
UCLA
UCLA Electronic Theses and Dissertations

Title
Rewiring signaling responses to soluble extracellular cues for T-cell therapies and beyond

Permalink
https://escholarship.org/uc/item/1gg9s6gk

Author
Chang, ZeNan Li

Publication Date
2017
 
Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/1gg9s6gk
https://escholarship.org
http://www.cdlib.org/


UNIVERSITY OF CALIFORNIA 

Los Angeles 

 

 

 

 

 

Rewiring signaling responses to soluble extracellular cues for T-cell therapies and beyond 

 

 

 

 

A dissertation submitted in partial satisfaction of the requirements for the degree Doctor of 

Philosophy in Molecular Biology 

 

by 

 

ZeNan Li Chang 

 

 

2017 

 

 

 

 

 



 



ii 
 

ABSTRACT OF THE DISSERTATION 

 

Rewiring signaling responses to soluble extracellular cues for T-cell therapies and beyond 

 

by 

 

ZeNan Li Chang 

Doctor of Philosophy in Molecular Biology 

University of California, Los Angeles, 2017 

Professor Yvonne Y. Chen, Chair 

 

Soluble extracellular factors are a commonly used medium of communication between a cell 

and its environment. The ability to program the response of cell-based therapies to such cues 

will help realize the promise of cell therapies as a powerful strategy to treat a variety of 

diseases. Here, we report on a chimeric antigen receptor (CAR) that binds the cytokine TGF-β, 

an immunosuppressive factor commonly upregulated at solid tumors. The TGF-β CAR rewires 

T-cell responses to TGF-β, converting an immunosuppressant into an immunostimulatory 

molecule. Additionally, TGF-β CAR-T cells can protect surrounding T cells from TGF-β–induced 

functional defects and differentiation into the regulatory phenotype. Using lessons learned from 

the in-depth case-study of the TGF-β CAR, we next establish a framework for using CARs to 

engineer T cells to sense synthetic and natural extracellular soluble ligands of choice and with 

tunable sensitivity. Our work supports that the CAR is a mechanosensitive receptor, shows that 

the mechanosensative synthetic Notch receptors can be employed to rewire responses to 

soluble ligands in mammalian cells in general, and highlights that proteins that respond to 

mechanical forces serve as suitable chassis for establishing biochemically modular platforms in 

synthetic biology.  
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Chapter 1. Rewiring transmembrane signal transduction with 

synthetic receptors 

 

The ability to predictably rewire cell signal transduction has paved the way for engineering 

complex reporters to study biology and design cell-based therapies (Fischbach et al., 2013; 

Lienert et al., 2014; Mathur et al., 2017). Programming cell responses to extracellular cues, in 

particular, will help realize the promise of cell therapies as a powerful strategy to treat a variety 

of diseases. In this introduction to the dissertation, we first provide an overview of current 

methods to employ synthetic receptors to engineer cell responses to the extracellular 

environment. Next, we explore in detail the biology of chimeric antigen receptors, the most 

successful class of receptors currently employed to engineer cell responses. Finally, we provide 

a preview of how the works described in the ensuing chapters fit within the context of the field. 

 

Engineering cell responses to immobilized extracellular ligands 

Much progress has been made to rewire cell responses to immobilized extracellular ligands 

using synthetic receptors. Switch receptors, such as the PD-1/CD28 fusion, swap the 

intracellular or extracellular domains of receptors that are structurally and mechanistically similar 

to build receptors with diverted actions (Prosser et al., 2012). In the context of immune cells, the 

chimeric antigen receptor (CAR) platform has served as a versatile method to redirect T-cell 

activation to immobilized ligands of choice (Sadelain et al., 2013). CAR-directed T cells have 

been successfully translated to target cancers in the clinic (Davila et al., 2014; Lee et al., 2015; 

Maude et al., 2014; Turtle et al., 2016), and are currently being explored in additional medical 

applications that counter autoimmune diseases and infections (Ali et al., 2016; Ellebrecht et al., 

2016; Kumaresan et al., 2014; MacDonald et al., 2016). Recent work has introduced the 

synthetic Notch (synNotch) receptor platform, which can also direct cell responses to 
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immobilized ligands of choice (Morsut et al., 2016). SynNotch receptors can function in both 

immune and non-immune cells, and instead of upregulating multiple immunostimulatory 

pathways, activates transcription at specific promoters (Morsut et al., 2016; Roybal et al., 2016). 

 

Engineering cell responses to soluble extracellular ligands 

Like with immobilized ligands, switch receptors, which rely on a high degree of structural and 

mechanistic homology between two functionally distinct receptors, have been employed to 

rewire cell responses to cytokines, specifically IL-4 (Leen et al., 2014; Wilkie et al., 2010). 

Recent progress has been made toward engineering cell responses to soluble ligands of choice 

using a “modular extracellular sensor architecture” (MESA) that relies on ligand-mediated 

dimerization and proteolytic cleavage (Schwarz et al., 2016); however, additional work is 

needed to demonstrate that the MESA system can function beyond transiently-expressed 

contexts and reduce the amount of optimization needed to generate a functional MESA 

signaling pathway. Thus, an established versatile platform for rewiring cell responses to soluble 

ligands is still lacking. 

 

CARs: modular receptors for engineering T-cell specificity 

CARs are the best established method of rewiring cell responses to extracellular immobilized 

ligands and have undergone several rounds of optimization since initial versions were first 

constructed in the early 1990’s (Eshhar et al., 1993; Irving and Weiss, 1991; Letourneur and 

Klausner, 1991; Romeo and Seed, 1991). CARs are fusion proteins with well-defined functional 

domains, including an extracellular antigen-binding domain, extracellular spacer, 

transmembrane domain, and intracellular signaling domain responsible for T-cell activation 

(Figure 1.1A) (Sadelain et al., 2013). Second- and third-generation CARs incorporate one or two 

additional intracellular costimulatory signaling domains, respectively, to enhance T-cell 
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activation and proliferation (Figure 1.1B) (Sadelain et al., 2013). A major strength of the CAR 

platform is its modularity, with interchangeable and structurally distinct options available for 

each functional domain. This modularity has enabled the construction of a variety of functional 

receptor molecules with diverse antigen specificities and structural properties. Basic 

considerations for each part of the CAR are as follows. 

 

Antigen-binding moiety. The antigen-binding domain in a CAR can consist of any target-

binding protein, as long as the molecule remains functional when fused to an N-terminal signal 

peptide and C-terminal components that constitute the rest of the receptor. Antibody-derived 

single chain variable fragments (scFvs) are the most commonly used antigen-binding domains, 

but CARs have also been constructed with other antibody-derived binding components such as 

nanobodies (Jamnani et al., 2014) or natural binding partners of the target antigen (Brown et al., 

2016).  

 

Extracellular spacer. Commonly used extracellular spacers are taken from CD4, CD8, and 

CD28 extracellular domains as well as the IgG Fc region. Amino acid substitutions are often 

made to the Fc domain in order to prevent unwanted interactions with Fc gamma receptors 

(FcRγ) expressed by cells such as monocytes and natural-killer cells (Almåsbak et al., 2015; 

Hombach et al., 2010; Hudecek et al., 2015; Jonnalagadda et al., 2015). 

 

Transmembrane domain. CAR transmembrane domains typically consist of the membrane-

spanning domain of CD4, CD8, CD28, or CD3ζ. Transmembrane domain choice is dictated by 

whether a molecule remains functional when fused to particular C-terminal signaling domains, 

and the decision is often based on historical experience. Investigations into CAR signaling 

mechanisms may shed light on whether the CAR transmembrane domain functions merely as a 

structural anchor, or plays additional functional roles. 
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Figure 1.1. CAR structure and designs. (A) CARs are modularly constructed fusion receptors 
comprising the following protein domains (from N- to C-terminus): extracellular antigen-binding 
domain, extracellular spacer, transmembrane domain, costimulatory domain(s), and T-cell 
activation domain. (B) First-generation CARs contain a single intracellular signaling domain, 
most commonly CD3ζ, that is capable of triggering T-cell activation. Second- and third-
generation CARs incorporate one or two costimulatory domains, respectively, and enhance 
productive T-cell stimulation compared to first-generation CARs. ScFv: single-chain variable 
fragment; Fc: crystallizable fragment of an antibody; VL: light-chain variable fragment; VH: 
heavy-chain variable fragment; ITAM, immunoreceptor tyrosine-based activation motif. 
 
 

Costimulatory domain. Costimulation augments T-cell activation, leading to increased cytokine 

production, proliferation, differentiation, and persistence. Costimulatory domains in CARs 

borrow from a variety of native receptors that shape T-cell activation, with CD28 and 4-1BB 

intracellular domains being the most common (Sadelain et al., 2013). The relative contributions 

of CD28 and 4-1BB to CAR-T cell function has been reviewed extensively elsewhere (van der 

Stegen et al., 2015; Zhao et al., 2015). Efforts to combine the strengths of multiple costimulatory 

domains in third-generation CARs have yielded varying results thus far (Carpenito et al., 2009; 

Haso et al., 2013; Pulè et al., 2005; Tammana et al., 2010; Wang et al., 2007; Wilkie et al., 

2008; Zhao et al., 2015; Zhong et al., 2010). The ability to quantitatively predict the effects of 
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costimulatory signal combinations will likely require a more in-depth mechanistic understanding 

of CAR signaling than is currently available. 

 

Activation domain. CD3ζ, CD3ε, and FcRγ intracellular domains were regularly used as the 

activation domain in first-generation CARs, but CD3ζ has emerged as the activation domain of 

choice in recent years (Sadelain et al., 2013). It remains unclear how the use of different 

activation domains may alter CAR behavior, but the CD3ζ activation domain in second-

generation CARs has been sufficient to mediate clinical efficacy in multiple clinical trials 

(Brentjens et al., 2011; Garfall et al., 2015; Kochenderfer et al., 2015; Turtle et al., 2016; Wang 

et al., 2016). 

 

The biology of CAR expression and mechanism of signaling 

Although a full mechanistic understanding of CAR signaling and its effects on T-cell biology 

remains elusive, recent studies on T-cell receptor (TCR) signaling as well as detailed 

observations of CAR-T cell behavior in vitro have yielded valuable insights into the mechanism 

of CAR function and provide guidance for the design and construction of new CARs. Unless 

otherwise noted, all results discussed in this article refer to human conventional T cells (as 

opposed to regulatory T cells), and all pre-clinical in vivo results refer to findings obtained from 

the adoptive transfer of human T cells into immunocompromised mouse models. 

 

Effect of CAR expression on T-cell biology. CAR-encoding transgenes are most commonly 

introduced into CD4+ and/or CD8+ T cells via viral transduction, resulting in strong constitutive 

CAR expression (Adusumilli et al., 2014; Chang et al., 2015; Kochenderfer et al., 2015; Liu et 

al., 2016). The gross overexpression of potent signaling domains that constitute the CAR, such 

as CD3ζ and CD28 or 4-1BB, suggests that CARs have the potential to influence T-cell biology 

even in the absence of antigen stimulation.  
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Cases of dramatic tonic signaling have been reported for multiple CAR constructs, with 

higher basal CAR expression levels correlating with increased tonic signaling and CAR-T cell 

exhaustion in the absence of antigen exposure (Eyquem et al., 2017; Frigault et al., 2015; Long 

et al., 2015). It is worth noting that the specific effects of CAR expression on T-cell biology 

appear to correlate more strongly with the type of CAR expressed (e.g., CARs containing CD28 

vs. 4-1BB) than with the genetic background of the T cells, as illustrated by transcriptional 

profiling of CD28 and 4-1BB CAR-T cells generated from multiple donors (Long et al., 2015). 

Furthermore, the number of costimulatory domains incorporated into CAR molecules has been 

shown to affect the basal phosphorylation levels of signaling proteins important in human T-cell 

activation (LAT, ZAP-70, SYK, ERK, and LCK) (Karlsson et al., 2015), suggesting that the 

specific composition of CAR molecules can profoundly influence T-cell biology independent of 

antigen stimulation.  

A recent study compared the function of T cells expressing a CD19 CAR that was either 

randomly integrated via retroviral transduction, or site-specifically integrated into the TCR α 

constant (TRAC) or β2-microglobulin loci, with or without additional promoter/enhancer elements 

(Eyquem et al., 2017). The study found that the dynamic pattern of CAR expression regulated 

by the native TRAC locus contributed to the most sustained anti-tumor efficacy in vivo (Eyquem 

et al., 2017), demonstrating the need to stringently control basal and dynamic CAR expression 

levels to achieve optimal therapeutic efficacy. Further investigation is needed to determine 

whether CAR expression from the TRAC locus will serve as a superior strategy across multiple 

CAR designs and tumor targets. 

 
CAR signal initiation and transduction. Few studies have directly assessed the mechanism 

by which CARs convert extracellular binding events into intracellular signaling. Nevertheless, 

research on immunoreceptor triggering and the specific signaling domains utilized in CARs 

provide a framework for inferring the biophysical and biochemical events in CAR signaling.  
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 As discussed above, the most common signaling domains in CARs are derived from the 

cytoplasmic segments of CD3ζ, CD28, and 4-1BB. Both CD3ζ and CD28 contain stretches of 

positively charged, basic amino-acid residues in their cytoplasmic tails, which are known to 

closely interact with the negatively charged inner leaflet of the plasma membrane when the 

receptors are in their resting, “off” state (Aivazian and Stern, 2000; Dobbins et al., 2016; Zhang 

et al., 2011). Similarly, 4-1BB contains a basic stretch of amino acids in its cytoplasmic tail, even 

though its membrane-interacting capabilities have not been investigated in detail. For both 

CD3ζ, and CD28, receptor triggering leads to dissociation of the intracellular chains from the 

plasma membrane, suggesting membrane dissociation as a critical step toward signal 

transduction (Dobbins et al., 2016; Zhang et al., 2011). The exact functional role of receptor-

membrane contact remains unclear, but the sequestration of receptor chains inside lipid bilayers 

could serve as a means to regulate the availability of binding sites that are critical for 

downstream signaling (Figure 1.2A) (Dobbins et al., 2016; Xu et al., 2008). Specifically, the 

masking and unmasking of immunoreceptor tyrosine-based activation motif (ITAM) 

phosphorylation sites on CD3ζ chains or the various signaling-molecule binding sites on CD28 

could play a critical role in signal transduction (Aivazian and Stern, 2000; Dobbins et al., 2016; 

Xu et al., 2008). Furthermore, the configuration of the receptor chains could influence the 

clustering of receptors and their relative location to other membrane-tethered signaling 

molecules, thereby altering the initiation and/or maintenance of signal transduction (van der 

Merwe et al., 2012; Zhang et al., 2011).  

If the association and dissociation of the intracellular domains from the plasma 

membrane played a role in CAR signaling, how might extracellular ligand-binding trigger the 

intracellular dissociation event? It has been shown that T cell/target cell conjugations can 

generate mechanical forces through spontaneous membrane motions and receptor engagement 

(Hu and Butte, 2016; Husson et al., 2011; Li et al., 2010). This observation supports the 

receptor deformation model of TCR triggering, which posits that the tugging and pulling between 
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a conjugated T cell/target cell pair would ultimately deform a ligated TCR to a signaling-

competent conformation (Ma et al., 2008). Target-cell ligation may similarly provide a 

mechanical force to dislodge a CAR’s intracellular domain from the T-cell plasma membrane 

and trigger receptor signaling (Figure 1.2B). Such a model, which relies on general mechanical 

coupling rather than specific binding-induced conformational changes, is consistent with the fact 

that functional CARs can be constructed from a variety of structurally dissimilar domains. If true, 

this model would suggest that the extracellular spacer and transmembrane domain of a 

functional CAR must fall within a certain range of conformational flexibility, and the mechanical 

properties of these linker domains would likely impact the sensitivity of a CAR.  

 

 
Figure 1.2. An integrated mechanistic model of CAR signaling initiation. Research on T-
cell receptor (TCR) triggering and the specific signaling domains utilized in CARs suggests the 
following potential mechanisms that may work in concert to initiate CAR signaling. (A) Ligand 
binding could generate mechanical forces that lead to the dissociation of CAR intracellular 
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domains from the plasma membrane, thereby unmasking critical binding sites for downstream 
signaling molecules. (i) At rest, CAR intracellular domains (e.g. CD28 and CD3ζ) may interact 
with the plasma membrane, as they do in their native receptor contexts, through basic residue 
motifs that bind to the negatively charged inner leaflet of the plasma membrane (Aivazian and 
Stern, 2000; Dobbins et al., 2016; Zhang et al., 2011). (ii) Upon antigen binding, the CAR 
intracellular domains dissociate from the plasma membrane and adopt a signaling-competent 
conformation that allows interactions with downstream signaling molecules, including kinases 
such as ZAP-70 and Lck (Dobbins et al., 2016; Zhang et al., 2011). Phosphorylation of the 
intracellular domains is thought to lock the domains in the membrane-free state (Zhang et al., 
2011). (B) Extending the receptor deformation model of TCR triggering to CARs suggests that 
the changes in CAR conformation from (A, i) to (A, ii) may arise from mechanical pulling or 
pushing between the T cell and the target cell. (i) A pulling force can be transmitted via tension 
in the CAR extracellular and transmembrane domains to dislodge the intracellular domains from 
the plasma membrane. (ii) A pushing force may alter the local membrane curvature, thereby 
reducing the stability of the membrane-associated state of the CAR intracellular domains. (C) In 
the kinetic segregation model of TCR triggering, bulky phosphatases must be physically 
segregated from TCRs for T-cell activation domains to transduce signal. Thus, in addition to 
having accessible (i.e. membrane-free) intracellular signaling domains, CARs may also need to 
be segregated from phosphatases to initiate signal transduction. (i) Segregation of 
phosphatases and CARs can occur when CAR/ligand interactions force the T cell and target cell 
into close apposition and exclude bulky phosphatases from the immunological synapse. (ii) By 
this logic, CARs with excessively long extracellular spacers that allow phosphatases to comingle 
with CARs at the immunological synapse would not be able to robustly activate T-cell signaling. 
(D) CARs in resting T cells are localized diffusely together with other surface receptors such as 
CD45. As the events in (C) take place in response to target-cell engagement, ligated CARs can 
coalesce into microclusters, which have been confirmed to exclude CD45 and transduce T-cell 
activation signals (Ellebrecht et al., 2016). With time, microclusters at the CAR-containing 
immunological synapse are hypothesized to coalesce and organize with other native surface 
receptors into the supramolecular activation cluster (SMAC) that is commonly observed at TCR 
synapses.  

 
 The receptor deformation model is only one of several leading hypotheses for TCR 

signaling. Another model, termed the “kinetic segregation” model, posits that TCR signaling is 

triggered by the exclusion of bulky phosphatases such as CD45 and CD148 from the compact 

immunological synapse formed between a conjugated pair of T-cell and target-cell membranes 

(Chang et al., 2016; Cordoba et al., 2013). It has been shown that cell contacts formed by 

CAR/cognate ligand conjugation exclude CD45 (Ellebrecht et al., 2016; James and Vale, 2012). 

Furthermore, head-to-head comparisons of CARs with different extracellular spacer lengths 

revealed that a short-spacer CAR is most effective for targeting membrane-distal epitopes in 

CD19 and ROR1 (Hudecek et al., 2013, 2015), consistent with the hypothesis that a compact 

immunological synapse is essential to T-cell signaling by excluding bulky phosphatases (Figure 
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1.2C). However, there is a limit to how close T-cell and target-cell membranes can favorably 

come together due to the thick glycocalyx surrounding each cell and the energetic cost of 

membrane bending (Dustin and Depoil, 2011). As such, shorter spacer lengths are not always 

optimal, particularly when targeting membrane-proximal epitopes (Hudecek et al., 2015; Liu et 

al., 2016; Zah et al., 2016), so both the location of target epitopes and the receptor’s 

extracellular spacer length are important in CAR design. In addition to adjusting cell-cell 

distance in an immunological synapse, spacer length also affects the mechanical properties of 

the CAR molecule itself. Therefore, the ability of the CAR to access target epitopes, achieve 

phosphatase segregation, as well as transduce mechanical forces should be considered in 

concert when selecting target epitopes and designing corresponding CAR structures. 

 CAR stimulation yields many of the same signal transduction events that occur upon 

TCR stimulation, such as the phosphorylation of CD3ζ ITAMs, Lck, ZAP70, and LAT (Karlsson 

et al., 2015). CARs also appear to mimic TCRs at the immunological synapse, forming initial 

microclusters that exclude CD45 and organizing, together with native receptors, into the 

characteristic bull’s-eye structure of the supramolecular activation cluster (SMAC) (Figure 1.2D) 

(Ellebrecht et al., 2016; James and Vale, 2012). The importance of clustering in CAR signaling 

was further highlighted by the observation of a tonically signaling CAR that lead to antigen-

independent CAR-T cell exhaustion (Long et al., 2015). The propensity of the CAR’s 

extracellular single-chain variable fragment (scFv) domain to spontaneously aggregate was 

proposed as the cause of antigen-independent receptor clustering and signaling (Long et al., 

2015). These results suggest that care should be taken to avoid domains with innate 

oligomerization tendencies when designing CARs in order to prevent spontaneous receptor 

clustering that leads to premature T-cell exhaustion. 

The intensity of the costimulatory signal required for proper T-cell activation has been 

observed to vary inversely with the extent of TCR stimulation (Acuto and Michel, 2003). 

However, CARs provide hard-coded stoichiometry between CD3ζ and costimulatory domains. 
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This fixed dosing of CD3ζ and costimulatory domains potentially underlies our observation in 

Chapter 2 that a nonfunctional subpopulation can emerge upon antigen stimulation of second-

generation CD19 CARs in both CD4+ and CD8+ T cells (Chang et al., 2015). While native 

costimulatory receptors can still be involved in CAR-T cell activation, exactly how these native 

receptors interface with CAR-mediated signaling remains to be explored. Nevertheless, 

overexpression of costimulatory receptor ligands in conjunction with CARs was shown to 

increase the ability of human CD19 CAR-T cells to reject NALM6 leukemia xenografts in mice 

(Zhao et al., 2015), suggesting that CAR signaling might benefit from additional costimulation in 

productively activating T cells. 

 

CARs, TCRs, and BCRs. CARs and TCRs both activate T cells and likely share many of the 

biophysical and biochemical signaling events discussed above. However, CARs also differ from 

TCRs in several prominent ways: CARs harbor fewer subunits and fewer ITAMs, do not need 

co-receptors to support ligand binding, have several-orders higher affinity for their targets, 

typically interface with much more abundant cognate antigens, and can be activated by a 

molecularly diverse set of ligands (Figure 1.3) (Harris and Kranz, 2016). In these aspects, CARs 

are actually more similar to B-cell receptors (BCRs) (Figure 1.3). The BCR extracellular domain 

consists of an antibody. Therefore, like CARs, BCRs exhibit high ligand affinity and recognize 

targets in a major histocompatibility complex (MHC)-unrestricted manner.  

 BCRs also share many of the signaling characteristics of TCRs, such as the 

phosphorylation of ITAM motifs and the formation of receptor microclusters that mature into an 

immunological synapse (Harwood and Batista, 2010; Malissen and Bongrand, 2015). Notably, 

BCRs undergo tonic signaling, which is an emerging challenge in CAR engineering efforts 

(Frigault et al., 2015; Long et al., 2015). These shared themes in natural immunoreceptor 

signaling may underlie the success of CARs in synthetically combining BCR and TCR properties 

to activate T cells and trigger productive effector functions.  



12 
 

 
Figure 1.3. Comparison of stimulatory immunoreceptors. Standard CARs combine the 
antibody-like target-binding properties of B-cell receptors (BCRs) with the T-cell activation 
abilities of T-cell receptors (TCRs). T-cell costimulatory properties are further incorporated into 
CARs with the addition of costimulatory domains. KD, dissociation equilibrium constant (with 
typical range shown for each receptor type); VL: light-chain variable fragment; VH: heavy-chain 
variable fragment; ITAM, immunoreceptor tyrosine-based activation motif.  

