a commercially available anti-FMC63 anti-

idiotype antibody, which was specifically designed to detect the FMC63-based anti-CD19 CAR. 

However, this antibody does not stain all anti-CD19 CARs under clinical or preclinical 

investigation.125,128 At the highest concentrations, anti-FMC63 captured 83% of anti-CD19 CAR 

cells (figure III-S2A-B), which was lower than CD19-tetramers (93%) and CD19-dodecamers 
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(90%) did at saturation. Non-specific staining of untransduced cells was negligible (figure III-S2C). 

Based on these findings, while anti-FMC63 are equally as specific as CD19-multimers, they are 

less efficient staining reagents for generating fluorescence at saturation (figure III-S2D-E). The 

decreased efficiency can be explained by decreased binding avidity for the anti-CD19 CAR.  

 

 

 
 
 
 
 
 
 
 
 
 
Figure III-3. Antigen-multimers are 
highly specific. (A-B) Antigen-tetramers 
(A) and antigen-dodecamers (B) were 
evaluated for specificity by staining cell 
lines transduced with CD19-, HER2-, and 
Tn-directed CARs. Staining of 
untransduced cell lines is shown in gray 
and used for gating. (C) Similar staining 
assays were conducted with existing CAR-
staining reagents, which include polyclonal 
anti-IgG antibodies and Protein L. Staining 
of untransduced cell lines is shown in gray 
and used for gating. Histograms are 
representative of three independent 
staining experiments. Associated with 
Figure III-S2. 
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Figure III-S2. Titrations of an anti-FMC63 antibody for anti-CD19 CAR T cells. (A) Histograms 
showing titration of an anti-idiotype antibody (anti-FMC63) against anti-CD19 CAR-transduced 
Jurkat cells. Gates were drawn from staining of untransduced Jurkat cells. Histograms are 
representative of three independent titrations. (B) Triplicate staining titration results were fitted to 
dose-response curves. The mean ± standard error of the mean is depicted for each concentration. 
(C) Plots from a representative titration (fitted to dose-response curves) showing the relationship 
between geometric mean fluorescence intensity and staining reagent concentration on CAR-
transduced and untransduced cell lines. (D-E) Comparison between staining titration results from 
anti-FMC63, CD19-tetramers, and CD19-dodecamers. Staining EC50 values were extrapolated 
from dose-response curves (left). For each staining reagent, 1/EC50 was plotted on a bar graph 
(right). Fitted EC50 values were compared with a sum-of-squares F-test, whereby **** denotes 
p<0.0001. Associated with Figure III-3. 
 

 

Antigen-multimers are highly sensitive and precise. 

After examining detection specificity, we evaluated antigen-multimers for detection sensitivity and 

precision. These metrics were measured by applying CD19-multimers to detect meGFP-tagged 

anti-CD19 CAR cells that are spiked into mCherry-tagged non-CAR cells for analysis by flow 

cytometry (Figure III-4A). Sensitivity was measured by monitoring for false negatives. Precision 

was measured by monitoring for false positives.  
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 Sensitivity and precision are most critical when CAR cells are rare and CAR expression is 

low. These conditions are biologically relevant since CAR T cells downmodulate CAR expression 

after antigen-engagement.28,56,129 To simulate these conditions, spike-in experiments were 

performed with two monoclonal cell lines with stably low CAR expression: “low clone” and “mid 

clone” (figure III-S3A-D). The low clone (~150,000 CAR molecules per cell) expresses less CAR 

than the mid clone (~250,000 CAR molecules per cell). Both clones express less CAR than the 

pre-sorted polyclonal CAR cells (~330,000 CAR molecules per cell) used for previous staining 

assays. Finally, non-CAR cells were transduced with mCherry to provide an additional distinction 

between CAR and non-CAR cells.  

 In spike-in experiments, we targeted cell mixtures with CAR cell prevalence between 10% 

and 0.01%. However, the true CAR cell prevalence in each cell mixture was measured by 

percentage of GFP+ cells. Both CD19-tetramers and CD19-dodecamers specifically stained CAR 

cells (Figure III-4B). As expected, the mid clone was stained more than the low clone (figure III-

S3C). For both clones, CD19-multimers accurately captured CAR cell prevalence down to 0.1%. 

Sensitivity remained ≥90% down to 0.1% (Figure III-4C-D). Precision differed between CD19-

tetramers and CD19-dodecamers at lower CAR cell prevalence. For the mid clone, CD19-

dodecamers captured a purer population than CD19-tetramers did below 1% CAR cell prevalence. 

For the low clone, CD19-dodecamer captured a purer population than CD19-tetramers did below 

10% CAR cell prevalence. Our results demonstrate that CD19-multimers stain with high sensitivity 

and precision. Importantly, CD19-multimers can sensitively isolate a highly pure (≥90%) CAR cell 

population from Jurkat cell mixtures, even when CAR cells have low CAR expression and are 

exceptionally rare (≤1%).  

 Next, we performed spike-in experiments with existing CAR-staining reagents: monomeric 

CD19, polyclonal anti-IgG antibodies and Protein L (figure III-S3E-G). Monomeric CD19 staining 

was comparable to CD19-multimer staining for the mid clone. However, detection sensitivity was 

reduced for the low clone, which suggests that binding avidity increases detection sensitivity for 
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CAR T cells with lower CAR expression. Anti-IgG antibodies failed to detect both clones with low 

CAR expression. Sensitivity and precision were ≤10% at all CAR cell prevalence. Protein L 

marginally detected some mid clone cells, but failed to detect low clone cells. For detection of the 

mid clone, precision was ≥90% at 10% CAR cell prevalence, but rapidly dropped at lower CAR 

cell prevalence. Sensitivity never exceeded 10%. These results suggest that neither polyclonal 

anti-IgG antibodies nor Protein L can capture CAR T cells from cell mixtures when CAR T cells 

(at any rarity) express fewer CAR molecules per cell.  

 Finally, we evaluated the detection sensitivity of monomeric CD19 and CD19-multimers 

under more physiological cell mixtures. Post-infusion CAR T cell therapy patient biospecimens 

were modeled by spiking the low clone into human peripheral blood lymphocytes at 1% 

prevalence (figure III-S4A). Since the CAR contained a GFP label, we checked the accuracy of 

our spike-in via flow cytometry (figure III-S4B). This mixture captures both CAR 

downmodulation28,56,129 and potential low prevalence4 of post-infusion patient CAR T cells. 

Subsequently, we performed full-dose titrations to compare the abilities of multimers and 

monomers to detect low clone cells in this mixture. Multimers outperformed monomers across all 

concentrations (figure III-S4C). At saturation, monomers missed ~24% of CAR cells that were 

detectable by multimers (figure III-S4D). Furthermore, compared to monomers, tetramers and 

dodecamers exhibited 6-fold and 19-fold lower staining EC50 respectively (figure III-S4E). These 

findings are consistent with results from cell line mixtures (Figure III-4C), and support our 

conclusion that binding avidity enhances detection sensitivity. 
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Figure III-4. Antigen-multimers are highly sensitive and precise. (A) Diagram depicting spike-
in assays to measure a CAR-staining reagent’s sensitivity and precision. Cell mixtures, 
constructed from CAR-meGFP-expressing cells and mCherry-expressing non-CAR cells, were 
stained with a CAR-staining reagent. After analysis by flow cytometry, the cells were placed into 
four categories: true positives (TP), true negatives (TN), false positives (FP), and false negatives 
(FN). Formulas to calculate prevalence, sensitivity, and precision are depicted. (B) Two anti-CD19 
CAR-meGFP-transduced clones (“low clone” on top row and “mid clone” on bottom row) with low 
CAR expression were spiked into mCherry-expressing non-CAR cells. The prevalence of CAR 
cells was measured by percentage of meGFP+ cells by flow cytometry. Subsequently, CD19-
tetramers (left) or CD19-dodecamers (right) were applied.  
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Figure III-4, continued. Cells on the flow plots are colored according to fluorescent protein 
expression. (C-D) The prevalence of CAR cells (meGFP+) in cell mixtures plotted against the 
percentage of cells stained by CAR-staining reagents (left), sensitivity of detection (middle), and 
precision of detection (right) from spike-in assays with the low clone (C) and mid clone (D). For 
the stained percentage plot, if a point lies on the dotted line of unity, then the staining reagent 
accurately captured CAR cell prevalence. For the sensitivity and precision plots, if a point lies on 
the dotted line (100%), then the staining reagent was completely accurate in discriminating CAR 
cells from non-CAR cells. Associated with Figures III-S3 and III-S4. 
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Figure III-S3. Sensitivity and precision of CAR-staining reagents. (A) Bar graph showing CAR 
expression (through meGFP fluorescence) in two anti-CD19 CAR-transduced Jurkat cell clones 
(named “low clone” and “mid clone”) that were sorted for stably low CAR expression. The 
untransduced and pre-sort fluorescence are shown for comparison. CAR expression was 
compared by one-way ANOVA and post-hoc t-tests (Sidak multiple comparison correction), 
whereby * denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001, and **** denotes p<0.0001. 
(B) Histograms showing expression of monomeric enhanced GFP-labeled CARs (top) and 
mCherry (bottom) on both CAR cell clones and the non-CAR cell clone. These three clones were 
used to quantify sensitivity and precision in cell mixtures. (C) Bar graph showing geometric mean 
fluorescence intensity of AF647-labeled antigen-multimer staining (3 nM) on untransduced, low 
clone, and mid clone cells.  
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Figure III-S3, continued. (D) Line plot showing three standards (black points) used to correlate 
meGFP fluorescence with equivalent numbers of meGFP molecules. These points were used to 
construct a standard curve to measure the average CAR expression of the low clone, mid clone, 
and the original unsorted polyclonal CAR-transduced population, which is depicted on the bar 
graph. (E-G) meGFP+ anti-CD19 CAR cells (“low clone” on top row and “mid clone” on bottom 
row) were spiked into mCherry+ non-CAR cells at various proportions. Subsequently, monomeric 
CD19 (E), polyclonal anti-IgG (F) or Protein L (G) were applied to detect CAR cells by flow 
cytometry. CAR and non-CAR cells are colored according to the legend (bottom). Associated with 
Figure III-4. 
 

 
Figure III-S4. Detection sensitivity of CD19-multimers and CD19-monomers in CAR T cell 
mixtures. (A-B) A mixture consisting of CAR-Jurkat cells with low CAR expression (1%) and 
human PBLs (99%) was constructed and validated by flow cytometry. (C) Multimeric and 
monomeric CD19 were titrated, and the detection percentage was fitted to dose-response curves. 
(D) Flow-plots showing Alexa 647-labeled CD19-multimer and CD19-monomer staining results at 
saturation (top row). Stained cells were gated and checked for CAR expression by GFP 
fluorescence (bottom row). (E) Staining EC50 was plotted for each staining reagent. Fold-change 
comparisons between multimeric and monomeric EC50 values was denoted. Associated with 
Figure III-4. 
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Antigen-multimers magnetically enrich for CAR T cells.  

Having established antigen-multimers as highly sensitive CAR-staining reagents even for cells 

with low CAR expression, we predicted that antigen-multimers can enrich rare CAR T cells from 

cell mixtures. CAR T-cell enrichment is expected to facilitate the detection and investigation of 

rare CAR T-cell subsets.122 Importantly, CAR T cells can be rare in vivo, particularly those with a 

persistent, resting memory phenotype which are correlated with durable responses in patients.130 

Moreover, CAR T-cell enrichment may be useful during CAR T-cell infusion product 

manufacturing if CAR-transduction efficiency is low. 

  To perform CAR T-cell enrichment with antigen-multimers, we magnetically selected for 

CAR cells by adapting a method employed with MHC-tetramers (Figure III-5A).131 Cells were 

stained, first with allophycocyanin (APC)-labeled CD19-tetramers or dodecamers, and second 

with anti-APC antibodies conjugated to magnetic particles (anti-APC microbeads). The stained 

populations were applied to a magnetic column. Non-CAR cells did not bind the column and were 

removed (negative selection). CAR cells were subsequently eluted under pressure after removal 

of the magnet (positive selection).  

 We employed this magnetic selection strategy to enrich for meGFP+ CAR cells spiked into 

mCherry+ non-CAR cells. To simulate difficult enrichment conditions, we used CAR cells with 

stably low CAR expression (low clone and mid clone, previously described in figure III-S3A-D). 

CAR cells in initial stained populations were rare (~0.2%, Figure III-5B). Based on CAR cell 

prevalence in the flow through, ~35% and ~55% of low clone and mid clone CAR cells respectively 

were retained on the column (Figure III-5C). After negative selection, eluted cells exhibited >100-

fold higher CAR cell prevalence (Figure III-5D). Moreover, APC-fluorescence in eluted cells was 

substantially higher than in initial stained populations (figure III-S5). Relative to tetramers, 

dodecamers enriched more efficiently. This observation is expected because dodecamer staining 

results in higher fluorescence than tetramer staining. These results demonstrate that antigen-

multimers can magnetically enrich for rare CAR T cells with low CAR expression.   
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Figure III-5. Antigen-multimers magnetically enrich for CAR T cells. (A) Cartoon depicting 
magnetic enrichment procedure. Mixtures of meGFP+ CAR cells and mCherry+ non-CAR cells 
were stained with either APC-labeled antigen-tetramers or antigen-dodecamers, followed by 
staining with anti-APC magnetic microbeads. The stained cell mixture (left) is applied to a 
magnetic column for negative (middle) and positive (right) selection. (B-D) Flow plots showing 
prevalence of meGFP+ CAR cells and mCherry+ non-CAR cells (“low clone” on top row and “mid 
clone” on bottom row) under magnetic enrichment with antigen-tetramers or antigen-dodecamers. 
The initial stained mixture, column wash, and column elution are shown in B, C, and D respectively. 
Associated with Figure III-S5. 
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Figure III-S5. APC-labeled CD19-multimer staining of CAR T cells from magnetic 
enrichment. (A-B) Histograms show APC-multimer staining of the cell mixture (“low clone” on top 
row and “mid clone” on bottom row) before (A) and after (B) magnetic enrichment with antigen-
tetramers or antigen-dodecamers. Gates are established from a fluorescence-minus-one control. 
Associated with Figure III-5. 
 

 

Antigen-multimers specifically stimulate CAR T cells in a temperature-controlled manner.  

Next, we determined if antigen-multimers can oligomerize CARs and stimulate CAR T cells.132 

CAR-specific stimulation would characterize a CAR T cell’s activation phenotype, which can be 

associated with in vivo CAR T-cell efficacy.23,133 Traditionally, a T cell’s activation phenotype can 

be characterized with T-cell mitogens, such as anti-CD3/CD28 antibodies, phorbol 12-myristate 

13-acetate (PMA)/ionomycin treatment, or phytohemagglutinin (PHA) treatment. However, these 

mitogens are neither CAR-specific nor mimic biologically relevant CAR stimulation. Alternatively, 

CAR-specific stimulation can be performed by incubating CAR T cells on plates pre-coated with 

CAR-staining reagents.56,134,135 The surface enhances the CAR-staining reagent’s binding avidity. 

Since antigen-multimers already bind the CAR with higher avidity, we predicted that they could 

activate CAR T cells directly as soluble reagents.  
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 Incubation of 2nd-generation anti-CD19 CAR cells with CD19-tetramers or CD19-

dodecamers at 37°C upregulated both CD69 (early activation marker, Figure III-6A) and CD25 

(later activation marker, Figure III-6B). Higher multimer concentrations caused greater 

percentage of CD69+ and CD25+ cells (Figure III-6C). On the other hand, although the anti-

FMC63 antibody can stain the CAR, it did not stimulate at any concentration in its soluble form. 

Multimer-stimulated CAR cells also secreted IL-2. IL-2 secretion correlated with CD69 and CD25 

upregulation. At 0.3 nM, dodecamers stimulated more effectively than tetramers did. At 3 nM, 

both multimers stimulated equally well. Similar results were obtained with 1st-generation anti-

CD19 CAR cells (figure III-S6A-C). Stimulation with either tetramers or dodecamers did not 

influence cell viability (figure III-S6D). These results demonstrate that antigen-multimers stimulate 

CAR T cells as high-avidity, soluble staining reagents at 37°C. On the contrary, the anti-FMC63 

antibody did not stimulate CAR T cells, presumably due to lower binding avidity or affinity. 

Attachment of the anti-FMC63 antibody to solid surfaces will likely increase its CAR stimulation 

capabilities. 

 Next, we similarly incubated CAR cells with CD19-multimers at 4°C to simulate staining 

incubations (Figure III-6D). The lower temperature is predicted to slow metabolism and minimize 

CAR signaling. As predicted, no CD69 or CD25 upregulation was observed with either multimer 

at any concentration. Similarly, no IL-2 was secreted. Cell viability was not affected (figure III-

S6D). Therefore, stimulation by antigen-multimers is abrogated at lower temperatures. These 

results suggest that when antigen-multimers are used for CAR-detection, the staining incubation 

can be performed at 4°C to avoid unwanted stimulation, as we did for all staining experiments in 

this study.   

 Finally, we probed two possible mechanisms for CAR T-cell activation by antigen-

multimers (figure III-S7A). Antigen-multimers can bind CARs in cis, causing CAR-crosslinking and 

oligomerization. Alternatively, antigen-multimers can bind CARs in trans, causing cell-cell 

conjugation and kinetic segregation.136 After stimulating CAR cells with antigen-multimers at 37°C, 
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we found that antigen-multimers do not cause cell-cell conjugation (figure III-S7B). Therefore, cis 

CAR oligomerization, rather than trans cell-cell conjugation, is the likelier mechanism for multimer-

induced CAR T-cell stimulation. 

