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ABSTRACT OF THE THESIS 
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Against Immunosuppressive Tumors 

 

by 
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Master of Science in Bioengineering 

University of California, Los Angeles, 2016 

Professor Gerard C. L. Wong, Chair 

 

With the establishment of clinically effective adoptive T-cell therapy for metastatic cancer, 

efforts are growing to advance T-cell therapy for new indications, especially solid tumors. A 

major challenge, however, is that the antitumor activity of infused T cells can be suppressed by 

the cytokine transforming growth factor beta (TGFβ). To counteract TGFβ-mediated 

immunosuppression, a TGFβ-specific chimeric antigen receptor (TGFβ-CAR) was engineered 

and characterized in vitro. The TGFβ-CAR converted TGFβ from a suppressive signal to a 

stimulatory signal, enabling CD4+ and CD8+ T cells to overcome TGFβ-mediated dysfunction 

by blocking endogenous TGFβ signaling and triggering TGFβ-specific T-cell activation, Th1 

cytokine production, and robust proliferation. These properties suggest the TGFβ-CAR could be 
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incorporated into tumor-reactive T cells to boost antitumor activity. Alternatively, the TGFβ-

CAR could be a tool for robust T-cell expansion ex vivo. To our knowledge, this is the first CAR 

specifically designed to respond to a soluble antigen.  
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I.  INTRODUCTION 

Adoptive T-cell therapy is emerging as an effective salvage therapy for select cancers 

(Rosenberg and Restifo, 2015). With notable results in pretreated metastatic melanoma 

(Rosenberg et al., 2011) and refractory B-cell malignancies (Davila et al., 2014; Kochenderfer et 

al., 2015; Maude et al., 2014; Porter et al., 2015), effort is growing to advance this form of 

immunotherapy for new indications, especially solid malignancies (Klebanoff et al., 2016). A 

major challenge to T-cell therapy advancement, however, is that the antitumor activity of infused 

T cells can be inhibited by the highly immunosuppressive solid tumor microenvironment 

(Rabinovich et al., 2007). To overcome immunosuppression, a strategy of great interest is the use 

of synthetic biology to arm T cells to resist the inhibitory signals encountered in a tumor (Wu et 

al., 2015). This approach has yielded, for instance, T cells which express novel hybrid receptors 

to convert inhibitory ligands into costimulatory signals (Prosser et al., 2012), and T cells which 

constitutively or inducibly secrete stimulatory cytokines to offset tumor-generated suppressive 

factors (Heemskerk et al., 2008; Pegram et al., 2015; Zhang et al., 2015). The potential to 

significantly improve T-cell therapy by counteracting immunosuppression is clearly evidenced 

by the clinical potency of immune checkpoint inhibition in multiple diseases (Ansell et al., 2015; 

Hamid et al., 2013; Topalian et al., 2012), in which blockade of a single inhibitory pathway of 

antitumor T-cell function can dramatically improve patient response and survival. This thesis 

discusses a novel strategy for engineering T cells to overcome immunosuppression mediated by 

transforming growth factor beta (TGFβ). 
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TGFβ-1 is a 25-kDa homodimeric anti-inflammatory cytokine known to promote the 

progression of established tumors through numerous mechanisms (Ikushima and Miyazono, 

2010; Massague, 2008). Produced by tumor cells as well as many tumor-associated stromal and 

immune cells, TGFβ skews innate and adaptive immunity toward tumor-supportive functions 

(Pickup et al., 2013). In both CD4+ helper and CD8+ cytotoxic T cells, TGFβ impairs effector 

functions such as cell proliferation and Th1 cytokine production (Li and Flavell, 2008). TGFβ 

signaling occurs when latent TGFβ is processed from inactive to active form through removal of 

latency peptides. Active TGFβ subsequently binds to TGFβ receptors on T cells and restrains 

effector activities through downstream signaling mediated by phosphorylated SMAD proteins 

(Shi and Massague, 2003). To prevent TGFβ-mediated T-cell dysfunction in adoptive T-cell 

therapy, TGFβ inhibition through monoclonal antibodies, small molecule inhibitors, and RNA 

interference have been proposed (Akhurst and Hata, 2012). However, concerns with such non-

targeted strategies include not only nonspecific toxicities, but also the neutralization of some 

tumor-suppressive effects of TGFβ at early stages of tumorigenesis (Bierie and Moses, 2006). 

Inhibition of TGFβ signaling in a T-cell specific manner is thus a potentially superior strategy. 

Several reports have described T cells engineered to express a dominant-negative TGFβ 

receptor (DN TGFΒR). The DN TGFΒR is a truncated, nonsignaling TGFβ receptor II which 

acts as a TGFβ sink, reducing TGFβ interaction with endogenous TGFβ receptors (Gorelik and 

Flavell, 2001). TGFβ sequestration by decoy DN TGRBR results in reduced phosphorylation of 

downstream SMAD proteins, preventing TGFβ-mediated T-cell dysfunction (Quatromoni et al., 

2012). The DN TGFΒR also grants tumor-reactive T cells a superior ability to control the growth 

of TGFβ-expressing tumors in preclinical adoptive cell transfer models (Foster et al., 2008; 
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Zhang et al., 2013). For these reasons, the DN TGFΒR is a promising method for improving T-

cell therapy through T-cell–specific inhibition of TGFβ-mediated immunosuppression. Since 

TGFβ is a tumor-associated factor, engineering T cells to not only resist the suppressive effects 

of TGFβ but also to become activated and exhibit effector functions in response to TGFβ could 

possibly be even more therapeutically useful. 

The chimeric antigen receptor (CAR)—a synthetic transmembrane receptor in which an 

antigen-binding extracellular domain, typically derived from a monoclonal antibody, is fused to 

intracellular signaling domains including the CD3-ζ chain and costimulatory domains such as 

CD28 or 4-1BB—is a powerful tool for triggering T-cell activation and antitumor functions 

against tumor antigens of interest (Jensen and Riddell, 2015). A TGFβ-specific CAR could 

therefore be an attractive strategy for overcoming TGFβ-mediated immunosuppression. The 

challenge, however, is that TGFβ is soluble, and soluble antigens typically do not trigger CAR 

signaling and subsequent T-cell activation (Hombach et al., 1998; Hombach et al., 1999; Lanitis 

et al., 2012; Nolan et al., 1999). Recently a HERV-K-specific CAR was reported to trigger 

interferon-gamma (IFNγ) production via soluble antigen (Krishnamurthy et al., 2015). Though 

this experiment was performed at supraphysiological antigen concentrations, the result proved 

that in principal it is possible for CARs to be triggered by a soluble antigen. 

This thesis describes the development and in vitro characterization of a TGFβ-specific 

CAR (TGFβ-CAR). In brief, lentiviral vectors encoding TGFβ-CARs were assembled by 

standard molecular cloning techniques and used to stably integrate and constitutively express 

TGFβ-CARs in primary human CD4+ or CD8+ T cells. Like the DN TGFΒR, the TGFβ-CAR 
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blocks endogenous TGFβ signaling. However, in contrast to the DN TGFΒR, the TGFβ-CAR 

also triggers antigen-specific T-cell activation, strong proliferation, and Th1 cytokine production. 