 

Synthetic biology, a feedback cycle of engineering and learning biology 

Synthetic biology attempts to program new cellular functions in a predictable manner. However, 

constructing synthetic systems relies on working models of how biological components function, 

and thereby serves as tests of biological understanding. In this dissertation, we first explore an 

unexpected functional bifurcation observed in T cells activated by CARs (Chapter 2), finding that 

the ectopic expression of unnatural proteins can yield unexpected biological outcomes. Next, we 

focus the bulk of our efforts on elucidating modular methods to engineer cell responses to 

soluble extracellular ligands. In Chapter 3, we present our initial finding that a CAR that binds 

the immunosuppressive cytokine transforming growth factor β (TGF-β) can trigger T-cell 

activation responses to soluble TGF-β and the potential this synthetic receptor may have in 

adoptive T-cell therapy of solid tumor malignancies. To better understand how CARs can be 
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employed in this new application of sensing soluble ligands, Chapter 4 focuses on elucidating 

how the TGF-β CAR manages to signal. Finally, Chapter 5 of this dissertation explores the 

general principles for programming cell responses to soluble factors, first with CARs, and then 

with synNotch receptors. In establishing the capability of CARs to rewire cell responses to 

soluble ligands, we also ascertain mechanistic details of how CARs function, thus feeding back 

to inform future CAR engineering efforts. 
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Chapter 2. Functional Bifurcation in T cells Expressing Chimeric 

Antigen Receptors 

 

INTRODUCTION 

The production and expansion of T cells expressing chimeric antigen receptors (CARs) relies on in 

vitro T-cell stimulation and more work is needed to explore the phenotypic changes that occur in this 

process to elucidate features that are predictive of anti-tumor functionality. The following 

manuscript by Chang et al. (Journal of Translational Medicine, 2015) details our observation of 

a consistent functional bifurcation of CAR-T cells into “CARhi” and “CARlo” populations upon 

CAR stimulation. By tracking CAR–T-cell viability, proliferation, cytokine production, lytic abilities, 

and expression of various T-cell activation markers and inhibitory receptors across time, we find that 

CAR-stimulated CAR-T cells separate into two distinct subpopulations with dramatically different 

functional capacities and surface marker expression profiles. We additionally find that the proportion 

of CAR-T cells that demonstrate the superior functions is dependent on the particular degree of 

antigen stimulation and the composition of the T cell population (CD4 vs CD8, T-cell memory 

compartment breakdown, % transduced). Altogether, the systematic characterization methods and 

results reported here can guide future efforts to improve CAR–T-cell therapies. Furthermore, as 

similar functional bifurcation has not been reported as a consequence of the stimulation of T cells via 

the native T-cell receptor, this work presents an example where synthetic immunoreceptor biology 

may deviate from native immunoreceptor biology. 
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ABSTRACT 

Background 

T cells expressing chimeric antigen receptors (CARs) have shown exciting promise in cancer 

therapy, particularly in the treatment of B-cell malignancies. However, optimization of CAR-T cell 

production remains a trial-and-error exercise due to a lack of phenotypic benchmarks that are 

clearly predictive of anti-tumor functionality. A close examination of the dynamic changes 

experienced by CAR-T cells upon stimulation can improve understanding of CAR–T-cell biology 

and identify potential points for optimization in the production of highly functional T cells. 

Methods 

Primary human T cells expressing a second-generation, anti-CD19 CAR were systematically 

examined for changes in phenotypic and functional responses to antigen exposure over time. 

Multi-color flow cytometry was performed to quantify dynamic changes in CAR-T cell viability, 

proliferation, as well as expression of various activation and exhaustion markers in response to 

varied antigen stimulation conditions. 
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Results 

Stimulated CAR-T cells consistently bifurcate into two distinct subpopulations, only one of which 

(CARhi/CD25+) exhibit anti-tumor functions. The use of central memory T cells as the starting 

population and the resilience—but not antigen density—of antigen-presenting cells used to 

expand CAR-T cells were identified as critical parameters that augment the production of 

functionally superior T cells. We further demonstrate that the CARhi/CD25+ subpopulation 

upregulates PD-1 but is resistant to PD-L1-induced dysfunction. 

Conclusions 

CAR-T cells expanded ex vivo for adoptive T-cell therapy undergo dynamic phenotypic changes 

during the expansion process and result in two distinct populations with dramatically different 

functional capacities. Significant and sustained CD25 and CAR expression upregulation is 

predictive of robust anti-tumor functionality in antigen-stimulated T cells, despite their correlation 

with persistent PD-1 upregulation. The functionally superior subpopulation can be selectively 

augmented by careful calibration of antigen stimulation and the enrichment of central memory T-

cell type. 

Keywords 

Chimeric antigen receptor, CD19 CAR-T cell, T-cell immunotherapy, PD-1 

 

BACKGROUND 

Adoptive cell therapy using T cells engineered to express tumor-targeting chimeric antigen 

receptors (CARs) is a promising treatment strategy for refractory diseases such as metastatic 

melanoma, leukemia, and neuroblastoma [1–3]. Several recent trials have demonstrated 

remarkable clinical efficacy, particularly in the treatment of chronic and acute B-cell malignancies 

using CD19-targeting T cells [4–6]. Accumulating clinical reports suggest that, in addition to 

patient-to-patient variations in tumor burden and overall health profile, the quality of individual T-

cell products could significantly influence clinical outcome [5, 7]. However, it remains unclear 
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which T-cell characteristics are the most critical and predictive of anti-tumor efficacy, and if and 

how such characteristics could be promoted during T-cell manufacturing. As CAR-T cell 

technology advances toward broader clinical use, the ability to identify critical T-cell 

characteristics and systematically optimize CAR-T cell preparation has the potential to 

significantly improve the robustness of adoptive T-cell therapy. 

Considerable differences exist in the T-cell manufacturing protocols utilized thus far by 

different clinical groups, rendering efforts to systematically optimize the production process a 

practical challenge. Although numerous characterization assays and product release criteria are 

applied to CAR-T cell products, they typically generate snapshot views of T-cell properties and 

provide limited insight into dynamic changes experienced by T cells, which may occur throughout 

in vitro expansion as well as after infusion into the patient. For example, phenotypic characteristics 

such as % CD3+, % CD4+, % CD8+, and % CAR+ are typically quantified at the end of cell 

expansion prior to product release for infusion [4–6, 8]. Cytokine production and cell lysis 

efficiency are measured in vitro at single time points to confirm target-specific functional activity 

[5, 6, 9]. After adoptive transfer, in vivo performance is measured by quantifying cytokine levels, 

tumor burden, and CAR+ T-cell count in the patient [4, 10, 11]. In these characterization assays, 

observed anti-tumor functionality is attributed to CAR+ T cells as a homogenous group, and time-

point data are used to generalize across cell-expansion and treatment periods. Given that current 

clinical protocols typically utilize unsorted, polyclonal T cells for infusion, the assumption of 

uniformity among CAR+ T cells is one dictated by experimental constraints rather than our 

understanding of CAR–T-cell biology. Indeed, the recognition that not all T cells are equal has 

prompted active research on questions such as the optimal T-cell subtype and cytokine regimen 

to use for the production of therapeutic T cells [12–16]. However, trial-and-error remains the 

dominant approach to process optimization, as typical characterization methods such as those 

described above provide information that enables quality control but not in-depth understanding 

of how the T cells arrived at their present state of functionality or lack thereof. We propose that a 
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close examination of dynamic changes experienced by CAR-T cells throughout a stimulation cycle 

can provide a deeper understanding of CAR–T-cell biology and identify potential points for 

optimization in the production of highly functional therapeutic T cells. 

In this study, we perform quantitative evaluations of the phenotypic and functional changes 

exhibited by CAR-T cells undergoing antigen stimulation, including CAR–T-cell viability, 

proliferation, as well as the expression of various T-cell activation and exhaustion markers. 

Contrary to the assumption of uniformity, stimulated CAR+ T cells consistently bifurcate into two 

distinct populations, only one of which (CARhi/CD25+) is functionally active. Detailed in vitro 

examinations reveal dynamic changes in CAR-T cells over the course of antigen stimulation that 

are difficult to observe in vivo, and enable the identification of strategies to maximize the 

CARhi/CD25+ cell subpopulation upon antigen stimulation. Finally, we demonstrate that CAR-T 

cells in the functionally superior subpopulation upregulate PD-1 but remain functional when 

challenged by target cells overexpressing PD-L1, indicating an unexpected source of CAR-T cell 

resilience and highlighting properties to be considered in the development of combinatorial 

strategies employing CAR-T cells and checkpoint therapies. 

 

METHODS 

Cell line isolation and maintenance 

Primary human CD4+ or CD8+ T cells were isolated from healthy donor blood samples obtained 

from the Boston Children’s Hospital Blood Donor Center and the UCLA Blood & Platelet Center. 

The RosetteSep CD4+ or CD8+ Human T-cell Enrichment Cocktail (Stemcell Technologies) was 

used following manufacturer’s protocols. Central memory T cells were obtained by magnetic 

bead-based sorting. Anti-CD45RA MicroBeads (Miltenyi Biotec) were used to deplete CD45RA+ 

cells, and CD45RA− cells were stained with anti-CCR7-APC (clone G043H7, BioLegend) followed 

by anti-APC MicroBeads (Miltenyi Biotec) and enriched for CCR7+ cells. Isolated T cells were 

seeded at 1 x 106 cells/ml in T-cell media (RPMI-1640 media (Lonza) with 10% heat-inactivated 
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fetal bovine serum (FBS; Life Technologies)) and stimulated with CD3/CD28 Dynabeads (Life 

Technologies) at a 1:1 cell:bead ratio. Cells were fed 50 IU/ml interleukin (IL)-2 (Chiron) and 1 

ng/ml IL-15 (Miltenyi Biotec) every 48 h and passaged routinely. H9 and JeKo-1 cells were 

obtained from ATCC and maintained in RPMI-1640 with 10% or 20% heat-inactivated FBS, 

respectively. K562, TM-LCL, and Raji cells were generous gifts from Dr. Michael C. Jensen at 

Seattle Children’s Research Institute and maintained in T-cell media. CD19+ K562 and CD19+ H9 

cells were generated by lentivirally transducing parental K562 and H9 cells with CD19 cDNA 

expressed from an EF1α promoter and sorting for CD19+ cells by fluorescence-activated cell 

sorting (FACS). 

 

Generation and isolation of CAR-expressing T cells 

Lentivirus was produced as previously described [17]. T-cells stimulated with CD3/CD28 

Dynabeads for 3 days were transduced at a multiplicity of infection of 3 with 1 x 106 T cells/500 

μl/well in a 24-well plate and supplemented with 50 IU/ml IL-2, 1 ng/ml IL-15, and 5 μg/ml 

polybrene (Sigma Aldrich). No virus was added to the mock-transduced control. The plate was 

centrifuged at 800 x g for 30 min at room temperature with slow acceleration and no brake. Cells 

were fed fresh media with cytokines on day 2 post transduction, washed on day 3, and maintained 

as described above until Dynabead removal on day 6 post transduction. To obtain EGFRt+ (CAR+) 

populations, transduced cells were stained with biotinylated Erbitux (Bristol-Myers Squibb; 

biotinylated in house) followed by magnetic sorting using anti-Biotin MicroBeads (Miltenyi Biotec) 

according to the manufacturer’s protocols. CAR+ T-cell fractions with different CAR expression 

levels were isolated by staining transduced cells with biotinylated Erbitux followed by streptavidin-

PE (Jackson Immunoresearch), then sorted by FACS. Regardless of sorting method, CAR+ cells 

were expanded as previously described [18]. Briefly, 1 x 106 T cells were resuspended in 50 ml 

total volume with 7 x 106 γ-irradiated (80 Gy) TM-LCL cells and supplemented with 50 IU/ml IL-2 

and 1 ng/ml IL-15 every 48 h. Stimulated high and low CAR-expressing populations were isolated 
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by FACS after 20 h of co-incubation with CD19+ K562 target cells at a 2:1 effector-to-target (E:T) 

ratio. 

 

Surface marker staining 

For surface marker staining, 1 x 105 T cells were seeded in 96-well plates with indicated target 

cells (unirradiated) at a 2:1 E:T ratio unless otherwise noted. Experiments with 2.5 x 105 T cells 

were performed in 24-well plates. When indicated, γ-irradiated (100 Gy) K562 targets were used. 

When indicated, CD28 monoclonal antibody (clone CD28.2; eBiosciences) was applied at 10 

μg/mL to provide CD28 costimulatory signal. Cell mixtures were incubated at 37 °C, and analyzed 

at the indicated time points with fluorescently labeled monoclonal antibodies binding CCR7 (clone 

REA108), CD19 (clone LT19), CD25 (clone BC96), CD27 (clone M-T271), CD45RA (clone 

T6D11), CD57 (clone TB03), PD-1 (PD1.3.1.3), PD-L1 (clone 29E.2A3), and Tim-3 (clone F38-

2E2) (BioLegend and Miltenyi Biotec). V500-conjugated Annexin V (BD Biosciences) and Pacific 

Blue-conjugated Annexin V (BioLegend) were used to detect pre-apoptotic cells. CAR expression 

was probed with Protein L (Genscript) followed by PE-conjugated streptavidin (Jackson 

Immunoresearch) or with APC-conjugated polyclonal antibody binding human IgG Fcγ (Jackson 

Immunoresearch). EGFRt expression was probed with biotinylated Erbitux followed by PE-

conjugated streptavidin. Analyses were performed on a MACSQuant VYB flow cytometer (Miltenyi 

Biotec) equipped with 405-, 488-, and 561-nm lasers. Data were processed using FlowJo software 

(TreeStar). 

 

Cell proliferation and cytokine production quantification 

T cells were labeled with 0.2 μM carboxyfluorescein diacetate succinimidyl ester (CFDA-SE, Life 

Technologies) for cell proliferation tracking. A human Th1/Th2 cytokine cytometric bead array kit 

(BD Biosciences) was used according to the manufacturer’s protocols to quantify cytokine 

secretion. Co-incubations with target cells were set up as described above. Samples were 
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analyzed with a MACSQuant VYB flow cytometer and cytokine production was quantified using 

the FCAP Array 3.0 software (Soft Flow). 

 

Quantitative PCR 

Genomic DNA and cDNA were isolated from frozen T-cell pellets with DNeasy Blood and Tissue 

Kit (Qiagen) and SuperScript III CellsDirect cDNA Synthesis System (Life Technologies), 

respectively. Quantitative PCR (qPCR) was performed using SsoFast EvaGreen Supermix (Bio 

Rad), a CFX96 Real-Time Thermal Cycler (Bio Rad), and WPRE forward and reverse primers (5’-

TTTCCGGGACTTTCGCTTTC and 5’-AAGGGACGTAGCAGAAGGAC, respectively, for cDNA; 

or 5’-ACTGTGTTTGCTGACGCAACCC and 5’-CAACACCACGGAATTGTCAGTGCC, 

respectively, for gDNA) according to the manufacturer’s protocols. The reference β-actin primer 

set 5’-TCCCTGGAGAAGAGCTACGA (forward) and 5’-AGCACTGTGTTGGCGTACAG (reverse) 

provided normalization control. The qPCR protocol included 30 cycles of a 5-s denaturation step 

at 95 °C for cDNA and 98 °C for gDNA, and a 5-s annealing/extension step at 60 °C. All reactions 

were performed in quadruplicates, and threshold cycle (Ct) values were averaged to obtain the 

arithmetic mean. Relative WPRE levels were calculated with the following formula: 

 
 

t,  Actin

t, WPRE

C

Actin
C

WPRE

ε
=
ε

RL

 

 

where RL indicates relative WPRE levels, εx indicates primer efficiency for gene x, and Ct,x 

indicates the averaged Ct value for gene x. Standard deviation in relative WPRE levels was 

calculated with the following formula: 

       ln ln
2 2 2 2

Actin Actin WPRE WPREs.d.= RL ε s.d. + RL ε s.d.
 

 

where s.d.x indicates the standard deviation calculated from the quadruplicate samples for gene 

x. 



31 
 

Statistical methods 

Data are presented as means ± standard deviations as stated in figure legends. Results were 

analyzed by two-tailed unpaired Student’s t test with simple Bonferroni correction for multiple 

comparisons when appropriate. Tests were conducted with statistical significance set at p < 0.05. 

 

RESULTS 

Antigen stimulation results in the emergence of CARhi cells 

To investigate the degree of heterogeneity among CAR-T cells, CAR constructs were stably 

integrated into bulk primary human CD8+ T cells via lentiviral transduction. Unless otherwise 

indicated, an anti-CD19 CAR containing CD28 as the co-stimulatory domain was used [19], and 

a truncated epidermal growth factor receptor (EGFRt) was linked to the CAR via a T2A peptide 

(Figure 2.1A). In this configuration, CAR and EGFRt are transcribed as a single mRNA but 

translated into two separate proteins, allowing quantification of CAR expression via antibody 

staining of surface-bound EGFRt, without disrupting potential interactions between CAR 

molecules and their ligands [20]. Co-staining experiments confirmed that EGFRt staining tightly 

correlates with direct CAR staining in both stimulated and unstimulated CAR-T cells (Figure 2.S1). 

EGFRt is particularly useful to track the expression of the anti-CD19 CAR in this study because 

the anti-CD19 scFv used is only weakly stained by reagents such as protein L and anti-Fab 

antibody that typically bind scFvs. Unless specified otherwise, we have used EGFRt to measure 

CAR expression in the studies reported here. 

CAR-T cells were co-incubated with parental (CD19−) or CD19+ K562 target cells and 

monitored for five days. A CARhi/CD25+ group with elevated CAR expression consistently 

emerged within 24 h of co-incubation, resulting in a population distinct from the CARlo/CD25− 

group, which maintained the original CAR expression level (Figures 2.1B–D). This population 

bifurcation is observed in both CD4+ and CD8+ T cells (Figure 2.1B and 2.S2), is independent of 

the co-stimulatory signals present in the CAR (either CD28 or 4-1BB; Figures 2.1BC), and is not 
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restricted to a particular antigen (either CD19 or CD20; Figures 2.1CD). We also observed the 

emergence of CARhi cells after stimulating CAR-T cells with CD3/CD28 beads (Figure 2.1E), 

indicating that the population bifurcation is not unique to antigen presentation by K562 cells or to 

the CAR signaling domain. Instead, it also occurs when T-cells are stimulated via the endogenous 

T-cell receptor (TCR)/CD28 machinery. In all instances studied, CARlo cells exhibited low or no 

expression of the activation marker CD25 while CARhi cells showed robust CD25 upregulation 

(Figure 1B-E), suggesting distinct activation states for the CARhi and CARlo populations. 

 
Figure 2.1 A CARhi/CD25+ population emerges upon antigen stimulation of CAR-T cells. (A) 
Schematic of the second-generation anti-CD19 CAR with CD28 co-stimulatory domain; cyto: 
cytoplasmic domain; EGFRt: truncated EGFR peptide; LTR: long terminal repeats; RRE: Rev 
responsive element; tm: transmembrane domain; scFv: single chain variable fragment; T2A: 
Thosea asigna virus 2A peptide; WPRE: woodchuck hepatitis virus posttranscriptional response 
element. (B-E) CD8+ T cells expressing various CARs separate into CARhi/CD25+ and 
CARlo/CD25− populations within 24 h of antigen or CD3/CD28 stimulation. T cells expressing 
anti-CD19 CARs with (B) CD28 or (C) 4-1BB co-stimulation domain or (D) an anti-CD20 CAR 
with 4-1BB all result in population polarization upon stimulation with K562 target cells 
expressing cognate antigens. (E) CAR–T-cell stimulation with magnetic beads coated with anti-
CD3 and anti-CD28 antibodies also yields bifurcated populations. 
 

CARhi but not CARlo cells exhibit robust T-cell functions 

Given their differences in CD25 expression, we hypothesized that the CARhi subpopulation is 

productively activated while CARlo cells remain inactive or are anergized. During co-incubation 

with CD19+ target cells in the absence of exogenous cytokines, CD8+ T cells expressing the CD19 
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CAR undergo a rapid and dramatic initial decline in viable T-cell count, followed by a population 

rebound in which CARhi cells emerge as the dominant T-cell group (Figure 2.2A), consistent with 

the hypothesis that only CARhi cells are productively activated. In contrast, mock-transduced T 

cells as well as CAR-T cells co-incubated with parental (CD19−) K562 cells show a gradual decline 

in viable T-cell count without changes in CAR expression level, indicating that the dynamic 

population changes observed in Figure 2.2A are specifically triggered by antigen stimulation. 

Primary CD4+ CAR-T cells as well as mixed CD4+ and CD8+ CAR-T cells show the same patterns 

of population dynamics (Figure 2.S3), demonstrating that the behavior is not unique to the CD8+ 

phenotype and is also representative of mixed CD4+ and CD8+ T cells typically used in therapeutic 

settings. 

 
Figure 2.2 Antigen-stimulated CAR-T cells undergo selective expansion of the CARhi 
compartment. CFSE-labeled, CD8+ CAR-expressing cells or mock-transduced (CAR−) T cells 
were co-incubated with parental (CD19−) or CD19+ K562 targets without exogenous cytokines 
and monitored for (A) total T-cell count (left red axis) and CARhi or CARlo as a fraction of total 
CAR-T cells (right black axis), (B) median CFSE intensity, and (C) Annexin V staining. Average 
values of triplicates are shown with error bars indicating ± 1 standard deviation (s.d.). 
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CFSE dilution and Annexin V staining results demonstrate that CARhi cells proliferate 

robustly with minimal apoptosis; in contrast, CARlo cells divide at the same low rate as 

unstimulated CAR-T cells, and exhibit increased cell death compared to both CARhi and 

unstimulated cells (Figure 2.2BC). These results further support the hypothesis that the CARlo 

cells, despite expressing a second-generation CAR containing a co-stimulation domain, have not 

been properly activated. 

 
Figure 2.3 CARhi and CARlo T cells exhibit distinct functional capabilities. (A) CARhi and CARlo 
cells were sorted and subsequently cultured without antigen stimulation or exogenous cytokines. 
Cytokine production was measured 24 h post sorting. (B-D) Sorted CARhi and CARlo cells were 
co-incubated with CD19+ K562 targets without exogenous cytokines and monitored for (B) viable 
target-cell count, (C) viable T-cell count, and (D) cytokine production after 24 h of co-incubation. 
Sorted CARlo values in (B) and (C) are from single samples due to the rarity of viable cells 
recovered for this population from cell sorting. For all other samples, average values of triplicates 
are shown with error bars indicating ± 1 s.d. 
 

In addition to differences in proliferative potentials, CARhi cells exhibit clearly superior 

functional profiles compared to CARlo cells. The two CD19 CAR-T cell populations were separated 

by FACS after 20 h of co-incubation with CD19+ K562 target cells. Multiplex cytokine 

measurements revealed robust Th1 cytokine production by CARhi cells during the 24-h period 

following cell sorting (Figure 2.3A). In contrast, CARlo cells produced relatively high levels of IFN-
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γ but not TNF-α or IL-2, consistent with previous study reporting the ability of anergic T cells to 

produce IFN-γ but not IL-2 [21] (Figure 2.3A). 