 
 
Figure III-6. Antigen-multimers specifically stimulate CAR T cells in a temperature-
controlled manner. (A-B) Representative flow plots showing expression of CD69 (left) and CD25 
(right) on anti-CD19 CAR-transduced cells after incubation with anti-FMC63, CD19-tetramers, or 
CD19-dodecamers at various concentrations at 37°C (top row) and 4°C (bottom row). (C-D) Bar 
graphs depicting CD69 expression (left), CD25 expression (middle), and IL-2 secretion (right) of 
quadruplicate data from staining of anti-CD19 CAR-transduced cells at 37°C (C) or 4°C (D). The 
effects of CAR-staining reagents were compared by 2-way ANOVA and post-hoc t-tests, whereby 
ns denotes not significant, * denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001, and **** 
denotes p<0.0001. Associated with Figures III-S6 and III-S7. 
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Figure III-S6. Antigen-multimer stimulation of 1st-gen CAR T cells. (A-B) Representative flow 
plots showing expression of CD69 (A) and CD25 (B) on 1st-generation anti-CD19 CAR cells in 
response to stimulation from CD19-tetramers or CD19-dodecamers at various concentrations at 
37°C. (C) Bar graphs depicting CD69 expression (left), CD25 expression (middle), and IL-2 
secretion (right) of triplicate data from stimulation of anti-CD19 CAR cells. For all bar graphs, 
stimulation of CAR cells was compared by 2-way ANOVA and post-hoc t-tests, whereby ns 
denotes not significant, * denotes p<0.05, ** denotes p<0.01, *** denotes p<0.001, and **** 
denotes p<0.0001. (D) Bar graph depicting influence of antigen-multimer stimulation/staining on 
cell viability in CAR-transduced Jurkat cells or primary patient CAR T cells. Associated with Figure 
III-6. 
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Figure III-S7. Antigen-multimer binding modalities for CAR stimulation. (A) In principle, 
antigen-multimers can bind CARs on the same cell (left) or bind CARs across different cells (right). 
The former will result in CAR T-cell singlets while the latter will result in CAR T-cell doublets. (B) 
CAR-transduced Jurkat T cells were incubated without multimers, with 10 nM CD19-tetramers, or 
with 10 nM CD19-dodecamers at 37°C. Doublets were quantified via flow cytometry. Associated 
with Figure III-6. 
 

Antigen-multimers detect CAR T cells from patient biospecimens.  

After demonstrating usage of antigen-multimers on CAR-transduced cell lines, we further applied 

CD19-multimers on clinical biospecimens from patients with diffuse large B-cell lymphoma or B-

cell acute lymphoblastic leukemia who were treated with anti-CD19 CAR T-cell therapies. Over 

the course of therapy, CAR T cells originate from the infusion product, circulate through peripheral 

blood, and home to the tumor (Figure III-7A). Therefore, we tested CD19-multimers on infusion 

products, peripheral blood, and tumor biopsies.  
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 First, we titrated CD19-multimers on axicabtagene ciloleucel and tisagenlecleucel infusion 

products. For both CD4+ and CD8+ T cells from either infusion product formulations, higher CD19-

multimer concentrations stained more cells. On the other hand, CD19-multimers did not stain T 

cells from a healthy donor (figure III-S8A-B). At staining saturation, both CD19-tetramers and 

CD19-dodecamers detected equal percentages of CAR+ cells across six patients (Figure III-7B). 

Next, we fitted the relative stained percentage of patient cells to dose-response curves to quantify 

staining EC50 values. Staining EC50 values for CD19-tetramers were consistently greater than 

those for CD19-dodecamers (Figure III-7C), which was consistent with previous findings on cell 

lines (Figure III-2D). In addition, staining EC50 values were equivalent between the two infusion 

products. Finally, staining EC50 values for CD8+ CAR T cells were consistently greater than those 

for CD4+ CAR T cells. CD8+ CAR T cells may express fewer CAR molecules per cell, making 

these cells harder to capture at intermediate CD19-multimer concentrations.  

 Next, we applied CD19-tetramers upon a longitudinal set of post-infusion peripheral blood 

mononuclear cells from a patient treated with axicabtagene ciloleucel (Figure III-7D). Our data 

showed that CAR T-cell percentages rose and reached peak expansion within 8 days post-

infusion. Subsequently, CAR T-cell percentages decreased, and were virtually undetectable at 60 

days post-infusion (Figure III-7E). Most post-infusion CAR T cells expressed CD8. These 

observations match expected patterns of CAR T-cell expansion and contraction. As further 

validation, the anti-FMC63 antibody was used to quantify CAR T-cell percentages in the same 

biospecimens (figure III-S8C). Percentages from CD19-tetramers and the anti-FMC63 antibody 

were highly correlated (figure III-S8D). These findings suggest that CD19-tetramers accurately 

detected CAR T cells from patient biospecimens. Finally, we applied CD19-dodecamers upon a 

lymphoma tumor cell suspension from a patient treated with axicabtagene ciloleucel 14 days prior 

(Figure III-7F). CAR T cells represented 22% of leukocytes. 88% of CAR T cells were CD8+ T 

cells, and 7% were CD4+ T cells. A small population (2%) of apparent double positive CD4+CD8+ 

CAR T cells was also observed. Collectively, our results demonstrate that CD19-multimers can 
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accurately capture both CD4+ and CD8+ CAR T cells from patient infusion products, post-infusion 

blood, and tumor biopsies. 

 

 
 
Figure III-7. Antigen-multimers detect CAR T cells from patient infusion product, peripheral 
blood, and tumor biopsies. (A) Diagram depicting the different patient biospecimens that may 
contain CAR T cells throughout their ex vivo and in vivo life cycle. CAR T cells are manufactured 
in the infusion product, circulate through peripheral blood, and home into the tumor. (B) 
Representative flow plots showing that CD19-tetramers (5 nM, blue, top row) and CD19-
dodecamers (5 nM, red, bottom row) can detect both CD4+ and CD8+ CAR T cells from 
axicabtagene ciloleucel (axi-cel) and tisagenlecleucel (tisa-cel) infusion products. Flow plots are 
representative of six independent infusion products (3 axi-cel and 3 tisa-cel). Gates were drawn 
off CD19-multimer fluorescence-minus-one (FMO) controls.  



65 

 

Figure III-7, continued. (C) Relative percentage of maximum staining from infusion product 
titrations were fitted to dose-response curves. Since each infusion product contains a different 
prevalence of CAR T cells, percentage stained was normalized to that of maximum staining for 
each infusion product. For each concentration, the point displays mean ± standard error of the 
mean. The fitted staining EC50 values were compared with a sum-of-squares F-test. (D-E) Flow 
plots showing CD19-tetramer staining of a longitudinal set of peripheral blood samples from a 
patient with diffuse large B-cell lymphoma infused with an axi-cel infusion product. CAR T cells 
were analyzed for CD4 and CD8α expression. Expansion and contraction of CAR T cells are 
summarized in (E). (F) Staining of a dissociated lymphoma tumor biopsy from a patient treated 
with an axi-cel infusion product. CD3+CAR+ cells were analyzed for CD4 and CD8α expression. 
Associated with Figure III-S8. 
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Figure III-S8. CD19-multimers staining of clinical biospecimens. (A-B) Flow plots depicting 
titrations of CD19-tetramers and CD19-dodecamers against CD4+ and CD8+ T cells from 
axicabtagene ciloleucel (axi-cel, middle) and tisagenlecleucel (tisa-cel, right) infusion products. 
Non-specific staining was measured with a biological control (donor PBL, left). All gates were set 
by a fluorescence-minus-one control.  
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Figure III-S8, continued. (C) Flow plots showing anti-idiotype antibody staining of a longitudinal 
set of peripheral blood samples from a patient infused with an axicabtagene ciloleucel infusion 
product. (D) Dot plot (left) and bar graph (right) comparing percentage of CD3+ T cells that are 
CAR+ as measured by CD19-tetramers or anti-idiotype antibody. Associated with Figure III-7. 

 

Antigen-multimers isolate CAR T cells from a patient biospecimen for single-cell omics 

analyses. 

Having established the utility of CD19-multimers for identifying CAR T cells from patient 

biospecimens, we subsequently applied CD19-tetramers for the isolation of anti-CD19 CAR T 

cells from a patient’s post-infusion peripheral blood biospecimen for single-cell omics assays. The 

chosen sample was derived from a patient with diffuse large B-cell lymphoma who was treated 

with axicabtagene ciloleucel. The patient achieved clinical criteria for a complete response by day 

30. The blood sample was taken at 21 days post-infusion.  

 At day 21, 10.7% of CD3+ T cells were also CAR+ by CD19-tetramer staining (Figure III-

8A). Using CD19-tetramers, CAR+ T cells (“CAR-T”) and endogenous CAR- T cells (“Endo-T”) 

were isolated by FACS for analysis by paired single-cell RNA- and TCR-sequencing. Single-cell 

RNA-sequencing demonstrated that expression of the axicabtagene ciloleucel CAR transgene 

was highly specific to CAR-T cells (Figure III-8B and figure III-S9A-B). This observation was 

consistent with the high specificity, sensitivity, and precision of the CD19-tetramer, and suggested 

that antigen-multimers can sort a highly pure and true CAR T-cell population from patient 

biospecimens. Moreover, although multiple diverse T-cell receptor (TCR) clonotypes were 

discovered in both CAR-T and Endo-T cells, there was minimal TCR clonotype overlap (≤1%) 

between the populations (Figure III-8C and figure III-S9H). Altogether, our results show that 

CD19-tetramers captured a clonally distinct population of CAR transgene-expressing T cells from 

the patient biospecimen. 

 Through uniform manifold approximation and projection (UMAP) and unsupervised 

Louvain clustering, we identified twelve T-cell clusters based on known markers (including FOXP3, 
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CCR7, TCF7, GZMB, KLRB1, and TRDC), including proliferating, effector CD8+, cytotoxic CD4+, 

central memory, effector memory, γδ, and regulatory T cells, after filtering out 3 non-T-cell clusters 

(Figure III-8D and figure III-S9C-F). Relative to Endo-T cells, CAR-T cells were enriched for CD8+ 

T cells (figure III-S9G). Furthermore, CAR-T cells were enriched in proliferating and effector T-

cell clusters, while Endo-T cells were enriched in memory and regulatory T-cell clusters (Figure 

III-8E). Notably, CAR-T cells were discovered within both the γδ and regulatory T-cell clusters. 

Differential gene analysis revealed that CAR-T cells have higher expression of activation genes 

(CXCR3, LAG3, HAVCR2), cytotoxicity-associated genes (GNLY, KLRD1, GZMB, PRF1, GZMA), 

and a T cell senescence-associated gene (KLRG1) (Figure III-8F). These signatures are 

consistent with CAR-specific T-cell activation, cytotoxicity, and differentiation. Altogether, these 

observations are consistent with CD19-tetramers capturing a distinct and clinically active T-cell 

population from the patient biospecimen. These experiments demonstrate that antigen-multimers 

can be reliably used for CAR T-cell isolation and profiling.  

 
 
Figure III-8. Antigen-multimers isolate CAR T cells from a patient biospecimen for single-
cell omics analyses.  



69 

 

Figure III-8, continued. (A) Flow plots demonstrating use of CD19-tetramers (3 nM) for CAR T-
cell sorting and single-cell, omics assays. After gating for CD3+ T cells, PBMCs from a healthy 
donor (biological control) were used to draw CAR- and CAR+ gates. Gates were used to sort for 
endogenous CAR- T cells (Endo-T) and therapeutic CAR+ T cells (CAR-T) from a patient 
biospecimen. Sorted Endo-T and CAR-T cells were used for single-cell omics (RNA-seq and 
TCR-seq). (B) Violin plot depicting normalized CAR transgene mRNA expression in Endo-T and 
CAR-T samples. (C) Pie chart depicting distribution of TCR clonotypes between Endo-T and CAR-
T cells. (D) Single-cell data from Endo-T and CAR-T were combined and visualized by UMAP and 
unsupervised Louvain clustering. Twelve T-cell clusters were annotated based on known markers. 
(E) Stacked bar graph depicting proportions of Endo-T and CAR-T cells represented in each T-
cell cluster. (F) Volcano plot depicting differentially expressed genes (DEGs) between Endo-T 
and CAR-T cells, with a cut-off based on log2 fold-change. DEGs of interest are labeled. 
Abbreviations: cyto, cytotoxic; CM, central memory; EM, effector memory; TE, terminal effector. 
Associated with Figure III-S9. 
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Figure III-S9. CAR transgene distribution, cell cluster annotation, and TCR clone size 

distribution of single-cell omics data. (A) UMAP depicting the sample origin of each cell in the 
single-cell dataset. (B) UMAP depicting normalized expression of the CAR transgene in each cell. 
(C) UMAP depicting all sixteen T cell and non-T cell clusters. (D) Dot plot depicting expression of 
key genes used to annotate T cell and non-T cell clusters. (E) Dot plot depicting expression of 
key genes used to annotate T-cell subsets. (F) UMAP depicting computational cell cycle analysis 
of cells. (G) Stacked bar graph depicting CD4+ versus CD8+ T-cell distribution within Endo-T and 
CAR-T samples. (H) Heatmap showing TCR clone size distributions in Endo-T and CAR-T 
samples. Most TCR clones are specific to CAR-T (top row) or Endo-T (left column) samples. 
Remaining TCR clones were discovered in both samples, and are plotted according to their clone 
sizes in CAR-T and Endo-T samples. Associated with Figure III-8. 
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III: Discussion 

With our goal of generating an extensible and universal high-avidity CAR-staining reagent, we 

have designed, constructed, tested, and validated antigen-multimers. Through staining titrations 

and spike-in experiments, we showed that antigen-multimers detect CARs with high specificity, 

sensitivity, and precision, even when target cells had low CAR expression. In addition to CAR 

detection, we demonstrated that antigen-multimers enable magnetic enrichment of CAR T cells 

for rare populations, temperature-controlled CAR T-cell stimulation for activation phenotyping, 

and high-purity CAR T-cell sorting for high-dimensional CAR T-cell profiling by single-cell multi-

omics analyses. For clinical and translational applications, we demonstrated that CD19-multimers 

can identify CAR T cells in infusion products, peripheral blood samples, and tumor biopsies from 

patients undergoing CD19-directed CAR T-cell therapy. Finally, through staining titrations from 

three independent CAR systems (anti-CD19, anti-HER2, and anti-Tn), we demonstrated that 

antigen-multimers are readily extensible to existing and new CAR systems.  

 Antigen-multimers offer critical advantages over existing CAR-staining reagents.119 

Relative to monomeric antigen ligand, polyclonal anti-IgG antibodies, and Protein L, antigen-

multimers exhibited greater specificity, sensitivity, and precision during CAR-detection. In 

particular, antigen-multimers demonstrated consistent performance between different CARs, as 

well as high sensitivity and precision for detecting low-frequency CAR T cells with low CAR 

expression. This is a critical advantage since CAR T cells downmodulate CAR expression in vivo 

after antigen-engagement.28,56,129 In contrast, anti-IgG antibodies and Protein L showed 

inconsistent performance between different CARs and may not even detect CAR T cells with low 

CAR expression. Furthermore, unlike with antigen-multimers, neither anti-IgG antibodies nor 

Protein L can stain CAR T cells concurrently with exogenous antibodies, which significantly 

restricts their utility for multiparameter flow cytometry. Compared to monomeric antigen ligand, 

antigen-multimers stained with more fluorescence at saturation. Notably, only antigen-multimers, 

but not monomers, can stain the low-affinity anti-Tn CAR at reasonable concentrations. Finally, 
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for the detection of CAR T cells with low CAR expression, CD19-multimers exhibited greater 

sensitivity than monomeric CD19 while simultaneously reducing the number of staining steps. 

These observations regarding antigen-multimers’ critical advantages can be explained by 

multivalent interactions between antigen-multimers and CARs. Multivalent interactions can 

significantly decrease the multimer dissociation rate and increase the multimer residence time on 

the CARs. Therefore, in addition to increasing staining fluorescence, multivalent interactions are 

expected to increase the stability of the fluorescence signal over time, leading to more 

reproducible CAR-detection.    

 Importantly, CD19-multimers caused greater fluorescence at saturation than an anti-

FMC63 anti-idiotype antibody, which is considered the gold standard for CAR-detection. 

Furthermore, unlike with antigen-multimers, anti-idiotype antibodies are fundamentally restricted 

to particular antibody clones. For instance, the anti-FMC63 anti-idiotype antibody can stain 

FMC63-based CARs, but not newer anti-CD19 CARs, including the Hu19-CAR engineered with 

fully human scFv domains, and the CAT-CAR engineered for lowered binding affinity.125,128 

Moreover, since monoclonal antibodies can be time-consuming or expensive to develop, anti-

idiotype antibodies may not be scalable or sustainable to keep pace with the fast research 

progress in the CAR field. On the other hand, antigen-multimers are not restricted to particular 

clones, and can be readily generalized for use in existing and new CAR systems.  

 In addition to CAR-detection, antigen-multimers enable magnetic enrichment of CAR T 

cells, which is expected to facilitate the detection and investigation of rare CAR T-cell subsets. 