TGFβ-CAR activity is dependent on TGFβ dosage, and manipulation of the CAR’s spacer 

domain modulates the functional profile of TGFβ-CAR T cells, providing a possible means for 

tuning CAR signaling. Though the mechanism by which the TGFβ-CAR works is still under 

investigation, spacer manipulation affects the role of CD28 costimulation in TGFβ-CAR activity. 

In summary, the TGFβ-CAR enables CD4+ and CD8+ T cells to effectively overcome TGFβ-

mediated T-cell dysfunction by converting TGFβ from an immunosuppressive signal to an 

immunostimulatory signal. The TGFβ-specific effector functions triggered by the TGFβ-CAR 

suggest that the TGFβ-CAR could be incorporated into tumor-reactive T cells as an accessory 

receptor for boosting antitumor activity in TGFβ-expressing tumors. The potent proliferative 

advantage conferred by the TGFβ-CAR suggests its alternative use as a tool for robust T-cell 

expansion ex vivo.  
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II.  PRODUCTION OF TGFβ-CAR T CELLS 

The TGFβ-CAR shares structural similarities with previously reported second-generation 

CARs (Sadelain et al., 2013). It is comprised, from N-terminus to C-terminus, of a TGFβ-

binding single-chain variable fragment (scFv), an extracellular spacer domain, and 

transmembrane and intracellular signaling domains derived from CD28 and CD3-ζ. CD28 

costimulation was previously reported to enhance T-cell resistance to TGFβ-mediated 

dysfunction (Koehler et al., 2007). Prior work in the Chen Laboratory had generated TGFβ-

binding scFv domains that block endogenous TGFβ signaling in human cells (unpublished 

results), and the scFv that achieved the most efficient TGFβ signal inhibition was chosen as the 

antigen-binding domain for the TGFβ-CAR. Using standard molecular cloning techniques, two 

TGFβ-CARs with different extracellular spacer lengths (long vs. short) were assembled. A third 

CAR variant, termed the scFv-less CAR, was constructed by eliminating the scFv domain from 

the short-spacer TGFβ-CAR and serves as a negative control for any TGFβ-independent effects 

that may result from the surface expression of CAR signaling domains. The FLAG epitope was 

incorporated into the extracellular domains of each construct to enable direct characterization of 

receptor surface expression by antibody staining.  

Short-spacer and long-spacer TGFβ-CAR, scFv-less CAR, and DN TGFΒR sequences 

were cloned into the third-generation lentiviral vector epHIV7 to encode constitutive expression 

of these constructs by the promoter EF1α. TGFβ-CAR cassettes were designed to co-express, via 

a T2A sequence, a truncated epidermal growth factor receptor (EGFRt), to provide a marker for 

transgenic T cells during cell sorting and in vitro experiments. For each construct to be 
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integrated, lentivirus was produced and titered.  Human CD4+ or CD8+ T cells were isolated 

from healthy donor peripheral blood obtained from the UCLA Blood and Platelet Center, and 

stimulated with CD3/CD28 Dynabeads (Life Technologies) and cytokines interleukin (IL)-2 and 

IL-15 in T-cell cell medium (RPMI-1640 medium (Lonza) supplemented with 10% heat-

inactivated fetal bovine serum (HI-FBS, Gibco)). Two days after isolation and activation, T cells 

were transduced with lentivirus encoding the short TGFβ-CAR, long TGFβ-CAR, scFv-less 

CAR, or DN TGFΒR at a multiplicity of infection (MOI) of 3. Transduced T cells were 

separated from Dynabeads on day 9 post-isolation and surface stained for EGFRt to assess 

transduction efficiency, which was typically >65% with TGFβ-CAR vectors (Figure 2.1). On day 

10, transduced T cells were sorted by magnetic beads for stably integrated EGFRt+ cells, a 

process that consistently yielded >95%-pure populations of cells with surface expression of 

TGFβ-CAR (Figure 2.2). Sorted cells were allowed to rest in culture for 2-3 days before use in 

experiments.  
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III.  TGFβ CAUSES T-CELL DYSFUNCTION IN VITRO 

To enable precise characterization of the impact of TGFβ-CAR signaling on primary 

human T cells, a series of experiments was first performed to identify the specific effects of 

TGFβ on T-cell function and establish a baseline for comparison. To confirm the negative impact 

of TGFβ on T-cell proliferation, cell expansion assays were conducted in which CD4+ or CD8+ 

T cells were stimulated with irradiated TM-LCL cells, IL-2, and IL-15 and monitored for cell 

growth in the presence or absence of 5 ng/ml recombinant human TGFβ-1 for at least one week. 

Both CD4+ and CD8+ T cells experienced severely impaired proliferation in the presence of 

TGFβ (Figure 3.1), consistent with previous findings (Li and Flavell, 2008).  To determine 

whether antigen-stimulated CAR-T cells also experienced TGFβ-mediated growth defects, a 

similar cell-expansion experiment was performed with CD8+ T cells expressing either a CD19- 

or CD20-specific second-generation CAR. Despite antigen-presentation by TM-LCL cells 

(which are CD19+ CD20+), CAR-T cells likewise had severely impaired proliferation in the 

presence of TGFβ (Figure 3.2). Given clinical observations that the efficacy of T-cell therapy 

correlates strongly with the proliferation of infused T cells (June et al., 2015), the susceptibility 

of T cells to severe growth suppression by TGFβ motivates the engineering TGFβ-CAR T cells 

to resist, and possibly reverse, this anti-proliferative effect of TGFβ.  

In addition to proliferation, T-cell activation, target-cell lysis, and Th1 cytokine 

production were examined for TGFβ-mediated defects in vitro. CD4+ or CD8+ T cells bearing 

the CD19-CAR were co-incubated with CD19+ Raji cells, with or without the addition of 

exogenous TGFβ. The presence of TGFβ did not appreciably alter surface expression of 
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activation markers CD25, CD69, or CD137 in CD4+ or CD8+ CD19-CAR T cells (Figure 3.3). 

To examine target-cell lysis, 4-hour killing assays were performed in which CD19-CAR T cells 

were co-incubated with Raji cells at an effector-to-target cell (E:T) ratio of 10:1. The presence of 

TGFβ during the 4-hour assay did not affect CAR-T cells’ lytic activity. Neither pre-incubation 

of CAR-T cells in TGFβ for 24 hours before the assay nor extension of the co-incubation to 20 

hours significantly affected target-cell lysis (Figure 3.4). Lack of observable cytolytic 

dysfunction was corroborated by the observation that TGFβ did not alter the release of lytic 

granules upon target-cell co-incubation, as indicated by the degranulation marker CD107a 

(Figure 3.5). In contrast to the lack of TGFβ-induced defects observed in activation marker 

expression or cytotoxicity, TGFβ appeared to induce a modest reduction in tumor necrosis factor 

alpha (TNFα) expression in CAR-T cells when co-incubated with target cells (Figure 3.6). 