CAR-T cells have been reported to serve as serial killers of tumor cells in successfully 

treated patients [4], and the ability to maintain functionality in the face of high tumor burden and 

repeated stimulation is critical to the therapeutic efficacy of CAR-T cells. Upon re-exposure to 

target cells, sorted CD8+ CARlo T cells showed minimal target-cell lysis (Figure 2.3B). In contrast, 

CD8+ CARhi T cells rapidly eliminated CD19+ K562 targets, achieving even more complete target 

clearance than unsorted CAR-T cells (Figure 2.3B). Both T-cell populations underwent a 

contraction in viable T-cell count upon antigen exposure, but CARhi cells greatly outperformed 

CARlo cells in subsequent proliferation (Figure 2.3C). Furthermore, CARhi but not CARlo cells 

robustly secreted the Th1 cytokines TNF-α and IL-2 upon antigen re-challenge (Figure 2.3D). As 

previously observed, CARlo cells retained the ability to produce IFN-γ (Figure 2.3D). The contrasts 

between CARhi and CARlo cells described above were also observed among CD4+ CAR-T cells 

(Figure 2.S4), indicating the functional disparities observed are intrinsic to CARhi vs. CARlo 

subpopulations and are not restricted to the CD8+ phenotype. The clear functional superiority of 

CARhi cells suggests that maximization of CARhi cells within a given CAR-T cell preparation may 

enhance the anti-tumor potential of the cell product. We next explored the source of the CARhi 

phenotype and methods to direct the T cell population toward this functional subset. 

 

The CARhi phenotype is a transient state of activation induced by antigen stimulation 

Efforts to maximize CARhi cells require knowledge of their origin. One possibility is that CARhi cells 

are genetically encoded with higher CAR copy numbers, and their superior proliferative capability 

enables their rapid enrichment after antigen stimulation, despite their apparent absence from the 

original CAR+ T-cell population. Alternatively, CARhi cells may be genetically similar to CARlo cells, 

but productive stimulation results in a distinct, activated state. To distinguish between these two 

possibilities, CD8+ T cells were sorted into three populations with different CAR expression levels 
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prior to antigen stimulation (Figure 2.S5). After cell expansion over 9 days in culture, qPCR 

performed on genomic DNA confirmed significant differences in the copy number of the CAR 

transgene in the three populations (Figure 2.4A). Upon antigen stimulation, all three populations 

were able to generate CARhi cells with clearly elevated CAR expression (Figure 2.4B). In fact, T 

cells with the lowest CAR genomic copy number yielded the highest % CARhi and the highest 

CD25 expression level among CARhi cells upon antigen stimulation (Figure 2.4B), indicating that 

a high genetic copy number of the CAR transgene is neither essential nor automatically conducive 

to the emergence of the CARhi phenotype. 

 
Figure 2.4 CARhi phenotype does not require high genomic copy number of CAR transgene. (A) 
Relative genomic CAR copy number in three sorted CAR–T-cell populations as determined by 
quantitative PCR relative to the housekeeping gene β-actin. The lowest copy number is set to 1. 
Values are averages of quadruplicates with error bars indicating ± 1 s.d. (B) CAR–T-cell 
populations with varying genomic CAR copy number separate into CARhi/CD25+ and 
CARlo/CD25− populations within 18 h of antigen simulation. 
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Figure 2.5 CARhi T cells arise from transient CAR transcript upregulation. (A) Genomic copy 
number and mRNA expression of CARhi and CARlo populations as determined by quantitative 
PCR relative to the housekeeping gene β-actin. The lowest expression level or copy number is 
set to 1. (B) EGFRt expression level of sorted cells maintained in culture with exogenous IL-2 and 
IL-15 and no antigen stimulation. (C) EGFRt and CAR surface expression on CD8+ CAR-T cells 
as measured by Erbitux and Protein-L staining, respectively, over 4 days of co-incubation with or 
without CD19+ K562 target cells. Values in (B) are averages of quadruplicates with error bars 
indicating ± 1 s.d.; all other plots show average values of triplicates with error bars indicating ± 1 
s.d. 
 

Quantitative PCR performed on sorted CARhi and CARlo cells showed that CARhi and 

CARlo cells differ slightly in genomic copy numbers of the CAR construct (Figure 2.5A). However, 

the two populations diverge more prominently in CAR transcription levels, with CARhi cells 

overexpressing the anti-CD19 CAR mRNA by 3.5 folds (CD4+ T cells) or 7.5 folds (CD8+ T cells) 

compared to CARlo cells (Figure 2.5A). In addition, CAR expression levels in CARhi cells return to 

baseline (i.e., the same level as unstimulated and CARlo cells) within days after the removal of 

antigen stimulation (Figure 2.5B), indicating that the CARhi phenotype is predominantly due to 

transient upregulation of CAR expression. Furthermore, antigen-stimulated CAR-T cells 

upregulate the surface expression of both CAR and EGFRt, which are co-transcribed as one 

mRNA but translated into two separate proteins (Figures 2.5C and 2.S1D). This result indicates 
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that the increase in CAR surface expression is not due to CAR-specific changes in post-

translational processes such as surface localization, receptor endocytosis, or protein degradation. 

Taken together, these data indicate that elevated CAR expression in CARhi cells is mainly a result 

of transient CAR transcript upregulation in response to cell activation, and that increasing the 

copy number of the CAR transgene is unlikely to be the most effective means of promoting the 

CARhi phenotype. 

 

Overstimulation results in loss of the CARhi phenotype 

One approach to maximizing CARhi cells is to prevent the dysfunctional CARlo state. Given that 

the CARhi phenotype is induced by antigen stimulation, we next investigated whether the CARlo 

cells fail to upregulate CAR expression because they experienced inadequate stimulation or if 

they became exhausted due to overstimulation. When sorted CARhi cells were re-challenged with 

antigen, the majority retained elevated CAR expression but a small population fell into the CARlo 

gate (Figure 2.6), suggesting that repeated antigen exposure anergized a minority of the CARhi 

cells. Meanwhile, a large portion of CARlo cells experienced further reduction in CAR expression 

and no cells moved into the CARhi regime upon antigen re-challenge (Figure 2.6). These results 

support the hypothesis that a sufficiently strong stimulation is required for the CARhi phenotype, 

but overstimulation results in the exhaustion of activated cells and a decline into the dysfunctional 

CARlo/CD25− state. Additional antigen challenge to CARlo cells would only further decrease CAR 

expression and T-cell functionality. These results are consistent with our previous observation 

that T cells with the highest genomic copy number of the CAR transgene (and thus the highest 

capacity to receive antigen stimulation) yielded the largest proportion of CARlo cells after antigen 

stimulation (Figure 2.4B). Therefore, maximization of the CARhi population requires precise 

calibration of antigen stimulation, and a systematic approach to this task would facilitate the 

optimization of the cell production process. 



39 
 

 
Figure 2.6 Antigen re-challenge results in CAR expression reduction. Sorted CD8+ CARhi and 
CARlo cells were assayed for EGFRt surface expression after 24 h of co-incubation. A small 
fraction of CARhi cells become CARlo upon antigen re-challenge, while a significant reduction in 
CAR expression is observed among CARlo cells after stimulation 
 

Persistent antigen stimulation facilitates CARhi expansion 

Several stimulation conditions were evaluated to determine an effective protocol for the 

preparation of T cells with the CARhi phenotype. Since co-stimulation plays a major role in 

achieving productive T-cell activation, we first examined whether additional co-stimulation could 

enhance CARhi development and forestall the emergence of non-functional CARlo cells. However, 

supplementing a CD28 agonist antibody to CAR-T cells immediately prior to antigen exposure did 

not significantly alter the CARhi vs. CARlo distribution dynamics nor impact the absolute CARhi cell 

numbers (Figure 2.S6). 

T-cell expansion with the aid of antigen-presenting feeder cells is a well-established 

method for CAR-T cell preparation [18, 22, 23]. We next evaluated multiple feeder cell lines for 

their ability to support CARhi/CD25+ cell generation (Figure 2.7A-C). CD8+ CAR-T cells were co-
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incubated at a 2:1 effector-to-target (E:T) ratio with several CD19+ target cell lines, including 

naturally CD19+ JeKo-1, Raji, and TM-LCL cells, as well as K562 and H9 cells modified to stably 

express CD19. Besides JeKo-1 cells, which were depleted rapidly, all target cell lines tested 

resulted in the emergence of CARhi cells, and CARhi expression was always correlated with CD25 

upregulation (Figure 2.S7). However, not all CARhi cells upregulated the activation marker equally 

(Figure 2.7C). Considering both the number of CARhi/CD25+ cells and the intensity of CD25 

expression (Figure 2.7B and C), the results suggest CD19+ K562 and TM-LCL cells are both 

suitable candidates as feeder cells for CD19 CAR-T cell expansion. Interestingly, these two cell 

lines are also the most resistant to CAR-T cell–mediated lysis among the target cell lines tested 

(Figure 2.7A). In contrast, antigen expression level on target cells shows no correlation with the 

target cells’ susceptibility to T-cell–mediated lysis or with CARhi cell development (Figure 2.S8). 

Therefore, it is the persistence of antigen presentation rather than the antigen density on 

individual target cells that predicts CARhi emergence patterns. The most resilient target cell line, 

CD19+ K562, resulted in a relatively small CARhi population at early time points, but the total 

number and CD25 expression level of CARhi cells increased steadily throughout subsequent days, 

confirming CD19+ K562 as an effective trigger for the functional CARhi phenotype (Figure 2.7A-

C). 

To more precisely evaluate the impact of target-cell dosage on CAR–T-cell bifurcation, we 

co-incubated CD8+ CAR-T cells with CD19+ K562 targets at 1:2, 2:1, 5:1, and 10:1 E:T ratios. 

Results corroborate the observation that sustained production of CARhi cells requires high target-

cell inputs that enable persistent antigen presentation (Figure 2.7D). CAR-T cells treated with the 

largest number of antigen-presenting cells ultimately resulted in the highest median CD25 

expression level among CARhi cells, but only after a steady rise over time as previously observed 

(Figure 2.7E). These observations hold true regardless of whether the target cells were irradiated 

prior to co-incubation with CAR-T cells (Figure 2.S9), confirming the applicability of this evaluation 

method to CAR-T cell expansion protocols employed in clinical settings. 
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Figure 2.7 Varying CAR-T cell stimulation conditions impacts the dynamics of the CARhi 
response. (A-C) 1 x 105 CD8+ CAR-T–cells were co-incubated with various target cell lines at 2:1 
E:T ratio and monitored for (A) target cell counts, (B) number of CARhi T cells, and (C) CD25 
expression among CARhi cells. (D-E) 2.5 x 105 CD8+ CAR-T cells were co-incubated with CD19+ 
K562 at various E:T ratios and monitored for (D) number of CARhi cells and (E) CD25 expression 
among CARhi cells. Average values of triplicates are shown with error bars indicating ± 1 s.d. 
 

CARhi cells are PD-1+ but resist PD-L1-induced dysfunction 

The observation that sustained antigen stimulation is required for the maintenance of the CARhi 

phenotype (Figures 2.5B, 2.7B and D) raises the question of whether CARhi cells are at risk of 

exhaustion, leading to lower therapeutic efficacy despite their functional capabilities in vitro. 

Indeed, surface antibody staining revealed that CARhi cells upregulate PD-1, a marker whose 

sustained expression is generally associated with T-cell dysfunction [24] (Figure 2.8). 

Furthermore, CARhi cells generated through stimulation by the most resilient antigen-presenting 

target cells (CD19+ K562) and the highest antigen concentration (1:2 E:T ratio) also express the 

highest levels of PD-1 (Figure 2.8). Although it is unsurprising that antigen-stimulated cells 

upregulate PD-1, our target-cell lysis, T-cell proliferation, and cytokine production assay results 
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did not reveal any sign of dysfunction among the PD-1+ CARhi cells (Figure 2.3), contrary to 

previous reports on PD-1+ tumor-targeting T cells [25–28]. One possible explanation is that the 

target cell line used in this study (K562) did not express high levels of PD-L1 (Figure 2.S10A). To 

investigate this possibility, the CD19+ K562 target line was engineered to stably overexpress PD-

L1 (Figure 2.S10) and used in weeklong co-incubation assays with both CD4+ and CD8+ CD19 

CAR-T cells. 

 
Figure 2.8 PD-1 is upregulated in CARhi cells with intensities dependent upon stimulation 
conditions. CD8+ CAR-T cells were co-incubated with (A) various target cell lines or (B) CD19+ 
K562 target cells at various E:T ratios. % PD-1+ among CARhi cells was determined by surface 
antibody staining. Average values of triplicates are shown with error bars indicating ± 1 s.d. 
 

CD8+ CAR-T cells monitored over seven days of co-incubation in the absence of 

exogenous cytokines showed no susceptibility to high PD-L1 expression on target cells, 

demonstrating little to no changes in % CARhi, % Annexin V+, CD25 and Tim-3 expression, T-cell 

proliferation, and target-cell lysis efficiency (Figure 2.9). A small but statistically significant 

reduction in PD-1 expression was observed in CD8+ CAR-T cells upon co-incubation with PD-L1+ 

target cells (Figure 2.9E). CARhi expression was consistently correlated with increased CD25, 

PD-1, and Tim-3 expression (Figure 2.S11), but high levels of PD-L1 on target cells did not result 

in reduced proliferative or target-cell lysis response by CD8+ CAR-T cells over the 7-day 

observation period (Figure 2.9FG). It should be noted that since CD8+ CAR-T cells are capable 

of eliminating CD19+ K562 target cells, additional target cells were added to the co-incubation 

culture at 48 and 96 h to ensure sustained exposure of CAR-T cells to PD-L1 presentation by 

target cells. This continuous PD-L1 presentation did not result in noticeable impact on CD8+ CAR-
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T cell function. However, the repeated antigen challenge did result in a decline in CARhi cells 

relative to CARlo cells at 144 h (Figure 2.9A), consistent with our previous observation that 

overstimulation contributes to the loss of the functional CARhi population (Figure 2.6). 

 
Figure 2.9 CAR-T cells are minimally impacted by PD-L1 expression on target cells. CD8+ and 
CD4+ CAR-T cells were co-incubated with CD19+ or CD19+/PDL1+ K562 target cells without 
exogenous cytokines and monitored for (A) % CARhi, (B) % Annexin V+, (C) % CD25+, (D) % Tim-
3+, (E) % PD-1+, (G) CFSE intensity, and (G) target cell count. An asterisk indicates significant 
differences comparing co-incubations with CD19+ versus CD19+/PDL1+ K562 target cells at that 
time-point as determined by two-tailed unpaired Student’s t tests with the Bonferroni correction (p 
= 0.00019 in (E) and p = 0.00076 in (G)). Black arrows denote the addition of target cells to ensure 
sustained exposure to PD-L1. Average values of triplicates are shown with error bars indicating 
± 1 s.d. 
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PD-L1 expression protected target cells from CD4+ CAR–T-cell lysis at early time points 

(Figure 2.9G), potentially due to the higher PD-1 expression level in CD4+ cells compared to CD8+ 

cells (Figure 2.S12). However, the resistance to CD4+ T-cell–mediated lysis exhibited by PD-L1+ 

target cells appeared to be temporary, and PD-L1 expression on target cells did not impact any 

of the other T-cell parameters quantified (Figure 2.9). No target cells beyond the initial input were 

added to the CD4+ culture since CD4+ CAR-T cells did not eliminate the original target population. 

Taken together, the results indicate that CARhi cells persistently upregulate PD-1 expression but 

are not functionally impaired by PD-L1 presentation on K562 target cells. 

 

CAR-T cells generated from TCM subset are primed for the CARhi/CD25+ phenotype 

As demonstrated above, antigen stimulation is an integral part of CAR-T cell preparation and its 

calibration can significantly influence the efficiency of CARhi generation. Another important 

parameter in CAR-T cell preparation is the specific subtype of T cells used to make CAR-T cells. 

Surface antibody staining revealed that the CARhi population is enriched in central memory T 

(TCM) cells while the CARlo population consists of predominantly effector (TE) and effector memory 

T (TEM) cells (Figure 2.10A). We thus investigated whether enrichment for TCM cells prior to CAR 

transgene transduction may increase the CAR-T cells’ potential to attain the CARhi phenotype. 

From the same healthy donor’s blood sample, bulk CD8+ T cells and CD8+ TCM 

(CCR7+/CD45RA−) cells were isolated separately (Figure 2.S13A), stimulated with CD3/CD28 

beads, lentivirally transduced with CD19 CAR transgene, and sorted for CAR+ expression (Figure 

2.S13B). Without further expansion, sorted CAR+ cells were co-incubated with CD19+ K562 target 

cells for 36 h. CARhi/CARlo bifurcation was observed in both T-cell populations, but the TCM-

derived population yielded more CARhi cells, and its CARhi cells had higher CAR and CD25 

expression levels (Figure 2.10B). Consistent with all previous experiments, which were performed 

using bulk CD8+ T cells, CARlo cells from the bulk CD8+-derived CAR-T sample were CD25−. In 

contrast, CARlo cells from the TCM-derived sample had partially upregulated CD25 (Figure 2.10C), 
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indicating that the TCM-derived cells are both primed for the CARhi phenotype and able to retain 

activation status even when CAR expression levels are low. This conclusion is further supported 

by the observation that the TCM-derived cells were much more effective at lysing the target cells 

(Figure 2.10D). 

 
Figure 2.10 TCM-derived CAR-T cells produce more CARhi T cells. (A) Bulk T-cell–derived CD4+ 
and CD8+ CAR-T cells were co-incubated with CD19+ K562 target cells without exogenous 
cytokines, and T-cell subtype distribution was quantified after 24 h. TCM: central memory T cells; 
TEM: effector memory T cells; TEMRA: effector memory-CD45RA+ T cells; TE: effector T cells; TExh: 
exhausted T cells. (B) Bulk- and TCM-derived CD8+ CAR-T cells were co-incubated with CD19+ 
K562 target cells, and the % CARhi and EGFRt and CD25 expression levels among CARhi cells 
were quantified. (C) Both the bulk- and TCM-derived populations separated into CARhi/CD25+ and 
CARlo/CD25−, with the TCM-derived sample showing higher CD25 expression overall. In both 
samples, a subpopulation of contaminating CAR− cells was also CD25+, possibly due to paracrine 
stimulation from CAR+ cells. (D) Target cell lysis was monitored over 5 days. Average values of 
triplicates are shown with error bars indicating ± 1 s.d. 
 

We monitored the TCM status of the two populations throughout the cell preparation 

process as well as after antigen stimulation. Surface staining of CCR7 and CD45RA revealed that 

most cells in the TCM-enriched population had lost CCR7 expression by the time of cell sorting for 

CAR expression (Figure 2.S14A), a progression that is consistent with previous reports of ex vivo 

TCM cell expansion [15, 16]. However, antigen stimulation caused a re-enrichment of the 
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CCR7+/CD45RA− phenotype, particularly among CARhi cells (Figure 2.S14B). In contrast, the bulk 

CD8+ T cell population enriched for CCR7 expression through the course of CD3/CD28 bead 

stimulation, and further increased CCR7 expression upon antigen stimulation (Figure 2.S14CD). 

Taken together, these results indicate the use of TCM cells as the starting population is conducive 

to the production of functionally superior CAR-T cells, even though the dominant phenotype 

remains fluid throughout the course of T-cell expansion and antigen stimulation. 

 

DISCUSSION 

Recent successes in CD19 CAR–T-cell trials have demonstrated the remarkable therapeutic 

potential of CD19 CAR-T cells and fueled intense interest in the development of CAR–T-cell 

therapies against additional tumor targets. As CAR–T-cell technology moves beyond 

experimental status, it is critical that effective cell-manufacturing protocols and characterization 

methods are developed to ensure robust and reproducible generation of CAR-T cells. The various 

clinical trials completed thus far have employed different T-cell manufacturing protocols unique to 

each research group, and the relative merits of each have been judged based on overall clinical 

outcome rather than a detailed examination of differences in T-cell characteristics. It is also 

difficult to elucidate whether any particular step in the preparation process may have affected the 

phenotype and functionality of the resulting CAR-T cells. As a result, efforts to improve cell 

preparation protocols remain empirically driven, with few guiding cues on which parameters to 

modify. 

Here, we presented a systematic study on the phenotypic and functional changes of CAR-

T cells after T-cell activation. We demonstrated that activated T cells show a clear pattern of 

population bifurcation into CARhi/CD25+ vs. CARlo/CD25− groups. This bifurcation appears to be 

general to T cells activated in vitro, as it is observed in both CD4+ and CD8+ T cells, in T cells 

stimulated through either TCRs or CARs targeting different antigens, and in T cells expressing 

CARs that contain either CD28 or 4-1BB co-stimulatory signals. The transient increase of CAR 
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expression upon antigen stimulation has been observed in previous studies [29, 30], but to our 

knowledge, no detailed characterization of the difference between CARhi and CARlo cells has 

been performed. In this study, we discovered that CARhi cells consistently upregulate expression 

of the activation marker CD25, and target-cell lysis, cytokine production, and T-cell proliferation 

assays demonstrate that CARhi/CD25+ cells are functionally superior to their CARlo/CD25− 

counterparts. In fact, CARlo/CD25− cells show multiple signs of anergy and are unable to execute 

anti-tumor functions. This observation is of practical importance because the CARlo/CD25− 

population is CAR+ with similar CAR genomic copy numbers as CARhi cells; thus, they would have 

satisfied the release criteria typically applied in CAR–T-cell trials [4, 31] despite their lack of 

effector functions. The ability to distinguish and characterize this population was contingent upon 

the detailed in vitro examination of T-cell phenotype changes post stimulation. 

Our results show that the CARhi/CD25+ phenotype is a transient response to antigen 

stimulation rather than a genetically hard-wired population destined for superior function. Past 

studies have demonstrated that T-cell activation can temporarily enhance transgene expression 

from constitutive promoters, but have not revealed the underlying mechanisms [32, 33]. A scan 

of the EF1α promoter used in the current study and in multiple clinical trials [31, 34, 35] reveals 

binding sequences for TFII-I and Sp1, both widely employed transcription factors. In particular, 

TFII-I has been shown to be rapidly phosphorylated upon CD3 crosslinking and upregulated in 

activated CD4+ T cells [36, 37]. It is possible that T-cell signaling increases the level of these 

transcription factors and results in the upregulation of CAR expression from the EF1α promoter. 

Further investigations are necessary to conclusively elucidate the mechanism of transient CAR 

upregulation upon antigen stimulation. 

Although CARhi/CD25+ cells eventually return to a CARlo/CD25− phenotype after antigen 

removal, they mount a robust cytolytic and cytokine-production response when re-challenged with 

antigen-expressing targets. This is in stark contrast to CARlo/CD25− cells, which remain non-

functional upon re-exposure to antigen. Therefore, the ability to bias CAR-T cells toward the 
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CARhi/CD25+ phenotype during the cell-preparation stage has the potential to increase the 

therapeutic capability of T cells against targeted tumor cells. We demonstrated that, for a second-

generation CAR containing CD28 co-stimulatory domain, the application of extra co-stimulation 

via agonistic CD28 antibody does not alter the relative distribution of the CARhi vs. CARlo 

subpopulations, but sustained antigen stimulation shows strong correlations with CARhi cell 

generation. Interestingly, the absolute density of antigen on target cells did not correlate with the 

intensity of T-cell response or the effectiveness of CARhi cell generation. Among the antigen-

presenting cells tested, CD19+ K562 and TM-LCL appear to present levels of antigen stimulation 

that are conducive to robust CARhi/CD25+ cell production, consistent with TM-LCL’s successful 

use in clinical protocols [23, 38]. It remains possible that characteristics in addition to persistence, 

such as co-stimulatory signals present on the target cell surface, contribute to the effectiveness 

of CD19+ K562 and TM-LCL in supporting the generation of CARhi cells. Given the apparent 

sensitivity of CARhi cell production to the type and duration of antigen presentation, and the 

multiple degrees of variability that exist among potential feeder cell lines used in ex vivo T-cell 

expansion, the detailed in vitro characterization approach described in this study may be used to 

systematically fine-tune the antigen-presenting cell type and E:T ratio required for the efficient 

production of functionally superior CAR-T cells. 