Historically, magnetic enrichment made it possible to investigate rare naïve T cells of a given 

antigen-specificity by achieving 50-100-fold enrichment.121 In our study, CAR T cells were 

enriched by >100-fold with either antigen-tetramers or antigen-dodecamers. Since our 

enrichments were performed on CAR T cells with low CAR expression, the potential benefits of 

antigen-multimers for magnetic enrichment may be even higher in real-world scenarios. This 

increase in sensitivity through enrichment may facilitate studies on rarer CAR T-cell subsets, such 
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as persistent memory CAR T cells which are correlated with durable responses in patients.130 In 

addition, CAR T-cell enrichment can be critical for manufacturing CAR T-cell infusion products. 

During infusion product manufacturing, if CAR transgene delivery efficiency is low, there may be 

relatively fewer CAR T cells available for therapy. This may be a particular problem with non-viral 

transgene delivery methods (e.g. through transposons or CRISPR-Cas9), which are less efficient 

than retroviral methods.37,137 Even if adequate CAR T cell numbers are reached through longer 

ex vivo expansion, the resulting cells may have progressed towards a terminally differentiated 

effector phenotype, which reduces therapy efficacy.138 CAR T-cell enrichment may potentially 

salvage inefficient CAR transgene delivery.  

 In addition to serving as CAR-staining reagents at 4°C, antigen-multimers can also 

specifically stimulate CAR T cells at 37°C. This helps to characterize a CAR T cell’s activation 

phenotype, which is associated with in vivo CAR T-cell efficacy.23,133 Unlike generic T-cell 

mitogens (neither CAR-specific nor mimic biologically relevant CAR stimulation) or plates pre-

coated with CAR-stimulating reagents56,134,135, antigen-multimers directly stimulate CAR T cells 

through its antigen ligand in soluble form. Our data suggests that stimulation through antigen-

multimers likely occurs through CAR oligomerization. We further anticipate that antigen-multimers 

may be useful in stimulating CAR T cells during ex vivo production and expansion. Ex vivo CAR 

stimulation would also enrich lymphocytes for CAR T cells in lieu of positive selection for CAR+ 

cells. Currently, this process is performed by adding irradiated antigen-positive feeder cells.139 

However, antigen-positive feeder cells may adversely influence CAR T-cell phenotype. Feeder 

cells may also risk introducing unwanted ligands or proliferation-competent cells through 

incomplete irradiation. Controlled, chemically-defined antigen-multimers may circumvent these 

limitations. 

 Finally, for clinical and translational applications, we demonstrated that CD19-multimers 

can identify CAR T cells from multiple patient biospecimen sources, including infusion products, 

peripheral blood samples, and tumor biopsies. We then employed single-cell omics to high-
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dimensionally profile CD19-tetramer-sorted adoptively transferred CAR+ T cells and endogenous 

CAR- T cells from a CAR T-cell therapy patient’s post-infusion blood sample. Analysis of CAR 

transgene expression, TCR clonotype usage, and transcriptomic patterns between CAR- and 

CAR+ cells revealed that CD19-tetramers captured a pure, distinct, and clinically-active CAR T-

cell population. Since multi-omics profiling has become increasingly utilized on CAR T-cell patient 

biospecimens to interrogate clinically-relevant CAR T-cell phenotypes22,39,140, we expect antigen-

multimers to be broadly applicable for translational researchers and cell therapists involved in 

CAR research.  

 Two types of antigen-multimers were engineered in our study: tetramers and dodecamers. 

Our staining titrations showed that dodecamers required lower concentrations to saturate CAR 

staining than the corresponding tetramers did. These findings indicate that target antigen avidity 

influences the interaction of a given antigen-multimer for its matched CAR. In general, 

dodecamers stained with greater fluorescence than tetramers. However, in our titrations, the two 

multimers were equally proficient at capturing almost all CAR-expressing cell lines at saturating 

concentrations. Since antigen-multimers would be expected to be used at saturating 

concentrations in real-world scenarios, the benefits of using dodecamers over tetramers are 

modest. Since streptavidin is commercially available, tetramers are also easier to construct. On 

the other hand, dodecamers may be ideal for use when the staining reagent is paired with a dim 

fluorophore or when the CAR’s affinity for target antigen is low. Although we specifically tested 

tetramers and dodecamers, antigen-multimers of additional valencies (such as dimers, pentamers, 

octamers, or dextramers) could be generated.121 These alternative binding valencies may offer 

differential advantages for CAR-detection by modulating binding avidity.  

 Despite their numerous advantages, antigen-multimers are associated with three 

important limitations. Firstly, antigen-multimers are dependent on the accessibility and stability of 

the biotinylated antigen ligand. Eukaryotic proteins can sometimes be difficult to express or site-

specifically biotinylate. Secondly, antigen-multimers should not be used with an antibody that also 
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binds to the antigen ligand at an overlapped epitope. Thirdly, it is possible that preparation of the 

streptavidin-based scaffold for antigen-dodecamers results in spurious heterogeneous and 

higher-order oligomeric forms. To reduce these side reactions, the concentrations of the 

biotinylated dodecamer scaffold protein and streptavidin during the incubation can be modified to 

control the frequency of molecular collisions and decrease higher-order oligomerization.   

 In conclusion, we have developed antigen-multimers as extensible and multifunctional 

high-avidity CAR T-cell detection, enrichment, and stimulation reagents. We anticipate that 

antigen-multimers will be a versatile tool to probe CAR T cells for clinical and research 

applications. 

 

IV: Methods 

Lentiviral production and transduction. 

Plasmids carrying a human CAR or mCherry were cloned onto the pHR vector backbone.93 

Plasmids carrying a mouse CAR were cloned onto the pMP71 vector backbone. Transfer 

plasmids were transfected into the Lenti-X 293T packaging cell line (Takara, 632180) or Platinum-

E retroviral packaging cell line (Cell Biolabs, RV-101) for lentiviral or ecotropic retroviral 

production. Both packaging cell lines were routinely cultured in DMEM and 10% fetal bovine 

serum (X&Y Cell Culture, FBS-500).  

 In brief, packaging cells were grown overnight and transfected the following day via 

Lipofectamine 3000 (Invitrogen, L3000001). For lentiviral production, transfer plasmids (0.95 µg, 

containing the CAR on the pHR vector backbone), packaging plasmids (0.72 µg, psPAX2), and 

envelope plasmids (0.22 µg, pMD2.G) were co-transfected into Lenti-X 293T cells. For ecotropic 

retroviral production, transfer plasmid (0.95 µg, containing the CAR on the pMP71 vector 

backbone) was transfected into Platinum-E cells. After 72 hours, the viral supernatant was 

concentrated by ultracentrifugation and stored at -80°C until transduction.  
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 Concentrated lentiviruses were used to transduce E6-1 Jurkat cells and 58-/- mouse 

hybridoma cells. E6-1 Jurkat cells and 58-/- mouse hybridoma cells were routinely cultured in 

RPMI-1640 (Gibco, 11875093) or DMEM media respectively, supplemented with 10% fetal bovine 

serum (X&Y Cell Culture, FBS-500). During transduction, lentiviruses or ecotropic retroviruses 

were added to cells along with protamine sulfate (Millipore Sigma, P3369-10G) to a final 

concentration of 10 µg/mL. Cells were spinoculated at 800 x g for 60 minutes at room temperature. 

Then, cells were grown for 72 hours before analysis of transduction efficiency by flow cytometry. 

Untransduced cells were used for gating.  

 

Preparation of anti-CD19 CAR-transduced Jurkat clones. 

meGFP+ Jurkat cell clones with stably low anti-CD19 CAR expression and mCherry+ Jurkat cell 

clones with no CAR expression were used for (1) spike-in experiments to assay CAR-staining 

reagents for sensitivity and precision, and (2) magnetic enrichment experiments. To prepare these 

clones, a polyclonal lentivirally-transduced Jurkat cell population was single-cell sorted into 96-

well plates. For preparation of meGFP+ Jurkat cell clones, cells with lower meGFP fluorescence 

were chosen for the sort. For preparation of the mCherry+ Jurkat cell clone, cells with median 

mCherry fluorescence were chosen for the sort. After culturing for 1 month, ~10% of sorted single 

cells grew to high cell density. Cells were successively transferred to larger media volumes.  

 meGFP or mCherry expression in each clone was analyzed by flow cytometry, and 

compared to that of the pre-sorted polyclonal population. To quantify the average number of CAR 

molecules per cell in the anti-CD19 CAR-transduced Jurkat clones, we used GFP flow cytometer 

calibration beads (Takara, 632594), because GFP is fused to the C-terminus of the CAR. Two 

meGFP+ clones (named “low clone” and “mid clone”) were found to have lower CAR expression 

than the pre-sorted polyclonal population. One mCherry+ clone was chosen for having median-

level mCherry expression as the pre-sorted polyclonal population. In both CAR-expressing clones, 

CAR expression was stable and remained similarly low after extensive culturing (>1 month). 
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Before each experiment, CAR expression in these clones was checked to confirm the clones’ 

integrity.  

 

Purification of dodecamer base protein. 

The dodecamer base protein is a tetramer of an inactive streptavidin subunit mutagenized with 

an added C-terminal cysteine. The protein was expressed in BL21 Escherichia coli and refolded 

to form a tetramer with four cysteines. This tetramer was first purified by fast protein liquid 

chromatography using a Superdex 75x10/300 GL column (GE Healthcare, 17517401). Then, the 

four cysteines on the purified tetramer were reduced with tris(2-carboxyethyl)phosphine, and 

biotinylated overnight at room temperature using maleimide chemistry with an extended linker by 

EZ-Link BMCC Biotin (Thermo Scientific, 21900) at ≥50:1 molar ratio. Subsequently, the reaction 

mixture containing biotinylated base protein was desalted twice into HBSS buffer using 7K MWCO 

Zeba Spin Desalting Columns (Thermo Scientific, 89882). The biotinylation efficiency and 

concentration of the final base protein were assayed by the Pierce Fluorescence Biotin 

Quantitation Kit (Thermo Scientific, S20033) and the Qubit Protein Assay Kit (Invitrogen, Q33211) 

respectively. 

  

Generation of antigen-multimers. 

Multimers were constructed from AviTag-biotinylated human His-tagged CD19 (Acro Biosystems, 

CD9-H82E9), AviTag-biotinylated human His-tagged HER2 (Acro Biosystems, HE2-H82E2), site-

specifically biotinylated Tn-glycosylated podoplanin G(T*)KPPLEE peptide (glycosylation marked 

with *)141, and biotinylated bovine serum albumin (BioVision, 7097-5). Biotinylated dodecamer 

base protein and either Alexa Fluor 647-labeled streptavidin (BioLegend, 405237) or 

allophycocyanin-labeled streptavidin (BioLegend, 405207) were used for the multimer scaffold.  
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 To generate antigen-tetramers, biotinylated antigen ligand was added to fluorescently-

labeled tetrameric streptavidin at a 4:1 molar ratio for 30 minutes at 4°C in the dark. This mixture 

was diluted with PBS to convenient concentrations for staining.  

 To generate antigen-dodecamers, biotinylated tetrameric dodecamer base protein was 

incubated with fluorescently-labeled tetrameric streptavidin at a 1:4 molar ratio for 30 minutes at 

4°C in the dark. Subsequently, biotinylated antigen ligand was added at a 12:1 molar ratio for an 

additional 30 minutes at 4°C in the dark. This mixture was diluted with PBS to convenient 

concentrations for staining.  

 

CAR-staining assays for cell lines.  

For staining assays with cell lines, 50000 live cells were employed for all conditions. Cells were 

first washed with cold FACS buffer (PBS, 2% BSA, 0.05% sodium azide). Then, cells were 

incubated with CAR-staining reagents as follows:  

 For staining with antigen-multimers, cells were incubated for 30 minutes at 4°C in the dark 

with a staining solution containing AF647-labeled antigen-tetramers or antigen-dodecamers at 

chosen concentrations.  

 For staining with polyclonal anti-IgG, cells were incubated for 30 minutes at 4°C in the 

dark with a staining solution containing AF647-labeled anti-mouse IgG (H+L) cross-adsorbed 

F(ab’)2-Goat (Fisher Scientific, A21237) at 5 µg per 100 µL staining volume (optimal 

concentration determined by pre-titrating cell lines). 

 For staining with Protein L, cells were incubated for 30 minutes at 4°C in the dark with a 

staining solution containing biotinylated Protein L (Thermo Fisher Scientific, 29997) at 1 µg per 

100 µL volume according to specifications from the literature.67 Cells were subsequently 

incubated with 1 ng/μL AF647-streptavidin (BioLegend, 405237) in FACS buffer for 20 minutes. 

 For staining with anti-FMC63, cells were incubated for 30 minutes at 4°C in the dark with 

a staining solution containing biotinylated anti-FMC63 (clone Y45, Acro Biosystems, FM3-BY45) 
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at chosen concentrations. Cells were subsequently incubated with 1 ng/μL AF647-streptavidin 

(BioLegend, 405237) in FACS buffer for 20 minutes. 

 For staining with monomeric target antigen, cells were incubated for 30 minutes at 4°C in 

the dark with a staining solution containing biotinylated target antigen at chosen concentrations. 

Cells were subsequently incubated with 1 ng/μL AF647-streptavidin (BioLegend, 405237) in 

FACS buffer for 20 minutes. 

 For all CAR-staining assays, after staining with CAR-staining reagents, cells were 

incubated with LIVE/DEAD Fixable Near-IR viability dye (Invitrogen, L34975) diluted 1:1000 in 

PBS for 5 minutes at room temperature. Finally, cells were washed three times in FACS buffer at 

4°C before analysis by flow cytometry.  

 

CAR-staining assays for patient biospecimens. 

Cryopreserved patient biospecimens were thawed in warm RPMI+10% FBS. Cells were first 

washed with cold FACS buffer (PBS, 2% BSA, 0.05% sodium azide). Next, Fc receptors were 

blocked by incubation with Human TruStain FcX (BioLegend, 422301) at 1:50 dilution for 5 

minutes at 4°C. Then, cells were incubated for 30 minutes at 4°C in the dark with a staining 

solution containing BV421-anti-CD3ε (clone SK7, BioLegend, 344833), PE-anti-CD4 (clone SK3, 

BioLegend, 344605), AF488-anti-CD8α (clone Hit8a, BioLegend, 300916), and either antigen-

multimers or biotinylated anti-FMC63 (clone Y45, Acro Biosystems, FM3-BY45). For staining with 

biotinylated anti-FMC63, cells were subsequently incubated with 1 ng/μL AF647-streptavidin 

(BioLegend, 405237) in FACS buffer for 20 minutes. Monoclonal antibodies were generally used 

according to manufacturer recommendations.  

 After staining, cells were incubated briefly with LIVE/DEAD Fixable Near-IR viability dye 

(Invitrogen, L34975) diluted 1:1000 in PBS for 5 minutes at room temperature. Then, cells were 

three times in FACS buffer at 4°C before analysis by flow cytometry.  

 



80 

 

Antigen-multimers for magnetic enrichment.  

CAR-meGFP-transduced Jurkat cell clones with stably low CAR expression (“low clone” and “mid 

clone”) were spiked into mCherry-transduced non-CAR Jurkat cell at ~0.2% prevalence. 

Subsequently, cells were stained with 3 nM of allophycocyanin (APC)-labeled CD19-tetramers or 

CD19-dodecamers for 1 hour at 4°C in FACS buffer (PBS, 2% BSA, 0.05% sodium azide). Stained 

cells were washed three times and then incubated with anti-APC microbeads (Miltenyi Biotec, 

130-090-855) at 1:5 dilution for 15 minutes at 4°C. Cells were then washed once with FACS buffer 

and applied onto magnetic columns (Miltenyi Biotec, 130-042-201). Columns were washed with 

three column volumes of FACS buffer. Then, the column was removed from the magnet, and cells 

were eluted under pressure from a plunger. Subsequently, cells were centrifuged and incubated 

briefly with LIVE/DEAD Fixable Near-IR viability dye (Invitrogen, L34975) diluted 1:1000 in PBS 

for 5 minutes at room temperature. Finally, cells were washed once in FACS buffer at 4°C before 

analysis by flow cytometry.  

 

CAR T-cell stimulation assays. 

CAR-transduced Jurkat cells were incubated in T-cell media (RPMI supplemented with 10% FBS, 

1% Pen/Strep, 2 mM L-glutamine, 50 mM 2-mercaptoethanol) with antigen-multimers or anti-

idiotype antibodies. After 24 hours at 37°C or 4°C, cells and supernatants were collected for the 

analyses of activation markers and cytokine production respectively. 

 To measure T-cell activation markers, the cells were washed with FACS buffer (PBS, 2% 

BSA, 0.05% sodium azide) and incubated for 30 minutes at 4°C in the dark with a staining solution 

containing APC-anti-CD25 (clone M-A251, BioLegend, 356110) and BV510-anti-CD69 (clone 

FN90, BioLegend, 310936). Subsequently, cells were incubated with LIVE/DEAD Fixable Near-

IR viability dye (Invitrogen, L34975) diluted 1:1000 in PBS for 5 minutes at room temperature. 

Finally, cells were washed three times in cold FACS buffer before analysis by flow cytometry.  
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 The supernatant was diluted 1:2 in PBS and analyzed for IL-2 secretion by an enzyme-

linked immunosorbent assay (IL-2 Quantikine ELISA Kit, R&D Systems, D2050). For each ELISA, 

an 8-point standard curve was generated (R2
 > 99%).  