However, production of other Th1 cytokines IFNγ and IL-2 appeared unaffected by TGFβ (data 

not shown). In summary, proliferation and TNFα production were identified as T-cell effector 

functions observably impaired by TGFβ in vitro. Reversal of these dysfunctions by engineering 

T cells to express a TGFβ-CAR would validate the potential utility of this strategy for 

counteracting TGFβ-mediated immunosuppression. 
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IV.  TGFβ-CAR REWIRES ENDOGENOUS TGFβ SIGNALING 

Characterization of TGFβ-CAR T-cell signaling in the presence of TGFβ revealed that 

the TGFβ-CAR rewires the downstream pathways activated by TGFβ. Since the DN TGFΒR has 

been demonstrated to significantly improve the ability of T cells to control TGFβ-expressing 

tumors (Zhang et al., 2013), it was necessary to first verify whether the TGFβ-CAR could, at 

minimum, perform the function of the DN TGFΒR—i.e., inhibit the SMAD signaling pathway in 

the presence of TGFβ (Quatromoni et al., 2012). Incubation of TGFβ-CAR CD4+ T cells in 

TGFβ showed that both short-spacer and long-spacer TGFβ-CARs could effectively prevent 

SMAD phosphorylation, thereby blocking endogenous TGFβ signaling (Figure 4.1). In contrast, 

T cells expressing either the scFv-less CAR or no CAR (i.e. EGFRt only) allowed SMAD 

phosphorylation. TGFβ-CAR blockade of SMAD phosphorylation was also observed in CD8+ T 

cells (data not shown). These results confirmed that the TGFβ-CAR could act as a DN TGFΒR 

and very effectively inhibit endogenous TGFβ signaling.  

Once similarity in function to DN TGFΒR was established, the TGFβ-CAR was next 

evaluated for the ability to perform the function of a chimeric antigen receptor—i.e., trigger T-

cell activation upon TGFβ addition. Jurkat cells were stably integrated with both a reporter for 

activity of the transcription factor family NFAT (nuclear factor of activated T cells) and either 

the short-spacer or long-spacer TGFβ-CAR. These Jurkat reporter cell lines were incubated with 

TGFβ and monitored for NFAT activity, which is indicative of T-cell activation. In a TGFβ-

specific manner, both short- and long-spacer TGFβ-CARs induced NFAT activity, as indicated 

by EGFP expression from the NFAT reporter (Figure 4.2). A notable observation was that the 
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short-spacer CAR triggered stronger NFAT activity than the long-spacer CAR. This 

phenomenon will be further explored in later chapters. Taken together with observations of 

SMAD inhibition, the NFAT activity results indicated that TGFβ-CARs not only act as a DN 

TGFΒR to inhibit endogenous TGFβ signaling in T cells, but also function as a CAR to trigger 

T-cell activation. 

The observation that the TGFβ-CAR substitutes NFAT activation for SMAD 

phosphorylation is significant for two reasons. First, this demonstrates that the TGFβ-CAR 

converts TGFβ from an immunosuppressive signal to an immunostimulatory signal. In light of 

the many roles of TGFβ in tumor progression (Ikushima and Miyazono, 2010) and T-cell 

suppression (Li and Flavell, 2008), this immuno-modulatory property is of considerable clinical 

relevance, motivating further characterization of TGFβ-CAR and its potential implementation 

into adoptive T-cell therapy. Second, induction of NFAT instead of SMAD demonstrates that the 

TGFβ-CAR responds to a soluble antigen. To our knowledge, this is the first CAR specifically 

designed to be triggered by a soluble ligand. In addition to tumor immunosuppression, another 

barrier to T-cell therapy advancement is the scarcity of surface-bound tumor antigens which are 

targetable and immunogenic (Rosenberg, 2014). The ability to redirect T-cell activity toward a 

soluble tumor-associated antigen could potentially help overcome this obstacle. For these 

reasons, the two investigational goals of subsequent TGFβ-CAR experiments were 1) to 

characterize the specific T-cell effector functions triggered by the TGFβ-CAR, and 2) to identify 

the biophysical mechanism by which the TGFβ-CAR operates.   



11 

V.  TGFβ-CAR TRIGGERS ROBUST T-CELL EFFECTOR FUNCTIONS 

In vitro characterization of TGFβ-CAR T-cell effector function revealed that the TGFβ-

CAR triggers Th1 cytokine production and potent cell proliferation in the presence of TGFβ 

(Figures 5.1 and 5.2). Intracellular staining showed that TGFβ caused CD4+ T cells expressing 

short- or long-spacer TGFβ-CAR to produce both IFNγ and TNFα (Figure 5.1), while T cells 

expressing scFv-less CAR or DN TGFΒR produced neither (Figure 5.3). Two additional 

observations were made. First, the short-spacer CAR triggered greater cytokine production 

compared to the long TGFβ-CAR at a given concentration of TGFβ. Second, both TGFβ-CARs 

triggered negligible IL-2 in the presence of TGFβ (Figure 5.1), even though IL-2 production is a 

canonical attribute of activated CAR-T cells, especially those containing a CD28 costimulatory 

domain (Hombach et al., 2013). Treatment of TGFβ-CAR T cells with phorbol 12-myristate 13-

acetate (PMA) and ionomycin did trigger IL-2 production, indicating that lack of TGFβ-induced 

IL-2 was not due to an inherent inability of the T cells to produce IL-2 (Figure 5.4). The unique 

cytokine production profile of 1) high TNFα, 2) negligible IL-2, and 3) stronger cytokine output 

with a short-spacer compared to a long-spacer were deemed characteristic of the TGFβ-CAR 

because these features were consistently reflected in CD4+ T cells obtained from multiple donors 

and also in CD8+ T cells (data not shown). Stronger cytokine production by the short-spacer 

CAR could be due to stronger CAR signaling. This hypothesis is supported by the previous 

observation of stronger NFAT activity in Jurkat cells with short-spacer TGFβ-CAR (Figure 4.2), 

as well as by subsequent experiments examining dose-dependent cytokine production (to be 

further discussed in chapter VII). The absence of IL-2 production may reflect a difference 
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between CAR signaling in the context of soluble vs. immobilized antigens (to be further 

discussed in chapter X).  

T-cell expansion assays demonstrated that the TGFβ-CAR rewires T cells for robust cell 

proliferation in the presence of TGFβ. CD4+ T cells expressing the scFv-less CAR showed 

impaired proliferation in TGFβ-containing media (Figure 5.2), consistent with previous 

observations in untransduced T cells (Figure 3.1). In contrast, T cells expressing DN TGFΒR 

were capable of resisting TGFβ-mediated growth inhibition. Unexpectedly, after two weeks the 

DN TGFΒR appeared to confer a positive growth advantage to T cells in TGFβ. This result could 

not be explained but was consistently observed in samples derived from two separate donors. 

With this modest growth improvement in TGFβ, DN TGFΒR T cells underwent a 10-fold 

expansion over three weeks. By comparison, short-spacer TGFβ-CAR conferred a robust growth 

advantage in the presence TGFβ, driving a 150-fold expansion in the same time (Figure 5.2). 