In addition to the type and degree of antigen stimulation used to expand CAR-T cells, the 

specific T-cell subtype used to generate CAR-T cells also greatly influences the efficiency of CARhi 

cell generation. Our study demonstrated that CARhi cells are enriched in the TCM phenotype, and 

TCM-derived CAR-T cells are functionally superior to those made from bulk CD8+ T cells. These 

observations are consistent with the previously reported observation that TCM cells are superior 

to TEM cells in establishing long-term persistence in primates [15]. In this and most other CAR–T-

cell characterization studies, in vivo results are viewed as the most relevant and credible proof of 

CAR function. Although the value of in vivo data is clear, many important features of CAR-T cell 

biology—particularly dynamic changes over time in phenotype and function—are impossible to 
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obtain at high enough resolution in vivo. Features such as CARlo cells cannot be detected in 

animal models or patients because they are quickly depleted in vivo, but the knowledge of their 

existence and detailed in vitro characterizations of such populations provide valuable information 

on how to improve CAR-T cell production so as to maximize the number of cells that will persist 

and execute antitumor functions upon adoptive transfer. 

Recent clinical studies have demonstrated the exciting potential of checkpoint inhibitor 

therapies such as CTLA-4 and PD-1 blockade, which boost T-cell responses by preventing T-cell 

exhaustion and anergy. Our observation that the CARhi phenotype is triggered by antigen 

stimulation and maintained by prolonged antigen exposure raised the question of whether CARhi 

cells may be susceptible to exhaustion or dysfunction. We indeed observed significant and 

sustained PD-1 upregulation among CARhi cells. However, no functional impairment was 

observed even when CARhi cells were challenged over multiple days with a constant supply of 

target cells that strongly overexpress PD-L1. It should be noted that the K562 target cells used in 

this study do not express the co-stimulatory molecules CD83, CD86, 4-1BB ligand, OX40 ligand, 

and ICOS ligand, and they express very low levels of CD80 [39]. Past studies have needed to 

engineer increased expression of these co-stimulatory molecules on K562s in order to prime and 

expand T cells [39–41]. Therefore, the K562 cells used in our study, which have not been 

engineered to express co-stimulatory molecules, are unlikely to significantly mitigate PD-1/PD-L1 

signaling via CAR-independent co-stimulation. Our results contrast with reports of PD-L1 

sensitivity exhibited by T cells stimulated via natural TCRs [42–44], and indicate an unexpected 

source of resilience in CAR-T cells against PD-1–mediated cell inactivation. Intensive T-cell 

stimulation with CD3 and CD28 antibodies has been found to overcome PD-1/PD-L1 inhibition of 

T-cell proliferation in vitro [45]; it is possible that robust expression and activation of the 

exogenous CAR containing a CD28 co-stimulatory domain similarly overwhelms PD-1 signaling. 

However, PD-L1 blockade has been reported to restore activity in hypofunctional CAR-T cells ex 

vivo after recovery from mouse tumors [46], suggesting the PD-1 pathway does play a role in 
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maintaining the dysfunction of exhausted CAR-T cells. Since PD-1 blockade can indirectly impact 

CAR-T cell function (e.g., by reducing the prevalence of myeloid derived suppressor cells in the 

tumor microenvironment [47]), co-administration of CAR-T cell therapy with CTLA-4 or PD-1 

blockade remains an intriguing therapeutic option. Nevertheless, our results suggest that PD-1 

upregulation—even when sustained over days in the presence of PD-L1–expressing target 

cells—does not automatically relegate CAR-T cells to anergy or exhaustion. 

 

CONCLUSIONS 

In this study, we have identified and characterized a pattern of population bifurcation that results 

in two distinct T-cell groups with dramatic differences in proliferative and anti-tumor capacities 

post antigen stimulation. The combination of CAR and CD25 expression levels reliably predicts 

the functionality of a given T-cell population, thus providing a convenient and robust set of 

phenotypic markers that can aid future efforts to optimize T-cell manufacturing protocols. 

Characterization results in our study indicate that starting with an enriched TCM population and 

carefully tuning the persistence of antigen stimulation during the manufacturing stage may direct 

the T-cell population toward the functionally superior phenotype, and minimize a source of 

variability in T-cell quality that is largely undetectable through standard product-release testing 

and in vivo models. As adoptive T-cell therapy makes strides in clinical outcomes, it is increasingly 

important that robust and reproducible T-cell manufacturing protocols be optimized in a 

systematic manner. Additional in-depth characterization studies on the phenotypic changes 

experienced by T cells throughout the manufacturing and post-infusion period will yield valuable 

information and guide the continuing effort to improve adoptive T-cell therapy. 
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SUPPLEMENTAL FIGURES 

 

 
Figure 2.S1 EGFRt expression directly correlates with CAR expression. CD8+ T cells were 
transduced with a cd19 car-t2a-egfrt construct containing the CH2 and CH3 domains in the 
IgG4 spacer to allow for anti-Fc antibody binding. (A) Unsorted transduced cells, (B) sorted, 
resting CAR-T cells, (C) CAR-T cells co-incubated with parental K562 cells, and (D) CAR-T cells 
co-incubated with CD19+ K562 targets cells were co-stained with Erbitux and anti-Fc antibodies 
that bind to EGFRt and the CAR extracellular spacer, respectively. 
 
 

 
Figure 2.S2 CD4+ CAR-T cells polarize into CARhi and CARlo populations. CD4+ T cells 
bifurcate into CARhi/CD25+ and CARlo/CD25− populations upon co-incubation with on-target 
K562 cells for 24 h. 
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Figure 2.S3 Antigen-stimulated CD4+ as well as mixed CD4+ and CD8+ CAR-T cells 
demonstrate an initial population crash followed by selective expansion of CARhi cells. (A) CD4+ 
or (B) mixed CD4+ and CD8+ CAR-T cells were co-incubated with parental and CD19+ K562 
targets without exogenous cytokines and monitored for total T-cell count (left axis) and CARhi or 
CARlo as a proportion of total CAR-T cells (right axis). Average values of triplicates are shown 
with error bars indicating ± 1 s.d. 
Additional File 4: 
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Figure 2.S4 CD4+ CARhi and CARlo T cells exhibit distinct functional capabilities. Sorted CD4+ 
CARhi and CARlo cells were co-incubated with CD19+ K562 targets without exogenous cytokines 
and monitored for (A) viable target-cell count, (B) viable T-cell count, and (C) cytokine 
production after 24 h of co-incubation. Sorted CARlo values are from single samples due to the 
rarity of viable cells recovered for this population from cell sorting. For all other samples, 
average values of triplicates are shown with error bars indicating ± 1 s.d. 
 
 
 

 
Figure 2.S5 Isolation of CAR-T cell populations with different CAR expression levels. 
Transduced, non–antigen-stimulated CD8+ T cells were sorted by FACS into three populations 
with different EGFRt expression levels (Low, Mid, and High). The y-axis is an irrelevant channel 
and cells were not stained with DAPI. 
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Figure 2.S6 Additional CD28 co-stimulation does not impact the CARhi response. CD8+ CAR-T 
cells co-incubated with CD19+ K562 target cells at 2:1 E:T ratio with or without CD28 agonist 
were monitored for proportion and total number of CARhi cells. Average values of triplicates are 
shown with error bars indicating ± 1 s.d. The difference in the number of CARhi cells at 120 h 
was determined to be not significant (n.s.) by the two-tailed unpaired Student’s t test with the 
Bonferroni correction (p = 0.0376, which is greater than the 0.0125 significance level after the 
Bonferroni correction for multiple comparisons). 
 
 
 

 
Figure 2.S7 CAR and CD25 upregulation are directly correlated in antigen-stimulated T cells. 
CAR-T cells bifurcate into CARhi/CD25+ and CARlo/CD25− subpopulations upon co-incubation 
with CD19+ K562, TM-LCL, CD19+ H9, and Raji target cells for 24 h. JeKo-1 cells were rapidly 
eliminated and did not elicit a CARhi response. 
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Figure 2.S8 CD19 expression levels of various target cell lines. CD19+ H9, CD19+ K562, Raji, 
JeKo-1, TM-LCL, and parental K562 cell lines were stained with an anti-CD19 antibody or an 
isotype control. Numbers above each plot indicate the fold difference in median fluorescence 
intensity between CD19 and isotype control staining. 
 

 

 

Figure 2.S9 Stimulating CAR-T cells with varying amounts of irradiated CD19+ K562s impacts 
the dynamics of the CARhi response. (A) Number of CARhi and (B) median CD25 expression 
among CARhi cells in a co-incubation of CD8+ CAR-T cells with irradiated CD19+ K562 cells at 
various E:T ratios. Average values of triplicates are shown with error bars indicating ± 1 s.d. 
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Figure 2.S10 PD-L1 can be overexpressed on otherwise PD-L1− K562 target cells. (A) Various 
K562 target cell lines were stained with PD-L1 antibody. (B) K562 lines were also cross-stained 
for both PD-L1 and CD19 to verify antigen expression. 

 

 

Figure 2.S11 CARhi cells upregulate CD25, Tim-3, and PD-1 regardless of PD-L1 expression on 
target cells. CD8+ CAR-T cells were co-incubated with CD19+ or CD19+PD-L1+ target cells 
without exogenous cytokines and surface-stained with EGFRt, CD25, Tim-3, and PD-1 
antibodies. 
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Figure 2.S12 CD4+ CARhi T cells express higher levels of PD-1 than CD8+ CARhi T cells. CD4+ 
and CD8+ CAR-T cells were co-incubated with CD19+ target cells without exogenous cytokines 
and monitored by surface antibody staining for (A) % PD-1+ among CARhi cells and (B) median 
PD-1 fluorescence among PD-1+ cells. Average values of triplicates are shown with error bars 
indicating ± 1 s.d. 

 

 

Figure 2.S13 Isolation of TCM-derived CAR+ cells. (A) The TCM subset (CD45RA−, CCR7+) was 
enriched from bulk CD8+ T cells. (B) Both TCM and bulk CD8+ cells were transduced with CAR 
and sorted for the EGFRt+ fraction. Both positive (solid gray) and negative (dotted open) 
fractions were collected by magnetic bead sorting. Numbers shown indicate the frequency of 
EGFRt+ cells within the positive fraction. 
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Figure 2.S14 Phenotypic shifts in the TCM- and bulk-CD8–derived cells. (A) CD45RA and CCR7 
surface expression was monitored for TCM-derived cells prior to sorting for EGFRt+ cells, 4 days 
after sorting (immediately before co-incubation with target cells), and after 36 h of co-incubation 
with CD19+ target cells. (B) EGFRt and CCR7 surface expression after 36 h of co-incubation 
with CD19+ target cells. (C) and (D) show the corresponding data for bulk-CD8–derived cells. 
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ABBREVIATIONS 

CAR, Chimeric antigen receptor; E:T, Effector-to-target; EGFRt, Truncated epidermal growth 

factor receptor; scFv, Single-chain variable fragment; T2A, Thosea asigna virus 2A peptide; 

TCM, Central memory T cell; TCR, T-cell receptor; TE, Effector T cell; TEM, Effector memory T cell 
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Chapter 3. Synthetic Immunoreceptor Rewires T-cell Responses to 

TGF-β  

 

ABSTRACT 

A major challenge in adoptive T-cell therapy for solid tumors is the high levels of 

immunosuppressive factors—particularly transforming growth factor beta (TGF-β)—that render 

immune cells dysfunctional in the tumor microenvironment. In this chapter, we report a TGF-β–

binding chimeric antigen receptor (CAR) that rewires T-cell responses to TGF-β, converting this 

potent immunosuppressive cytokine into a T-cell stimulant. TGF-β CAR-T cells exhibit robust 

activation in response to soluble TGF-β and demonstrate enhanced control over solid tumors in 

vivo. Furthermore, TGF-β CAR-T cells can protect surrounding T cells from TGF-β–induced 

functional defects and differentiation into the regulatory phenotype. This work demonstrates the 

potential of engineering T-cell responses to soluble, extracellular antigens using the CAR 

architecture.  

 

INTRODUCTION 

Adoptive T-cell therapy for cancer—i.e., the administration of ex-vivo–expanded T cells bearing 

tumor-targeting receptors—has shown remarkable clinical efficacy against B-cell leukemia 

(Davila et al., 2014; Lee et al., 2015; Maude et al., 2014; Turtle et al., 2016). However, T-cell 

therapy has achieved only limited success in the treatment of solid tumors (Newick et al., 2017; 

Rosenberg, 2011). A major obstacle presented by solid tumors is the overproduction of 

immunosuppressive cytokines—notably transforming growth factor beta (TGF-β)—that render 

the solid-tumor microenvironment highly hostile to the anti-tumor activity of immune cells, 

particularly T cells (Flavell et al., 2010; Rabinovich et al., 2007; Thomas and Massagué, 2005). 
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As such, the ability to control and rewire T-cell responses to TGF-β could significantly improve 

treatment efficacy against solid tumors. 

Several groups have shown that T cells expressing a dominant negative receptor 

(DNR)—i.e., a truncated TGF-β receptor 2 that lacks the intracellular signaling domain—can 

resist TGF-β–mediated immune suppression and exhibit increased tumor clearance in mouse 

models (Bendle et al., 2013; Foster et al., 2008; Gorelik and Flavell, 2001; Quatromoni et al., 

2012; Zhang et al., 2013, 2005). An ongoing clinical trial is evaluating the adoptive transfer of T 

cells co-expressing a HER2 chimeric antigen receptor (CAR) and the DNR (NCT00889954). 

Although the DNR is a promising approach, its effect is limited to blocking TGF-β signaling in 

DNR-expressing T cells. We reason that engineering T cells to not only resist the suppressive 

effects of TGF-β signaling but also actively convert TGF-β into a stimulatory signal could further 

enhance the efficacy of T-cell therapy against solid malignancies. Specifically, by turning TGF-β 

into a T-cell stimulant, one could induce T-cell–mediated effector functions such as Th1 cytokine 

production that stimulate not only the engineered T cells but also surrounding immune cells that 

may otherwise be negatively regulated by elevated TGF-β at tumor sites. 

To date, efforts to redirect T-cell responses to soluble suppressors have been limited to 

the conversion of the interleukin (IL)-4 response, via the expression of synthetic receptors that 

join the extracellular domain of the IL-4 receptor to the intracellular signaling domain of the IL-7 

or IL-2/15 βc receptor (Leen et al., 2014; Wilkie et al., 2010). Proper signal transduction by such 

hybrid receptors requires a high degree of structural and mechanistic homology between the 

original immunosuppressive and immunostimulatory receptors. However, the TGF-β receptor 

superfamily does not contain members with clear immunostimulatory functions (Chen and ten 

Dijke, 2016), precluding a direct-fusion strategy in the construction of a TGF-β switch receptor. 

We therefore aimed to establish a more versatile alternative for reprogramming immune-cell 

responses to cytokines. To this end, we turned to the use of CARs, which are modular synthetic 
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immunoreceptors that can trigger multifunctional T-cell effector functions upon antigen 

stimulation. 

Here, we report a novel TGF-β–binding CAR that not only negates the endogenous 

TGF-β signaling pathway in engineered T cells, but also converts TGF-β into a stimulatory 

signal that triggers robust downstream effector functions, including Th1 cytokine production and 

T-cell proliferation. We demonstrate that the TGF-β CAR is comparable to the DNR in its ability 

to enhance T-cell–mediated control of established solid tumors in NOD.Cg-

PrkdcscidIl2rgtm1Wjl/SzJ (NSG) mice. We further show that, unlike the DNR, the TGF-β CAR 

confers engineered T cells with the ability to shield co-cultured T cells from TGF-β–induced 

functional defects and differentiation into a regulatory phenotype. Altogether, our results support 

the potential of using the TGF-β CAR to support T cells in the adoptive T-cell therapy of solid-

tumor malignancies. 

 

RESULTS 

TGF-β CAR inhibits endogenous TGF-β signaling 

Three scFvs were generated based on the sequences of three TGF-β–neutralizing antibodies 

that bind the active form of TGF-β (US7151169B2, US008012482B2, US20140127230A1). 

Each scFv was confirmed to block TGF-β–induced SMAD2 phosphorylation in HepG2 cells 

(Figure 2.S1A), and the most potent scFv was incorporated into a second-generation CAR 

containing a CD28 costimulatory domain (Figure 3.1A). The TGF-β CAR was found to exist as a 

mix of monomers and dimers (Figure 3.S1B), present to the surface of Jurkat and primary 

human T cells (Figure 3.S1C), and potently inhibit the endogenous TGF-β signaling response 

(Figure 3.1B and 3.S1D). An analogous CD19 CAR could not inhibit TGF-β signaling, whereas a 

mutated TGF-β CAR with inactive CD28 and CD3ζ domains prevented SMAD2 phosphorylation 

(Figures 3.1B and 3.1C), indicating that the TGF-β–binding extracellular domain is necessary 

and sufficient for TGF-β inhibition. We further challenged TGF-β CAR-expressing Jurkat cells 
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with TGF-β doses up to 500 ng/mL and observed continued suppression of TGF-β–mediated 

SMAD2 phosphorylation (Figure 3.1D), confirming the TGF-β CAR’s ability to inhibit the native 

TGF-β signaling pathway across all TGF-β concentrations likely to be encountered in 

physiological or pathological in vivo microenvironments (Anscher et al., 1993; Khan et al., 

2012).  

 

 

 

Figure 3.1: A TGF-β–binding CAR inhibits TGF-β–mediated SMAD2 phosphorylation. (A) 
The TGF-β CAR contains an extracellular TGF-β–binding scFv linked to the CD28 and CD3ζ 
endodomains. SP, signal peptide; FLAG, DYKDDDDK epitope; VH, heavy-chain variable 
domain; VL, light-chain variable domain; tm, transmembrane; cyto, cytosolic; 2A, 2A “self-
cleaving” peptide; EGFRt, truncated EGFR. (B) Soluble TGF-β was added at the specified 
concentrations to Jurkats expressing no CAR, the TGF-β CAR, an off-target (CD19) CAR, or 
a signaling-deficient, mutant TGF-β CAR (TGF-β mutCAR). Cells were probed for 
phosphorylated SMAD2 (pSMAD2) by Western blot. (C) The TGF-β mutCAR was generated 
by introducing the 10 indicated substitutions to eliminate all known residues that are 
essential for CD28 and CD3ζ signaling. (D) Setup as in (B), but with increased TGF-β input 
concentrations.  
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TGF-β CAR induces T-cell activation and cytokine production 

We next determined whether the TGF-β CAR can convert TGF-β into a productive 

immunostimulatory signal in T cells. Utilizing fluorescent reporters for NFAT and NFκB 

signaling, we observed that TGF-β CAR Jurkats upregulated both immunostimulatory pathways 

in the presence of soluble TGF-β (Figures 3.2A). Importantly, the TGF-β CAR did not respond to 
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Figure 3.2: A TGF-β CAR converts soluble TGF-β into a T-cell stimulatory molecule. (A) 
TGF-β was added to Jurkats carrying an EGFP reporter driven by an NFAT- or NFκB-
responsive promoter. (B) Exposure of TGF-β CAR Jurkats carrying the NFAT EGFP reporter 
to equivalent amounts of active TGF-β and latency-associated peptide (LAP)-bound 
precursor. (C) CD69 surface staining of primary human CD4+ T cells expressing the TGF-β 
CAR, incubated with or without 5 ng/mL TGF-β. (D) A cytometric bead-array assay 
quantifies TGF-β CAR-T cell secretion of IFN-γ, TNF-α, and IL-2 in response to TGF-β. (E) 
TGF-β dose-dependent production of TNF-α by TGF-β CAR-T cells, as quantified by 
intracellular staining of cell lines from three different healthy blood donors. Averages of 
triplicates are shown with error bars representing ± 1 standard deviation (SD). 
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the inactive, latent form of TGF-β (Figure 3.2B), which is abundant in healthy tissues (Khan et 

al., 2012). 

In both CD4+ and CD8+ primary human T cells, the TGF-β CAR triggered upregulation of 

CD69 in response to TGF-β (Figures 3.2C and 3.S2A). Furthermore, TGF-β CAR-T cells 

produced Th1 cytokines in response to TGF-β (Figures 3.2D and 3.S2B), exhibiting a monotonic 

increase in cytokine production in response to 1.5 – 15 ng/mL TGF-β before reaching maximal 

cytokine output (Figure 3.2E). Consistent dose-response curves were observed in cells obtained 

from multiple healthy donors (Figure 3.2E), demonstrating that the TGF-β CAR behaves in a 

predictable manner across different genetic backgrounds and logarithmically distinguishes 

between local TGF-β concentrations in a physiological range. 

 

TGF-β CAR overcomes TGF-β–induced T-cell growth suppression and supports long-

term expansion 

TGF-β has been reported to aid tumor immune escape by limiting T-cell proliferation (Koehler et 

al., 2007), and untransduced CD4+ primary T cells indeed showed a marked decrease in ex vivo 

expansion in the presence of soluble TGF-β despite the support of irradiated feeder cells, IL-2, 

and IL-15 (Figure 3.3A). Similarly, T cells expressing an scFv-less CAR (which contains the 

same transmembrane and cytoplasmic components as the TGF-β CAR but lacks the TGF-β–

binding scFv domain) exhibited a significant growth defect in response to TGF-β, indicating that 

simply overexpressing CD28 and CD3ζ domains could not confer resistance to TGF-β–

mediated growth inhibition (Figure 3.3B). In contrast, DNR expression abrogated the TGF-β–

mediated defect and even provided a minor TGF-β–dependent growth advantage at later time 

points (Figure 3.3B). However, this slight activity was miniscule compared to that of the TGF-β 

CAR, which increased fold-expansion by an order of magnitude compared to the no-TGF-β 

control across 3 weeks of monitoring (Figures 3.3B). Consistent proliferation results were 

observed in CD4+ T cells from multiple donors (Figure 3.3C) as well as CD8+ primary human T 
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cells (Figure 3.S3). Importantly, the growth response of TGF-β CAR-T cells increased 

monotonically with increasing TGF-β concentrations (Figure 3.3D), and the removal of TGF-β 

and cytokines resulted in a precipitous decline in T-cell viability (Figure 3.3E), indicating that this 

enhanced cell expansion was TGF-β specific and that TGF-β addition did not cause 

transformation of TGF-β CAR-T cells. Taken together, these results demonstrate that the TGF-β 

CAR can effectively convert TGF-β from an inhibitor to a stimulator of T-cell growth.  

 

 

 

Figure 3.3: The TGF-β CAR converts TGF-β from a T-cell growth repressor to a T-cell 
growth stimulant. Primary human CD4+ T cells were cultured in the presence of irradiated 
TM-LCL feeder cells plus IL-2, IL-15, and either no TGF-β or 5 ng/mL TGF-β supplemented 
every two days. (A) Expansion of unmodified CD4+ T cells. (B) Expansion of CD4+ T cells 
expressing an scFv-less CAR, dominant-negative TGF-β receptor (DNR), or TGF-β CAR. 
Numbers at the end of each trace denote fold-expansion from the initial to the final time-
points. (C) Fold expansion of TGF-β CAR-T cells after 22 days. The addition of TGF-β 
resulted in a significant increase in expansion as determined by one-way, repeated-measure 
ANOVA (F = 173.2, df = 1). Aspects of the data reflected in this plot are also presented in 
panels B, D, and E. (D) Fold expansion of TGF-β CAR-T cells supplemented with varying 
levels of TGF-β across 22 days. (E) TGF-β CAR-T cells were initially expanded as 
described, but TGF-β and interleukin addition ceased after day 20. Averages of triplicates 
are shown with error bars representing ± 1 SD. 
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TGF-β CAR enhances tumor regression in vivo 

We next evaluated whether combining the TGF-β CAR with a tumor-targeting receptor would 

enhance T-cell–mediated clearance of TGF-β–producing tumor cells. We employed luciferase-

expressing OKT3+ TM-LCLs (LOLs), a transformed lymphoblastoid cell line that can be tracked 

by bioluminescence and expresses surface-bound anti-CD3 antibody clone OKT3, rendering the 

cell line a universal target for CD3+ T cells. This cell line was confirmed to produce TGF-β 

(Figure 3.S4A). Human T cells stably expressing the TGF-β CAR, the DNR, or an irrelevant 

marker protein (truncated epidermal growth factor receptor; EGFRt) were adoptively transferred 

into NSG mice carrying subcutaneous LOL solid-tumor xenografts. TGF-β CAR-T cells 

mediated superior tumor regression compared to T cells expressing EGFRt alone (Figure 3.5A). 

