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ABSTRACT OF THE DISSERTATION 
 

Engineering chimeric antigen receptors to overcome the immunosuppressive solid tumor 

microenvironment 

 

by 

 

Andrew J. Hou 

Doctor of Philosophy in Chemical and Biomolecular Engineering 

University of California, Los Angeles, 2022 

Professor Yvonne Y. Chen, Chair 

 

Adoptive T-cell therapy is a cancer treatment strategy where T cells from a cancer patient are 

harvested, modified ex vivo to target tumor cells, and subsequently reinfused back into the 

patient’s body. Although remarkably successful against blood-based B-cell malignancies, efficacy 

has been limited against solid tumors, in large part due to the immunosuppressive tumor 

microenvironment (TME). Among the many inhibitory factors in the TME, transforming growth 

factor-beta (TGF-β) plays a prominent role in suppressing anti-tumor immunity through both direct 

inhibition of T-cell cytotoxicity, as well as recruitment and polarization of immunosuppressive cell 

types such as myeloid-derived suppressor cells and regulatory T cells. We therefore hypothesized 

that T-cell function in the solid TME could be potentiated by pairing tumor-targeting CARs with 

TGF-β CARs that program T-cell activation, rather than inhibition, in the presence of TGF-β. We 

first verified that TGF-β CAR expression is neither counterproductive to cytotoxic T-cell function, 

nor does it pose a significant risk of toxicity. Pairing TGF-β CARs with tumor-specific TCRs or 

CARs did not significantly enhance therapeutic outcomes of adoptive T-cell transfer in preclinical 

models of melanoma and prostate cancer, warranting further engineering efforts. In models of 
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glioblastoma, however, single-chain bispecific CAR-T cells targeting TGF-β and tumor antigen 

were not only more resistant to tumor-mediated dysfunction, but also remodeled the immune-cell 

composition of the tumor microenvironment to potentiate anti-tumor immunity.  
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CHAPTER 1. The challenge of combatting the solid tumor microenvironment with 
adoptive T-cell therapy 
 

Adoptive T-cell therapy has demonstrated remarkable potential to treat advanced cancers. 

In this novel treatment paradigm, primary human T cells are genetically modified to express 

tumor-specific receptors — typically either a chimeric antigen receptor (CAR) or T-cell receptor 

(TCR) — which enable the engineered T cells to mount a tumor-specific immune response when 

infused into the patient.  

CARs are synthetic receptors that are comprised of extracellular ligand-binding domains 

fused to intracellular co-stimulatory and activation domains (Figure 1.1). First-generation CARs 

lack co-stimulatory signaling domains and have limited efficacy due to insufficient signaling 

strength and durability; thus, second-generation CARs and onwards incorporate one or more co-

stimulatory domains to enhance and sustain T-cell activation signaling1–4. CARs can be built to 

Figure 1.1 CARs are synthetic modular receptors with programmable antigen recognition. Chimeric 
antigen receptors (CARs) — from N terminus to C terminus — include a ligand- binding domain (typically 
an scFv), extracellular spacer, transmembrane domain and intracellular signalling domains consisting of 
one or two co- stimulatory domains (typically CD28 or 4-1BB) for second- and third- generation CARs, 
respectively, and an activation domain (typically  CD3ζ). Target specificity can be programmed by 
incorporating different ligand- binding domains. 
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target a variety of tumor antigens due to their structural modularity, providing a readily adaptable 

platform for treatment of many types of cancers. In the case of CD19-targeting CAR-T cells — 

which was the first gene-therapy product to be approved by the U.S. Food and Drug 

Administration — patients with relapsed or refractory B-cell malignancies achieved complete 

remission rates of up to 90%5. Despite promising outcomes against hematological tumors, 

adoptive T-cell therapy has been much less effective against solid tumors, which comprise the 

vast majority of cancers. Compared to liquid tumors, solid tumors pose unique challenges. First, 

high antigen heterogeneity provides solid tumors with an effective mechanism of escape from 