Given that the short TGFβ-CAR appeared to trigger stronger NFAT activity and cytokine 

production than the long TGFβ-CAR, it was anticipated that the short TGFβ-CAR would 

similarly trigger stronger T-cell expansion. Contrary to this prediction, the long TGFβ-CAR 

drove even greater TGFβ-induced proliferation than the short TGFβ-CAR, conferring a 620-fold 

expansion in three weeks (Figure 5.2).  

One possible explanation for this phenomenon is that maximal CAR signaling is not 

conducive to optimal T-cell proliferation. Given that the short TGFβ-CAR triggered stronger 

NFAT activity, the lower rate of expansion of short TGFβ-CAR T cells might be attributed to 

greater activation-induced cell death compared to long TGFβ-CAR T cells. Regardless of the 
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mechanism by which the extracellular spacer domain modulates TGFβ-CAR activity, the TGFβ-

CAR significantly alters the natural T-cell response to TGFβ. Instead of the reduced TNFα 

expression and impaired proliferation caused by TGFβ in normal T cells, TGFβ-CAR T cells 

exhibit robust Th1 cytokine production and proliferation in the presence of TGFβ.   
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VI.  TGFβ-CAR DECOUPLES CYTOLYSIS FROM T-CELL ACTIVATION 

Although the TGFβ-CAR clearly induces T-cell cytokine production and proliferation, 

lysis assay results demonstrated that the TGFβ-CAR does not trigger T-cell cytolytic activity 

(Figure 6.1). TGFβ-CAR CD8+ T cells were co-cultured with off-target “bystander” cells or on-

target OKT3+ cells, which can trigger T-cell receptor (TCR) stimulation by binding to the CD3 

receptor complex. TGFβ-CAR T cells did not lyse off-target cells, with or without TGFβ. When 

challenged with on-target cells, short-spacer TGFβ-CAR T cells exhibited reduced T-cell 

cytotoxicity in the presence of TGFβ (Figure 6.1). This effect was specific to the short-spacer 

TGFβ-CAR since it was not observed in long-spacer TGFβ-CAR T cells. In another experiment, 

TGFβ-CAR T cells were examined for upregulation of FasL, an alternative pathway through 

which T cells could kill bystander target cells. Although TCR stimulation increased FasL 

expression, TGFβ did not (Figure 6.2), indicating that the TGFβ-CAR does not potentiate FasL-

mediated cytolysis. Together, these experiments demonstrate the TGFβ-CAR itself does not 

trigger bystander cell lysis. 

Since CAR-T cells typically jointly exhibit cytokine production, proliferation, and 

cytolytic activity when stimulated with antigen, TGFβ-CAR is unusual in that it decouples 

cytotoxicity from other effector functions. The cause of this decoupling effect appears to be 

soluble antigen presentation. When soluble TGFβ is present, TGFβ-CAR T cells exhibit 

moderate expression of the degranulation marker CD107a (Figure 6.3). In contrast, TGFβ-CAR 

T cells, particularly those with the short-spacer TGFβ-CAR, exhibit much greater degranulation 

when stimulated with immobilized TGFβ. The reduced degranulation resulting from soluble 
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antigen presentation would contribute to reduced bystander cell lysis. However, short TGFβ-

CAR T cells presented with soluble TGFβ degranulate nearly as much as long TGFβ-CAR T 

cells presented with immobilized TGFβ (Figure 6.3), yet even short TGFβ-CAR T cells showed 

no improvement in target-cell lysis in the presence of soluble TGFβ (Figure 6.1). These results 

suggest that the extent of degranulation is not sufficient to explain the decoupling of lytic activity 

from T-cell activation. The more decisive factor is probably that CAR interaction with 

immobilized antigen creates a focused synapse between the T cell and the antigen-presenting 

surface, whereas CAR interaction with soluble antigen does not. Since the immunological 

synapse formed between T cell and target cell directs lytic granule release toward the target cell 

(Dustin, 2014), the lack of such a synapse in TGFβ-CAR T cells activated by soluble antigens is 

likely responsible for the absence of cytolytic activity despite modest degranulation.   
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VII.  TGFβ-CAR TRIGGERING IS DOSE- AND SPACER-DEPENDENT 

 Characterization of the effect of TGFβ dosage on TGFβ-CAR activity confirmed that 

TGFβ-CAR activity is dependent on TGFβ dosage as well as extracellular spacer length. TGFβ-

CAR T cells derived from three donors were incubated in increasing concentrations of TGFβ up 

to 500 ng/ml, and TNFα production was quantified as an indicator of TGFβ-CAR signaling. 

TNFα production in short TGFβ-CAR T cells emerged at 1.5-5 ng/ml TGFβ and peaked at 15 

ng/ml TGFβ, indicating that TGFβ dosage modulates TGFβ-CAR activity and that a minimum 

concentration of TGFβ is necessary in order to trigger TGFβ-CAR signaling (Figure 7.1). In 

contrast to the 1.5-5 ng/ml TGFβ threshold of the short TGFβ-CAR, the long TGFβ-CAR 

triggered TNFα production at a TGFβ dosage of 5-15 ng/ml TGFβ, and TNFα production peaked 

at 50 ng/ml TGFβ (Figure 7.1), indicating that the choice of extracellular spacer affects the 

TGFβ-CAR’s triggering threshold. The consistency of TNFα production levels and triggering 

thresholds across multiple donors suggests that TGFβ dosage and extracellular spacer are 

important factors through which the activity of the TGFβ-CAR can be calibrated.  
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VIII.  THE ROLE OF CD28 COSTIMULATION IN TGFβ-CAR FUNCTION 

 To begin elucidating the mechanisms of TGFβ-CAR signaling, as well as the cause of 

effector function differences between short-spacer and long-spacer TGFβ-CARs, experiments 

were performed to examine the role of costimulatory signaling in TGFβ-CAR activity. Since the 

CD28 domain of second-generation CARs contributes significantly to the magnitude of cytokine 

production and proliferation of CAR-T cells (Hombach et al., 2013), it was hypothesized that 

inactivation of the TGFβ-CAR’s CD28 costimulatory domain would modulate TGFβ-CAR T-

cell effector function and provide mechanistic insight. Through standard molecular cloning, 

variants of the short-spacer and long-spacer TGFβ-CARs were generated which possessed 

inactivating mutations in their CD28 intracellular costimulatory domains. Specifically, the 

immunoreceptor tyrosine activation motif “YMNM” and the proline-rich motif “PYAPP” were 

mutated to “FMNM” and “AYAAA”, respectively. These two motifs are critical for CD28 

signaling (Boomer and Green, 2010) and have been employed as inactivating mutations in 

previously reported CARs (Kofler et al., 2011; Moeller et al., 2004). 

 Analysis of cytokine production across TGFβ dosages showed that inactivation of CD28 

signaling had no effect on TNFα production by short TGFβ-CAR T cells at TGFβ concentrations 

below 15 ng/ml (Figure 8.1). Above 15 ng/ml, CD28 mutation moderately reduced short TGFβ-

CAR T-cell TNFα production. In contrast, CD28 mutation severely impaired TNFα production 

by long-spacer TGFβ-CAR T cells at every TGFβ dosage at which non-mutated long TGFβ-

CAR T cells produced TNFα (i.e. 5 ng/ml TGFβ and above). These results indicated that the 
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long-spacer TGFβ-CAR is more dependent on CD28 costimulation for cytokine production than 

the short-spacer TGFβ-CAR. 