Compared to the DNR, the TGF-β CAR demonstrated similar anti-tumor efficacy with slightly 

reduced variability (Figure 3.4A), indicating that the TGF-β CAR is comparable to the DNR in 

mediating solid-tumor regression in NSG mice.  

In addition to tumor control, we also evaluated whether the TGF-β CAR would have 

undesirable cytotoxic effects due to non-specific activation by physiological concentrations of 

TGF-β. Although the TGF-β CAR cross-recognizes murine TGF-β with high efficiency (Figure 

3.S4B), mice treated with TGF-β CAR-T cells displayed no abnormalities in behavior or physical 

appearance, and they maintained stable weight profiles similar to all T-cell–treated mice, 

suggesting a lack of non-specific T-cell activation by endogenous TGF-β (Figure 3.4B). In 

comparison, untreated mice exhibited reduced physical activity and sudden weight loss that 

coincided with tumor outgrowth (Figures 3.4B and 3.4C). These results indicate that TGF-β 

CAR-T cells mediated tumor regression without overt systemic toxicity in NSG mice.  
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We further tested whether TGF-β CAR-T cells would kill off-target bystander cells upon 

binding soluble TGF-β, despite the absence of an immunological synapse. We co-incubated 

CD8+ TGF-β CAR-T cells with TM-LCLs that either did or did not express surface-bound OKT3. 

Target-cell quantification after 4 hours indicated that TGF-β CAR-T cells could effectively lyse 

OKT3+ targets but not OKT3– targets, regardless of whether soluble TGF-β was present (Figure 

3.5A). This cytotoxicity profile was indistinguishable from that of T cells bearing an scFv-less 

CAR (Figure 3.5B). These results indicate that TGF-β CAR-T cells do not kill bystander cells 

Figure 3.4: TGF-β CAR enhances tumor clearance in vivo. (A) Tumor burden as quantified 
by luciferase imaging. NSG mice were seeded with subcutaneous LOL solid-tumor 
xenografts and treated with 106 T cells expressing an irrelevant marker protein (EGFRt), the 
DNR, or the TGF-β CAR 6 days after tumor challenge (n = 5 mice per T-cell line). (B) Weight 
of mice as a percentage of initial weight measured at the time of tumor seeding on day 0. (C) 
NSG mice engrafted as in (A), but not treated with any T cells. Black arrow marks day of T-
cell injection and red “X” marks mouse sacrifice at the humane endpoint. Averages of 
triplicates are shown in (B). Error bars represent ± 1 SD in all cases except for the “No T cell” 
trace in (B), where error bars indicate the range. 

0.0E+00

4.0E+09

8.0E+09

1.2E+10

0 15 30 45 0 15 30 45 0 15 30 45

A EGFRt alone DNR TGF-β CAR
F

lu
x 

(p
/s

)

Days Days Days

0.0E+00

1.0E+10

2.0E+10

3.0E+10

4.0E+10

5.0E+10

0 15 30 45

No T Cells

F
lu

x 
(p

/s
)

Days

B C

%
 o

f 
In

it
ia

l 
W

ei
g

h
t

Days

EGFRt only DNR

TGF-β CAR No T Cells

Days

80

90

100

110

120

0 15 30 45



76 
 

even in TGF-β–rich environments, but they retain the ability to form productive immunological 

synapses and kill target cells that present cognate membrane-bound antigens. 

 

 

TGF-β CAR-T cells protect neighboring T cells from TGF-β–mediated 

immunosuppression  

An important advantage of the TGF-β CAR is its ability to trigger effector functions that interface 

with other immune cells, a feature that the DNR does not have and that the NSG model cannot 

showcase. To characterize this important property, a series of co-culture assays were 

performed to investigate whether TGF-β CAR-T cells can indeed support anti-tumor immunity in 

nearby T cells. First, we found that CD4+ TGF-β CAR-T cells significantly reduced the ability of 

TGF-β to impair the cytotoxicity of tumor-targeting CD8+ T cells. CD8+ T cells engineered to 

express either an NY-ESO-1 TCR or a CD20 CAR were co-incubated with donor-matched CD4+ 

T cells expressing the scFv-less CAR, the DNR, the signaling-deficient TGF-β mutCAR (Figure 

3.1C), or the TGF-β CAR. Each T-cell mixture was challenged with two rounds of cognate tumor 

Figure 3.5: TGF-β CAR-T cells do not kill antigen-negative bystander cells. CD8+ T cells 
expressing (A) the TGF-β CAR or (B) an scFv-less CAR were co-incubated with off-target 
TM-LCLs at various effector-to-target (E:T) ratios in the presence or absence of TGF-β for 4 
hours. Co-incubation with an on-target OKT3+ TM-LCL line served as a positive control for 
target-cell lysis. Averages of triplicates are shown and error bars represent ± 1 SD. 
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cells (NY-ESO-1+ melanoma or CD20+ Raji). Unique among the T-cell mixtures tested, samples 

containing TGF-β CAR-T cells showed no significant change in tumor-killing capability despite 

the presence of TGF-β, resulting in significantly lower tumor-cell survival compared to samples 

expressing the scFv-less CAR, DNR, or TGF-β mutCAR (Figures 3.6A-3.6D). Cell-killing 

kinetics were quantified by fitting the time-course data to log-linear models, which proportionally 

relate the rate of killing to the amount of tumor cells remaining (Figures 3.6C and 3.6D). The 

results indicated that for both NY-ESO-1 TCR- and CD20 CAR-expressing cytotoxic T cells, 

pairing with CD4+ TGF-β CAR-T cells resulted in the least amount of TGF-β–induced loss of 

cytotoxicity and the highest killing rate in the presence of TGF-β (Table 3.S1). 

We next evaluated the impact of TGF-β CAR-T cells on regulatory T-cell (Treg) 

induction, which is supported by TGF-β and suppresses tumor rejection (Liu et al., 2007; 

Rabinovich et al., 2007). Unactivated CD4+ T cells were treated with TGF-β and IL-2 to induce 

FOXP3 expression, and donor-matched, CellTrace Violet (CTV) dye-labeled CD4+ T cells 

expressing the scFv-less CAR, DNR, TGF-β mutCAR, or TGF-β CAR were added 1 day later. 

After an additional 4 days, a significant increase in the number of dye-negative CD25+FOXP3+ 

cells was observed in TGF-β–treated samples in the presence of scFv-less CAR or DNR, but 

not in the presence of TGF-β mutCAR or TGF-β CAR-T cells (Figure 3.7). Importantly, in 

comparison to scFv-less CAR-T cells, TGF-β CAR-T cells most significantly blocked Treg 

differentiation of nearby T cells (Figure 3.7). Altogether, in vitro co-culture experiments showed 

that signaling-competent TGF-β CAR-T cells are superior to DNR-expressing T cells in 

restricting the ability of TGF-β to orchestrate immunosuppressive functions, supporting the TGF-

β CAR-T cells’ potential to mount superior anti-tumor immune responses. 
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Figure 3.6: TGF-β CAR-T cells reduce TGF-β–mediated suppression of anti-tumor T-cell 
cytotoxicity. CD4+ T-cells expressing an scFv-less CAR, DNR, non-signaling TGF-β 
mutCAR, or TGF-β CAR were co-cultured with donor-matched CD8+ T cells expressing an 
NY-ESO-1 TCR or CD20 CAR and challenged twice with cognate tumor cells (NY-ESO-1+ 
melanoma or CD20+ Raji) in the presence or absence of TGF-β. (A-B) The % tumor cells 
remaining quantified at the end of the second challenge. (C-D) Time-courses of the % tumor 
cells remaining during the second challenge, overlaid with log-linear fits of tumor-cell killing 
dynamics. Shading around the line indicates the 99% confidence band of the fit. Model 
parameters are presented in Table 2.S1. For visibility, every seventh time point is shown in 
(D). Averages of (A, C) triplicates or (B, D) quadruplicates are shown with error bars 
representing ± 1 SD. Statistics for TGF-β–dependent changes are calculated by 2-tailed 
Student’s t tests with the Sidak correction for multiple comparisons. ANOVAs of TGF-β–
exposed cell mixtures yielded significant variation among the different mixtures with (A) F = 
6.8, df = 3, p < 0.05 and (B) F = 43.6, df = 3, p < 0.001. Pairwise contrasts are evaluated 
post-hoc by Dunnett’s test. * p < 0.05, ** p < 0.01, and *** p< 0.001. 
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DISCUSSION 

We report a novel CAR that triggers T-cell effector functions in response to soluble TGF-β, 

effectively inverting an immunosuppressive signaling molecule to trigger immunosupportive 

functions instead. Unlike past efforts at signal inversion in primary T cells, our strategy does not 

require structural or mechanistic conservation between the immunosuppressive molecule’s 

native signaling machinery and the synthetic receptor and may be generalizable to other soluble 

targets of interest. Furthermore, the CAR platform employs multiple signaling domains, 

providing the ability to transform the input of one immunosuppressive molecule into multiple 

immunosupportive functional outputs in primary human T cells. Our results demonstrate that 

TGF-β CAR-T cells effectively inhibit the endogenous TGF-β signaling pathway and exhibit 

Figure 3.7: TGF-β CAR-T cells reduce TGF-β–mediated induction of regulator T cells. 
Induction of CD25+FOXP3+ subpopulations in CD4+ T cells 5 days after the addition of IL-2 
with or without TGF-β, and 4 days after the addition of CTV-stained scFv-less CAR, DNR, 
TGF-β mutCAR, or TGF-β CAR–expressing CD4+ T cells from the same donor. CD25 vs. 
FOXP3 scatters are shown for the viable/singlet/CTV– gated population. Averages of 
triplicates are shown with error bars representing ± 1 SD. Statistics for TGF-β–dependent 
changes are calculated by 2-tailed Student’s t tests with the Sidak correction for multiple 
comparisons. An ANOVA of TGF-β–exposed cell mixtures yielded significant variation among 
the different mixtures with F = 22.7; df = 3, p < 0.001. Pairwise contrasts are evaluated post-
hoc by Tukey’s test. * p < 0.05, ** p < 0.01, and *** p< 0.001. 
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robust T-cell effector functions, including cytokine production and T-cell proliferation. 

Furthermore, TGF-β CAR-T cells are capable of controlling tumor outgrowth in vivo and can 

shield neighboring immune cells from the immunosuppressive effects of TGF-β, thus preserving 

the cytotoxicity of tumor-targeting T cells and reducing T-cell differentiation into the regulatory 

phenotype. 

To our knowledge, this work provides the first demonstration of a CAR that is specifically 

engineered to target a freely soluble ligand such as TGF-β. Several earlier studies have 

reported that CARs designed to recognize surface-bound antigens are not inhibited by soluble 

forms of the same cognate antigens  (Carpenter et al., 2013; Chmielewski et al., 2012; 

Ellebrecht et al., 2016; Hombach et al., 1998, 1999; Lanitis et al., 2012; McGuinness et al., 

1999; Nolan et al., 1999; Westwood et al., 2009). However, these reports also provided 

conflicting or incomplete information on whether the soluble antigens were able to induce T-cell 

stimulation and effector functions. In this work, we quantitatively establish the ability of CARs to 

respond to freely soluble ligands, demonstrate that a CAR can concurrently inhibit a native 

signal-response pathway while triggering T-cell activation, and provide a basis for the design of 

novel CAR molecules to rewire T-cell responses to soluble ligands.  

The findings presented in this work support expanding the repertoire of potential CAR 

targets to include soluble factors. In this study, we utilized the CAR platform to rewire T-cell 

responses to the potent immunosuppressive factor TGF-β, converting it into a trigger for 

multifunctional T-cell effector functions. CARs have been demonstrated to function in additional 

cell types that are inhibited by TGF-β, such as neutrophils and monocytes (Biglari et al., 2006; 

Roberts et al., 1998). Therefore, the TGF-β CAR may serve as a general strategy for rewiring 

immune-cell responses to TGF-β signaling. 
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SUPPLEMENTAL FIGURES 

 

 
Figure 3.S1: Generation of a TGF-β CAR that presents efficiently to the cell surface and 
prevents TGF-β–mediated SMAD phosphorylation in T cells. (A) Three TGF-β–binding single-
chain variable fragments (scFvs) were generated and confirmed to reduce TGF-β–mediated 
SMAD2 phosphorylation in HepG2 cells. Inhibition occurs in a dose-dependent manner, with 
scFv #3 showing the highest potency of inhibition. The intensity of the phosphorylated SMAD2 
(pSMAD2) band was normalized to that of the GAPDH band, and the intensity ratio of each 
sample was subsequently normalized to that of the right-most lane (i.e, sample with 5 ng/mL 
TGF- and no scFv). (B) Non-reducing western blot for the CD3ζ endodomain performed on 
unmodified and TGF-β CAR–expressing CD4+ T cells. (C) Cross-staining for the EGFRt 
transduction marker and the N-terminal FLAG epitope on the TGF-β CAR shows that the CAR is 
efficiently expressed on the surface of Jurkats and primary human CD4+ and CD8+ T cells. (D) 
TGF-β was added to CD4+ and CD8+ T cells expressing no CAR (EGFRt only), an scFv-less 
CAR, or the TGF-β CAR. A western blot for pSMAD2 shows that the TGF-β CAR inhibits native 
TGF-β signaling. 
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Figure 3.S2: The TGF-β CAR converts soluble TGF-β into a stimulatory molecule for CD8+ T 
cells. (A) CD8+ TGF-β CAR-T cells upregulate CD69 in response to TGF-β. (B) CD8+ TGF-β 
CAR-T cells were exposed to varying concentrations of TGF-β and assayed for IFN-γ, TNF-α, 
and IL-2 production by intracellular cytokine staining. Averages of triplicates are shown with 
error bars representing ± 1 standard deviation. 
 

 

 

Figure 3.S3: TGF-β CAR converts TGF-β from a T-cell growth repressor to a T-cell growth 
stimulant in CD8+ T cells. Primary human CD8+ T cells were cultured in the presence of 
irradiated feeder cells plus IL-2, IL-15, and either no TGF-β or 5 ng/mL TGF-β supplemented 
every two days. (A) Expansion of unmodified CD8+ T cells. (B) Expansion of CD8+ T cells 
transduced to express the TGF-β CAR. Averages of triplicates are shown with error bars 
representing ± 1 standard deviation. 
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Figure 3.S4: The LOL xenograft mouse model can be used to evaluate the TGF-β CAR-T cell 
response in vivo. (A) An enzyme-linked immunosorbent assay for TGF-β levels in an LOL 
culture that has been serum-starved overnight. (B) TGF-β CAR-T cells were exposed to varying 
concentrations of human and murine TGF-β (TGF-β and Tgf-β, respectively) and assayed for 
IFN-γ, TNF-α, and IL-2 production by intracellular cytokine staining. The dashed line denotes 
background signal observed in TGF-β CAR-T cells cultured without TGF-β. Averages of 
triplicates are shown with error bars representing ± 1 standard deviation. 
 
 
 
Supplemental Table 
 
  Kill Rate Constants ± SE (x10-2/hr) 
CD8+ Cell Line CD4+ Cell Line No TGF-β 5 ng/mL TGF-β Difference 

NY-ESO-1 
TCR 

scFv-less CAR 3.13 ± 0.09 1.21 ± 0.13 1.92 ± 0.09 
DNR 2.03 ± 0.05 1.33 ± 0.06 0.71 ± 0.04 
TGF-β mutCAR 2.80 ± 0.07 1.31 ± 0.09 1.50 ± 0.06 
TGF-β CAR 2.96 ± 0.11 2.30 ± 0.15 0.65 ± 0.11 

CD20 CAR 

scFv-less CAR 7.66 ± 0.04 4.10 ± 0.06 3.56 ± 0.04 
DNR 8.26 ± 0.08 5.18 ± 0.11 3.08 ± 0.7 
TGF-β mutCAR 9.31 ± 0.07 5.65 ± 0.10 3.66 ± 0.07 
TGF-β CAR 9.41 ± 0.10 6.68 ± 0.14 2.73 ± 0.09 

 
Table 3.S1: Rate constants for tumor-cell killing dynamics. Log-linear models were applied to 
tumor-cell death curves (Figure 2.4B and 2.4D) to estimate the TGF-β–mediated difference in 
cytotoxicity rate constants of various T-cell mixtures. All model parameters were estimated with 
high statistical confidence (p < 10-7). SE, standard error.  
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METHODS 

DNA constructs 

Anti-TGF-β scFvs were constructed by identifying the variable regions in the heavy and light 

chains (VH and VL, respectively) of TGF-β–binding antibodies and synthesizing gene fragments 

with the VH-(G4S)3-VL architecture (Integrated DNA Technologies). TGF-β CAR plasmids were 

constructed by isothermal assembly using gene fragments encoding TGF-β–binding scFvs; 

IgG4 hinge; the CD28 transmembrane domain; the CD28 cytosolic tail with GG mutations that 

enhance CAR surface expression (Nguyen et al., 2003), with or without additional 

P208/211/212A and Y191F substitutions that prevent CD28 signal transduction (Moeller et al., 

2004); and the CD3ζ cytosolic domain or corresponding version with Y→F substitutions in all 

three ITAM motifs to prevent CD3ζ signaling via ZAP70 binding (Zhao et al., 2009). The scFv-

less CAR was similarly constructed, except with no N-terminal scFv domain. CAR constructs 

are directly fused to mCherry or linked by the T2A peptide to a truncated epidermal growth 

factor receptor (EGFRt), a transduction marker that also facilitates sorting of CAR-expressing 

cells (Wang et al., 2011). The NY-ESO-1 TCR (Robbins et al., 2011) was a gift from Dr. Antoni 

Ribas (University of California, Los Angeles). The CD19 CAR (Chang et al., 2015) and CD20 

CAR (Zah et al., 2016) were previously described. 

 

Cell lines 

Jurkat Clone E6-1 cells were obtained from ATCC. EGFP NFAT reporter Jurkats were a gift 

from Dr. Arthur Weiss (University of California, San Francisco). EGFP NFκB reporter Jurkats 

were a gift from Xin Lin (MD Anderson). Raji cells and TM-LCLs, an Epstein-Barr virus (EBV)-

transformed lymphoblastoid cell line, were gifts from Dr. Michael Jensen (Seattle Children’s 

Research Institute). OKT3+ TM-LCLs were a gift from Dr. Christine Brown (City of Hope). The 

human melanoma line, M407, stably transfected with a nuclear-localizing RFP, was a gift from 

Dr. Antoni Ribas. The above cell lines were maintained in complete RPMI (RPMI1640 (Lonza) + 
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10% heat-inactivated FBS (HI-FBS, Gibco)). HEK293T cells (ATCC) were cultured in DMEM 

(HyClone) + 10% HI-FBS. Hep G2 cells (ATCC) were cultured in EMEM (Lonza) + 10% HI-FBS. 

TGF-β CAR Jurkat lines and LOLs (luciferase-expressing OKT3+ TM-LCLs) were generated 

with lentiviral transduction followed by fluorescence-activated sorting (FACS) using the 

FACSAria (II) at the UCLA Flow Cytometry Core Facility. Lentivirus was produced using 

HEK293T cells as previously described (Zah et al., 2016). 

 

Generation of CAR-expressing primary human T cells 

CD4+, CD8+, or mixed CD4+ and CD8+ T cells were isolated from healthy donor whole blood 

obtained from the UCLA Blood and Platelet Center. T-cells stimulated with CD3/CD28 

Dynabeads (Thermo Fisher Scientific) at a 1:1 cell:bead ratio for 2 days were transduced with 

lentivirus at a multiplicity of infection of 1.5–3. T cells were cultured in complete RPMI and fed 

50 U/ml IL-2 (Thermo Fisher Scientific) and 1 ng/ml IL-15 (Miltenyi Biotec) every 2 to 3 days. 

Dynabeads were removed after 9 days of culture. Transduced cells were enriched by magnetic 

bead-based sorting (Miltenyi Biotec) and continued to be cultured with IL-2/IL-15 

supplementation every 2 to 3 days. 

 

Western blots 

For CAR expression analysis, harvested cells were treated with 1 mg/mL tunicamycin (MP 

Biomedicals) overnight. For assessment of TGF-β–induced SMAD phosphorylation, cells were 

treated with indicated levels of human TGF-β1 (referred to as TGF-β throughout manuscript, 

PeproTech). for 30 min at 37°C. Two million cells were subsequently lysed in 35 µL of lysis 

buffer containing RIPA buffer (1% Igepal CA-630, 0.1% SDS, 0.5% sodium deoxycholate, with 

protease and phosphatase inhibitor) supplemented with 0.5 mM phenylmethanesulfonylfluoride 

(PMSF) for 45 min on ice. Centrifuged cell lysate was collected and mixed with Bolt LDS sample 

buffer (Thermo Fisher Scientific) containing 5% β-mercaptoethanol (Sigma-Aldrich) and heated 
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at 70°C for 10 min. Protein separation was performed by SDS-PAGE with pre-cast 4-12% Bis-

Tris gels (Thermo Fisher Scientific). Gels were transferred to nitrocellulose membranes using 

the iBlot gel transfer system (Invitrogen). Membranes were either blocked with 1% bovine serum 

albumin in TBS-T (50 mM Tris, 150 mM NaCl, 0.05% Tween 20) for 1 hour and then probed 

with antibodies using the SNAP i.d. 2.0 Protein Detection system (Millipore), or blocked with 5% 

bovine serum albumin in TBS-T for 1 hour and then probed with antibodies overnight. Primary 

antibodies for CD3ζ (#551034, BD Biosciences), phosphorylated SMAD2/3 (clone D27F4, Cell 

Signaling Technology), and HRP-conjugated GAPDH (clone GAPDH 71.1, Sigma-Aldrich), as 

well as HRP-conjugated anti-mouse or anti-rabbit IgG (H+L) secondary antibodies (Jackson 

ImmunoResearch) were used. Membranes were treated with SuperSignal West Dura Extended 

Substrate (Thermo Fisher Scientific) and imaged using the ChemiDoc XRS+ System (Bio-Rad). 

Gel images were quantified using Fiji (Schindelin et al., 2012). 

 

Flow cytometry and antibody staining 

Unless otherwise specified, flow cytometry in this study was performed with a MACSQuant VYB 

cytometer (Miltenyi Biotec). T-cells were assessed for surface presentation of epitopes using 

fluorescently labeled monoclonal antibodies for CD25 (clone BC96, BioLegend), CD69 (clone 

FN50, BioLegend), or DYKDDDDK (clone L5, BioLegend; or #130-191-571, Miltenyi Biotec). 

EGFRt expression was measured with Erbitux (Bristol-Myers Squibb) biotinylated in-house (EZ-

link Sulfo-NHS-Biotin, Pierce) followed by PE-conjugated streptavidin (Jackson 

ImmunoResearch).  