 

Single-cell omics assays.  

Patient peripheral blood mononuclear cells were collected from blood biospecimens by Ficoll-

Paque PLUS (Cytiva, 95021-205), and cryopreserved (RPMI supplemented with 10% FBS and 

10% DMSO) in liquid nitrogen until analyses.  

 Cryopreserved patient biospecimens were thawed in warm RPMI+10% FBS. Cells were 

first washed with cold FACS buffer (PBS, 2% BSA, 0.05% sodium azide). Next, Fc receptors were 

blocked by incubation with Human TruStain FcX (BioLegend, 422301) at 1:50 dilution for 5 

minutes at 4°C. Then, cells were incubated for 30 minutes at 4°C in the dark with a staining 

solution containing BV421-anti-CD3ε (clone SK7) and Alexa Fluor 647-labeled antigen-tetramers 

at 3 nM final concentration for CAR-detection. Subsequently, cells were incubated with 

LIVE/DEAD Fixable Near-IR viability dye (Invitrogen, L34975) diluted 1:1000 in PBS for 5 minutes 

at room temperature. Finally, cells were washed three times in cold cell media before 

fluorescence-activated cell sorting. To draw sorting gates based on a biological control, cells from 

a healthy donor were similar stained and analyzed   

 12000 sorted endogenous CAR- T cells and 7853 sorted CAR+ T cells were  separately 

partitioned into droplets for single-cell omics assays via Chromium Next GEM Single-Cell 5’Kit v2 

(10x Genomics, 1000263). From the resulting barcoded nucleic acids, TCR-seq libraries were 

prepared via the Chromium Single-Cell Human TCR Amplification Kit (10x Genomics, 1000252). 

Sequencing libraries were quantified via the Qubit dsDNA HS Assay Kit (Invitrogen, Q32851), 

quality-checked for fragment sizes via a high-sensitivity D5000 screentape (Agilent, 5067-5592), 

pooled, and sequenced (Illumina, NovaSeq-6000). 
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UMAP analysis and clustering on single-cell RNA-seq data. 

UMAP analysis and clustering were performed using the Seurat package (Version 4.0.0).142 Raw 

count matrices from CD3+CAR+ T cells (“CAR-T”) and CD3+CAR- endogenous T cells (“Endo-T”) 

were first converted to Seurat objects before being further merged into one Seurat object. 

Following that, cells with less than 200 genes detected or greater than 25% mitochondrial RNA 

content were excluded from further analysis, with 5,875 retained after filtering. Since 19,853 cells 

were used to generate the data, our cell capture efficiency was 30%.  

 Then, the raw count was log-normalized using the NormalizeData function with default 

options. Top 5,000 variable features were then identified using the FindVariableFeatures function 

with the default “vst” method. The data were then centered and scaled using the ScaleData 

function, with additional regression against the percent of mitochondrial RNA content. Scaled data 

were then used as input for principal component analysis (PCA) based on variable genes using 

the RunPCA function. Data harmonization was then performed on the principal components using 

the Harmony package143  through the RunHarmony function. UMAP was then constructed based 

on the first 50 harmony components, with “n.neighbors=30” and “min.dist=0.3”. The same 

harmony components were then used to construct the shared nearest neighbor (SNN) graph 

using the FindNeighbors function, which was then partitioned to identify clusters using the 

FindClusters function with default Louvain algorithm and “resolution =0.8”. These clusters were 

then manually aggregated and classified as T cell subsets based on known markers. The non-T 

clusters (626 cells) were then removed from following analyses, and the T cells (5,249 cells) were 

then re-analyzed separately with the same steps as above starting from renormalization.  

 

Differential gene expression (DEG) analysis on single-cell RNA-seq data. 

DEG analyses were all performed using the FindMarkers function in Seurat (Version 4.0.0) 

package, with default parameters and the appropriate ‘ident.1” and “ident.2” set as contrast. 
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Unless otherwise stated, the results were then filtered with p_val_adj < 0.05 and abs(avg_logFC) > 

0.25. 

 

Single-cell TCR-seq data processing and analysis. 

The scTCR-seq reads were aligned to the 10x curated GRCh38 vdj reference genome and 

quantified using the cellranger vdj (10x Genomics, version 6.0.0). The resultant clonotype and 

filtered contig annotation data were used for downstream analyses. The clonotype and contig 

data were then added to the scRNA data by matching the cell barcodes. The frequency of each 

clonotype in each sample was recalculated based on those successfully matched to the 

corresponding scRNA data. Each unique clonotype is defined by the nucleotide sequence of 

CDR3 regions for a productive TCRα chain paired with a productive TCRβ chain. 

 

CAR transgene mapping. 

The axicabtagene ciloleucel CAR design is documented.65 Its sequence was confirmed by Sanger 

sequencing of genomic DNA extracted from axicabtagene ciloleucel infusion products. The CAR 

sequence was then added to the GRCh38 FASTA and GTF files accordingly, and a custom 

reference for cellranger was built from these annotation files using cellranger mkref (10x 

Genomics, version 6.0.0). The resultant custom reference was used for the CAR transgene 

mapping through cellranger count. 

 

Plotting. 

Unless otherwise stated, all plots for multi-omics data analysis were constructed in R (version 

4.0.0) using ggplot2 (version 3.3.1). 
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SECTION IV: TWO-STAGE CAR T-CELL DIFFERENTIATION3 

 

Chimeric antigen receptor (CAR) T-cell therapy has expanded therapeutic options for patients 

with diffuse large B-cell lymphoma (DLBCL). However, progress in improving clinical outcomes is 

limited by a poor understanding of CAR T-cell differentiation in vivo. To investigate the phenotypes 

and clonal dynamics of CAR T cells in vivo, we performed single-cell, multi-omics, and longitudinal 

analyses of CD28-costimulated CAR T cells from infusion product and peripheral blood of patients 

with DLBCL who were successfully treated with axicabtagene ciloleucel. Here, we show that CAR 

T cells undergo two distinct stages of post-infusion clonal expansion. Stage 1 (peak expansion, 

before day 14) is dominated by precursor exhausted-like CD8+ and effector-Th1-like CD4+ CAR T 

cells. Stage 2 (post-peak contraction, after day 14) is dominated by effector/memory-like CD8+ 

and memory-like CD4+ CAR T cells. Importantly, clonal tracing and T-cell phenotypes both 

suggest that CAR T cells from peak expansion and post-peak contraction are biologically 

uncoupled. Moreover, trajectory analysis indicates that CD8+ CAR T cells from Stage 1 and Stage 

2 originate from proliferative and effector/memory-like precursors, respectively, in the infusion 

product, suggesting that baseline heterogeneity underlies two-stage differentiation. In addition to 

elucidating characteristics associated with complete responders, our findings inform endeavors 

to improve CAR T-cell expansion and persistence.  

                                                
3 This chapter is based on a submitted paper that is under review:  
Cao, G.*, Hu, Y.*, Althaus, T., Riedell, P. A., Bishop, M. R., Kline, J., & Huang, J. (2022). Two-

Stage CAR T-Cell Differentiation in Patients with Large B-Cell Lymphoma. Submitted on 
6/13/2022. *Equal Contributions 
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I: Introduction 

Research efforts to improve the efficacy of CAR T cells hinge upon a biologically accurate and 

comprehensive picture of how CAR T cells differentiate in patients with r/r DLBCL. Early clinical 

studies to interrogate CAR T cells in vivo characterized CAR T-cell expansion and persistence in 

peripheral blood. For instance, during treatment with axicabtagene ciloleucel, an autologous 

formulation of CD28-costimulated CAR T-cell therapy, CAR T cells in peripheral blood expand, 

reach peak expansion, contract, and sometimes persist.4,144 Expansion predicts complete 

response to therapy as well as grade of cytokine release syndrome (CRS) and immune effector 

cell-associated neurotoxicity syndrome (ICANS).4,23 Persistence predicts durable remission and 

long-term immunosurveillance, though its relevance for preventing DLBCL relapse is obscure.144–

146 Although many factors correlate with expansion and persistence (including CAR design87,147 

and CAR T-cell phenotypes22,23,39,148,149, among others47,150,151), how and why CAR T cells 

differentiate into more expansive or persistent phenotypes in vivo remains an open question. 

Existing studies focus mainly on 4-1BB-costimulated CAR T cells in a pediatric cancer setting with 

greater potential for long-term remission, hence the relevance of their insights to CD28-

costimulated CAR T cells in the treatment of adult lymphoma is unknown. Furthermore, studies 

have focused on either CAR T-cell phenotypes148,152,153 or clonal kinetics140, but not on the 

integration of both data modalities to reach a comprehensive model. Dissecting CAR T-cell 

differentiation in vivo requires a single-cell approach that pairs CAR T-cell phenotypic profiles with 

clonal kinetics.  

 To elucidate CD28-costimulated CAR T-cell differentiation in vivo, we performed single-

cell, multi-omics (paired RNA-seq/CITE-seq/TCR-seq), and longitudinal analyses of CD28-

costimulated CAR T cells from infusion product and peripheral blood of patients with r/r DLBCL 

who were successfully treated with axicabtagene ciloleucel. CAR T cells from peripheral blood 

were stained and sorted using our recently developed CD19-tetramer.154 Interestingly, we 

discovered that CAR T cells undergo two distinct clonal expansion stages in complete responders, 
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each dominated by unique CAR T-cell phenotypes. Clonal tracing and T-cell phenotypes suggest 

that the earlier CAR T cells observed during peak expansion (Stage 1) are a distinct lineage from 

the later CAR T cells observed during post-peak contraction (Stage 2). Moreover, trajectory 

analysis demonstrates that post-infusion CD8+ CAR T cells from each stage originate from unique 

precursors in the infusion product, suggesting that baseline heterogeneity underlies the two 

stages of clonal expansion. In addition to elucidating in vivo CAR T-cell biology, our findings may 

be fundamentally important for future endeavors to develop CAR T cells with superior expansion 

and persistence. 

 

II: Results 

Study design and clinical findings. 

To interrogate CD28-costimulated CAR T-cell differentiation in vivo, we studied the phenotype 

and clonal dynamics of CAR T cells over the course of therapy from three patients who achieved 

complete responses (CR1, CR2, CR3) to axicabtagene ciloleucel (Figure IV-1A). Patients were 

diagnosed with r/r DLBCL and treated at the University of Chicago Medicine in 2019. All patients 

presented with grade ≥2 CRS or ICANS during therapy (Table IV-1). Complete response (i.e., no 

detectable lymphoma) was determined by positron emission tomography/computed tomography 

imaging 30 days after infusion product administration (figure IV-S1). To capture phenotypic 

heterogeneity and clonal dynamics throughout the course of therapy, we employed single-cell 

multi-omics analyses (paired RNA-seq/CITE-seq/TCR-seq via the 10x Genomics platform) on 

infusion product and longitudinal peripheral blood biospecimens. CAR T-cell clones were tracked 

across timepoints using their clonotypes as unique indices. CAR T cells were sorted from 

peripheral blood using our recently developed CD19-tetramer (representative staining in Figure 

IV-1B, figure IV-S2).154 As expected, sorted cells specifically expressed the CAR transgene 

(Figure IV-1C). Peripheral blood CAR T cells were analyzed at multiple timepoints within 90 days 

following infusion product administration, in order to capture the CAR T-cell expansion, peak, and 
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contraction phases.4 While the three patients demonstrated the expected phases in peripheral 

blood CAR T-cell abundance, only CR2 yielded sufficient CAR T cells at day 90 for single-cell 

multi-omics analyses (Figure IV-1D).  

 

 
 
Figure IV-1. CAR T cells from complete responders undergo two waves of clonal expansion 
in vivo. (a) Schematic depicting sorting strategy, data generation, and single-cell multi-omics 
analysis of CAR T cells in peripheral blood from three CAR T-cell therapy patients (CR1, CR2, 
CR3) who exhibited complete responses to axicabtagene ciloleucel.  
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Figure IV-1, continued. (b) Representative flowplots depicting CD3 and CD19-tetramer staining 
of peripheral blood mononuclear cells from CR3 versus a healthy donor. (c) Violin plots depicting 
normalized CAR transgene mRNA expression of sorted CAR+ and CAR- T cells (by CD19-
tetramer staining) from CR patients. Expression levels were compared by Wilcoxon Rank-Sum 
test, whereby **** indicates p<0.0001. (d) Line plots depicting expansion and contraction of CAR 
abundance over the course of therapy. (e) Clonal tracing maps depicting representation of the 
top ten most abundant clones from infusion product, S1, S2a, and S2b (labeled by rows) at each 
timepoint (labeled on plots) for each CR patient (labeled by columns). (f) Dot plot depicting overlap 
coefficients between clonal repertoires of CAR T cells aggregated from CR patients at different 
stages of therapy. (g) Venn diagrams depicting number and proportions (in parenthesis) of shared 
TCR clonotypes of CAR T cells aggregated from CR patients at different stages of therapy. (h) 
Two-stage model according to clonotype repertoire and clonal tracing data. Bulk CAR T-cell 
expansion and contraction (black line) masks two distinct waves of clonal expansion (brown and 
green). Timepoints for the two waves are designated “Stage 1 (S1)” and “Stage 2 (S2)”. 
Associated with Figures IV-S1 through IV-S4. 
 
 
 

 
 
Figure IV-S1. PET/CT imaging for therapy response. Baseline and 30-day response 
assessment per PET/CT scan for select patients with complete response. In all images, 
lymphoma locations are denoted by orange arrows or circles. Associated with Figure IV-1. 
 
  



91 

 

Table IV-1. Patients’ Clinical Characteristics 
 

Characteristics CR1 CR2 CR3 

Age, y 74 69 55 

Sex Male Male Female 

Disease stage II IV II 

No. of prior therapies 2 5 2 

Prior lines of therapy 1. R-CHOP 1. R-CHOP 1. DA-EPOCH w/ IT 
MTX  

2. R-ICE 2. Benda-
obinutuzumab 

2. ICE 

  
3. R-ICE 

 

  
4. Hu5F9-G4 + 
rituximab (on clinical 
protocol) 

 

  
5. R GemOx 

 

    

Disease status Relapsed Refractory (e.g., 
relapsed then 
refractory) 

Primary refractory 

Baseline (Ref. range) 
   

 LDH, U/L (116-245) 165 311 312 

 CRP, mg/dL (<0.5) 0 Not determined 3.5 

 Ferritin, ng/mL (20-
300) 

110 Not determined 576 

ECOG PS 1 1 2 

Bridging therapy No No Yes 

Product Axicabtagene 
ciloleucel 

Axicabtagene 
ciloleucel 

Axicabtagene 
ciloleucel 

Maximum Grade CRS 2 1 2 

Maximum Grade 
ICANS 

2 3 3 

Tocilizumab or steroids Tocilizumab & 
steroids 

Tocilizumab & 
steroids 

Tocilizumab & 
steroids 

30-Day Response  Complete Response Complete Response Complete Response 

Survival status Deceased Alive Deceased 

Cause of Death Second Malignancy --- Progressive 
lymphoma 
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Two stages of post-infusion CAR T-cell clonal expansion. 

To analyze CAR T-cell population dynamics, we tracked CAR T-cell abundance in peripheral 

blood throughout the course of therapy via CD19-tetramer staining during sorting. CAR T-cell 

abundance at peak expansion ranged from 15% (CR1) to 73% (CR2) (Figure IV-1D). Peak 

expansion occurred between day 8-12, which is consistent with prior clinical findings.4 Although 

the post-peak contraction rate varied between patients, CAR T-cell abundance was ˂1% in all CR 

patients by day 90 (figure IV-S2). For each timepoint, we quantified proportions of γδ, CD8+, and 

CD4+ T cells within the total CAR T-cell population by single-cell RNA-seq and CITE-seq. CD8+ 

CAR T cells were the predominant population across all patients/timepoints, with the exception of 

early timepoints from CR1 and CR3, in which CD4+ CAR T cells were more prevalent (figure IV-

S2A). The remaining γδ T cells represented ≤8% of CAR T cells at all timepoints (figure IV-S3B). 

 Next, we used single-cell TCR-seq to define TCRα/β clonotypes and trace the top ten 

most abundant CAR T-cell clones from each timepoint across other timepoints (Figure IV-1E). 

No clone represented >8% of total CAR T cells at any timepoint. The most abundant infusion 

product clones were typically observed at only very low levels post-infusion, which is consistent 

with a prior study showing a decrease in diversity post-infusion.58 Interestingly, clonal tracing 

analyses pointed towards two distinct waves of CAR T-cell clonal expansion: an earlier wave 

during peak expansion and a later wave during post-peak contraction. The most abundant clones 

at peak expansion (day 10 in CR1, day 12 in CR2, day 8 in CR3) were rarely observed (<0.2% in 

total) at post-peak timepoints (day 21 and 28). Conversely, the most abundant clones at post-

peak timepoints were rarely observed (<0.1% in total) at peak expansion. However, the most 

abundant day 21 clones were present at day 28 and vice versa. Endogenous T cells from matched 

timepoints did not show the same exclusive patterns of clonal expansion, indicating that the two 

waves were CAR-specific (figure IV-S4). For instance, the most abundant endogenous clones at 

peak expansion were significantly observed (>2.9% in total) at post-peak timepoints and vice 

versa (>2.8% in total). Timeframes for the two waves of CAR T-cell clonal expansion were 
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designated “Stage 1” (S1, peak expansion) and “Stage 2” (S2, post-peak). CR1 and CR2 had two 

S2 timepoints designated S2a (day 21) and S2b (day 28). CR3 only had the S2a timepoint due to 

sample availability. In agreement with clonal tracing findings, repertoire overlap analysis of CAR 

T cells also revealed that while S1 and S2 clones were distinct, S2a and S2b clones were similar 

(Figure IV-1F-G). Given that S1, S2a, and S2b were mutually spaced by ~1 week, the mere 

passage of time cannot explain our observations regarding the transition from S1 clones to S2 

clones.   