 A T-cell expansion assay using CD28-mutated TGFβ-CAR T cells showed that compared 

to the short-spacer TGFβ-CAR, the long-spacer TGFβ-CAR also relies more heavily on CD28 

signaling to drive proliferation (Figure 8.2). Over three weeks, expansion of short TGFβ-CAR T 

cells in the presence of TGFβ was moderately diminished by inactivation of CD28. By 

comparison, CD28 mutation substantially impaired the expansion of long TGFβ-CAR T cells in 

TGFβ, nullifying their strong proliferative advantage over short TGFβ-CAR T cells. In both 

cytokine production and proliferation, long-spacer TGFβ-CAR effector functions appear to be 

strongly dependent on signaling through the CAR’s CD28 domain.  
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IX.  PREPARATION FOR IN VIVO TGFβ-CAR EVALUATION 

 In preparation for evaluating TGFβ-CAR function in a xenograft model, preliminary in 

vitro experiments were carried out to help design animal studies. One concern was the possibility 

that human TGFβ-CAR T cells may be constitutively activated by systemic murine TGFβ, since 

murine TGFβ-1 has >90% homology to human TGFβ-1. If natural serum levels of murine TGFβ 

activate the TGFβ-CAR, administered TGFβ-CAR T cells might systemically secrete toxic 

quantities of cytokine. When it was confirmed that the human TGFβ-CAR could be triggered by 

5 ng/ml murine TGF-β (data not shown), it was important to next determine whether the natural 

level of murine TGF-β in mouse serum would activate the TGFβ-CAR independent of a source 

of human TGFβ such as an engrafted tumor. TGFβ-CAR T cells were incubated in platelet-free 

plasma collected from NOD/scid/γ–/– (NSG) mouse peripheral blood. The absence of cytokine 

production indicated that levels of TGFβ in mouse circulation were not high enough to trigger 

the TGFβ-CAR (Figure 9.1). This was not due to an inherent cytokine production defect, since 

these TGFβ-CAR T cells did produce cytokine when incubated in TGFβ-supplemented RPMI 

(data not shown). 

Since the TGFβ-CAR triggers effector functions other than cytotoxicity, planned animal 

studies will characterize the TGFβ-CAR when incorporated into tumor-reactive T cells. Tumor 

reactivity will be established by using T cells which express a TCR specific for the tumor antigen 

NY-ESO-1. To test the function of the TGFβ-CAR when co-expressed with an NY-ESO-1 TCR, 

T cells expressing the TCR alone or in combination with short-spacer TGFβ-CAR, long-spacer 

TGFβ-CAR, or scFv-less CAR and DN TGFBR were generated by transduction with retroviral 
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vectors. Once sorted, these T cells were co-incubated with the NY-ESO-1–expressing SK-Mel-

37 melanoma cell line, with or without the addition of recombinant TGFβ, to examine which 

conditions triggered T-cell activation via the TCR, TGFβ-CAR, or both. T cells expressing NY-

ESO-1 TCR alone or with scFv-less CAR were specifically activated by the presence of SK-Mel-

37 tumor cells but not by TGFβ alone, and the addition of TGFβ reduced TNFα output in these T 

cells (Figure 9.1). In contrast, T cells expressing TCR + short TGFβ-CAR or TCR + long TGFβ-

CAR produced TNFα in response to TGFβ alone, with TCR + short TGFβ-CAR T cells 

producing greater TNFα than TCR + long TGFβ-CAR T cells (Figure 9.2), consistent with 

previous results with T cells expressing TGFβ-CAR alone (Figures 5.1, 7.1, and 8.1). When co-

incubated with SK-Mel-37 cells without TGFβ, both TCR + TGFβ-CAR T-cell lines were 

activated, though the TCR + long TGFβ-CAR T cells exhibited reduced TNFα production in that 

condition compared to all other T-cell lines. When co-incubated with tumor cells and TGFβ, both 

TCR + TGFβ-CAR T cells, particularly short TGFβ-CAR T cells, showed increased TNFα 

production compared to when co-incubated with SK-Mel-37 alone (Figure 9.2). These results 

demonstrated that the short-spacer TGFβ-CAR was able to boost TNFα production of NY-ESO-

1 TCR T cells in the presence of TGFβ without hindering TCR-induced TNFα in the absence of 

TGFβ. For this reason, the short-spacer TGFβ-CAR might be the superior TGFβ-CAR for 

boosting the cytokine production of NY-ESO-1–specific T cells in vivo.  
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X.  DISCUSSION 

 Tumor immunosuppression poses a significant obstacle to the advancement of effective 

T-cell therapies because there are a host of different means by which the tumor 

microenvironment can suppress antitumor T-cell function (Rabinovich et al., 2007). Effective 

neutralization of key inhibitory pathways such as programmed cell death protein 1 (PD-1) has 

shown to powerfully boost T-cell activity in solid tumors (Topalian et al., 2012). Enabling T 

cells to overcome other major suppressive signals is certainly necessary if cell-based 

immunotherapy is to be developed for new indications. The work described in this thesis 

demonstrates that CARs can be engineered to reprogram T-cell response to the tumor-associated 

cytokine TGFβ. These TGFβ-CARs cause T cells to exhibit robust effector T-cell functions in 

the presence of TGFβ, converting this immunosuppressive factor into an immunostimulatory 

signal.  

 The TGFβ-CAR rewires the endogenous T-cell response to TGFβ signaling by blocking 

SMAD phosphorylation (Figure 4.1) and substituting with NFAT activation (Figure 4.2). In this 

way, the TGFβ-CAR enables T cells to not only resist TGFβ-mediated suppression, like the DN 

TGFBR, but also to become activated when sufficient TGFβ is present, like a CAR. Since the 

DN TGFBR has been shown to improve the efficacy of T-cell therapy against TGFβ-expressing 

tumors in vivo, the TGFβ-CAR may confer an even greater benefit given the specific effector 

functions identified in activated TGFβ-CAR T cells.  

 Activation of TGFβ-CAR T cells in the presence of TGFβ demonstrated that the TGFβ-

CAR is triggered by a soluble ligand. To our knowledge, this is the first report of a CAR 
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intentionally designed to respond to a soluble cue, and it is a finding which argues against the 

field-accepted notion that CAR-T cells are restricted to targeting surface-bound antigens 

(Sadelain et al., 2009). For CARs which target surface antigens, soluble forms of the antigens, 

often generated when tumor cells shed antigen, typically do not activate CARs (Hombach et al., 

1998; Lanitis et al., 2012; Nolan et al., 1999). As a result, the presence of soluble antigen can be 

detrimental to CAR-T cell function by competitively binding CARs and inhibiting their 

interaction with surface antigen (Eshhar, 1997). For this reason, the ability of CAR-T cells to 

remain functional despite high concentrations of soluble antigen has been repeatedly presented as 

advantageous (Chmielewski et al., 2012; McGuinness et al., 1999; Westwood et al., 2009). The 

ability to, and desirability of, purposefully designing CARs to target soluble ligands is a shift in 

thinking for this field, but a justifiable one. The possibility of targeting soluble factors with 

CAR-T cells could significantly increase the number of candidate tumor-associated antigens 

against which T-cell therapies can be directed. Given continued difficulty in identifying new 

tumor-specific antigens, the pursuit of soluble ligand-responsive CARs may prove a valuable 

strategy. As the TGFβ-CAR is the current proof of concept of this, a greater mechanistic 

understanding of TGFβ-CAR operation could help spur this endeavor. 