 

T-cell expansion assays 

T cells (unstained or stained with 0.5 μM CellTrace Violet (CTV; Thermo Fisher Scientific)) were 

seeded at 5 x 104 cells/2 mL/well in 24-well plates with 3.5 × 105 γ-irradiated (80 Gy) TM-LCLs 

stained with 0.2 μM CellTrace CFSE (Thermo Fisher Scientific). Cultures were supplemented 
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every 2 days with 50 U/ml IL-2 and 1 ng/ml IL-15, with or without 5 ng/mL TGF-β Every 3 or 4 

days, wells were supplemented with 50 μL to 180 μL of complete media to compensate for 

evaporation, and 50 μL aliquots of resuspended cultures were removed for propidium iodide 

(Thermo Fisher Scientific) staining and viable T-cell quantification by flow cytometry. 

 

Cytokine production quantification 

To assess T-cell cytokine production, T cells were incubated at 105 cells/100 μL media/well in 

96-well U-bottom plates in the presence or absence of 5 ng/mL TGF-β for 24 hours. Cytokine 

production in culture supernatant was measured with the BD Cytometric Bead Array Human 

Th1/Th2 Cytokine Kit II (BD Biosciences) according to manufacturer’s instructions. Results were 

collected by flow cytometry and analyzed using the FCAP Array v3.0.1 software (BD 

Biosciences). For intracellular cytokine staining, T cells were incubated at 105 cells/100 μL 

media/well in 96-well plates in the presence of 5 μg/mL Brefeldin A (BioLegend) and indicated 

levels of TGF-β for 24 hours. Cells were fixed with 1.5% formaldehyde; permeabilized with ice-

cold methanol; stained with antibody binding to TNF-α (clone Mab11), IFN-γ (clone 4S.B3), and 

IL-2 (clone MQ1-17H12) (all from BioLegend); and assessed by flow cytometry. Measurement 

of TGF-β production was performed after seeding 104 cells/well in a 24-well plate. After one day 

of culture, cells were washed and incubated in 0.5 mL serum-starved media. Active and total 

(active + latent) TGF-β levels were measured 1 day later with the Human TGF-beta 1 DuoSet 

ELISA kit (R&D Systems) and an Eon microplate spectrophotometer (BioTek Instruments). 

 

T-cell cytotoxicity assays 

Several methods were used to evaluate T-cell cytotoxicity. For single-time point experiments 

shown in Figures 3D and 3E, TM-LCLs were labeled with 0.2 μM CellTrace CFSE and OKT3+ 

TM-LCLs were labeled with 0.5 μM with CellTracker Orange CMTMR (Thermo Fisher Scientific) 

following manufacturer’s protocols. Unlabeled CD8+ T cells carrying the indicated construct 



88 
 

were seeded with 5 x 103 off-target TM-LCLs and 5 x 103 on-target OKT3+ TM-LCLs at various 

effector-to-target (E:T) ratios in 200 μL/well in triplicate, with or without 5 ng/mL TGF-β, in 96-

well U-bottom plates. After a 4-hour incubation at 37°C, viable target cells were counted by flow 

cytometry. Co-culture with mock-transduced T cells served as the negative control. For off-

target TM-LCLs, % specific lysis = 100 x [1 – (# TM-LCLs in sample)/(# TM-LCLs in negative 

control)]. For on-target OKT3+ TM-LCLs, % specific lysis = 100 x [1 – (# OKT3+ TM-LCLs in 

sample x N)/(# TM-LCLs in negative control)], where N = (# TM-LCLs in target-only well)/(# 

OKT3+ TM-LCLs in target-only well) is a normalization factor to account for any intrinsic 

differences in viability between the TM-LCL and OKT3+ TM-LCL cell lines. 

An automated live-cell imaging system (IncuCyte, Essen BioScience) was used to 

evaluate cytotoxicity dynamics with the adherent NY-ESO-1+ RFP+ M407 cell line, following a 

previously described protocol (Zaretsky et al., 2016). RFP+ M407s were seeded overnight at 104 

cells/100 μL/well in flat-bottom 96-well plates. The next day, T-cell mixtures (2.5 x 104 CD8+ T 

cells with the NY-ESO-1 TCR plus 2.5 x 104 CD4+ T cells expressing the indicated constructs) 

were applied in 100 μL volumes to target cells in triplicate, with or without 5 ng/mL TGF-β. 

Forty-eight hours after the first challenge, T cells were collected and applied, with or without 5 

ng/mL TGF-β, to a new batch of tumor cells (seeded the night before) for the second challenge. 

The amount of red fluorescence, measured every 2 hours and normalized to the time 0 

fluorescence, indicated the proportion of live tumor cells remaining. Log-linear models were 

applied to cytotoxicity dynamics data using the R 3.3.2 software (R Core Team, 2016). 

An electrical impedance-based tumor cell culture system (xCELLigence, ACEA 

Biosciences) was used to evaluate cytotoxicity dynamics with the CD20+ Raji cell line. Though 

normally suspension cells, Raji cells were immobilized onto 96-well, electrode-bottomed plates 

pre-coated with anti-CD40 antibody at 3 x 104 cells/100 μL/well. The next day, T-cell mixtures (3 

x 104 CD8+ T cells with the CD20 CAR plus 3 x 104 CD4+ T cells expressing the indicated 

constructs) were added in quadruplicate, with or without 5 ng/mL TGF-β. Forty-eight hours later, 
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T cells were collected and applied, with or without 5 ng/mL TGF-β, to a new batch of tumor cells 

(seeded the night before) for the second challenge. The cell index, a measure of electrode 

impedence correlating to Raji-cell viability, was measured every 15 min, normalized to the time 

0 cell index, and used as an indicator for the proportion of live tumor cells remaining. Log-linear 

models were applied to cytotoxicity dynamics data using R 3.3.2. 

 

In vivo solid-tumor xenograft studies in NSG mice 

All in vivo experiments were approved by the UCLA Institutional Animal Care and Use 

Committee and employed 12-week-old female NSG mice bred in-house by the UCLA 

Department of Radiation and Oncology. For tumor engraftment, 5 x 106 LOLs in 50% Matrigel 

(Corning) were subcutaneously injected at the mouse right flank. Six days later, mice bearing 

engrafted tumors were treated with 1 × 106 T cells via tail-vein injection (n = 5 mice for each T-

cell line). Tumor progression was monitored by bioluminescence imaging using an IVIS Lumina 

III LT Imaging System (PerkinElmer) after intraperitoneal injection of D-luciferin (Gold 

Biotechnology). 

 

Regulatory T cell induction assay 

CD4+ T cells that were never activated in vitro were seeded in OKT3-coated 96-well U-bottom 

plates at 5 x 104 cells/100 μL/well with 20 U/mL IL-2, 1 μg/mL CD28 agonist antibody (clone 

CD28.2, BioLegend), and 0 or 5 ng/mL TGF-β. After 1 day, the samples were supplemented 

with donor-matched CD4+ T-cell lines carrying the indicated constructs. The supplementary cells 

were stained with 0.5 μM CTV and added at 5 x 104 cells/50 μL/well in media that had been 

supplemented with 20 U/mL IL-2, 1 μg/mL CD28 agonist antibody, and 0 or 5 ng/mL TGF-β. On 

day 5 of the assay, cells were stained with anti-CD25 antibody, fixed and permeabilized (True-

Nuclear Transcription Factor Buffer Set, BioLegend), and stained with anti-FOXP3 antibody 

(clone 206D, BioLegend). 
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NFAT and NFκB reporter assays 

NFκB EGFP reporter Jurkats with indicated constructs were seeded at 2 x 104 cells/100 μL/well, 

with or without 5 ng/mL TGF-β, in triplicate in 96-well U-bottom plates. Reporter induction was 

assessed by flow cytometry after 18 hours at 37°C. NFAT EGFP reporter Jurkats with indicated 

constructs were seeded at 5–10 x 104 cells/100 μL/well in triplicate in 96-well plates, with 

indicated levels of human TGF-β, murine Tgf-β (R&D Systems), or human latent LAP-bound 

TGF-β (BioLegend). Reporter induction was assessed by flow cytometry after 8–18 hours at 

37°C.  

 

Statistical analyses 

Statistical tests were performed in Excel and R 3.3.2. Student’s t tests with unequal variances 

were used to compare continuous variables between two groups, with the Sidak correction for 

multiple comparisons. Analyses of variance (ANOVAs) were used to assess variation among 

more than two groups, with post-hoc pairwise comparisons by Dunnett’s test when contrasting 

multiple factors with a single standard factor (Figures 3.7A and 3.7B) or by Tukey’s test when 

contrasting multiple factors with more than one standard factor (Figure 3.8). One-way repeated 

measures ANOVA was performed when comparing repeated measures of means with respect 

to a single variable. All tests were two-tailed with a hypothesis-specific family alpha level of 

0.05. 
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Chapter 4. Elucidating the Mechanism of Activation of a TGF-β–

binding Chimeric Antigen Receptor 

 

ABSTRACT 

Chimeric antigen receptors (CARs), synthetic immunoreceptors that provide T cells with 

engineered specificity, are typically constructed to bind immobilized antigens found on the tumor 

cell surface. We have demonstrated the ability of a CAR to sense the soluble cytokine TGF-β, 

and respond by triggering T-cell activation signaling pathways and effector functions. Here, we 

elucidate mechanistic details of CAR triggering by TGF-β and demonstrate a method by which 

CAR signaling strength and ligand sensitivity can be tuned. By leveraging the modular 

architecture and multifunctional output of CAR molecules, this work demonstrates an approach 

to rewire T-cell responses to soluble, extracellular antigens. 

 

INTRODUCTION 

CARs consist of an extracellular, ligand-binding domain fused to an extracellular spacer, 

transmembrane segment, and intracellular signaling domain(s). A variety of target-binding 

moieties, including antibody-derived single-chain variable fragments (scFvs), can serve as the 

ligand-banding domain of CAR molecules, making them versatile tools for targeting a wide 

variety of antigens (Sadelain et al., 2013). The CAR intracellular signaling domain consists of an 

immunoreceptor tyrosine-based activation motif (ITAM)-containing activation domain, most 

commonly from CD3ζ (Sadelain et al., 2013). Second- and third-generation CARs incorporate 

additional co-stimulatory domains such as CD28 or 4-1BB to enhance the T-cell activation 

response (Sadelain et al., 2013). Together, these signaling domains trigger multifunctional 

effector outputs from CARs upon antigen stimulation, converting a single input signal into a 
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range of anti-tumor functions that range from direct target-cell lysis to the production of 

immunostimulatory cytokines and T-cell proliferation. 

CAR engineering efforts thus far have focused on directing T-cell responses to surface-

bound antigens, with no published examples of CARs designed specifically for soluble ligands. 

Previous studies have demonstrated that soluble antibodies that cross-link chimeric receptor 

chains with only the intracellular T-cell activation domain can induce proximal T-cell receptor 

(TCR) signaling events, supporting the possibility that CARs can be triggered by soluble ligands 

(Irving and Weiss, 1991; Letourneur and Klausner, 1991; Romeo and Seed, 1991). Similarly, 

proximal TCR signaling can be induced by dimeric peptide-MHC complexes, demonstrating that 

T-cells can be activated by soluble reagents that cross-link TCRs (Abastado et al., 1995; Appel 

et al., 2000; Casares et al., 1999; Cochran et al., 2000). However, these works did not establish 

whether the soluble ligands were cross-linking receptors on the same cell or on separate cells 

(thereby mediating a cell-cell interface and potential immunological synapse).  

 Here, using the TGF-β–binding CAR, we elucidate mechanistic details of how CARs can 

respond to soluble antigens and, based on this understanding, demonstrate a method to tune 

the ligand sensitivity and signaling intensity of the CAR molecule through structural 

modifications. This modular approach to the construction and calibration of immunoreceptors for 

soluble ligands may serve as a guide for future efforts to redirect immune-cell responses to 

environmental cues in therapeutic applications. 

 

RESULTS 

TGF-β CAR can be triggered by truly soluble ligands 

While the signal conversion capabilities of the TGF-β CAR have been established (in Chapter 

3), it is not exactly clear how soluble TGF-β ligands can trigger CAR signaling. The advent of 

bispecific T-cell engagers (BITEs; Mack et al., 1995) and “universal CARs” (Tamada et al., 

2012; Urbanska et al., 2012) demonstrated that T cells could be activated by soluble molecules 
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that bridge cell-cell interfaces. TGF-β naturally exists as a homodimer; thus each TGF-β dimer 

could in principle bind two TGF-β CARs on adjacent cells (in trans) to induce T-cell activation 

(Figure 4.1A, top). Alternatively, TGF-β molecules could bind two CARs on the same cell (in 

cis), and then trigger activation in a cell-contact–independent manner (Figure 4.1A, middle).  

The cis vs. trans mechanisms were not distinguished in previous studies demonstrating 

proximal TCR signaling events triggered by soluble antibodies or dimeric peptide-MHC 

complexes (Abastado et al., 1995; Appel et al., 2000; Casares et al., 1999; Cochran et al., 2000; 

Irving and Weiss, 1991; Letourneur and Klausner, 1991; Romeo and Seed, 1991). However, the 

specific signaling mechanism could significantly impact the behavior of TGF-β CAR-T cells, 

since trans interactions would render CAR signaling strongly dependent on cell density—i.e., 

the probability of cell-cell contact and receptor signaling would increase with increasing cell 

concentration (Figure 4.1B, top). In contrast, receptor signaling should be largely independent of 

cell density if cis-acting interaction were the dominant mechanism, provided that the soluble 

ligand concentration is not limiting relative to cell consumption rates (Figure 4.1B, middle).  

Quantification of TGF-β–mediated NFAT reporter output in TGF-β CAR-Jurkat cells 

seeded at varying cell densities revealed that both contact-dependent and contact-independent 

mechanisms are involved in triggering cell activation, with distinct regimes corresponding to 

different ranges of cell densities (Figures 4.1C and 4.S1). Fluorescence microscopy of Ca2+ flux 

in TGF-β CAR cells further confirmed that soluble TGF-β could indeed trigger T-cell activation in 

the absence of cell-cell contact (Figure 4.1D). These results indicate that the TGF-β CAR can 

respond to freely soluble as well as cross-presented TGF-β, and that TGF-β CAR-T cells can be 

activated at a wide range of cell densities, with high local cell concentration serving as a means 

to boost CAR-signaling intensity.  

The fact that TGF-β dimers can mediate cell-cell contact raises the question of whether 

fratricide would occur between two conjugated T cells. Such an event was never observed in 

the course of our microscopy studies, and the fact that both CD4+ and CD8+ TGF-β CAR-T cells 
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expand robustly in the presence of TGF-β further suggests that fratricide is not a widespread 

phenomenon (Figures 3.4 and 3.S3 in Chapter 3), possibly due to intrinsic defense mechanisms 

such as serpin B9 or cathepsin B expression that protect T cells from T-cell–mediated lysis 

(Balaji et al., 2002; Bird et al., 1998). 

 

 

TGF-β CARs cluster in response to TGF-β in an actin-polymerization–dependent manner 

To further understand how soluble TGF-β can trigger CAR activation, we visualized the spatial 

distribution of TGF-β CARs in Jurkat cells and observed the formation of receptor clusters in 

response to TGF-β (Figure 4.2A). These microclusters, ~0.5-1 μm in diameter, were distributed 

Figure 4.1: The TGF-β CAR is triggered in both cell-contact–dependent and –independent 
manners. (A) TGF-β, a homodimer, can potentially tether TGF-β–binding CARs on adjacent 
cells (in trans) or on the same cell (in cis). (B) If activation requires tethering in trans, then 
there should be no activation at low cell densities where cells are unlikely to encounter each 
other. As cell density increases, the probability of activation increases until saturation is 
reached. If activation requires tethering in cis, then the probability of activation should be 
independent of cell density. If tethering in cis and in trans can both activate the TGF-β CAR, 
then a combination of both behaviors should occur. (C) TGF-β CAR Jurkats expressing the 
NFAT-responsive EGFP reporter were seeded at varying cell densities (Figure 4.S1) in the 
presence or absence of soluble TGF-β. EGFP output was measured by flow cytometry. 
Averages of triplicates are shown with error bars representing ± 1 SD. (D) TGF-β CAR 
Jurkats loaded with the Fluo-4-AM Ca2+ indicator were imaged every 10 s. After TGF-β 
addition at t = 0 s to the edge of the cell culture well, individual cells demonstrated Ca2+ 
influx in the absence of any cell-to-cell contact. Scale bar denotes 10 μm.  
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throughout the cell periphery, reflecting a lack of polarity in the soluble TGF-β stimulus. Ca2+ 

influx was observable prior to CAR clustering (Figure 4.2A), indicating that microcluster 

formation is not essential to initiating signal transduction. However, we observed that ZAP70 

aggregated at TGF-β CAR clusters (Figure 4.2B), suggesting that TGF-β CAR microclusters 

serve as sites of continued signal transduction and may support sustained and productive 

signaling. 

The TGF-β CAR exists as a mix of monomers and dimers (Figure 3.S1B in Chapter 3) 

due to the presence of two inter-chain disulfide bonds in the IgG4 hinge domain that serves as 

an extracellular spacer in the receptor. Therefore, the interaction between dimeric CARs and 

homodimeric TGF-β could conceivably result in a polymerization effect that leads to receptor 

clustering (Figure 4.S2A). However, we engineered a monomeric TGF-β CAR by introducing 

C→A mutations into the IgG4 hinge and observed the preservation of TGF-β–mediated Ca2+ 

influx and CAR clustering (Figures 4.S2B-D), indicating that the pre-dimerization of CAR 

molecules is not essential to cluster formation.  

 We next explored whether intracellular events may mediate TGF-β CAR clustering, with 

a focus on actin filaments given their role in TCR microcluster formation (Bunnell et al., 2002; 

Campi et al., 2005). The actin-polymerization inhibitors cytochalasin D and latrunculin A both 

prevented TGF-β CAR clustering, suggesting that an intact actin cytoskeleton helps orchestrate 

CAR clustering (Figure 4.2C). Meanwhile, the myosin IIA inhibitor blebbistatin did not affect 

microcluster formation, showing that the ability for actin to support myosin II–mediated 

movements does not underlie microcluster formation (Figure 4.2C). Actin-dependent CAR 

cluster formation was also observed in the LAT-deficient JCaM2.5 Jurkat clone (Finco et al., 

1998) (Figure 4.2D), and in cells expressing the signaling-deficient TGF-β mutCAR (Figure 

4.2E). Taken together, these results suggest a model in which TGF-β binding induces CAR 

conformational changes that either directly or indirectly alter the receptor’s interaction with actin 
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filaments, leading to microcluster formations that are independent of LAT and canonical CD3 

and CD28 signaling. 

  

Modifications to receptor structure can calibrate CAR responses to soluble antigens 

Figure 4.2: TGF-β CARs form actin-dependent microclusters. (A) Time-lapse confocal 
microscopy of Jurkats loaded with the Fluo-4-AM Ca2+ indicator and expressing a TGF-β 
CAR-mCherry fusion. TGF-β was added at t = 0 s to the corner of the well and cells were 
followed at 20 s intervals. (B) TGF-β CAR-mCherry Jurkats were incubated with or without 
TGF-β for 15 min and intracellularly stained for ZAP70. (C) TGF-β CAR-mCherry Jurkats 
were imaged 15 min after the addition of TGF-β and/or the actin filament polymerization 
inhibitors cytochalasin D (CytoD) or latrunculin A (LatA) or the myosin II inhibitor blebbistatin 
(Blebb). (D) Microscopy as in (C), but with LAT-deficient JCaM2.5 Jurkat cells. (E) 
Microscopy as in (C), but with Jurkats expressing the non-signaling TGF-β mutCAR (Figure 
2-1C) tagged with mCherry. White arrows point at examples of peripheral microclusters. All 
scale bars denote 10 μm. 
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The observation that the TGF-β CAR forms microclusters via a cytoskeleton-dependent 

mechanism suggests a role for mechanical forces in the interaction between the TGF-β CAR 

and its ligand, similar to the forces transmitted upon binding between a TCR and its cognate 

peptide/MHC complex (Hu and Butte, 2016; Li et al., 2010). This force-transmission model 

suggests that CAR signaling behavior could potentially be altered by modifying the structural 

properties of the receptor chains. Indeed, we found that lengthening the TGF-β CAR’s 

extracellular spacer affected signaling threshold and intensity (Figure 4.3). We replaced the 12-

aa (IgG4 hinge) extracellular spacer in the original TGF-β CAR with a 229-aa (IgG4 hinge-CH2-

CH3) spacer to loosen the coupling between the ligand-binding domain and the intracellular 

signaling domains (Figure 4.3A). Compared to the original (short) TGF-β CAR, the long CAR 

required a markedly higher TGF-β input concentration before triggering NFAT signaling and 

showed lower signaling intensity (Figure 4.3B). Furthermore, primary T cells expressing the long 

TGF-β CAR produced significantly less Th1 cytokines and showed an upward shift in the TGF-β 

dose-response threshold that mirrored the NFAT response (Figure 4.3CD). The ability to 

calibrate CAR signaling with the extracellular spacer was also observed when replacing the 

CD28 costimulatory domain with the 4-1BB domain, demonstrating that this tuning method 

holds true regardless of costimulatory domain choice (Figure 4.S3). 

Surprisingly, T cells expressing the long TGF-β CAR demonstrated greater population 

expansion compared to those expressing the short TGF-β CAR (Figure 4.3E). Examination of 

short and long CAR populations after 4 hours of TGF-β exposure showed that short TGF-β 

CAR-T cells underwent a more drastic initial population contraction, possibly due to activation-

induced cell death (Figure 4.S4A). Meanwhile, short and long TGF-β CAR-T cells showed equal 

dilution rates of the CTV proliferation dye (Figure 4.S4B), suggesting that superior population 

expansion with the long CAR stemmed from a gentler initial population contraction rather than a 

higher cell-division rate.  
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DISCUSSION 

Our results show that CARs trigger in response to dimeric soluble ligand in a cell-contact–

independent manner, demonstrating for the first time that a CAR can respond to truly soluble 

ligand. TGF-β CAR signaling can be further boosted at higher cell densities, conferring a 

quorum sensing requirement for maximal CAR signaling. 

Figure 4.3: Extracellular spacer length affects TGF-β CAR sensitivity and signaling strength. 
(A) The short and long TGF-β CAR extracellular spacers are the 12-aa IgG4 hinge and the 
229-aa IgG4 hinge-CH2-CH3, respectively. (B) Jurkats expressing the NFAT-responsive 
EGFP reporter were transduced with either short or long TGF-β CARs and exposed to 
varying TGF-β concentrations. Plots summarizing the frequency of NFAT triggering (% 
EGFP+) and extent of NFAT activation among triggered cells (median EGFP intensity of 
EGFP+ cells) are shown. (C-E) Short and long TGF-β CARs were expressed in primary CD4+ 
T cells and characterized in the presence or absence of TGF-β. (C) A cytometric bead-based 
assay quantified Th1 cytokine production by short and long TGF-β CAR-T cells. Statistical 
comparisons performed with the 2-tailed Student’s t test; *** p < 0.001. (D) Intracellular 
staining for TNF-α production in response to varying TGF-β doses in short and long TGF-β 
CAR-T cells. (E) Expansion of short and long TGF-β CAR-T cells across 3 weeks, with fold-
expansion reported at the end of each trace. Averages of triplicates are shown with error 
bars representing ± 1 SD. 
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Our examination of the TGF-β CAR highlighted several similarities between TCR and 

CAR signaling. When comparing the short and long TGF-β CARs, we observed a decoupling of 

CAR-mediated cell division and cytokine production. Specifically, the two CARs exhibited similar 

cell-division rates but drastically different cytokine production levels. This is consistent with the 

previous observation that distinct TCR-activated signaling pathways drive cell proliferation and 

cytokine production (Guy et al., 2013). We also found that CAR microclusters can form 

independently of canonical CD28 and CD3ζ signal transduction, consistent with results showing 

that TCR microcluster formation is resistant to the tyrosine-phosphorylation inhibitor PP2, which 

prevents ZAP70 binding at TCR clusters and abrogates downstream TCR signaling (Bunnell et 

al., 2002; Campi et al., 2005; Yokosuka et al., 2005). Given the possibility of incomplete 

molecular inhibition, these earlier studies noted that residual phosphorylated species might still 

recruit binding proteins to crosslink TCRs. However, our mutational approach that eliminated all 

known binding sites on the CAR signaling domains ruled out such a possibility. Instead, 

cytoskeletal interactions may be at play, with actin polymerization being essential to CAR cluster 

formation. Notably, both the CD28 and CD3ζ domains utilized in the TGF-β CAR have been 

shown, in their native receptor context, to be loosened from a basal membrane-associated state 

upon receptor-ligand interaction (Aivazian and Stern, 2000; Dobbins et al., 2016; Zhang et al., 

2011). Such a conformational change may unveil access points for actin filaments to directly or 

indirectly alter the CAR distribution.  