 In conclusion, clonal tracing and repertoire overlap analyses suggest a two-stage CAR T-

cell differentiation model, whereby S1 and S2 are timeframes for two distinct waves of CAR T-cell 

clonal expansion (Figure IV-1H). The two-stage differentiation model uncouples CAR T cells from 

peak expansion and post-peak contraction by designating them as separate lineages. Hence, the 

earlier CAR T cells observed during peak expansion are a distinct lineage from the later and more 

persistent CAR T cells. Moreover, these findings provide evidence against the intuitive idea that 

post-peak contraction in CAR T-cell abundance is due solely to apoptosis of short-lived CAR T 

cells from peak expansion. Rather, even as total CAR T-cell abundance was contracting in S2, a 

distinct subset of CAR T-cell clones was actually expanding and replacing the S1 clonal repertoire. 
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Figure IV-S2. CAR detection by CD19-tetramers. Flow plots demonstrating use of Brilliant 
Violet 421-labeled anti-CD3ε and Alexa Fluor 647-labeled CD19-tetramers for CAR T-cell 
detection, quantification, and sorting. (a) Gating strategy for CD3+ T cells from patient PBMCs. (b) 
Gating for CAR T cells. PBMCs from a healthy donor (biological control) were used to draw CAR+ 
gates. We analyzed post-infusion PBMCs at timepoints throughout the course of therapy from the 
3 CR patients. Associated with Figure IV-1. 
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Figure IV-S3. CAR T-cell population characteristics. (a) Stacked bar graphs indicating the CD4 
versus CD8 representation of CAR T cells (only αβ T cells) for each patient at various timepoints. 
(b) Line plots describing the CAR T-cell population at various timepoints. Total CAR abundance 
(black line) is depicted for each patient. The area under this line is colored according to proportion 
of CAR T cells that are CD4+, CD8+, or γδ T cells. The stage 1 (“S1”) and stage 2 (“S2”) timeframes 
are colored in the background accordingly. (c) Dot plot showing overlap coefficient between clonal 
repertoires of CD4+ CAR T cells (top) and CD8+ CAR T cells (bottom) from CR patients at different 
stages. Associated with Figure IV-1. 
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Figure IV-S4. Endogenous T-cell clonal kinetics. Clonal tracing maps depicting representation 
of the top ten most abundant endogenous T-cell clones from S1, S2a, and S2b (labeled by rows) 
at each timepoint (labeled on plots) for CR patients (labeled by columns). Associated with Figure 
IV-1. 
 

 

Precursor exhausted-like (S1) to effector-like/memory-like (S2) CD8+ CAR T cells. 

We hypothesized that unique CAR T-cell phenotypes dominate the two distinct waves of CAR T-

cell clonal expansion. To test this hypothesis, we first focused on CD8+ CAR T cells, the 

predominant CAR T cell at most timepoints. After filtering CD8+ CAR T cells from the post-infusion 

dataset, twelve CD8+ T-cell clusters were identified (Figure IV-2A) based on gene and protein 

markers (Figure IV-2B, expanded marker set in figure IV-S5A). No cluster was patient-specific 

(figure S6a). All clusters expressed the CAR transgene and CD8α, validating our CD19-tetramer 
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sorting and filtering process, respectively. Most clusters expressed CXCR3, a chemokine receptor 

expressed by activated T cells. Moreover, most clusters expressed CX3CR1 and TBX21, markers 

of effector and effector memory CD8+ T cells, which is consistent with the established link between 

CD28 costimulation and effector memory (rather than central memory) differentiation.87,147 

Proliferative (MKI67+TOP2A+) and apoptotic (higher mitochondrial gene content) clusters, distinct 

from the other ten clusters, were also identified.  

 Clusters were annotated with their closest subset identity: effector-like (EFF, 

CX3CR1+TCF7-), memory-like (MEM, CX3CR1+TCF7+), or precursor exhausted-like155,156 (PEX, 

TCF7+TOX+ and/or TCF7+NR4A2+). EFF clusters (3 in total) appeared to occupy an activation 

continuum delineated by a gradient in CXCR3 and CD38 expression along the top edge of the 

UMAP. The most activated EFF cluster (CXCR3+CD38+) exhibited the greatest clonal repertoire 

overlap with, and lay closest to, the proliferating cluster on the UMAP (see figure IV-S5B), 

suggesting a link between activation and proliferation. MEM clusters (3 in total) did not express 

CCR7, indicating an effector memory phenotype. PEX clusters (4 in total) exhibited upregulation 

of GZMK157 and co-expressed multiple inhibitory receptors, including PD-1, TIM-3, LAG-3, CD39, 

and TIGIT (figure IV-S5C).  

 Phenotypic compositions of CD8+ CAR T cells from S1 and S2 were compared (Figure 

IV-2C). S1 CAR T cells were predominantly PEX (90%) and expressed CXCR6, a chemokine 

receptor that facilitates CAR T-cell trafficking into solid tumors.158 In contrast, S2 CAR T cells were 

EFF (50-70%) or MEM (20-30%). These findings were consistent across all three CR patients 

(figure IV-S6B-C). Between S2a and S2b, EFF CAR T cells shifted from CXCR3+ towards CXCR3-, 

MEM CAR T cells shifted from CXCR6+ towards CXCR6-, and proliferating T cells decreased from 

8% to 2% (see figure IV-S6), indicative of less activated CAR T cells. However, the overall 

phenotypic composition at S2a and S2b remained largely similar, which reinforced our clonal 

tracing and repertoire overlap findings. Finally, late CD8+ CAR T cells (day 90 from CR2) were 
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predominantly CXCR6- PEX (80%), some of which also expressed CCR7 (figure IV-S9a-b), which 

is consistent with prior studies linking CCR7 with long-term CAR T-cell persistence.47,148,159 

 Transcriptional profiles from different stages were compared via gene set enrichment 

analysis (GSEA). S1 CAR T cells upregulated gene sets for cell contraction, apoptosis, and 

glycolysis, while S2 CAR T cells upregulated gene sets for memory and effector T cells (Figure 

IV-2D), in general agreement with the phenotypic shift from PEX to EFF/MEM between S1 and 

S2. Interestingly, the most differentially expressed gene sets involved cytokine response. TNFα 

response genes (including TNFAIP3, NFKBIA, DUSP1) were upregulated in S1 CAR T cells, while 

type I interferon (IFN-I) response genes (including STAT1, SPON2, KLRD1) were upregulated in 

S2 CAR T cells (figure IV-S5D). In accordance with GSEA findings, some S2 EFF and MEM 

clusters expressed IRF7, a transcription factor in the IFN-I pathway.160 Finally, we compared S2a 

and S2b transcriptomic profiles (Figure IV-2E). S2a CAR T cells upregulated gene sets for 

negative regulation of apoptosis, while S2b CAR T cells upregulated gene sets for leukopenia 

and intrinsic apoptosis (figure IV-S5E). These apoptotic patterns explain the overall contraction 

of the CD8+ CAR T-cell population during S2.   

 Overall, we discovered that the CD8+ CAR T-cell phenotype shifted from PEX to EFF/MEM 

between S1 and S2 (Figure IV-2F), which supports our hypothesis that each wave is dominated 

by unique CAR T-cell phenotypes. Since exhaustion is a distinct trajectory from effector or 

memory T-cell differentiation161, these findings support the categorization of S1 and S2 CAR T 

cells as separate lineages and reinforce our two-stage differentiation model.  
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Figure IV-2. Precursor exhausted-like to effector-like/memory-like CD8+ CAR T cells 
between S1 and S2. (a) UMAP depicting single-cell transcriptomes of CD8+ CAR T cells from 
CR patients in 12 T-cell clusters. EFF, PEX, and MEM clusters are colored in shades of red, 
brown, and blue respectively. Inset depicts distribution of transcriptomes among stages of therapy. 
(b) Violin plots depicting normalized expression levels of key genes and proteins for annotation 
and phenotyping. For extended version, see figure IV-S6a. (c) Stacked bar graph depicting 
proportions of each T-cell subset at different stages.  
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Figure IV-2, continued. (d,e) Gene set enrichment analysis comparing CD8+ CAR T cells 
between S1 and S2 (d) or between S2a and S2b (e). For each gene set, direction and statistical 
significance of enrichment are indicated by the circle’s color and size respectively. (f) Two-stage 
model of CD8+ CAR T-cell differentiation. Abbreviations: EFF, effector-like; PEX, precursor 
exhausted-like; MEM, memory-like; NES, normalized enrichment score. Associated with Figures 
IV-S5, IV-S6, and IV-S9. 
 

Figure IV-S5. Phenotypic heterogeneity of CD8+ CAR T cells. (a) Violin plots depicting 
normalized expression levels of key genes and proteins among the 12 CD8+ CAR T-cell clusters.  
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Figure IV-S5, continued. (b) Dot plot depicting overlap coefficient between clonal repertoires of 
clusters. (c) Overlapping pie charts depicting co-expression of inhibitory receptors on the four 
precursor exhausted clusters. (d,e) Volcano plot depicting log fold-change and adjusted p-value 
of differentially expressed genes in S1 versus S2 (d) and S2a versus S2b (e). Key genes are 
marked accordingly. Associated with Figure IV-2. 
 
 

 
 
Figure IV-S6. Patient distribution of CD8+ CAR T cells. (a) Colored UMAPs depicting how 
CD8+ CAR T cells from each CR patient are distributed on the overall harmonized UMAP. (b,c) 
Stacked bar graphs depicting proportions of CD8+ CAR T cells represented in each cluster (b) or 
T-cell subset (c) for each CR patient. Associated with Figure IV-2. 
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Effector Th1-like (S1) to memory-like (S2) CD4+ CAR T cells. 

We next investigated whether each wave of clonal expansion is also associated with unique CD4+ 

CAR T-cell phenotypes. Clustering, annotation, phenotypic composition analysis, and GSEA were 

carried out in the same manner as for CD8+ CAR T cells. Six CD4+ T-cell clusters, all expressing 

the CAR transgene and CD4, were identified based on gene and protein markers (Figure IV-3A-

B, expanded marker set in figure IV-S7A). No cluster was patient-specific (figure IV-S8A). All 

clusters expressed CXCR3, indicating T-cell activation and type 1 helper differentiation. One 

cluster was proliferative (MKI67+TOP2A+). 

 Clusters were annotated as: effector type 1 helper-like (EFF-Th1, KLRB1+TBX21+), 

memory-like162 (MEM, KLRB1+TBX21-), and regulatory-like (REG, FOXP3+IL2RA+IL7Rlow and 

CD25hi). EFF-Th1 clusters (2 in total, CXCR6+ or CXCR6-) upregulated cytolytic markers (GZMK, 

GZMA, PRF1, GNLY) and inhibitory receptors (CTLA4, PDCD1, LAG3, CD39), resembling 

cytolytic CD4+ CAR T cells described recently.148 IRF7 was upregulated in the CXCR6+ EFF-Th1 

cluster, indicating response to IFN-I signaling. MEM clusters (2 in total) were CCR7+ or CCR7-, 

indicating central memory and effector memory phenotypes respectively. Consistent with their 

annotation, both MEM clusters downregulated inhibitory receptors (CTLA4, PDCD1, LAG3, PD-

1, CD39) and cytolytic markers (GNLY, GZMK, GZMA, PRF1). The CCR7+ MEM cluster 

upregulated IRF7, which is consistent with the role of IFN-I in central memory CD4+ T-cell 

development.163 CCR7+ MEM and proliferative clusters overlapped in their clonal repertoires 

(figure IV-S7B) and lie in proximity on the UMAP, indicating that CCR7+ MEM cells may self-

renew. The REG cluster upregulated Treg markers (FOXP3, IL2RA, CTLA4, CD25), 

downregulated KLRB1, and upregulated IKZF2, indicating a stable and suppressive 

phenotype.164,165 Although CAR Tregs can inhibit efficacy of effector CAR T cells in preclinical 

models166, the existence of human CAR Tregs in vivo from clinical formulations has not been 

previously described. 
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 Across all three CR patients, S1 CD4+ CAR T cells were predominantly CXCR6- EFF-Th1 

cells (85%), while S2 CD4+ CAR T cells were MEM (30-70%) or CXCR6+ EFF-Th1 cells (30-50%) 

(Figure IV-3C, figure IV-S8B-C). Between S2a and S2b, EFF-Th1 representation decreased (50% 

to 27%) while MEM representation increased (30% to 70%), suggesting that memory-like CD4+ 

CAR T cells are more persistent. REG representation was significant in S2a (12%), but became 

negligible during S2b (<1%). Finally, late CD4+ CAR T cells (day 90 from CR2) were 

predominantly MEM (80%) or EFF-Th1 (20%) (figure IV-S9C-D).  

 GSEA revealed upregulation of gene sets for cytoskeletal regulation and hypoxia in S1 

CAR T cells, and ribosomal biogenesis in S2 CAR T cells (Figure IV-3D), in agreement with the 

phenotypic shift from EFF-Th1 to MEM phenotype. Similar to the CD8+ CAR T cell findings, some 

of the most differentially expressed gene sets involved cytokine response. S1 CAR T cells 

upregulated TNFα and TGFβ1 response genes (including TNFAIP3, NFKBIA, PMAIP1), while S2 

CAR T cells upregulated IFN-I response genes (including STAT1) (figure IV-S7C). S1-specific 

upregulation of the TGFβ1 response gene set is consistent with the presence of REG cells during 

S1. Comparing S2a and S2b transcriptomic profiles (Figure IV-3E), we found that gene sets for 

negative regulation of apoptosis were upregulated in S2a CD4+ CAR T cells, while gene sets for 

leukopenia were upregulated in S2b CD4+ CAR T cells (see figure IV-S7D), which explains the 

overall contraction of the CD4+ CAR T-cell population during S2.  

 Our findings that the CD4+ CAR T cell phenotype shifted from EFF-Th1 to MEM between 

S1 and S2 (Figure IV-3F), like the CD8+ CAR T results, support our hypothesis that each wave 

is dominated by unique CAR T-cell phenotypes. Since lineage-committed Th1-polarized effector 

CD4+ T cells are not known to regress back into non-committed central or effector memory T 

cells167,168, our phenotype findings further support the two-stage differentiation model. 

Furthermore, PEX CD8+ and EFF-Th1 CD4+ T cells are both known to be antigen-dependent and 

short-lived populations, which is consistent with the transient nature of the S1 wave. Both CD4+ 

and CD8+ CAR T cell results suggest that the CAR T-cell population increasingly upregulates 
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apoptosis and contracts over the course of S2. Notably, we observed S1- and S2-specific 

upregulation of TNFα and IFN-I response gene sets, respectively, for both CD4+ and CD8+ CAR 

T cells, which suggests that the cytokine milieu in peripheral blood may change over the course 

of therapy. 
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Figure IV-3. Effector-Th1-like to memory-like CD4+ CAR T cells between S1 and S2. (a) 
UMAP depicting single-cell transcriptomes of CD4+ CAR T cells from CR patients in 6 T-cell 
clusters. REG, MEM, and EFF-Th1 clusters are colored in shades of brown, blue, and red 
respectively. Inset depicts distribution of transcriptomes among stages of therapy. (b) Violin plots 
depicting normalized expression levels of key genes and proteins for annotation and phenotyping. 
For extended version, see figure IV-S8a. (c) Stacked bar graph depicting proportion represented 
within each T-cell cluster at different stages.  
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Figure IV-3, continued. (d,e) Gene set enrichment analysis comparing CD4+ CAR T cells 
between S1 and S2 (d) or between S2a and S2b (e). For each gene set, direction and statistical 
significance of enrichment are indicated by the circle’s color and size respectively. (f) Two-stage 
model of CD4+ CAR T-cell differentiation. Abbreviations: REG, regulatory-like; MEM, memory-like; 
EFF-Th1, effector T helper 1-like; NES, normalized enrichment score. Associated with Figures IV-
S7, IV-S8, and IV-S9. 
 

 
 
Figure IV-S7. Phenotypic heterogeneity of CD4+ CAR T cells. (a) Violin plots depicting 
normalized expression levels of key genes and proteins among the 6 CD4+ CAR T-cell clusters.  
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Figure IV-S7, continued. (b) Dot plot depicting overlap coefficient between clonal repertoires of 
clusters. (c,d) Volcano plot depicting log fold-change and adjusted p-value of differentially 
expressed genes in S1 versus S2 (c) and S2a versus S2b (d). Key genes are marked accordingly. 
Associated with Figure IV-3.  
 
 

 
 
Figure IV-S8. Patient distributions of CD4+ CAR T cells. (a) Colored UMAPs depicting how 
CD4+ CAR T cells from each CR patient are distributed on the overall harmonized UMAP. (b,c) 
Stacked bar graphs depicting proportions of CD4+ CAR T cells represented in each cluster (b) or 
T-cell subset (c) for each CR patient. Associated with Figure IV-3. 
 