 The biophysical mechanism which triggers TGFβ-CAR signaling is still being 

investigated. Although soluble factors may not typically stimulate CARs, soluble antibodies and 

peptide-MHC tetramers are known to activate T cells through TCR stimulation. This indicates 

that TCRs can signal in the absence of an immunological synapse, and it also suggests a potential 

role of the multimeric structure of the soluble stimulus in facilitating TCR signaling by driving 

TCR aggregation or clustering. Since the TGFβ-CAR signals by the TCR’s CD3-ζ chain and 
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TGFβ, a natural homodimer, has the potential to induce CAR dimerization or oligomerization, a 

rational hypothesis is that antigen-driven CAR clustering may be a contributing mechanism in 

TGFβ-CAR signaling.  

Proliferation and TNFα production were identified as types of TGFβ-mediated T-cell 

dysfunction which could be observed in vitro, establishing a baseline against which to compare 

TGFβ-CAR T-cell activity (Figures 3.1, 3.2, and 3.6). Stimulation of the TGFβ-CAR triggered a 

robust effector T-cell response which reversed this dysfunction profile. Importantly, TGFβ-CAR 

effector functions were antigen-specific and not triggered in the absence of TGFβ. In the 

presence of TGFβ, both short-spacer and long-spacer TGFβ-CAR T cells exhibited Th1 cytokine 

production, particularly TNFα (Figure 5.1), and robust T-cell expansion which did not slow over 

three weeks of continual antigen exposure (Figure 5.2). These effector activities of TGFβ-CAR T 

cells were far superior compared to T cells without the TGFβ-CAR, as neither the scFv-less CAR 

nor the DN TGFBR were capable of inducing cytokine production (Figure 5.3) or proliferation 

(Figure 5.2) in response to TGFβ. The ability to expand and generate Th1 cytokines in response 

to TGFβ could potentially grant a significant therapeutic advantage to TGFβ-CAR T cells over 

DN TGFBR T cells in adoptive cell therapy for TGFβ-expressing malignancies. The ability to 

trigger robust proliferation without exhausting T-cell proliferative capacity also suggests that the 

TGFβ-CAR could alternatively be employed as a method for generating large pools of non-

exhausted T cells. The feasibility of this application may be clarified by continuing experiments 

examining exhaustion markers and the effector differentiation state of proliferating TGFβ-CAR 

T cells. 
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Choice of CAR extracellular spacer modulated the effector output and triggering 

threshold of TGFβ-CAR T cells. Short-spacer TGFβ-CAR T cells were characterized by robust 

TNFα production, significant but limited proliferation, and a triggering threshold of 1.5-5 ng/ml 

TGFβ. Elongation of the extracellular spacer in long TGFβ-CAR T cells caused a reduction in 

TNFα production, a strong boost in proliferation, and an elevation of the triggering threshold to 

5-15 ng/ml TGFβ. This tradeoff in functional outputs demonstrates that the extracellular spacer is 

a design parameter through which TGFβ-CAR activity can be tuned. The ability to tailor the 

effector output of the TGFβ-CAR is a point of great therapeutic interest, as there could be 

clinical situations in which cytokine-producing T cells would be more desirable than highly 

proliferative T cells, and vice versa.  

Though CD28 mutation experiments provided minimal insight beyond the general 

observation that the long-spacer TGFβ-CAR is more dependent upon CD28 costimulation for 

effector functions (Figures 8.1 and 8.2), dosage escalation experiments support the hypothesis 

that short-spacer and long-spacer TGFβ-CAR differ in their effector outputs because of a 

difference in the magnitude of CAR signaling which they trigger. NFAT reporter and cytokine 

production experiments indicate that the short TGFβ-CAR triggers stronger T-cell activation 

than the long TGFβ-CAR (Figures 4.2 and 5.1), suggesting stronger CAR signaling via the short 

spacer. This speculation is further supported by the observation that TGFβ concentrations above 

50 ng/ml cause short TGFβ-CAR T cells to produce less TNFα than at lower TGFβ dosages, 

while long TGFβ-CAR T cells reach and maintain maximal TNFα production at 50 ng/ml TGFβ 

and above (Figures 7.1 and 8.1). If short TGFβ-CAR T cells were more strongly activated than 

long TGFβ-CAR T cells at a given TGFβ dosage, they would be expected to become overly 
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activated and exhausted by an amount of antigen stimulation which would not overly activate 

long TGFβ-CAR T cells. More difficult to reconcile, however, is the observation that long 

TGFβ-CAR T cells exhibit far superior proliferation to short TGFβ-CAR T cells. Although this 

contradictory phenomenon could be explained by the possibility that stronger short TGFβ-CAR 

stimulation hampers proliferation by enhancing activation-induced cell death, additional T-cell 

expansion assays are underway to evaluate the impact of TGFβ dosage on TGFβ-CAR T-cell 

proliferation. If the reduction of TGFβ dosage improves short TGFβ-CAR T-cell proliferation, 

this would provide strong substantiating evidence that spacer length modulates TGFβ-CAR 

signaling intensity.  

The TGFβ-CAR notably decouples cytolytic activity from other effector functions by 

triggering cytokine production and proliferation without triggering bystander-cell lysis. Although 

TGFβ-CAR T cells show a moderate level of degranulation (Figure 6.3), they are unable to lyse 

bystander cells (Figure 6.1). The absence of cytotoxicity despite moderate degranulation may be 

explained by the fact that soluble TGFβ activates TGFβ-CAR T cells without triggering the 

formation of a focused immunological synapse, thus the T cells cannot direct and concentrate 

lytic granule release at an engaged target cell. CAR T-cell activation without a synapse may also 

explain other unique properties in TGFβ-CAR T-cell effector function, such as low IL-2 

production and high TNFα production (Figure 5.1), since the immunological synapse also directs 

the organization of many different receptors which control T-cell effector function (Dustin, 

2014). This unique cytolytic decoupling property might make the TGFβ-CAR an optimal 

accessory receptor for boosting the antitumor activity of tumor-infiltrating lymphocytes or TCR-

engineered T cells in immunosuppressive tumors while minimizing nonspecific cytotoxicity.  
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 Although TGFβ-CAR T cells lack cytolytic activity, and although their activation is 

TGFβ-specific, the potency of TGFβ-CAR effector functions in response to a soluble antigen 

may raise the concern that TGFβ-CAR T cells pose a greater risk of nonspecific toxicity 

compared to CAR-T cells against surface-bound tumor-specific antigens. Elevated circulating 

levels of TGFβ could potentially systemically activate infused TGFβ-CAR T cells. However, this 

outcome may not necessarily be detrimental to the patient. Experience in adoptive cell therapy 

with virus-specific T cells suggests that a moderate amount of systemic T-cell stimulation, in this 

case through interaction with persistent viral antigens, can enhance T-cell persistence and 

improve their therapeutic efficacy (Pule et al., 2008). Furthermore, in the event that a particular 

TGFβ-CAR effector function is toxic, extracellular spacer length is one component of the TGFβ-

CAR which can be manipulated in order to temper signaling thresholds and effector outputs. 