The ability to trigger CARs with freely soluble ligands provides a unique opportunity to 

gain mechanistic insights into the role of the extracellular spacer in CAR signaling. Prior 

investigations on the effects of CAR extracellular spacer length have highlighted the need to 

coordinate receptor size with the location of the antigenic epitope relative to the target-cell 

membrane, since the distance between T-cell and target-cell membranes in an immunological 

synapse appears to exert a profound impact on the quality of the T-cell response (Choudhuri et 

al., 2005; James et al., 2008; Zah et al., 2016). However, the fact that receptor-ligand binding 
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could not be separated from cell-cell contact in typical CAR-T cell systems complicated efforts 

to elucidate the relative contributions of (a) cell-cell interactions in the immunological synapse 

versus (b) a CAR’s intrinsic molecular properties. The results obtained in this study indicate that, 

in line with the receptor-deformation model of TCR triggering (Ma et al., 2008), the CAR 

extracellular spacer plays an important role in transducing mechanical forces experienced by 

the ligand-binding domain to the intracellular signaling domains. The observation that 

extracellular spacer length can profoundly alter a CAR’s signaling threshold and intensity 

(independent of immunological synapse size or formation) suggests a design criterion for future 

CAR molecules. Specifically, instead of altering the receptor length to match a particular 

antigen, it may be preferable to identify specific epitopes that enable the use of a particular 

receptor length, so as to simultaneously optimize the immunological synapse dimension and 

maximize the productive receptor signaling that is achievable by a particular receptor 

architecture. In addition to peptide length, parameters such as conformational stiffness may also 

be considered when determining the proper extracellular spacer choice for a particular 

CAR/ligand pairing.  

Inherent in our interpretation of the results is the suggestion that a CAR can be triggered 

by a soluble ligand if the ligand manages to bring two CARs together. This, together with our 

finding that TGF-β more weakly activates the long TGF-β CAR, supports the possibility that the 

CAR serves as a conduit for tensile forces that play a role in CAR triggering. Altogether, our 

observations of how TGF-β CARs are activated provide a foundation for the development of 

novel synthetic immunoreceptors with fine-tuned responses to antigen stimulation. Further study 

is needed to better establish the exact requirements for employing CARs in engineering immune 

cell responses to soluble ligands. 

  



107 
 

SUPPLEMENTAL FIGURES 

 

 
Figure 4.S1: Brightfield snapshots of Jurkat cells used in the variable cell-density experiment 
from Figure 2.5C. Scale bar corresponds to 100 μm. 
 
 
 

 
 
Figure 4.S2: Monomeric TGF-β CARs remain capable of CAR signaling and microcluster 
formation. (A) Schematic of TGF-β bridging dimeric CAR molecules to aggregate a “polymer” of 
TGF-β CARs. (B) A monomeric CAR was constructed by replacing cysteines with alanines in 
the IgG4 hinge. (C) Non-reducing western blot for the CD3-ζ endodomain performed on the 
lysate of (i) parental Jurkat, (ii) TGF-β CAR Jurkat, and (iii) CA mutant TGF-β CAR Jurkat 
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cells. The CA mutation eliminated CAR dimerization. (D) Jurkats expressing mCherry-tagged 
TGF-β CARs containing the CA mutation were loaded with Fluo-4-AM and imaged 15 min 
after the addition of TGF-β. White arrows point at examples of peripheral microclusters. Scale 
bar corresponds to 10 μm. 
 
 

 
 
Figure 4.S3: TGF-β CAR extracellular domain tunes the TGF-β CAR response regardless of 
costimulatory domain. (A) T cells expressing the indicated versions of the TGF-β CAR were 
evaluated for TGF-β–induced TNF-α production by intracellular cytokine staining. Ex, 
extracellular; Costim, costimulatory domain; Short, IgG4 hinge; Long, IgG4 hinge-CH2-CH3. 
Averages of triplicates are shown with error bars representing ± 1 standard deviation. 
 
 

 
Figure 4.S4: TGF-β CAR-T cells undergo an initial population contraction in response to TGF-β 
stimulation. (A) The number of viable primary CD4+ T cells expressing short or long TGF-β 
CARs was quantified before and after a 4-hour incubation with 5 ng/mL TGF-β. TGF-β–
dependent contractions in viable cell count were observed in both CAR-T cell lines, with short 
CAR-T cells showing a more drastic population contraction. Statistical comparisons were 
performed with the 2-tailed Student’s t test; ** p < 0.01, *** p < 0.001. (B) Short and long TGF-β 
CAR-T cells, stained with the proliferation dye CellTrace Violet (CTV), were cultured in the 
presence or absence of TGF-β. CTV intensity was monitored over a 9-day period to measure 
cell division rate. Averages of triplicates are shown with error bars representing ± 1 standard 
deviation. 
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METHODS 

DNA constructs 

Anti-TGF-β scFvs were constructed by identifying the variable regions in the heavy and light 

chains (VH and VL, respectively) of TGF-β–binding antibodies and synthesizing gene fragments 

with the VH-(G4S)3-VL architecture (Integrated DNA Technologies). TGF-β CAR plasmids were 

constructed by isothermal assembly using gene fragments encoding TGF-β–binding scFvs; 

IgG4 hinge, IgG4 hinge with C→A substitutions, or IgG4 hinge-CH2-CH3 with L235E and 

N297Q substitutions to prevent binding to Fc receptors encountered in vivo (Jonnalagadda et 

al., 2015); the CD28 transmembrane domain; the 4-1BB cytosolic domain or the CD28 cytosolic 

tail with GG mutations that enhance CAR surface expression (Nguyen et al., 2003), with or 

without additional P208/211/212A and Y191F substitutions that prevent CD28 signal 

transduction (Moeller et al., 2004); and the CD3ζ cytosolic domain or corresponding version with 

Y→F substitutions in all three ITAM motifs to prevent CD3ζ signaling via ZAP70 binding (Zhao 

et al., 2009). The scFv-less CAR was similarly constructed, except with no N-terminal scFv 

domain. CAR constructs are directly fused to mCherry or linked by the T2A peptide to a 

truncated epidermal growth factor receptor (EGFRt), a transduction marker that also facilitates 

sorting of CAR-expressing cells (Wang et al., 2011).  

 

Cell lines 

Jurkat Clone E6-1 cells were obtained from ATCC. EGFP NFAT reporter Jurkats and JCaM2.5 

were a gift from Dr. Arthur Weiss (University of California, San Francisco). Jurkat cell lines were 

maintained in complete RPMI (RPMI1640 (Lonza) + 10% heat-inactivated FBS (HI-FBS, 

Gibco)). HEK293T cells (ATCC) were cultured in DMEM (HyClone) + 10% HI-FBS. TGF-β CAR 

Jurkat lines were generated with lentiviral transduction followed by fluorescence-activated 
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sorting (FACS) using the FACSAria (II) at the UCLA Flow Cytometry Core Facility. Lentivirus 

was produced using HEK293T cells as previously described (Zah et al., 2016). 

 

Generation of CAR-expressing primary human T cells 

CD4+ T cells were isolated from healthy donor whole blood obtained from the UCLA Blood and 

Platelet Center. T-cells stimulated with CD3/CD28 Dynabeads (Thermo Fisher Scientific) at a 

1:1 cell:bead ratio for 2 days were transduced with lentivirus at a multiplicity of infection of 1.5–

3. T cells were cultured in complete RPMI and fed 50 U/ml IL-2 (Thermo Fisher Scientific) and 1 

ng/ml IL-15 (Miltenyi Biotec) every 2 to 3 days. Dynabeads were removed after 9 days of 

culture. Transduced cells were enriched by magnetic bead-based sorting (Miltenyi Biotec) and 

continued to be cultured with IL-2/IL-15 supplementation every 2 to 3 days. 

 

Western blots 

For CAR expression analysis, harvested cells were treated with 1 mg/mL tunicamycin (MP 

Biomedicals) overnight. Two million cells were lysed in 35 µL of lysis buffer containing RIPA 

buffer (1% Igepal CA-630, 0.1% SDS, 0.5% sodium deoxycholate, with protease and 

phosphatase inhibitor) supplemented with 0.5 mM phenylmethanesulfonylfluoride (PMSF) for 45 

min on ice. Centrifuged cell lysate was collected and mixed with Bolt LDS sample buffer 

(Thermo Fisher Scientific) containing 5% β-mercaptoethanol (Sigma-Aldrich) and heated at 

70°C for 10 min. Protein separation was performed by SDS-PAGE with pre-cast 4-12% Bis-Tris 

gels (Thermo Fisher Scientific). Gels were transferred to nitrocellulose membranes using the 

iBlot gel transfer system (Invitrogen). Membranes were either blocked with 1% bovine serum 

albumin in TBS-T (50 mM Tris, 150 mM NaCl, 0.05% Tween 20) for 1 hour and then probed 

with antibodies using the SNAP i.d. 2.0 Protein Detection system (Millipore), or blocked with 5% 

bovine serum albumin in TBS-T for 1 hour and then probed with antibodies overnight. Primary 

antibody for CD3ζ (#551034, BD Biosciences) and HRP-conjugated GAPDH (clone GAPDH 
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71.1, Sigma-Aldrich), as well as HRP-conjugated anti-mouse secondary antibody (Jackson 

ImmunoResearch) were used. Membranes were treated with SuperSignal West Dura Extended 

Substrate (Thermo Fisher Scientific) and imaged using the ChemiDoc XRS+ System (Bio-Rad).  

 

Flow cytometry and antibody staining 

Unless otherwise specified, flow cytometry in this study was performed with a MACSQuant VYB 

cytometer (Miltenyi Biotec). T-cells were assessed for surface presentation of epitopes using 

fluorescently labeled monoclonal antibodies for DYKDDDDK (clone L5, BioLegend; or #130-

191-571, Miltenyi Biotec).  

 

T-cell expansion assays 

T cells (unstained or stained with 0.5 μM CellTrace Violet (CTV; Thermo Fisher Scientific)) were 

seeded at 5 x 104 cells/2 mL/well in 24-well plates with 3.5 × 105 γ-irradiated (80 Gy) TM-LCLs 

stained with 0.2 μM CellTrace CFSE (Thermo Fisher Scientific). Cultures were supplemented 

every 2 days with 50 U/ml IL-2 and 1 ng/ml IL-15, with or without 5 ng/mL TGF-β Every 3 or 4 

days, wells were supplemented with 50 μL to 180 μL of complete media to compensate for 

evaporation, and 50 μL aliquots of resuspended cultures were removed for propidium iodide 

(Thermo Fisher Scientific) staining and viable T-cell quantification by flow cytometry. 

 

Cytokine production quantification 

To assess T-cell cytokine production, T cells were incubated at 105 cells/100 μL media/well in 

96-well U-bottom plates in the presence or absence of 5 ng/mL TGF-β for 24 hours. Cytokine 

production in culture supernatant was measured with the BD Cytometric Bead Array Human 

Th1/Th2 Cytokine Kit II (BD Biosciences) according to manufacturer’s instructions. Results were 

collected by flow cytometry and analyzed using the FCAP Array v3.0.1 software (BD 

Biosciences). For intracellular cytokine staining, T cells were incubated at 105 cells/100 μL 
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media/well in 96-well plates in the presence of 5 μg/mL Brefeldin A (BioLegend) and indicated 

levels of TGF-β for 24 hours. Cells were fixed with 1.5% formaldehyde; permeabilized with ice-

cold methanol; stained with antibody binding to TNF-α (clone Mab11), IFN-γ (clone 4S.B3), and 

IL-2 (clone MQ1-17H12) (all from BioLegend); and assessed by flow cytometry. 

 

NFAT reporter assays 

NFAT EGFP reporter Jurkats with indicated constructs were seeded at 5–10 x 104 cells/100 

μL/well in triplicate in 96-well plates, with indicated levels of human TGF-β. Reporter induction 

was assessed by flow cytometry after 8 hours at 37°C. For the variable cell-density assay, 

serially diluted cell mixtures were prepared and seeded in 100 μL in 96-well flat-bottom plates, 

with or without 5 ng/mL TGF-β. Additional wells at each dilution were counted by flow cytometry 

immediately after seeding to measure the exact cell densities. After 8 hours at 37°C, reporter 

induction was assessed by flow cytometry. Because of low cell numbers at the lower cell density 

conditions, wells were combined to accumulate a minimum event count of 1500/sample to 

quantify reporter induction metrics. Each replicate was a combined 16 wells for seeding at 5.9 x 

102, 1.6 x 103, and 2.7 x 103 cells/cm2; 8 wells for seeding at 6.2 x 103 cells/cm2; 4 wells for 

seeding at 1.3 x 104 cells/cm2; and 1 well for seeding at 3.5 x 104 and 9.1 x 104 cells/cm2. 

Brightfield snapshots of cells seeded at each density were acquired with a Zeiss Axio Observer 

Z1 microscope and a 10x objective. 

 

Confocal microscopy 

Scanning confocal imaging was acquired with a Nikon Ti-E equipped with C2 laser LED 

excitation and a Nikon Apo 60x 1.4 NA oil objective to observe cells in 50 μL volumes in 48-well 

glass-bottom plates. To assess Ca2+ flux, cells were loaded with 10 μM Fluo-4 AM (Thermo 

Fisher Scientific) in PBS for 20 min at room temperature and images were acquired with a 488 

nm laser and a 525/50 emission filter. The subcellular distribution of mCherry-tagged CARs was 
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imaged with a 561 nm laser and a 600/50 emission filter. For time-lapse experiments, 0.5 μL 5 

ng/μL TGF-β was applied to the edge of the well after cells had settled, and images were 

acquired near the center of the well every 10 or 20 seconds. For single time-point experiments, 

images were acquired 15 min after applying 50 ng/mL TGF-β. When applicable, latrunculin A 

(EMD Millipore) or cytochalasin D (Fisher Scientific) were applied at 10 μM 15 min before image 

acquisition. For microscopy of ZAP70, cells were incubated with or without 50 ng/mL TGF-β for 

15 min, fixed and permeabilized with 4% paraformaldehyde and 0.1% Triton X-100, stained with 

Alexa Fluor 488-conjugated ZAP70 antibody (clone IE7.2, Thermo Fisher Scientific), and 

imaged with a 488 nm laser and a 525/50 emission filter. In all cases, 16-bit images were 

acquired using NIS Elements 4.2 and maximum cutoffs and colorization were set using Fiji 

(Schindelin et al., 2012). 

 

Statistical analyses 

Statistical tests were performed in Excel and R 3.3.2. Student’s t tests with unequal variances 

were used to compare continuous variables between two groups, with the Sidak correction for 

multiple comparisons. All tests were two-tailed with a hypothesis-specific family alpha level of 

0.05. 
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Chapter 5. Programming Mammalian Cell Responses to Soluble 

Extracellular Ligands with Mechanosensative Receptors 

 

ABSTRACT 

Soluble extracellular factors communicate key information regarding physiological states. The 

ability to program the response of cell-based therapies to such cues will help realize the promise 

of cell therapies as a powerful strategy to treat a variety of diseases. Here, we establish a 

framework for utilizing the chimeric antigen receptor (CAR) to sense soluble ligand. We find that 

ligands that bridge two receptors at the cell surface trigger synthetic receptor signaling. 

Weakening the mechanical integrity of the ligand reduces the ability of dimeric ligand to activate 

CARs, supporting a force-transmission model of CAR triggering. We further demonstrate that 

soluble dimerizing ligands can trigger synthetic Notch receptors, which also rely on a 

mechanosensitive mechanism to activate. Our results highlight that proteins that respond to 

mechanical forces serve as suitable chassis for establishing biochemically modular platforms to 

engineer receptors to respond to ligands of choice. 

 

 

INTRODUCTION 

The ability to predictably rewire cell signal transduction has paved the way for engineering 

complex reporters to study biology and design cell-based therapies (Fischbach et al., 2013; 

Lienert et al., 2014; Mathur et al., 2017). The synthetic notch receptor (synNotch) and chimeric 

antigen receptor (CAR) platforms have been established for engineering cell responses to 

immobilized extracellular targets, with the CAR being successfully translated to target cancers in 

the clinic (Davila et al., 2014; Lee et al., 2015; Maude et al., 2014; Morsut et al., 2016; Sadelain 

et al., 2013; Turtle et al., 2016). Recent progress has been made toward engineering cells to 
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respond to soluble extracellular ligands using a “modular extracellular sensor architecture” 

(MESA) that relies on ligand-mediated dimerization and proteolytic cleavage (Schwarz et al., 

2016); however, additional work is needed to demonstrate the system can function beyond 

transiently expressed contexts and reduce the amount of optimization needed to generate a 

functional system. 

Building upon past work where T-cell receptors and CARs have been shown to respond 

to soluble antibodies and dimeric peptide-MHCs (Abastado et al., 1995; Appel et al., 2000; 

Casares et al., 1999; Cochran et al., 2000), we engineered the first CAR to target a soluble 

ligand, TGF-β. We found that the TGF-β CAR rewired the T-cell response to TGF-β, converting 

the immunosuppressive cytokine to an immunostimulatory molecule that triggered anti-tumor T-

cell effector functions (Chapters 3 and 4). Given the marked rewiring of T-cell responses 

achieved by the TGF-β–binding CAR, we sought to establish whether synthetic 

immunoreceptors may serve as a general platform for rewiring immune-cell responses to 

soluble ligands. Using a model system employing GFP-binding CARs coupled with various GFP 

ligands, we find that CARs may potentially be used to engineer cell responses to diverse ligands 

so long as the ligand bridges two synthetic immunoreceptors. We further demonstrate that these 

principles extend to the application of synNotch receptors to target soluble ligands. The results 

show ligand-mediated bridging of receptors provides sufficient tension to trigger 

mechanosensitive receptors. Because force transduction relies on mechanical integrity and 

allows a diverse array of biochemical properties, mechanosensitive receptors in general may 

serve as amenable chassis for developing synthetic biology platforms to engineer cell signaling. 

 

RESULTS 

TGF-β activates the TGF-β CAR when binding to two receptors 

To elucidate requirements for using CARs to sense soluble ligands, we first examined the TGF-

β–binding CAR that we previously demonstrated to respond to soluble TGF-β (Chapters 3 and 4 
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of this dissertation). We observed that the NFAT signaling response of TGF-β CAR Jurkat cells 

was not monotonic, but rather, decreased at very high TGF-β levels (Figure 5.1A). This does not 

match the saturating monotonic curve predicted with biochemical modeling that assumes all 

ligand-bound receptors or receptors singly-bound to TGF-β are active, but suggests that only 

those ligands bound to two receptors trigger receptor activation (Figure 5.1B; see Methods for 

modeling details). Thus, the dimeric nature of TGF-β may be critical for CAR activation.  

 
Figure 5.1. The TGF-β CAR dose-response curve form is consistent with a model where ligand-
dimerized receptors are signaling productive. (A) The TGF-β dose response of an EGFP NFAT 
signaling reporter in a Jurkat line expressing the TGF-β CAR. Averages of triplicates are shown 
with error bars representing ± 1 standard deviation (SD) (B) Biochemical modeling predicts 
different dose-response behaviors depending on which receptor states are considered to be 
active: (i) all ligand-bound receptors are considered to be active, (ii) single-receptor/ligand 
complexes are considered active, and (iii) ligand-dimerized receptors considered to be active 
(right).  
 

Ligands that dimerize CARs at the cell surface trigger CAR activation 

To test the importance of the dimeric nature of the ligand in a well-controlled fashion, we 

developed a GFP CAR model system with a GFP-binding CAR and two soluble ligands, 

monomeric superfolder GFP and covalently dimerized superfolder GFP linked by a disulfide 

bond introduced by a D117C substitution (Figure 5.2A) (Leibly et al., 2015). Size-exclusion 
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chromatography was used to confirm that the GFP ligands ran separately as monomers or 

dimers (Figure 5.2B). The GFP CAR, which has a GFP-binding nanobody as its extracellular 

domain, was observed to exist as a mix of monomers and dimers (Figure 5.2C).  

 
Figure 5.2. The GFP CAR model system demonstrates that CARs can respond to dimeric 
soluble ligand. (A) The GFP CAR model system consists of a GFP-binding CAR and two 
ligands—a single GFP and GFP that is covalently dimerized at a cysteine introduced at position 
117.(B) Size-exclusion chromatography shows the two ligands run at distinct sizes. The 
monomeric GFP runs similarly to tobacco etch virus protease (TEVp), which is of similar 
molecular weight. (C) Reducing and non-reducing western blots of (i) parental Jurkat cells and 
(ii) GFP CAR-expressing Jurkat cells. Green arrows point at the monomeric (M) and dimeric (D) 
CAR molecular weights. Black arrowheads indicate the molecular weights for endogenous 
dimeric and monomeric CD3ζ chains. (D) GFP CAR-expressing Jurkat cells upregulate CD69 in 
response to dimeric GFP. Averages of triplicates are shown with error bars representing ± 1 SD. 
(E) Dimeric GFP triggers Ca2+ flux in GFP CAR-Jurkat cells in a cell-contact–independent 
manner. Scale bar denotes 10 μm. 
 

We found that GFP CAR-expressing Jurkat cells were activated by the dimeric ligand, 

but not the monomeric one (Figure 5.2D). Dimeric GFP could conceivably bridge GFP CARs on 

separate cells in trans, thereby activating cells in a cell-contact–dependent manner. To confirm 

whether the dimeric ligand triggers CAR activation by binding receptor pairs on the same cell, 

we observed GFP CAR Jurkat cells under the microscope. We found that upon addition of 

dimeric ligand, Ca2+ influx occurred in cells that never came into contact with another cell 
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(Figure 5.1D), supporting that cell-contact–independent activation can occur and the dimeric 

ligand can activate CARs by binding them in cis. Additionally, we confirmed that binding of 

monomeric ligand does not activate the GFP CAR Jurkat cells (Figure 5.S1), further supporting 

that the dimeric feature of the ligand is critical to activate a CAR. 

We further tested whether monomeric GFP might activate Jurkat cells expressing two 

GFP-binding CARs that can concomitantly bind GFP at separate epitopes. In this way, 

monomeric GFP also serves as a dimerizing ligand that brings together GFP CAR #1 and GFP 

CAR #2 (Figure 5.3A). To accommodate the second GFP-binding CAR, the ligand was switched 

to EGFP. We found that EGFP exposure activated dual CAR Jurkat cells but not Jurkat cells 

expressing either of the GFP-binding CARs individually (Figure 5.3B-C). Thus, T-cells can be 

engineered to respond to any ligand as long as two appropriate ligand-binding domains can be 

identified to simultaneously bind different epitopes on the ligand. 