108 

 

 

Figure IV-S9. Phenotypic heterogeneity of late CAR T cells from CR2. Bar graphs indicating 
the population composition of CAR T cells from CR2 at a late timepoint (d90). (a,b) Graph 
depicting CD8+ CAR T-cell subsets (a, left) and clusters (b, right). (c,d) Graph depicting CD4+ 
CAR T-cell subsets (c, left) and clusters (d, right). Associated with Figures IV-2 and IV-3. 
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Distinct regulatory networks underlie S1 and S2 CAR T cells. 

Having established the clonal dynamics and phenotypes of S1 and S2 CAR T cells, we next 

interrogated S1- and S2-specific regulatory networks using a machine-learning model (Figure IV-

4A). We transformed single-cell transcriptome data into regulomes and calculated regulon scores. 

These scores were used to train a machine-learning model to classify S1 and S2 CAR T cells. 

The model demonstrated high predictive accuracy (>90%) for S1 versus S2 classification in both 

CD8+ and CD4+ CAR T cells (figure IV-S10). 

 Top stage-specific regulatory networks were identified based on the importance of each 

regulon for the model’s predictions (Figure IV-4B-C) (see figure IV-S11A-B for extended version). 

For CD8+ CAR T cells, S1-predictive regulons with known functions included the FOSL2, FLI1, 

and ELF1 regulons (Figure IV-4D-E, figure IV-S11C). Based on the literature, FOSL2 

antagonizes exhausted CD8+ T-cell differentiation.169 On the other hand, FLI1 antagonizes 

effector CD8+ T-cell differentiation170, and itself can be upregulated by ELF1.171 Targets of these 

regulons included transcription factors associated with T-cell exhaustion, including PRDM1, 

NR4A2, NFATC2, and IKZF3.172,173 In particular, concurrent activation of FLI1 and FOSL2 

regulons, which play opposing roles in exhaustion versus effector differentiation, may account for 

the S1-specific PEX phenotype. On the other hand, S2-predictive regulons with known functions 

included the KLF6, JAZF1, and ELF4 regulons (Figure IV-4F, figure IV-S11D). KLF6 and JAZF1 

transcription factors have previously been correlated with less dysfunctional and more cytotoxic 

CD8+ tumor-infiltrating T cells172, while ELF4 promotes memory CD8+ T cells by maintaining 

quiescence.174 Target of these regulons included genes (including PRF1, CX3CR1) and 

transcription factors (including TBX21, ZEB2, ID2) associated with effector and effector memory 

differentiation, which is consistent with S2-specific EFF/MEM phenotypes. In CD4+ CAR T cells, 

S1-predictive regulons with known functions included the regulon for KLF2 (figure IV-S11E), 

which represses CD4+ follicular helper T-cell differentiation and enhances Th1 differentiation.175 

S1-specific upregulation of this regulon is consistent with S1-specific EFF-Th1 phenotype. On the 
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other hand, S2-predictive regulons with known functions included the STAT1, IRF1, and IRF7 

regulons (figure IV-S11F), which is consistent with S2-specific upregulation of IFN-I response 

genes.  

 Based on our machine-learning model and regulon scores, we identified S1- and S2-

predictive regulatory networks that are consistent with S1- and S2-specific phenotypes for both 

CD8+ and CD4+ CAR T cells. In addition to elucidating molecular determinants underlying the S1 

and S2 waves, these analyses reveal previously characterized as well as new regulatory targets 

that may be manipulated in future endeavors to control CAR T-cell differentiation.  

 
Figure IV-4. Transcriptional regulation of S1 and S2 CAR T cells. (a) Schematic for regulon 
construction and stage classification in S1 and S2 CAR T cells.  
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Figure IV-4, continued. After transcriptomes were transformed into regulomes, regulon scores 
were calculated and used to train a machine-learning model to classify S1/S2 CAR T cells. Key 
regulons were then determined based on their importance in the model’s predictions. (b,c) Top 
five regulons that delineate S1 and S2 predictions in CD8+ (b) and CD4+ (c) CAR T cells. Each 
bar graph depicts the SHAP values of the top 5 regulons for that group. (d) Heatmap depicting 
expression of select genes (listed on left) along with the regulons they are part of (listed on right). 
(e,f) Representative target networks for the FLI1 (e) and JAZF1 (f) regulons, which help classify 
S1 and S2 CD8+ CAR T cells respectively. Expression of each regulon among S1 and S2 CD8+ 
CAR T cells is depicted as violin plots, and were compared by Wilcoxon Rank-Sum test, whereby 
**** indicates p<0.0001. Abbreviations: SHAP, Shapley additive explanations. Associated with 
Figures IV-S10 and IV-S11. 
 

 
 
Figure IV-S10. Stage predictions from regulon-based machine-learning model. Stacked bar 
graphs indicating the proportions of CD8+ (a) and CD4+ (b) CAR T cells predicted to derive from 
the S1 or S2 clonal expansion wave. Actual timepoints are labeled on the bottom of each graph. 
Predictions from the model were based on regulon expression transformed from single-cell 
transcriptomes. Associated with Figure IV-4. 
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Figure IV-S11. Top stage-determining regulons based on machine-learning model. (a,b) Dot 
plots indicating SHAP values (x-axis) and direction of prediction (color) for each regulon’s 
influence on predictions for single cells. Plots are depicted for CD8+ (a) and CD4+ (b) CAR T cells. 
(c-f) Representative target networks for regulons that help classify S1 CD8+ (c), S2 CD8+ (d), S1 
CD4+ (e), and S2 CD4+ (f) CAR T cells.  
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Figure IV-S11, continued. Expression of each regulon among S1 and S2 CAR T cells is depicted 
as violin plots, and were compared by Wilcoxon Rank-Sum test, whereby **** indicates p<0.0001. 
Abbreviations: SHAP, Shapley additive explanations. Associated with Figure IV-4. 

 

Infusion product precursors of S1 and S2 CD8+ CAR T cells. 

Our findings on the clonal dynamics, phenotypes, and regulatory networks underlying S1 and S2 

CAR T cells led us to finally hypothesize that S1 and S2 CAR T cells originate from different 

precursors in the infusion product. We tested this hypothesis on CD8+ CAR T cells because our 

dataset contained significantly fewer post-infusion CD4+ CAR T cells for reliable analyses. As 

limited cell numbers precluded directly linking infusion product and post-infusion CAR T cells by 

TCR clonotypes, we instead employed trajectory analysis to order cells by pseudotime. 

 We identified three T-cell clusters from the transcriptomes of infusion product CD8+ CAR 

T cells (Figure IV-5A): proliferative (MKI67+TOP2A+), effector-like (EFF, GZMBhiGNLY+TCF7-), 

and memory-like (MEM, GZMBloLEF1+CCR7+TCF7+) (Figure IV-5B, expanded marker set in 

figure IV-S12A). The clusters were not patient-specific (figure IV-S12B). We aggregated all 

infusion product and post-infusion CAR T cells onto the same UMAP, and transferred the 

previously adopted CD8+ CAR T-cell cluster labels (PEX, MEM, EFF, proliferative, and apoptotic) 

(Figure IV-5C). Infusion product and post-infusion cells occupied the lower and upper lobes of 

the UMAP, respectively. Moreover, with each successive timepoint (from day 5 to day 90), the 

gene expression profiles moved increasingly towards the upper lobe on the UMAP (figure IV-

S12C). Using trajectory analysis, we identified three distinct differentiation trajectories (Figure IV-

5D) accounting for S1 PEX, S2 EFF, and S2 MEM CAR T cells. Progression of pseudotime along 

these trajectories was concordant with real time (Figure IV-5E, figure IV-S12C). S1 precursors 

were enriched in the proliferative phenotype (Figure IV-5F), which is consistent with both 

occurrence of peak expansion during S1 and the correlation between more proliferative infusion 

products and complete responders.39 S2 precursors were enriched in the EFF and MEM 

phenotypes. We then compared the transcriptional profiles of S1 and S2 precursors via GSEA 
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(Figure IV-5G). S1 precursors upregulated gene sets for cell cycling, cell division, and oxidative 

phosphorylation, while S2 precursors upregulated gene sets for naïve-like T cells and response 

to interferon signaling. GSEA findings are consistent with the phenotypic compositions of S1 

(proliferative) and S2 precursors (EFF, MEM). 

 In conclusion, trajectory analyses support our hypothesis that S1 and S2 CD8+ CAR T 

cells differ in their infusion product precursors. Integrating these findings with the two-stage 

differentiation model paints a comprehensive picture of CD8+ CAR T cells over the entire course 

of therapy (Figure IV-5H). CD8+ CAR T cells begin as proliferative, EFF, or MEM T cells in the 

infusion product. Following infusion into the patient, the proliferative subset rapidly expands during 

S1 (pre-day 14), adopting functional and cytotoxic precursor-exhausted phenotypes. Peak 

expansion, lymphoma infiltration176, CRS (begins ~day 2)4, and ICANS (begins ~day 5)4 all 

coincide with the S1 timeframe, suggesting that these CAR T cells mediate both tumor clearance 

and short-term side effects. Subsequently, these short-lived CAR T cells rapidly diminish as the 

EFF and MEM subsets from the infusion product expand during S2 (post-day 14). These new and 

longer-lived CAR T cells adopt more memory-like characteristics in vivo. 
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Figure IV-5. Infusion product precursors of post-infusion CD8+ CAR T cells. (a) UMAP 
depicting single-cell transcriptomes of infusion product CD8+ CAR T cells from CR patients in 
proliferating, effector-like, and memory-like T-cell clusters. 
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Figure IV-5, continued. (b) Violin plots depicting normalized expression levels of key genes and 
proteins for annotation and phenotyping. For extended version, see figure S13a. (c-e) UMAPs 
depicting single-cell transcriptomes from both infusion product and post-infusion CD8+ CAR T 
cells. The UMAP is colored by T-cell clusters (c, dashed line delineates infusion product and post-
infusion CAR T cells), timepoints with differentiation trajectories (d), and pseudotime (e). (f) 
Stacked bar graphs depicting proportion represented within each infusion product phenotype by 
S1 precursors (top) and S2 precursors (bottom) from each CR patient (labeled on left). (g) Gene 
set enrichment analysis comparing S1 precursors and S2 precursors. For each gene set, direction 
and statistical significance of enrichment are indicated by the circle’s color and size respectively. 
(h) Cartoon depicting a comprehensive picture of CD8+ CAR T cells over the entire course of 
therapy, from infusion product precursors to post-infusion S1 and S2 CAR T cells. Abbreviations: 
EFF, effector-like; PEX, precursor exhausted-like; MEM, memory-like; NES, normalized 
enrichment score. Associated with Figure IV-S12. 

 

Figure IV-S12. Heterogeneity of infusion product and post-infusion CD8+ CAR T cells. (a) 
Violin plots depicting normalized expression levels of key genes and proteins among the 3 CD8+ 
infusion product CAR T-cell clusters. 
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Figure IV-S12, continued. (b) Colored UMAPs depicting how CD8+ infusion product CAR T cells 
from each patient are distributed on the overall harmonized UMAP. (c) Colored UMAPs depicting 
distribution of infusion product and post-infusion CD8+ CAR T cells aggregated from all three 
patients among different timepoints. (d) Volcano plot depicting log fold-change and adjusted p-
value of differentially expressed genes in S1 precursors versus S2 precursors. Key genes are 
marked accordingly. Associated with Figure IV-5. 
 

III: Discussion 

In this study, we investigated CD28-costimulated CAR T-cell differentiation in vivo via single-cell, 

multi-omics, and longitudinal analyses of CAR T cells from patients with r/r DLBCL. Our 

conclusions are summarized in our two-stage model for CAR T-cell differentiation. According to 

our model, CAR T cells undergo two distinct clonal expansion stages (S1 and S2), each of which 

is dominated by unique CAR T-cell phenotypes. S1 is dominated by precursor exhausted-like 

CD8+ and effector-Th1-like CD4+ CAR T cells, while S2 is dominated by effector-like CD8+, 

memory-like CD8+, and memory-like CD4+ CAR T cells. Clonal tracing and T-cell phenotypes 

suggested that the more expansive S1 CAR T cells are a distinct lineage from the more persistent 

S2 CAR T cells, biologically uncoupling CAR T cells from peak expansion and post-peak 

contraction. Using regulon analysis and machine-learning predictions, we identified transcription 

factors and regulatory networks underlying S1 (including FOSL1, FLI1, and ELF1 for CD8+ CAR 

T cells, and KLF2 for CD4+ CAR T cells) and S2 (KLF6, JAZF1, and ELF4 for CD8+ CAR T cells, 

and STAT1, IRF1, and IRF7 for CD4+ CAR T cells) phenotypes. Finally, trajectory analysis 

suggested that S1 and S2 CD8+ CAR T cells originate from proliferative and effector/memory-like 

precursors, respectively, in the infusion product, suggesting that baseline heterogeneity underlies 

the two stages of clonal expansion. Although limited by the size of our study set and unknowns 

regarding CD4+ CAR T-cell precursors, our analyses also suggest that in vivo CAR T-cell 

differentiation may be controlled by altering the phenotypic composition of the infusion product. 

 Although two-stage differentiation is a new phenomenon that has not been reported in the 

literature, the various elements of our two-stage differentiation model are consistent with the 
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field’s current understanding. Previous studies on 4-1BB-costimulated CAR T-cell differentiation 

have described bursts of CAR T-cell clonal expansion leading to significant changes in the CAR 

T-cell clonal repertoire over time.148,177 Our study not only generalizes this observation to CD28-

costimulated CARs, but also pairs changes in the clonal repertoire with changes in T-cell 

phenotypes. Furthermore, CAR T-cell clones with memory-like phenotypes that exhibit delayed 

expansion after infusion have been reported47, which supports the validity of the delayed S2 wave 

in our two-stage differentiation model. Finally, the S1-and S2-specific phenotypes described in 

our model are consistent with prior phenotyping studies.153,178,179 Hence, our findings are 

compatible with existing studies. By integrating our findings from multiple data modalities with 

established studies in the CAR T-cell field, we form a more granular and cohesive two-stage 

model for in vivo CD28-costimulated CAR T-cell differentiation. 

 One noteworthy consequence of the two-stage differentiation model is that CD28-

costimulated CAR T cells from peak expansion and post-peak contraction are biologically 

uncoupled. This uncoupling significantly informs how we understand CAR T-cell expansion and 

persistence. Expansion facilitates tumor clearance at the cost of CRS and ICANS4,23, while 

persistence facilitates long-term immunosurveillance at the cost of B-cell aplasia and 

hypogammaglobulinemia.144–146 Our findings suggest that expansion and persistence, both of 

which serve important clinical purposes, are actually mediated by distinct CAR T-cell populations. 

Effective and personalized CAR T-cell therapies balance expansion and persistence, taking into 

consideration each patient’s tumor burden, tolerance for side effects, and risk of relapse. Our 

findings suggest that expansion and persistence may be independently tuned to meet a patient’s 

needs. In support of this possibility, our analyses identified key S1- and S2-specific regulatory 

targets that may be manipulated. Furthermore, our findings suggest that engineering CAR T cells 

that simultaneously expand and persist competently may be difficult since these characteristics 

originate from distinct CAR T-cell populations in vivo.  
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 In addition to clonal kinetics and phenotypic heterogeneity, we characterized S1- and S2-

specific upregulation of TNFα and IFN-I response genes, respectively. As TNFα-secreting CD8+ 

CAR T cells are a predictor of complete responders149, TNFα may be signaling in an autocrine 

manner during S1. On the other hand, upregulation of IFN-I response genes during S2 was 

unexpected. Although IFN-I response signatures in the apheresis of patients with B-cell acute 

lymphoblastic leukemia predicts poor CAR T-cell persistence180, IFN-I may also enhance CAR T-

cell in vivo efficacy.181 Hence, the roles of IFN-I are likely complex or time-dependent, which is 

supported by our finding that IFN-I response signatures are S2-specific. 

 Finally, we concluded our study by linking S1 and S2 CD8+ CAR T cells with proliferative 

or effector/memory-like infusion product precursors, respectively. Importantly, this finding 

suggests that the existence or magnitude of the S1 and S2 waves can be changed by 

manipulating the relative quantities of their precursors in the infusion product. However, we cannot 

rule out the likely possibility that the in vivo peripheral blood environment of a patient with DLBCL 

may also play an instrumental role in determining whether a CAR T cell clonally expands during 

S1 or S2. Future studies can explore this possibility by analyzing interactions between CAR T 

cells and other blood cells (such as myeloid cells, B cells, NK cells) at S1 and S2. 

 Findings from the current study are based upon CD28-costimulated CAR T cells from 

complete responders. However, two-stage differentiation may be universally true in other settings. 

Others forms of adoptive cell therapy (such as those using 4-1BB-costimulated CARs) may follow 

a general two-stage differentiation strategy in vivo. Different forms of adoptive cell therapy may 

exhibit different S1 and S2 temporal dynamics or favor one wave over the other. Importantly, two-

stage differentiation may be aberrant in non-responders. Future studies should investigate the 

differences in temporal dynamics, phenotypes, or major regulons at each stage in these 

alternative treatment settings. 