CAR-T cells, which typically encode specificity towards a single antigen target and are thus unable 

to recognize all tumor cells. On the other hand, broadening T-cell specificity towards multiple 

antigens increases the risk of on-target, off-tumor toxicity. Second, solid tumors are often 

surrounded by physical barriers such as collagen-rich stroma that effectively prevent T-cell 

infiltration. In addition to physical barriers, T cells must also confront highly immunosuppressive 

tumor microenvironments (TME) whose cellular, molecular, and metabolic profiles ultimately lead 

to T-cell exhaustion and dysfunction (Figure 1.2). CAR-T cells so far have been inadequately 

equipped to surmount these additional obstacles posed by solid tumors. 
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Immune cells and soluble factors mediate immune suppression in the TME 

The tumor microenvironment is populated with suppressive cell types — such as 

regulatory T cells (Treg cells), myeloid-derived suppressor cells (MDSCs), and tumor-associated 

macrophages (TAMs) — that promote immune tolerance. The chemokine and cytokine 

expression profile of the TME not only acts to exclude cytotoxic T cells, but also preferentially 

recruits immune suppressor cells from the periphery, and can polarize existing immune cells at 

Figure 1.2 T cell-extrinsic factors limiting treatment efficacy against solid tumours. Adoptively 
transferred T cells are limited in their ability to infiltrate, target and kill tumour cells. Barriers to infiltration 
include tumour vasculature with downregulated expression of adhesion molecules necessary for T-cell 
extravasation from the endothelium into tumours, as well as a dense, fibrotic network of extracellular matrix 
(ECM) proteins that hinders T-cell motility. Heterogeneous antigen expression poses  a further challenge 
for CAR- T cells, where cytolysis is dependent on target- antigen recognition. Finally, the presence of 
immunosuppressive cell types and immunosuppressive cytokines—which are produced by and can 
polarize or attract suppressor cells—can dampen the anti-tumour function of infiltrating CAR T cells. For 
instance, suppressor cells such as regulatory T cells (Treg cells) can produce transforming growth factor- 
β (TGF-β), which can inhibit T cell cytotoxicity through various mechanisms such as downregulation of 
granzymes and increased ECM deposition. TGF-β also promotes further polarization of CD4+ T cells into 
Treg cells and can induce a more suppressive phenotype in myeloid cells. Suppressive myeloid cells in the 
TME include tumour- associated macrophages (TAMs) and myeloid- derived suppressive cells (MDSCs), 
which can inhibit T cell function through upregulated expression of the inhibitory ligand programmed cell 
death 1 ligand 1 (PD-L1), as well as secretion of inhibitory cytokines such as TGF-β and IL-10. 
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the tumor site towards an immunosuppressive phenotype. Cytokines typically overexpressed in 

the solid TME include transforming growth factor-beta (TGF-β), vascular endothelial growth factor 

(VEGF), interleukin (IL)-4, and IL-10, which can both directly inhibit T-cell function and promote 

accumulation of suppressive immune cells. The recruited suppressor cells can also produce 

immunosuppressive cytokines themselves, reinforcing the tolerogenic state of the TME6–8.  

 

Current strategies to combat immune suppression in the solid TME 

Given the prevalence of inhibitory cell types in the solid TME, there has been much interest 

in developing immunotherapies that target these suppressor cells. In particular, there is a growing 

appreciation for the role of suppressive myeloid cells — most notably TAMs and MDSCs, which 

consist of a heterogenous mix of different cell states — in the solid-tumor milieu6. Specific 

therapeutic interventions targeting the myeloid compartment include inhibition of colony 

stimulating factor 1 receptor (CSF1R), which depletes TAMs, and has primarily been studied in 

combination with either chemotherapy or checkpoint blockade9. A previously unappreciated role 

of myeloid cells in shaping responses to immunotherapy was highlighted by a recent study that 

demonstrated that targeted genetic ablation of PD-1 on myeloid cells inhibited tumor growth more 

effectively than ablation of PD-1 expression on T cells, owing to decreased differentiation of 

myeloid progenitors into MDSCs, unleashing a more potent anti-tumor T-cell response10.  