Given the modular design of the TGFβ-CAR, there are likely other CAR components which 

could be altered in order to tune the TGFβ-CAR for reduced off-tumor toxicity. 

 The TGFβ-CAR is a novel synthetic receptor with a number of unique properties which 

make it a potentially superior implement for counteracting and overcoming T-cell dysfunction 

induced by TGFβ-producing tumors. Preparatory experiments for animal studies indicate the 

potential promise of using the TGFβ-CAR as a booster CAR to enhance TCR-engineered T cells 

(Figure 9.2). Confirmation that the TGFβ-CAR retains in vivo the effector functions observed in 

vitro in this thesis would solidify the TGFβ-CAR as a compelling method for engineering T cells 

against immunosuppressive tumors.   
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FIGURES 
 

                                 Short TGFβ-CAR                                    Long TGFβ-CAR 

 
Figure 2.1.  TGFβ-CAR vectors transduce with high efficiency. Unsorted CD4+ T cells 
transduced with short-spacer TGFβ-CAR or long-spacer TGFβ-CAR lentivirus were examined 
for EGFRt expression by flow cytometry on day 10 post-isolation. (Gray: mock transduced; red: 
TGFβ-CAR transduced.) 

 
                                 Short TGFβ-CAR                                    Long TGFβ-CAR 

 
Figure 2.2.  TGFβ-CAR expresses at the cell surface. Sorted EGFRt+ CD4+ T cells 
transduced with short-spacer TGFβ-CAR (left) or long-spacer TGFβ-CAR lentivirus (right) were 
examined for surface presentation of FLAG-tagged TGFβ-CAR by flow cytometry on day 10 
post-isolation. (Gray: mock transduced; blue: TGFβ-CAR transduced.)  
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Figure 3.1.  TGFβ severely impairs T-cell proliferation in vitro. CD4+ (left) and CD8+ T 
cells (right) were co-cultured with irradiated TM-LCL cells, IL-2, and IL-15 in the presence or 
absence of 5 ng/ml recombinant human TGFβ-1. T cells were counted by flow cytometry. 
Average values of triplicates are shown with error bars indicating ± 1 s.d. 
 

 
Figure 3.2  TGFβ severly impairs CAR-T cell proliferation in vitro. CD8+ T cells expressing 
CD19-specific (left) or CD20-specific CAR (right) were co-cultured with irradiated TM-LCL 
cells, IL-2, and IL-15 in the presence or absence of 5 ng/ml TGFβ-1. T cells were counted by 
flow cytometry. Average values of triplicates are shown with error bars indicating ± 1 s.d.  
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                                    CD25                                      CD69                                    CD137 
 
 
 
CD4+ 
 
 
 
 
 
 
 
 
 
CD8+ 
 
 
 
 
 
 
Figure 3.3:  TGFβ does not alter activation marker expression in vitro. CD4+ or CD8+ T 
cells expressing CD19-CAR were co-incubated with Raji cells at an effector-to-target (E:T) ratio 
of 2:1 for 24 h, with or without 5 ng/ml TGFβ-1, then T cells were examined for expression of 
CD25, CD69, and CD137 by surface staining and flow cytometry. (Gray: no target cell; red: Raji 
target cells with TGFβ; blue: Raji target cells without TGFβ.)  
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Figure 3.4.  TGFβ does not significantly alter target-cell lysis in vitro. CD8+ T cells 
expressing CD19-CAR were co-incubated with a 1:1 mixture of CD19+ (on-target) and CD19-
negative (off-target) K562 cells at a 10:1 E:T ratio (per target cell) for 4 h or 20 h without TGFβ 
(No TGFβ), with co-incubation in 5 ng/ml TGFβ-1 during the assay (Co-Inc), or with pre-
incubation of CAR-T cells in 5 ng/ml TGFβ for 24 h prior to the assay (Pre-Inc). Percent specific 
lysis was calculated from target cell counts (measured by flow cytometry) by normalizing the 
percentage of on-target K562 cells killed to the percentage of off-target K562 cells killed. At 4 h, 
percent specific lysis of No TGFβ samples was not significantly different compared to lysis of 
Co-Inc or Pre-Inc samples (p = 0.10 and 0.24, respectively). At 20 h, percent specific lysis of No 
TGFβ samples was not significantly different compared to lysis of Pre-Inc samples (p = 0.12), 
and statistically different but very similar compared to Co-Inc samples (p = 0.046). P-values 
were calculated by t-test assuming unequal variances. Average values of triplicates are shown 
with error bars indicating ± 1 s.d.   
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                                      CD4+ T Cells                                         CD8+ T Cells 

 

Figure 3.5.  TGFβ does not alter T-cell degranulation in vitro. CD4+ (left) or CD8+ T cells 
(right) expressing CD19-CAR were co-incubated with Raji cells at an E:T ratio of 2:1 for 24 h, 
with or without 5 ng/ml TGFβ-1, then T cells were examined for expression of CD107a by 
surface staining and by flow cytometry. (Gray: no target cell; red: Raji target cells with TGFβ; 
blue: Raji target cells without TGFβ.)  
 

 

Figure 3.6.  TGFβ modestly impairs TNFα production in vitro. CD4+ T cells expressing 
CD19-CAR were co-incubated with 5 μM Brefeldin A and Raji cells at a 2:1 E:T ratio in the 
presence or absence of 5 ng/ml TGFβ-1 for 18 h. T cells were then examined for TNFα 
production by intracellular staining and flow cytometry. (Gray: no target cell; red: Raji target 
cells with TGFβ; blue: Raji target cells without TGFβ.)   
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Figure 4.1  TGFβ-CAR blocks endogenous TGFβ signaling. CD4+ T cells expressing EGFRt 
alone, scFv-less CAR, short-spacer TGFβ-CAR or long-spacer TGFβ-CAR were incubated in 0, 
1, or 5 ng/ml TGFβ-1 for 1 h, then cell lysates were collected and examined for phosphorylated 
SMAD 2 and 3 (pSMAD) by western blot. Ratios of band intensities between pSMAD and 
GAPDH were quantified using ImageJ. 
 