 While this current study represents a significant advancement for the CAR T-cell therapy 

field, we acknowledge three important technical limitations. Firstly, our study is based on a limited 
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study set (3 complete responders). While this number is comparable to the sizes of study sets 

from existing studies47,148,179, our findings may require external validation. To ameliorate this issue, 

we contextualized our findings with existing literature as much as possible. Secondly, our regulon 

and trajectory analyses are inferential in nature, requiring future experiments to definitively 

demonstrate their conclusions. Thirdly, our single-cell dataset is limited by low input cell numbers, 

which decreases the resolution of TCR repertoire analyses. Future studies can reinforce our 

findings with ensemble-level TCR repertoire analysis of greater cell numbers.  

 

IV: Methods 

Generation of CD19-tetramers. 

Tetramers154 were constructed from AviTag-biotinylated human His-tagged CD19 (Acro 

Biosystems, CD9-H82E9) and Alexa Fluor 647-labeled streptavidin (BioLegend, 405237). 

Biotinylated CD19 was added to the tetrameric streptavidin at a 4:1 molar ratio for 30 minutes at 

4°C in the dark. This mixture was diluted with PBS to convenient concentrations for staining. 

Quality control was performed on each batch of biotinylated CD19 by generating corresponding 

CD19-tetramers for staining anti-CD19 CAR-transduced Jurkat T cells.  

 

Single-cell omics assays.  

Patient peripheral blood mononuclear cells were collected from blood biospecimens by Ficoll-

Paque PLUS (Cytiva, 95021-205) and stored in freezing media (RPMI, 10% FBS, 10% DMSO). 

Residual infusion product cells were collected from the patient’s spent infusion product bag and 

stored in CELLBANKER 1 (Amsbio, 11888). All cells were cryopreserved in liquid-phase nitrogen. 

 Cryopreserved biospecimens were thawed (RPMI, 10% FBS) and washed with cold FACS 

buffer (PBS, 2% BSA, 0.05% sodium azide). Fc receptors were blocked with Human TruStain 

FcX (BioLegend, 422301) at 1:50 dilution for 5 minutes at 4°C. Then, cells were incubated for 30 

minutes at 4°C in the dark with a staining solution containing CITE-seq antibodies (described 
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below), BV421-labeled anti-CD3ε (clone SK7, BioLegend, 344833), and AF647-labeled CD19-

tetramers (3 nM final concentration) for CAR T-cell phenotyping and detection. Subsequently, 

stained cells were conjugated with LIVE/DEAD Fixable Near-IR viability dye (Invitrogen, L34975) 

at 1:1000 dilution in PBS for 5 minutes at room temperature. Finally, cells were washed three 

times in cold cell media (RPMI, 10% FBS) before fluorescence-activated cell sorting (BD 

Biosciences, FACSAria Fusion). CAR+ sorting gates were drawn based on fluorescence of 

PBMCs from a similarly stained healthy donor.  

 Sorted endogenous T cells (CD3+CAR-) and CAR T cells (CD3+CAR+) were separately 

partitioned into droplets for single-cell omics assays via Chromium Next GEM Single-Cell 5’Kit v2 

(10x Genomics, 1000263). RNA-seq libraries were prepared according to manufacturer protocols. 

CITE-seq libraries were prepared via the 5’ Feature Barcode Kit (10x Genomics, 1000256). TCR-

seq libraries were prepared via the Chromium Single-Cell Human TCR Amplification Kit (10x 

Genomics, 1000252). All libraries (RNA-seq, CITE-seq, TCR-seq) were quantified via the Qubit 

dsDNA HS Assay Kit (Invitrogen, Q32851), quality-checked for fragment sizes via high-sensitivity 

D5000 screentapes (Agilent, 5067-5592), pooled, and sequenced (Illumina, Novaseq-6000 and 

Nextseq-550). 

 

CITE-seq antibody preparation.  

31 human “Cellular Indexing of Transcriptomes and Epitopes by Sequencing” (CITE-seq182) 

antibodies were obtained from BioLegend (TotalSeq-C reagents): anti-CD3ε (clone UCHT1, 

300479), anti-CD5 (clone UCHT2, 300637), anti-TCRα/β (clone IP26, 306743), anti-TCRγ/δ 

(clone B1, 331231), anti-CD4 (clone SK3, 344651), anti-CD8α (clone SK1, 344753), anti-CD45RA 

(clone HI100, 304163), anti-CD45RO (clone UCHL1, 304259), anti-CCR7 (clone G043H7, 

353251), anti-CD95 (clone DX2, 305651), anti-CD57 (clone QA17A04, 393321), anti-CD25 (clone 

BC96, 302649), anti-CD127 (clone A019D5, 351356), anti-CD103 (clone Ber-ACT8, 350233), 

anti-CXCR3 (clone G025H7, 353747), anti-CCR4 (clone L291H4, 359425), anti-CCR6 (clone 
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G034E3, 353440), anti-PD-1 (clone EH12.2H7, 329963), anti-TIM-3 (clone F38-2E2, 345049), 

anti-LAG-3 (clone 11C3C65, 369335), anti-CD39 (clone A1, 328237), anti-TIGIT (clone A15153G, 

372729), anti-CD27 (clone O323, 302853), anti-CD40L (clone 24-31, 310849), anti-GITR (clone 

108-17, 371227), anti-OX40 (clone Ber-ACT35, 350035), anti-4-1BB (clone 4B4-1, 309839), anti-

CD28 (clone CD28.2, 302963), mouse IgG1-κ isotype control (clone MOPC-21, 400187), mouse 

IgG2a-κ isotype control (clone MOPC-173, 400293), and mouse IgG2b-κ isotype control (clone 

MPC-11, 400381). Residual infusion product cells were stained with all 31 CITE-seq antibodies. 

Patient peripheral blood mononuclear cells were stained with all CITE-seq antibodies minus anti-

CD3ε (30 in total) because T cells sorted from these samples were stained with BV421-labeled 

anti-CD3ε. To prepare the CITE-seq staining solution, the antibody pool was constructed and 

centrifuged at 14000 × g for 10 minutes at room temperature in FACS buffer (PBS, 2% BSA, 0.05% 

sodium azide) to remove aggregates. The antibody supernatant was extracted and diluted with 

fresh FACS buffer to appropriate staining concentrations.  

 

Single-cell RNA-seq data processing. 

The RNA-seq and paired CITE-seq reads were aligned to the GRCh38 reference genome, which 

was modified with the CAR transgene sequence used in axicabtagene ciloleucel, and quantified 

using the cellranger count (10x Genomics, version 6.0.0).183 The filtered gene/feature-barcode 

matrices that contained only barcodes with unique molecular identifier (UMI) counts that passed 

the quality control were used for downstream analyses. We obtained a total of 32,741 cells from 

13 samples with on average 97,036 reads per cell and a median of 1979 genes per cell. 

 

UMAP analysis and clustering on single-cell RNA-seq data. 

UMAP analysis and clustering were performed using the Seurat package (Version 4.0.5).184 Raw 

count matrices were first converted to Seurat objects before being further merged into one Seurat 

object, with protein expression added as the ADT assay. Following that, cells with ˂300 genes 
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detected or ˃10% mitochondrial RNA content were excluded from further analysis. 32,346 cells 

were retained after filtering.  

 Then, the raw count was log-normalized using the NormalizeData function with default 

options. Top 5,000 variable features were then identified using the FindVariableFeatures function 

with the default “vst” method. The data were then centered and scaled using the ScaleData 

function, with additional regression against 1) the percent of mitochondrial RNA content and 2) 

difference in cell cycle S-phase score and G2M-phase score. Scaled data were then used as 

input for principal component analysis (PCA) based on variable genes using the RunPCA function. 

Data harmonization to remove patient-specific effects was then performed on the principal 

components using the Harmony package (Version 1.0) through the RunHarmony function.143 Next, 

UMAP was constructed based on the first 50 harmony components, with “n.neighbors=30” and 

“min.dist=0.3” in most cases, and “n.neighbors=50” and “min.dist=0.5” in Figure 5. The same 

harmony components were then used to construct the shared nearest neighbor (SNN) graph 

using the FindNeighbors function, which was then partitioned to identify clusters using the 

FindClusters function with default Louvain algorithm and “resolution = 0.8” in most cases. These 

clusters were then manually aggregated and classified as T-cell subsets based on known markers. 

CD8 and CD4 T-cell classification were done based on both gene and protein expression of CD4, 

CD8α, and CD8β. 

 For subset analysis, the corresponding subset were extracted from the master Seurat 

object using the subset function. The above detailed preprocessing steps were repeated to 

generate the corresponding UMAP and subset annotations.  

 

Differential gene expression (DEG) analysis on single-cell RNA-seq data. 

DEG analyses were all performed using the FindMarkers function in Seurat package, with default 

parameters and the appropriate ‘ident.1” and “ident.2” set as contrast. Unless otherwise stated, 

the results were then filtered with p_val_adj < 0.05 and abs(avg_logFC) > 0.25. 



124 

 

 

GSEA and pathway enrichment analysis. 

Gene Set Enrichment Analysis (GSEA) and pathway enrichment analysis were done using the 

clusterProfiler (version 3.16.1)185 package based on the msigdb database built in msigdbr 

package (version 7.4.1).186 

 

Regulon analysis. 

To construct regulons in a specific cell subset, we first extracted the raw count matrix of that 

subset. Then, we supplied it as input for the pySCENIC package (version 0.10.4) and ran through 

the workflow as detailed in its documentation and publication.187,188 More specifically, the base 

script was adapted from the “PBMC10K” example script on the pyScenic website.189 In addition, 

the arboreto component was used to speed up analysis. Each resultant regulon is a gene list with 

a central TF and all its putative target genes determined through the SCENIC algorithm, and each 

set of regulons is sample/subset-specific and represent putative regulatory unit in that specific 

sample/subset.  

 

Regulon or general gene set signature scoring. 

Individual cells were scored using the AUCell package (version 1.10.0)187 for a particular gene set 

from the msidb database or from a single-cell-derived regulon as follows. The normalized gene 

expression was first used as input into the AUCell_buildRankings function to score each cell for 

gene set enrichment and to build a ranking matrix. The signature score was then calculated as 

an AUC score using the AUCell_calcAUC function with all default parameters.  

 

Machine learning classification on regulon scores. 

To classify any two subsets of T cells (e.g., S1 CD8+ T cells and S2 CD8+ T cells), we first built a 

regulon set for each subset independently. Then, we merged all regulon sets into a master regulon 
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set. We then calculated the regulon scores using the master regulon set for all cells from the two 

subsets, resulting in a regulon score matrix of cell by regulon. Each cell would then serve as an 

observation and each regulon as a feature for machine learning. In the case of fate 

prediction/tracing, we built regulons for both the two descendent subsets and the progenitor 

subset and use the union as the master regulon set. This allowed us to incorporate any changes 

in regulatory module from the progenitor cells to the descendants.  

The machine learning classification models were built in the caret framework using the 

caret package (version 6.0-90).190 Briefly, we divided the input data into training (75%), validation 

(15%), test sets (10%), and then we trained and optimized xgboost models191 through grid 

hyperparameter search and with a 5-fold cross-validation until reaching a best accuracy of >85% 

(refer to figures for specific accuracies).  

We then interrogated the final models for feature importance evaluation using the Shapley 

Additive Explanation (SHAP) method192 implemented in the SHAPforxgboost package(version 

0.1.1).193 In the case of fate prediction/tracing, we then applied the final models on the progenitor 

subset to predict the descendent fate of each progenitor cell, assigning it as the respective 

precursor cell.  

 

RNA velocity and trajectory analysis. 

RNA velocity analyses were done using the scVelo package (version 0.2.2)194, adapting the 

tutorial script from the scVelo website.195 Briefly, spliced and unspliced reads were marked from 

the mapped sequencing data by velocyto package (version 0.17.17).196 The results, along with 

the gene expression and sample metadata, were assembled into an anndata object via scanpy 

(version 1.6.0).197 RNA velocity was then estimated with dynamic modelling through scVelo, and 

the results were visualized through grid embedding on the UMAP. Cell trajectories were then 

constructed in a semi-supervised manner using the slingshot package (version 1.6.1).198 Besides 
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taking into account the RNA velocity embedding, the starting clusters were chosen to be from the 

infusion product during the trajectory construction.  

 

Single-cell TCR-seq data processing and analysis. 

The TCR-seq reads from each sample were aligned to the 10x curated GRCh38 vdj reference 

genome and quantified using the cellranger vdj (10x Genomics, version 6.0.0). The results were 

then aggregated using the cellranger aggr function, with the source patient (donor) and timepoint 

(origin) of each sample supplied in the metadata to guide the clonotype assignment. The resultant 

clonotype and filtered contig annotation data were used for downstream analyses. Each unique 

clonotype is defined by the nucleotide sequence of CDR3 regions for paired productive TCRα and 

TCRβ chains. TCR clonality overlap and tracing analyses were done using the immunarch 

package (version 0.6.7).199  

 When linking the TCR clonotype to the corresponding cell phenotype, we keep only data 

with matching cell barcodes from both the TCR-seq and RNA-seq data. Where necessary, the 

frequency of each clonotype in each sample was recalculated based on those successfully 

matched to the corresponding RNA data.  

 

CAR transgene mapping. 

The axicabtagene ciloleucel CAR design is documented.65 Its sequence was confirmed by Sanger 

sequencing of genomic DNA extracted from axicabtagene ciloleucel infusion products. The CAR 

sequence was then added to the GRCh38 FASTA and GTF files accordingly. A custom reference 

for cellranger was built from these annotation files using cellranger mkref (10x Genomics, version 

6.0.0). The resultant custom reference was used for the CAR transgene mapping through 

cellranger count. 
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SECTION V: TYPE I INTERFERONS FOR ENHANCING CAR T-CELL EFFICACY 

 

Chimeric antigen receptor (CAR) T-cell therapy has expanded therapeutic options for patients 

with diffuse large B-cell lymphoma (DLBCL). Despite ~40% complete response rates, efficacy is 

limited by significant non-response rates. Here, we demonstrate that type I interferons  are 

promising cytokines for increasing the efficacy of CAR T cells in vitro. Interferon-treated CAR T 

cells exhibited a more memory-like phenotype, characterized by enrichment of CD8+ stem cell 

memory (CD45RA+CCR7+) and CD4+ (CD45RA+CCR7-) central memory phenotypes. 

Furthermore, upon engagement with antigen-expressing target cells, interferon-treated CAR T 

cells increased cytotoxicity, polyfunctional cytokine secretion, and proliferation. In sum, our 

promising in vitro findings suggest that interferon-treatment may increase CAR T-cell in vivo 

efficacy, leading to a new and easily implemented solution to decrease CAR T-cell therapy non-

response rates.  
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I: Introduction 

Efforts to develop improved CAR T-cell therapy formulations are underway.30 Existing studies 

have aimed to decipher correlates and mechanisms for CAR T-cell therapy non-response.137 Non-

response to CAR T-cell therapy correlates with decreased in vivo CAR T-cell persistence4,5,39 and 

expansion4, less polyfunctional cytokine production in the infusion product23, and signatures of T-

cell exhaustion in the infusion product22,39 or apheresis149. More recently, non-response was 

correlated with TIGIT expression on post-infusion CAR T cells. Although anti-TIGIT blockade 

increased CAR T-cell cytotoxicity and cytokine secretion in vitro and boosted survival in vivo in a 

xenograft mouse model, these experiments were performed with target cells constitutively and 

non-physiologically expressing PVR, the TIGIT ligand.153 Hence, the relevance of anti-TIGIT 

blockade for improving CAR T-cell therapy is questionable. In summary, although these studies 

established biomarkers for clinical response, a clear limitation is the lack translatable directions 

for improving therapy response rates. 

 Type I interferons (IFN-Is) are promising cytokines for increasing efficacy and decreasing 

non-response rates of CAR T-cell therapy. In humans, IFN-I family members, including 13 IFN-α 

and 2 IFN-β subtypes200, are secreted upon induction by virus. After secretion, IFN-Is diffuse and 

subsequently can bind to the IFNAR heterodimeric receptor on T cells and activate transcription 

factors, such as signal transducer and activator transcription 1 (STAT1), STAT2, and interferon 

regulatory factor 7 (IRF7) to coordinate expression of genes involved in anti-viral immunity.160,200 

In CD4+ T cells, IFN-I signaling promotes Th1 polarization201 while  antagonizing Th2202 and Th17203 

polarization. In CD8+ T cells, IFN-I enhances cytotoxic T-cell responses204 and induces central 

memory T-cell differentiation.205 Due to their potent immunomodulatory effects, IFN-I clinical 

formulations (such as INTRON A) have been used to treat viral infections (e.g. hepatitis, influenza, 

HIV, and COVID-19)206,207 and cancer (e.g. leukemias, myelomas, and melanomas).208 

Importantly, the Sadelain group demonstrated that IRF7 supported the effector functions, 

persistence, and expansion of anti-CD19 CAR T cells.181 In their xenograft mouse model, IRF7 
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knockdown in CAR T cells accelerated tumor progression and reduced overall survival.181 

However, it was still unknown whether the IFN-I/IRF7 pathway was clinically relevant in human 

patient CAR T cells.  

 Based on existing studies, we hypothesize that IFN-I signaling affects in vivo CAR T-cell 

differentiation, enhances in vitro CAR T-cell effector functions, and improves in vivo CAR T-cell 

efficacy. To test this hypothesis, we will experimentally determine how priming patient CAR T 

cells with IFN-I affects in vitro effector functions and in vivo efficacy in xenograft mouse models.  