 
Figure 5.3. Paired GFP CARs can respond to monomeric GFP. (A) Two GFP CARs have GFP-
binding domains that can simultaneously bind monomeric GFP at distinct epitopes. (B) Only 
Jurkats expressing both GFP CARs upregulate CD69 in response to monomeric GFP. Averages 
of triplicates are shown with error bars representing ± 1 SD. (C) Monomeric GFP triggers Ca2+ 
flux in GFP CAR-Jurkats in a cell-contact–independent manner. Scale bar denotes 10 μm. 
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Figure 5.4. Mechanically fragile GFP ligands do not consistently trigger CAR activation. (A) A 
fragile GFP ligand was constructed by fusing GFP to one half of a leucine zipper domain. (B) 
Size-exclusion chromatography of the fragile GFP ligand shows that roughly half of the ligand 
solution is dimeric. (C) Microscopy of Ca2+ flux demonstrates that the fragile ligand unreliably 
triggers GFP CAR Jurkat cells. Scale bar denotes 10 μm. 
 
 

CARs rely on tensile force for activation 

While dimerizing ligand is critical for CAR activation, CAR dimerization itself does not activate 

CARs since CARs exist naturally as a mix of monomers and dimers in the basal state (Figure 

5.2C). Rather, we hypothesize that CARs are activated when dimerizing ligand bridges two 

receptors at the cell surface, introducing a tension force that tugs at each of the receptors, 

releasing the membrane-associated intracellular domain to become accessible to kinases and 
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down-stream binding proteins in T-cell activation signal transduction. To test the importance of 

force transmission in the mechanism of receptor triggering, we constructed a “fragile” dimeric 

GFP ligand that is held together by a leucine zipper and exists in an equilibrium of roughly half 

dimeric and half monomeric species (Figure 5.4AB). We compared the ability of this species to 

trigger GFP CAR activation in comparison to a mixture of monomeric GFP and covalently 

dimeric GFP. Under a microscope, we observed that the fragile ligand was not as capable at 

activating GFP CAR Jurkat cells, suggesting that the ligand inability to withstand tensile forces 

reduces its ability to activate CARs (Figure 5.4C). Thus, dimerization-induced activation of 

CARs is dependent on forces generated by the dimerization event, with the forces likely 

generating conformation changes that permit signal transduction (Figure 5.5). 

 
Figure 5.5. Mechanistic model of CAR-response to soluble ligand. GFP CARs that bind (A) 
dimeric ligand or (B) monomeric ligand at distinct sites can be bridged by the ligand, causing 
CAR intracellular domains to dissociate from plasma membranes and become signaling 
productive. 
 

Synthetic Notch receptors can respond to soluble ligands 

Notch receptors are well known to initiate signal transduction in response to mechanical forces. 

Notch ligands (e.g., Delta) on an adjacent cell bind and tug on the Notch extracellular domain, 



126 
 

exposing proteolytic sites that are cut to release the Notch intracellular domain to traffic to the 

cell nucleus and transcribe genes (Gordon et al., 2015; Kopan and Ilagan, 2009). The Notch 

core domain have been shown to be sufficient to elicit this signaling behavior, with the 

engineering of synthetic Notch (synNotch) receptors that have replaced both the extracellular 

binding domain and the intracellular transcription factor to alternatives of choice (Morsut et al., 

2016), allowing for modular construction of receptors that upregulate gene expression in 

response to immobilized ligands of choice (Figure 5.6A). 

Because soluble dimerizing ligands are capable of providing forces that can trigger 

CARs, we tested whether soluble dimerizing ligands can activate synNotch receptors, which 

would provide a method to engineer signaling responses to soluble factors in both immune and 

non-immune cells. We introduced TGF-β–binding synNotch receptors into both HEK293T and 

Jurkat cells that carried a cognate reporter and observed changes in fluorescent protein 

production in response to TGF-β, showing that synNotch is capable of sensing soluble ligand 

(Figure 5.6BC).  

 

 
Figure 5.6. SynNotch receptors can respond to dimerizing ligand, such as TGF-β. (A) Several 
components make up the synNotch receptor. scFv, single-chain variable fragment; TF, 
transcription factor. (B) HEK293Ts expressing the TGF-β synNotch receptor with the EGF-like 
extracellular spacer upregulate Venus in response to TGF-β. (C) Jurkat cells expressing the 
TGF-β synNotch also upregulate Venus in response to TGF-β. 
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DISCUSSION 

In our study, we have demonstrated that CARs can be activated by soluble ligands that bridge 

two CARs, thereby providing a source of tensile force. This can occur with the expression of a 

single CAR that binds to two identical epitopes on a dimeric ligand, or the expression of two 

different CARs that can concurrently bind distinct epitopes on any mechanically sound ligand of 

choice. A similar set of rules were discovered to apply to the use of synNotch receptors to 

detect soluble ligands. Together, these methods allow the engineering of mammalian cell 

responses to synthetic and native soluble extracellular ligands. 

Our work supports a model where CARs are activated by mechanical forces generated 

by the binding of the CAR extracellular domain to its ligand. The intracellular domains of both 

the CD28 and CD3z receptors have been demonstrated to associate with the inner leaflet of the 

plasma membrane and become released to signal upon ligand binding (Dobbins et al., 2016; 

Zhang et al., 2011). Forces that tug on the CAR can similarly release the CAR intracellular 

domain to become signaling productive (Chang and Chen, 2017 in press). The source of forces 

that activate CARs can be provided by soluble ligand-mediated CAR dimerization, as we’ve 

demonstrated here, or by the binding of the CAR to immobilized ligands on target cells, as is the 

case for typical CAR applications in targeting tumor cells. While our evidence supports that a 

mechanical force serves as the initiator of receptor signaling, further biophysical studies are 

needed to elucidate exactly how forces cause CAR intracellular domains to change 

conformation into signaling-productive states. After the conformational changes have occurred, 

receptor phosphorylation is thought to introduce negative charges that lock the receptor in the 

activated state and prevent re-association with the plasma membrane (Figure 5.6, right panels). 

A major strength of the CAR platform is its modularity, with diverse structures having 

been employed as the antigen-binding domain to direct T cells to targets of choice (Sadelain et 

al., 2013). A model for CAR triggering that relies on mechanical strain is particularly attractive 

because it provides an explanation for why this receptor architecture has been so conducive to 
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modular engineering. A force-transmission model is independent of any specific biochemical 

properties or shapes of the extracellular ligand-binding domain, only requiring that the 

extracellular domain be mechanically sound enough to mediate tension forces to the 

intracellular signaling domains. Indeed, the Notch receptor, which also relies on mechanical 

force for signal transduction, has also been used to engineer signal transduction in a modular 

fashion, and we have demonstrated that the synNotch platform also responds to soluble 

dimerizing ligands. Together, the CAR and synNotch platforms suggest that mechanosensative 

mechanisms, due to their independence from specific biochemical properties or shapes, are 

particularly amenable to being co-opted in synthetic biology to construct new programmed 

signaling behaviors. 

 

 

SUPPLEMENTAL FIGURE 

 
Figure 5.S1. Monomeric GFP does not triggers Ca2+ flux in GFP CAR-Jurkats. Scale bar 
denotes 10 μm. 
 
 
 

 

METHODS 

DNA constructs 

GFP-binding nanobody in GFP CAR #1 was synthesized (Integrated DNA Technologies) based 

on a previously reported amino acid sequence (Kirchhofer et al., 2010), and a second GFP-

binding nanobody used in GFP CAR #2 is taken from pCAG-p65AD-GBP6, a gift from Connie 

Cepko (Addgene plasmid #49440). The anti-TGF-β scFv was constructed by identifying the 
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variable regions in the heavy and light chains (VH and VL, respectively) of TGF-β–binding 

antibodies and synthesizing gene fragments with the VH-(G4S)3-VL architecture (Integrated DNA 

Technologies). Plasmids containing the tTA transcription factor and TRE3G, a tTA cognate 

promoter, were gifts from Pamela Silver (Harvard Medical School). GFP and TGF-β CAR 

plasmids were constructed by isothermal assembly using gene fragments encoding either of the 

GFP nanobodies or the TGF-β–binding scFv; the IgG4 hinge; the CD28 transmembrane 

domain; the CD28 cytosolic tail with GG mutations that enhance CAR surface expression 

(Nguyen et al., 2003); and the CD3ζ cytosolic domain. CAR constructs are directly fused to 

mCherry or linked by the T2A peptide to a truncated epidermal growth factor receptor (EGFRt), 

a transduction marker that also facilitates sorting of CAR-expressing cells (Wang et al., 2011). 

SynNotch receptor plasmids were constructed by isothermal assembly using gene fragments 

encoding either of the GFP nanobodies or the TGF-β–binding scFv; human Notch amino acids 

1390–1762 or 1427–1762; and the tTA transcription factor. 

 

Cell lines 

Jurkat Clone E6-1 cells were obtained from ATCC. EGFP NFAT reporter Jurkats were a gift 

from Dr. Arthur Weiss (University of California, San Francisco). Jurkat cell lines were maintained 

in complete RPMI (RPMI1640 (Lonza) + 10% heat-inactivated FBS (HI-FBS, Gibco)). HEK293T 

cells (ATCC) were cultured in DMEM (HyClone) + 10% HI-FBS. Cell lines carrying a CAR, 

synNotch receptor, and/or tTA transcriptional reporter were generated with lentiviral 

transduction followed by fluorescence-activated sorting (FACS) using the FACSAria (II) at the 

UCLA Flow Cytometry Core Facility. Lentivirus was produced using HEK293T cells as 

previously described (Zah et al., 2016). 

 

Flow cytometry and antibody staining 
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Unless otherwise specified, flow cytometry in this study was performed with a MACSQuant VYB 

cytometer (Miltenyi Biotec). Jurkat T-cells were assessed for surface presentation of epitopes 

using fluorescently labeled monoclonal antibodies for CD69 (clone FN50, BioLegend).  

 

NFAT reporter assays 

NFAT EGFP reporter Jurkats with indicated constructs were seeded at 5–10 x 104 cells/100 

μL/well in triplicate in 96-well plates, with indicated levels of human TGF-β. Reporter induction 

was assessed by flow cytometry after 8 hours at 37°C.  

 

Protein purification and size-exclusion chromatography 

Monomeric superfolder GFP and covalently-linked dimeric superfolder GFP (D117C) ligands 

were a gift from Todd Yeates (University of California, Los Angeles) and previously described 

(Leibly et al., 2015). EGFP and fragile dimeric EGFP were expressed from the pET-28α vector 

with an N-terminal cleavable His6 tag in BL21-DE3 Escherichia coli. Cultures were grown until 

an OD600
 of 0.6, then induced with 1 mM IPTG at room temperature overnight. Cells were 

harvested at 5000 x g for 30 min at 4°C, then stored at -80°C until purification. Protein 

purification was performed as previously described, using Ni-nitrilotriacetic 

Acid agarose beads to bind His6-tagged proteins, then tobacco etch virus protease to remove 

the tag (Leibly et al., 2015). Proteins were subsequently analyzed at the UCLA Protein 

Expression Technology Center with an EnRich 650 sec size-exclusion column (Bio-Rad) on a 

Bio-Rad DuoFlow system with an injection volume of 350 μL and a flow rate of 0.75 mL/min. 

Areas under the size-exclusion chromatography traces were calculated numerically using 0.2 s 

steps. 

 

Confocal microscopy 
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Scanning confocal imaging was acquired with a Nikon Ti-E equipped with C2 laser LED 

excitation and a Nikon Apo 60x 1.4 NA oil objective to observe cells in 50 μL volumes in 48-well 

glass-bottom plates. To assess Ca2+ flux, cells were loaded with 10 μM Fluo-4 AM (Thermo 

Fisher Scientific) in PBS for 20 min at room temperature and images were acquired with a 488 

nm laser and a 525/50 emission filter. Time-lapse experiments were carried out by applying 1 

μL of the 100 ng/μL solutions of the indicated ligand to the edge of the well after cells had 

settled, and images were acquired near the center of the well every 20 seconds. In all cases, 

16-bit images were acquired using NIS Elements 4.2 and maximum cutoffs and colorization 

were set using Fiji (Schindelin et al., 2012). 

 

Biochemical modeling 

Receptors were considered to be in one of three states: R, RL, and R2L, representing the 

unbound, singly bound, and dually bound species. We defined activation to be the number of 

activated receptors over the total number of receptors to arrive at three possible expressions for 

activation: 

Activation =   , Activation =   , Activation =   

Two reactions were considered: 

 +   ↔  , with equilibrium constant  

 +   ↔  , with equilibrium constant  

Applying the law of mass action and taking the total receptor number of receptors as generally 

constant ( ), we arrive at three independent relations: 

=  
 × 

, =  
 × 

, and  +   +   ≈  

With three relations and four variables, we can simplify the three activation expressions to 

functions of one variable, the ligand concentration: 
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Activation =  1 +
1 + −  (1 + ) + 8

4
 

Activation =  
−1 − +  (1 + ) + 8

4
 

Activation = 1 +
(1 + )
4

− 1 +
(1 + )
4

− 1 

Sample plots of each of these expressions are generated with Wolfram Alpha where all 

parameters are taken to be unity, and shown in Figure 5.1B. 

 

Western blots 

For CAR expression analysis, harvested cells were treated with 1 mg/mL tunicamycin (MP 

Biomedicals) overnight. Two million cells were lysed in 35 µL of lysis buffer containing RIPA 

buffer (1% Igepal CA-630, 0.1% SDS, 0.5% sodium deoxycholate, with protease and 

phosphatase inhibitor) supplemented with 0.5 mM phenylmethanesulfonylfluoride (PMSF) for 45 

min on ice. Centrifuged cell lysate was collected and mixed with Bolt LDS sample buffer 

(Thermo Fisher Scientific) containing 5% β-mercaptoethanol (Sigma-Aldrich) and heated at 

70°C for 10 min. Protein separation was performed by SDS-PAGE with pre-cast 4-12% Bis-Tris 

gels (Thermo Fisher Scientific). Gels were transferred to nitrocellulose membranes using the 

iBlot gel transfer system (Invitrogen). Membranes were either blocked with 1% bovine serum 

albumin in TBS-T (50 mM Tris, 150 mM NaCl, 0.05% Tween 20) for 1 hour and then probed 

with antibodies using the SNAP i.d. 2.0 Protein Detection system (Millipore), or blocked with 5% 

bovine serum albumin in TBS-T for 1 hour and then probed with antibodies overnight. Primary 

antibody for CD3ζ (#551034, BD Biosciences) and HRP-conjugated GAPDH (clone GAPDH 

71.1, Sigma-Aldrich), as well as HRP-conjugated anti-mouse secondary antibody (Jackson 

ImmunoResearch) were used. Membranes were treated with SuperSignal West Dura Extended 

Substrate (Thermo Fisher Scientific) and imaged using the ChemiDoc XRS+ System (Bio-Rad).  
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Chapter 6. Summary and Future Work 

 

SUMMARY 

Chimeric antigen receptors (CARs) are synthetic immunoreceptors capable of redirecting 

immune cells to specified target epitopes. In Chapter 2 of this dissertation, we showed that the 

stimulation of these unnatural fusion receptors yielded a previously unreported bifurcation in the 

CAR-T cell population into two populations, one highly functional and the other defective in 

exerting effector functions (Chang et al., 2015). Potentially, this bifurcation arises from the 

unnatural fixed dosing of CD3ζ and costimulatory domains hard-coded into CARs, since the 

relative abundance of T-cell stimulation and costimulation needed for proper T-cell activation 

has been suggested to vary according to the extent of absolute T-cell stimulation (Acuto and 

Michel, 2003).  

In Chapter 3, we demonstrated that a TGF-β–binding CAR can rewire the way T cells 

respond to the immunosuppressive cytokine TGF-β, converting an immunosuppressive stimulus 

into an immunostimulatory one. This CAR, the first intended to target a soluble factor, may 

serve as a prototype for future efforts to rewire immune cell responses to soluble extracellular 

stimuli. To facilitate such efforts, in Chapters 4 and 5, we explored the mechanism by which the 

TGF-β CAR is activated, and established initial guidelines for engineering CARs to respond to 

soluble ligands. In Chapter 4, we showed that TGF-β can link CARs in both cis and trans to 

induce CAR activation in cell-contact–independent and –dependent manners, that the TGF-β 

CAR formed signaling microclusters in a manner dependent on actin polymerization but 

independent of the myosin motor protein or T-cell activation signaling, and that the extracellular 

spacer provided a handle on tuning the sensitivity and signaling strength of the TGF-β CAR. In 

Chapter 5, we established that ligand-mediated CAR dimerization triggers CAR activation and 

that the forces generated by a dimerizing ligand are sufficient to trigger the activation of 
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synthetic Notch (synNotch) receptors, casting synNotch receptors as sensors for soluble ligands 

in addition to their previously established role in sensing immobilized ligands.  

 

FUTURE WORK 

Establishing the pre-clinical utility of the TGF-β CAR 

In our in vivo experiments, we employed immunocompromised mice, as is typical in the CAR-T 

cell therapy field, to allow for the adoptive transfer of human T cells. Such systems differ sharply 

from the immune environment in the eventual human therapeutic context, and they offer limited 

insight into how CAR-T cells may interface with a patient’s endogenous immune components. 

However, the alternative—i.e., evaluating CARs in murine T cells adoptively transferred into 

immunocompetent mice—comes with the drawback that optimized murine CAR designs do not 

necessarily translate well to human T-cell performance. Nevertheless, one of the strengths of 

TGF-β CAR-T cells is a potential to protect neighboring immune cells from immunosuppressive 

influences, and additional work evaluating the TGF-β CAR in an immunocompetent model is 

needed to determine whether the TGF-β CAR demonstrates enough therapeutic promise to 

warrant testing in the clinic.  

 

Elucidating the mechanism of immunoreceptor microcluster formation 

Because we observed that the TGF-β CAR forms microclusters that recruit ZAP70 and the TCR 

literature casts microclusters as the minimal signaling unit for T-cell activation (Campi et al., 

2005; Hashimoto-Tane and Saito, 2016; Varma et al., 2006; Yokosuka et al., 2005), we suspect 

that CAR microcluster formation in response to soluble ligand is important for yielding 

productive T-cell activation. However, further work is needed to better understand how CAR 

microcluster formation relies on actin polymerization and prove that these microclusters are 

indeed functionally significant. We are currently exploring the importance of different CAR 

domains in permitting CAR microcluster formation, with the goal of establishing the exact 
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features that are necessary for CARs to form signaling microclusters. Such work may also, in 

turn, inform our understanding of the biology of natural T-cell and B-cell immunoreceptor 

clustering. We have also established a collaboration with the Bi-Chang Chen lab at the 

Academica Sinica to image the behavior of the TGF-β CAR and actin cytoskeleton at high time 

and special resolution. These experiments may further elucidate the interplay between TGF-β 

CARs and actin filaments in the process of microcluster formation. 

 

Establishing a role for mechanical forces in triggering CAR activation  

This dissertation highlights that CARs can respond to soluble ligands, demonstrating that an 

interface with a target cell is not necessary for CAR-mediated T-cell activation. Thus, T-cell 

activation mechanisms that rely on the formation of a cell-cell synapse, such as the exclusion of 

bulky phosphatases, are not necessary for CAR activation. Instead, our findings most strongly 

support a role for mechanical forces in triggering CAR activation, with our demonstration that 

ligand-mediated CAR dimerization can activate CARs. We suspect that any receptor-to-receptor 

proximity induced by CAR dimerization is not important because we observed that CARs can 

exist as a mix of monomers and dimers at rest and do not behave any differently than mutant 

versions that are only monomers at rest. We further confirmed that ligand-mediated receptor 

dimerization is capable of imposing force by showing that TGF-β–binding synNotch receptors 

are activated by TGF-β.  

Current and future work will provide additional support for the role of mechanical stress 

on CAR activation. First, we will determine if ligand-mediated dimerization of a signaling-

competent and signaling-incompetent CAR can cause CAR activation. If so, this would support 

that the mere structural presence of a ligand-bridged signaling-incompetent CAR is important for 

a signaling-competent CAR to be activated. Second, we will work with Kenneth Hu and Manish 

Butte to test whether imposing mechanical forces on CARs through the use of an atomic force 

microscope probe is sufficient to cause CAR-mediated T-cell activation.  
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Mechanosensative chassis in synthetic biology 

Finally, efforts are also underway to further establish the ability of using synNotch receptors to 

sense and respond to soluble extracellular stimuli using GFP-binding synNotch receptors paired 

with monomeric and dimeric ligands. If the mechanical force-mediated model of CAR activation 

holds after the further tests planned, the CAR platform will join the synNotch receptor platform 

as examples where biological systems that rely on mechanical force for signal transduction 

provide frameworks that are amenable to synthetic biology manipulations. Further research into 

mechanosensitive biology may identify additional chassis for building novel proteins with 

engineered functions. 
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Appendix: List of Constructs 

 

The following constructs were used in generating materials for the experiments in this 

dissertation. Individual plasmid maps for each construct can be found as identically named .sbd 

files on our lab server. 

 

Chapter 2 

pS098 CD19R-IgG4 hinge only-CD28 tm-CD28 gg-Zeta-T2A-EGFRt_epHIV7 

pYC0497 epHIV7 - PD-L1 

 

Chapter 3 

pS096 EGFP-ffluc_epHIV7 

pS098 CD19R-IgG4 hinge only-CD28 tm-CD28 gg-Zeta-T2A-EGFRt_epHIV7 

pYC0521 epHIV7-MKleader-FLAG-TGFb1 scFv (from metelimumab) 

pYC0522 epHIV7-MKleader-FLAG-panTGFb scFv 1 (from h2G7) 

pYC0523 epHIV7-MKleader-FLAG-panTGFb scFv 2 

pYC0587(pJ02904) CD20scFv-IgG4 Hinge-CH2(L235D, N297Q)-CH3-CD28tm-41BB-Zeta 

pYC0667 epHIV7 - MKleader - FLAG - pan-TGFb scFv2 - IgG4 hinge - CD28gg - Zeta(CO) - 

T2A – EGFRt 

pYC0742 epHIV7 – EGFRt 

pYC0744 epHIV7 - MKleader - FLAG - IgG4 hinge - CD28gg - Zeta(CO) - T2A - EGFRt 

pYC1018 epHIV7 - NYESO-1 TCR - T2A – EGFRt 

pYC1069 epHIV7 - FLAG - Dom-Neg TGFBR2tr - T2A - EGFRt 

pYC1400 epHIV7 - MKleader - FLAG - pan-TGFb scFv2 - IgG4 hinge - 

CD28ggY191F,P208to212A - Zeta YtoF ITAMs -T2A-EGFRt 
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Chapter 4 

pYC0667 epHIV7 - MKleader - FLAG - pan-TGFb scFv2 - IgG4 hinge - CD28gg - Zeta(CO) - 

T2A – EGFRt 

pYC1027 epHIV7 - MKleader - FLAG - pan-TGFb scFv2 - IgG4 hinge - CD28gg - Zeta(CO) – 

mCherry 

pYC1093 epHIV7 - MKleader - FLAG - pan-TGFb scFv2 - IgG4 L235E N297Q - CD28gg - 

Zeta(CO) - T2A - EGFRt 

pYC1380 epHIV7 - MKleader - FLAG - pan-TGFb scFv2 - IgG4 hinge CPPC to APPA - CD28gg 

- Zeta(CO) – mCherry 

 

Chapter 5 

pYC1227 epHIV7 - MKleader-FLAG-panTGFb scFv 2 - EGF-like domain - Notch core - Myc – 
tTA 

pYC1229 epHIV7 - MKleader-FLAG-panTGFb scFv 2 - Notch core - Myc - tTA 

pYC1232 epHIV7 - MKleader-FLAG-GBe-IgG4hinge-CD28gg-Zeta(CO)-T2A-EGFRt 

pYC1233 epHIV7 - MKleader-FLAG-GB6-IgG4hinge-CD28gg-Zeta(CO)-T2A-EGFRt 

pYC1272 pET-28a(+) - HisTag-tevG-EGFP 

pYC1273 pET-28a(+) - HisTag-tevG-DimerDomain-EGFP 