 

 

Figure 4.2.  TGFβ-CAR triggers antigen-specific T-cell activation. Jurkat cells stably 
integrated with an NFAT reporter driving EGFP expression and transduced with either short- or 
long-spacer TGFβ-CAR were incubated in 0-15 ng/ml TGFβ-1 and assessed for percent EGFP+ 
cells among CAR+ cells (left), as well as EGFP median fluorescence intensity (MFI) among 
EGFP+ cells (right). Average values of triplicates are shown with error bars indicating ± 1 s.d.   
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Figure 5.1.  TGFβ-CAR triggers Th1 cytokine production. Triplicate samples of CD4+ T 
cells expressing either short-spacer (top row) or long-spacer TGFβ-CAR (bottom row) were 
incubated in 0 or 5 ng/ml TGFβ-1 with 5 μM Brefeldin A for 24 h. T cells were examined for 
IFNγ, TNFα, and IL-2.  
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Figure 5.2. TGFβ-CAR triggers robust T-cell expansion in the presence of TGFβ. CD4+ T 
cells expressing short- or long-spacer TGFβ-CAR, scFv-less CAR, or DN TGFΒR were co-
cultured with TM-LCL cells, IL-2, and IL-15 in the presence or absence of 5 ng/ml TGFβ-1. T 
cells were counted by flow cytometry over three weeks. Average values of triplicates are shown 
with error bars indicating ± 1 s.d. 
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Figure 5.3.  DN TGFBR and scFv-less CAR do not trigger Th1 cytokine production. CD4+ 
T cells expressing either DN TGFBR or scFv-less-CAR were incubated in 5 ng/ml TGFβ-1 with 
5 μM Brefeldin A for 24 h. T cells were examined for IFNγ and TNFα by intracellular staining 
and flow cytometry.   



36 

                                    Short TGFβ-CAR                              Long TGFβ-CAR 

 
                                  No PMA/Ionomycin             PMA/Ionomycin 
 
Figure 5.4. TGFβ-CAR T cells are not inherently unable to produce IL-2. Short-spacer (left) 
or long-spacer CD4+ T cells (right) were incubated in 10 μg/ml phorbol 12-myristate 13-acetate 
PMA and 1 μM ionomycin, or neither, with 5 μM Brefeldin A for 24 h. T cells were examined 
for IL-2 by intracellular staining and flow cytometry.  
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Figure 6.1.  TGFβ-CAR does not trigger bystander cell lysis. CD8+ T cells expressing short-
spacer or long-spacer TGFβ-CAR were co-incubated with TM-LCL cells or TM-LCL cells 
expressing surface-bound OKT3 at E:T ratios of 1:1 to 30:1, in the presence or absence of 5 
ng/ml TGFβ-1, for 4 h. Percent lysis was calculated from target cell counts (measured by flow 
cytometry) by normalizing the number of target cells remaining after incubation with effector 
cells to the number of target cells remaining after incubation without effector cells. Average 
values of triplicates are shown with error bars indicating ± 1 s.d.  
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Figure 6.2.  TGFβ-CAR does not trigger FasL upregulation. CD8+ T cells expressing short- 
or long-spacer TGFβ-CAR or scFv-less CAR were incubated in 5 ng/ml TGFβ-1, or co-
incubated at a 1:1 ratio with TM-LCL cells expressing surface-bound OKT3, or left untreated for 
24 h. T cells (CD3+) were examined for surface expression of FasL by flow cytometry. Average 
values of triplicates are shown with error bars indicating ± 1 s.d. 
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Figure 6.3.  Immobilized TGFβ triggers stronger TGFβ-CAR T-cell degranulation.  CD8+ 
T cells expressing short-spacer (top row) or long-spacer TGFβ-CAR (bottom row) were 
incubated for 1 h in RPMI in the presence of no TGFβ, 3.3 ng/ml soluble TGFβ, or immobilized 
TGFβ. After 1 h, samples were incubated in fluorophore-labeled CD107a antibody and 2 μM 
monensin for 4 h, then washed and examined for CD107a expression by flow cytometry. Scatter 
plots are representative of triplicate samples. 
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Figure 7.1.  TGFβ-CAR activation is dose-dependent, and spacer length affects TGFβ-CAR 
triggering threshold. Short-spacer and long-spacer TGFβ-CAR CD4+ T cells derived from 
three donors were incubated in 0-500 ng/ml TGFβ-1 or 10 μg/ml PMA and 1 μM ionomycin, 
with 5 μM Brefeldin A, for 24 h then examined for TNFα expression by intracellular staining 
and flow cytometry. Average values of triplicates are shown with error bars indicating ± 1 s.d. 

  

0

20

40

60

80

100

Donor 1 
Short-CAR

Donor 2 
Short-CAR

Donor 3 
Short-CAR

Donor 1  
Long-CAR

Donor 2  
Long-CAR

Donor 3  
Long-CAR

%
 T

N
Fα

+ 
A

m
on

g 
V

ia
bl

e/
Si

ng
le

t
% TNFα+

0 ng/ml

0.5 ng/ml

1.5 ng/ml

5 ng/ml

15 ng/ml

50 ng/ml

150 ng/ml

500 ng/ml

PMA/Iono



41 

 

Figure 8.1.  CD28 costimulation is critical for long TGFβ-CAR–driven cytokine 
production. CD4+ T cells expressing short-spacer or long-spacer TGFβ-CAR, or CD28-mutated 
short (mShort) or CD28-mutated long (mLong) TGFβ-CAR were incubated in 0-500 ng/ml 
TGFβ-1 or 10 μg/ml PMA and 1 μM ionomycin, with 5 μM Brefeldin A, for 24 h and examined 
for TNFα expression by intracellular staining and flow cytometry. Average values of triplicates 
are shown with error bars indicating ± 1 s.d.  
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Figure 8.2.  CD28 costimulation is critical for long TGFβ-CAR–driven proliferation. CD4+ 
T cells expressing short-spacer or long-spacer TGFβ-CAR, or CD28-mutated short (mShort) or 
CD28-mutated long (mLong) TGFβ-CAR were co-cultured with TM-LCL cells, IL-2, and IL-15 
with or without 5 ng/ml TGFβ-1. T cells were counted by flow cytometry over three weeks. 
Average values of triplicates are shown with error bars indicating ± 1 s.d. 
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                              IFNγ                                      TNFα                                      IL-2 

 
 

                                       RPMI                               Plasma 
 
Figure 9.1.  Mouse plasma does not activate human TGFβ-CAR T cells.  CD4+ T cells 
bearing short-spacer TGFβ-CAR were incubated in either RPMI or platelet-free murine plasma, 
in 5 μM Brefeldin A, for 24 h. T-cell activation was assessed by examining the production of 
cytokines IFNγ, TNFα, and IL-2 by intracellular staining and flow cytometry. 

  



44 

                                                 RPMI                           a                        SK-Mel-37                      a 

                         0 ng/ml TGFβ          5 ng/ml TGFβ          0 ng/ml TGFβ          5 ng/ml TGFβ 
 
 
TCR 
Only 
 
 
 
 
 
TCR + 
Short 
 
 
 
 
 
TCR + 
Long 
 
 
 
 
 
TCR + 
scFv-less 
 
 
 
 
Figure 9.2. TGFβ-CAR can boost the activity of NY-ESO-1–specific T cells.  CD4+ T cells 
expressing an NY-ESO-1 TCR alone or with short-spacer TGFβ-CAR, long-spacer TGFβ-CAR, 
or scFv-less CAR were incubated in RPMI alone or with SK-Mel-37 melanoma cells at a 2:1 E:T 
ratio, with 5 μM Brefeldin A, with or without 5 ng/ml TGFβ-1, for 20 h. TNFα expression was 
examined by intracellular staining and flow cytometry. Scatter plots are representative of 
triplicate samples. 
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