 

II: Results 

IFN-I signaling increases CAR T-cell memory phenotype in vitro.  

We hypothesized that IFN-I signaling promotes memory CAR T-cell differentiation. To test this 

hypothesis, we transduced human peripheral blood T cells from independent donors with a CD28-

costimulated anti-CD19 CAR (clone FMC63, Figure V-1A). CAR T cells were cultured with and 

without IFN-I for 10 days prior to flow phenotyping for memory T-cell markers (Figure V-1B). 

While IFN-I includes many subtypes, we chose IFN-α2 for these experiments because this 

subtype is highly potent and clinically used. As expected, IFN-α2 signaling upregulated 

cytoplasmic expression of the IRF7 transcription factor in both CAR-transduced Jurkat T cells and 

primary human T cells (Figure V-1C). Higher IFN-α2 concentrations caused greater IRF7 

upregulation, which saturated at 3000 units/mL. In order to maximize IFN-I signaling in our 

experiments, we used the saturation concentration to test our hypothesis.  

 After a 10-day culturing period, CAR T cells were phenotyped for expression of memory 

markers. Based on CD45RA and CCR7 expression, CD8+ (Figure V-1D-E) and CD4+ (Figure V-

1F-G) CAR T cells were annotated as belonging to the stem cell memory (SCM, CD45RA+CCR7+), 

central memory (CM, CD45RA-CCR7+), effector memory (EM, CD45RA-CCR7-), or effector 

memory re-expressing CD45RA (EMRA, CD45RA+CCR7-) phenotypes. In CD8+ CAR T cells, 

IFN-α2 signaling enriched the SCM and depleted the EMRA phenotypes (Figure V-1D), which 
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was consistent across three independent donors (Figure V-1E). In CD4+ CAR T cells, IFN-α2 

signaling enriched the CM and depleted the EMRA phenotypes (Figure V-1F), which was also 

consistent across three independent donors (Figure V-1G). IFN-α2 signaling upregulated 

expression of the IL-7 receptor (CD127, a marker for memory T cells), though this did not reach 

statistical significance (Figure V-1H). On the other hand, IFN-α2 signaling downregulated 

expression of CD57, a marker of terminally differentiated and senescent T cells, in CD8+ CAR T 

cells (Figure V-1I). Finally, we labeled cells with and assayed for accumulation of MitoSpy Orange, 

a dye that localizes to active mitochondria and measures cell health. IFN-α2 signaling increased 

MitoSpy Orange accumulation in both CD8+ and CD4+ CAR T cells, though this did not reach 

statistical significance (Figure V-1J).  

  Overall, our phenotyping results demonstrated that IFN-I signaling during in vitro 

expansion increased the CD8+ SCM and CD4+ CM phenotypes, increased memory marker 

expression, and decreased T-cell senescence among primary human CAR T cells. These results 

are consistent with our hypothesis that IFN-I signaling promotes memory CAR T-cell 

differentiation. Moreover, based on MitoSpy Orange accumulation results, IFN-α2 signaling 

increases the numbers of active mitochondria, indicating that the CAR T cells’ overall viability and 

resistance to apoptosis have increased. Increased memory differentiation and resistance to 

apoptosis suggest that IFN-I signaling may increase CAR T-cell persistence in vivo.  
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Figure V-1. IFN-I signaling increases CAR T-cell memory phenotype in vitro. (A) Design of 
the CD28-costimulated CAR used to test the influence of IFN-I signaling. (B) Schematic depicting 
transduction and culturing of CAR T cells in the -IFN-α2 and +IFN-α2 conditions. Cultured CAR T 
cells were tested at day 12 for their memory phenotype. (C) Titration curves depicting upregulation 
of cytoplasmic IRF7 with increasing IFN-α2 concentrations. (D, F) Flow plot with summary stacked 
bar plot depicting memory phenotypes of CD8+ (D) and CD4+ (F) CAR T cells from a 
representative donor.  
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Figure V-1, continued. (E, G) Paired dot plots depicting SCM/EMRA or CM/EMRA 
representation in CD8+ (E) and CD4+ (G) CAR T cells, respectively. Results are representative of 
3 independent donors. (H-J) Paired dot plots depicting CD127 expression (H), % CD57+ (I), and 
MitoSpy Orange staining (J) of CD8+ and CD4+ CAR T cells in the -IFN-α2 and +IFN-α2 conditions. 
Results are representative of 3 independent donors. All statistical testing in this figure were 
performed via paired t-tests, whereby p-values are indicated. Abbreviations: SCM, stem cell 
memory; CM, central memory; EM, effector memory; EMRA, effector memory re-expressing 
CD45RA 

 

IFN-I signaling increases CAR T-cell effector functions in vitro.  

We hypothesized that IFN-I signaling also promotes CAR T-cell effector functions, including 

cytotoxicity and cytokine secretion. To test this hypothesis, CAR T cells (generated using 

peripheral blood T cells from independent donors) were cultured with and without IFN-I for 12 

days prior to co-culturing with OCI-Ly8 cells, a CD19+ human DLBCL cell line. OCI-Ly8 cells were 

transduced with firefly luciferase so that luminescence measures target cell viability after T-cell 

killing.209 Cytotoxicity was measured at effector-to-target (E:T) ratios ranging from 3:1 to 1:100. At 

higher ratios, IFN-α2 signaling increased cytotoxicity (Figure V-2A). At lower ratios, no 

differences were observed, which may result from limitations of the assay’s sensitivity. Next, 

cytokine secretion (IFN-γ, TNF-α, IL-2) was measured by intracellular flow cytometry. In both 

CD8+ and CD4+ CAR T cells, IFN-α2 signaling enhanced polyfunctionality (IFN-γ+TNF-α+IL-2+) 

across three independent donors (Figure V-2B). Our cytotoxicity and cytokine secretion findings 

support our hypothesis that IFN-I promotes CAR T-cell effector functions. Furthermore, increased 

polyfunctionality is correlated with CAR T cells from complete responders.23 Increased effector 

functions suggests that IFN-α2 signaling may augment a CAR T cell’s ability to control tumors in 

vivo. 
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Figure V-2. IFN-I signaling increases CAR T-cell effector functions in vitro. (A) Line plot 
depicting cytotoxicity of CAR T cells upon co-culture with OCI-Ly8 target cells at various effector-
to-target ratios (n=3 replicates). Cytotoxicity was compared by mixed 2-way ANOVA and post-
hoc t-tests, whereby ** denotes p<0.01 and * denotes p<0.05. (B) Bar graphs depicting 
percentage of polyfunctional CAR T cells (IFN-γ+TNF-α+IL-2+) as measured by intracellular flow 
cytometry after co-culture with OCI-Ly8 cells at 1:1 ratio. Percentages were compared by 
independent t-tests (n=3 replicates). 

 

IFN-I signaling increases CAR T-cell proliferation in vitro.  

Finally, we hypothesized that IFN-I signaling promotes CAR T-cell proliferation. To test this 

hypothesis, CAR T cells (generated using peripheral blood T cells from independent donors) were 

cultured with and without IFN-α2. IFN-α2 was removed from the media at various times prior to 

labeling with CellTrace Violet (CTV). CTV-labeled CAR T cells were then co-cultured with OCI-

Ly8 cells for 4 days prior to flow phenotyping for CTV dilution (Figure V-3A). After engagement 

with OCI-Ly8 cells, IFN-α2-treated CD8+ (Figure V-3B) and CD4+ (Figure V-3C) CAR T cells 

generally exhibited less CTV fluorescence compared to non-treated controls. The decrease was 

statistically significant for donors 1 and 3, but not for donor 2. CTV dilution was maximized when 

IFN-α2 was removed at day 12, hence proliferation was maximized when IFN-α2 was removed 
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two days before antigen engagement. Our findings based on CTV dilution support our hypothesis 

that IFN-I promotes CAR T-cell proliferation. 

 

Figure V-3. IFN-I signaling increases CAR T-cell proliferation in vitro. (A) Schematic 
depicting transduction and culturing of CAR T cells in the -IFN-α2 and various +IFN-α2 conditions. 
IFN-α2 was removed from the culture medium at either day 10, day 12, or day 14. (B-C) CellTrace 
Violet fluorescence of OCI-Ly8-stimulated CD8+ (B) or CD4+ (C) CAR T cells from a representative 
donor (left, histogram) or from three independent donors (right, dot plot). Fluorescence values 
were compared by mixed 2-way ANOVA and post-hoc t-tests, whereby **** denotes p<0.0001, 
*** denotes p<0.001, ** denotes p<0.01, * denotes p<0.05, and ns denotes not significant. 

 

III: Discussion 

In this study, we investigated how IFN-I signaling influences CAR T-cell differentiation, effector 

functions, and proliferation in vitro. Using IFN-α2 as our exemplary IFN-I family member, we 
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demonstrated that IFN-I signaling enriches for the CD8+ stem cell memory (CD45RA+CCR7+) and 

CD4+ (CD45RA+CCR7-) central memory phenotypes. Upon engagement with antigen-expressing 

lymphoma target cells, interferon-treated CAR T cells exhibited increased cytotoxicity, 

polyfunctional cytokine secretion, and proliferation compared to non-treated controls. All results 

were replicable across three independent healthy donors. Our promising in vitro findings suggest 

that IFN-I signaling may also increase CAR T-cell in vivo efficacy, leading to an effective and 

easily implemented solution to decrease CAR T-cell therapy non-response rates. 

 Our findings are compatible with existing literature on the direct effects of IFN-I signaling 

on T cells. Enhancement of cytotoxicity and induction of memory differentiation among CD8+ T 

cells has been reported.204,210 Direct type I interferon signaling in T cells is known to have different 

consequences, depending on whether TCR stimulation precedes (in-sequence signaling) or 

follows (out-of-sequence signaling) IFN-I signaling. In-sequence signaling generally enhances T-

cell survival, effector functions, and proliferation, while out-of-sequence signaling generally does 

the opposite.200 In our studies, since T-cell activation (via CD3/CD28 Dynabeads) preceded IFN-

I treatment, the T cells were subject to in-sequence signaling. Our findings are aligned with this 

model, since they mirror the expected consequences of in-sequence IFN-I signaling. Finally, an 

existing CAR study demonstrated that IRF7 supported the persistence, effector functions, and 

expansion of anti-CD19 CAR T cells181, which is well-aligned with our in vitro findings.  

 Although these findings highlight IFN-I as a promising enhancer during the CAR T-cell 

production process, there are important limitations to consider. Firstly, our results are based on 

in vitro experiments. Future work should test the in vivo efficacy of interferon-treated CAR T cells 

in mouse lymphoma models, including xenograft and syngeneic models. Secondly, our results 

are based on CAR T cells generated from healthy donors. However, CAR T cells generated from 

patients may exhibited different responses to IFN-I signaling, due to baseline imprinted epigenetic 

differences prior to CAR transduction. Thirdly, our results are limited to CD19+ B-cell lymphomas, 

but different mechanisms are at work when T cells kill epithelial cells in non-hematological solid 
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tumors.211 Future studies should test whether interferon-treated CAR T cells also exhibit greater 

functionality against epithelial target cells. Finally, our findings are based on a limited study set of 

3 healthy donors. Future studies should expand this limited study set in order to capture whether 

the effects of IFN-I signaling on CAR T cells are more generalizable across different human 

donors.   

 

IV: Methods 

Lentiviral production and transduction. 

A green fluorescence protein-tagged, CD28-costimulated, anti-CD19 human CAR was cloned 

onto the pHR vector backbone to constitute the transfer plasmid.93 Transfer plasmids were 

transfected into the Lenti-X 293T packaging cell line (Takara, 632180) for lentiviral production. 

Lenti-X 293T cells were routinely cultured in DMEM and 10% fetal bovine serum (X&Y Cell Culture, 

FBS-500). In brief, Lenti-X 293T cells were seeded and grown overnight. During the following day, 

transfer plasmids (0.95 µg, pJH052), packaging plasmids (0.72 µg, psPAX2), and envelope 

plasmids (0.22 µg, pMD2.G) were co-transfected into Lenti-X 293T cells via Lipofectamine 3000 

(Invitrogen, L3000001). After 72 hours, the viral supernatant was stored at -80°C until transduction.  

 Concentrated lentiviruses were used to transduce E6-1 Jurkat T cells or primary human T 

cells. During transduction, lentiviruses were added to cells along with protamine sulfate (Millipore 

Sigma, P3369-10G) to a final concentration of 10 µg/mL. Cells were spinoculated at 800 x g for 

60 minutes at room temperature. Then, cells were grown for 72 hours before analysis of 

transduction efficiency by flow cytometry. Untransduced cells were used for gating.  

 

CAR T-cell production and culturing. 

Cryopreserved human peripheral blood mononuclear cells (PBMCs) from healthy donors were 

thawed in warm T-cell media (RPMI supplemented with 10% FBS, 1% penicillin/streptomycin, 2 

mM L-glutamine, and 50 μM 2-mercaptoethanol). Subsequently, PBMCs were cultured for 3 hours 
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in complete T-cell media (T-cell media supplemented with 50 units/mL of IL-2) in order to allow 

monocytes to adhere to the culture flask. Finally, the non-adhered cells were transferred to a new 

culture flask. Cell counts and T-cell representation (% CD3+ of total cells) were calculated by flow 

cytometry.  

 T cells were seeded in complete T-cell media at 0.75 M/mL. CD3/CD28 Dynabeads (Gibco, 

11161D) were washed and added at 1:1 ratio. After overnight activation, T cells were transduced 

with CAR lentiviruses (multiplicity of infection of 5). After T cells were mixed with lentiviruses for 

24 hours, the media was changed, cells were washed, and media was replaced with complete T-

cell media with and without 3000 units/mL of recombinant IFN-α2 (BioLegend, 592702). T cells 

were subsequently expanded, and media was completely replaced every 2-3 days.  

 

Multiparameter flow cytometry. 

T cells were washed with cold FACS buffer (PBS, 2% BSA, 0.05% sodium azide). Fc receptors 

were blocked by incubation with Human TruStain FcX (BioLegend, 422301) at 1:50 dilution for 5 

minutes at 4°C. Then, cells were incubated for 30 minutes at 4°C in the dark with a staining 

solution containing antibodies. Antibodies were generally used according to manufacturer 

recommendations. After staining, cells were incubated briefly with LIVE/DEAD Fixable Near-IR 

viability dye (Invitrogen, L34975) diluted 1:1000 in PBS for 5 minutes at room temperature. Then, 

cells were three times in FACS buffer at 4°C. If no intracellular markers are profiled, then stained 

cells are directed analyzed by flow cytometry. 

 For intracellular staining, stained cells are subject to the BD Fixation/Permeabilization Kit 

(BD Biosciences, 554714) for cytoplasmic antigens or True-Nuclear Transcription Factor Buffer 

Set (BioLegend, 424401) for nuclear antigens. Kits were used according to manufacturer 

recommendations. In general, cells were fixed in the fixation buffer, washed thrice in the 

permeabilization buffer, and incubated for 60 minutes at 4°C in the dark with a staining solution 
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containing antibodies and permeabilization buffer. After staining, cells were washed three times 

in permeabilization buffer and once in FACS buffer. Cells were then analyzed by flow cytometry.   

 

Flow phenotyping panels. 

Unless otherwise stated, all antibodies originate from BioLegend and were used according to 

manufacturer recommendations.  

 For profiling CAR T-cell memory phenotype, the surface staining solution contained: 

BV510-anti-CD4 (clone SK3, 344633), PerCP/Cy5.5-anti-CD8α (clone SK1, 344709), PE-anti-

CD45RA (clone HI100, 304107), BV421-anti-CD45RO (clone UCHL1, 304223), AF647-anti-

CCR7 (clone G043H7, 353217), AF700-anti-CD62L (clone DREG-56, 304820), BV650-anti-

CD127 (clone A019D5, 351325), BV711-anti-CD27 (clone O323, 302833), PE/Dazzle594-anti-

CD28 (clone CD28.2, 302941), BV605-anti-CD57 (clone QA17A04, 393303), and PE/Cy7-anti-

KLRG1 (clone 14C2A07, 368613). No intracellular antigens were tested.  

 For profiling mitochondrial potential and content via MitoSpy Orange, the surface staining 

solution contained: BV510-anti-CD4 (clone SK3, 344633) and PerCP/Cy5.5-anti-CD8α (clone 

SK1, 344709). No intracellular antigens were tested.  

 For profiling cytokine secretion, the surface staining solution contained: BV510-anti-CD4 

(clone SK3, 344633) and PerCP/Cy5.5-anti-CD8α (clone SK1, 344709). The intracellular staining 

solution contained BV605-anti-IFN-γ (clone 4S.B3, 502535), BV650-anti-TNF-α (clone Mab11, 

502937), AF647-anti-IL-2 (clone MQ1-17H12, 500315), PE-anti-IL-10 (clone JES3-9D7, 501403), 

and BV421-anti-IL-4 (clone MP4-25D2, 500825). 

 

Cytotoxicity testing. 

CAR T cells and luciferized target cells were seeded at chosen effector-to-target ratios in 100 μL 

of T-cell medium in black 96-well plate (Corning, CLS3603). After a 6-hour co-culture, 100 μL of 

Bright-Glo Luciferase substrate (Promega, E2610) was added, and each well were tested for 
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luciferase activity. As a positive control for cytotoxicity, target cells were directly lysed with NP-40 

(Abcam, ab142227) at 1% final concentration.  
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