The therapeutic benefit of combining adoptive T-cell transfer with targeting of tumor-

associated myeloid cells has been less well-characterized. In a murine pancreatic ductal 

adenocarcinoma (PDAC) model, administering an agonistic CD40-targeting mAb, which activates 

myeloid cells, can reprogram tumor-associated myeloid cells towards a more inflammatory, M1-

like phenotype. When combined with adoptive T-cell therapy, this approach yielded greater anti-

tumor efficacy than myeloid-cell depletion by administering a CSF1R-targeting mAb11. Another 

novel cell-based approach leveraged the overexpression of NKG2D ligands on MDSCs in the 

TME. Although endogenous NK cells, which express NKG2D receptors, are capable of eliminating 
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MDSCs that express NKG2D ligands, suppressive factors in the TME such as TGF-β 

downregulate endogenous NKG2D receptor expression in NK cells. NK cells were therefore 

engineered to express a NKG2D CAR, which maintains high surface expression levels even in 

the presence of TGF-β. NK cells expressing NKG2D CARs selectively targeted MDSCs, and 

when administered in combination with disialoganglioside (GD2)-targeted CAR T cells, resulted 

in enhanced tumor control in a neuroblastoma xenograft model12.  

Besides myeloid cells, Treg cells are also a major contributor to the immunosuppressive 

TME, and are of particular concern in applications in which cytokine boosting of anti-tumor T-cell 

function may be desired. Specifically, IL-2 can potently stimulate effector T-cell function, but 

because Treg cells overexpress the IL-2 receptor alpha chain (IL-2Rα), IL-2 administration can 

lead to the counterproductive consequence of preferentially expanding suppressive Treg cells. 

To more selectively stimulate effector T cells, recent engineering efforts have produced IL-2 

variants that preferentially bind IL-2Rβ over IL-2Rα13,14. A similar approach to selectively stimulate 

anti-tumor T cells over Treg cells relies on an engineered orthogonal IL-2 (orthoIL-2) and IL-2Rβ 

(orthoIL-2Rβ) ligand/receptor pair15. T cells expressing the orthogonal IL-2Rβ are selectively 

stimulated by orthogonal IL-2, which does not interact with either endogenous T cells or Treg 

cells. This orthogonal ligand/receptor system enables highly selective stimulation of adoptively 

transferred engineered T cells, minimizing both the risk of toxicity by excessive stimulation of host 

T cells and the risk of potential outgrowth of Treg cells. 

In contrast to the approach of directly targeting suppressive cell populations of interest, 

“armored” CAR-T cells have been engineered to secrete pro-inflammatory cytokines such as IL-

1216,17, IL-1818,19, and IL-2320, which can favorably shape the TME for enhanced anti-tumor 

immunity. CAR-T cells secreting either IL-12 or IL-18 can recruit inflammatory M1 macrophages 

to the TME, and autocrine IL-12 or IL-18 signaling in CAR-T cells enhances interferon-gamma 

(IFN-γ) secretion, which can inhibit Treg proliferation, thereby protecting T cells from Treg cell-

mediated suppression16–19. IL-23, which promotes T-cell proliferation, consists of a p19 and p40 
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subunit, in which only the p19 subunit is upregulated by T cells upon activation. Engineering T 

cells to only express the p40 subunit results in reconstitution of functional IL-23 only upon T-cell 

activation, which can minimize potential toxicity that might otherwise be observed with constitutive 

IL-23 expression20. Additionally, this strategy enhanced the anti-tumor function of CAR T cells in 

multiple syngeneic and xenograft tumor models, with superior efficacy compared to CAR T cells 

expressing IL-1820.  

CAR-T cells can also be equipped with synthetic receptors that redirect the inhibitory PD-

1/PD-L1 axis and the tumor necrosis factor receptor superfamily member TNFRSF6 (also known 

as FAS) and its ligand TNFL6 (also known as FASL) signaling axis21–24. In a xenograft tumor 

model of pleural mesothelioma, in which high levels of PD-L1 expressed on tumor cells dampened 

anti-tumor function of mesothelin-targeted CAR-T cells, co-expression of a PD-1 DNR enhanced 

CAR-T cell function both in vitro and in vivo21. Expression of a PD-1 DNR provided an additional 

advantage over systemic co-administration of a PD-1 inhibitor, which required repeated doses in 

order to achieve a favorable therapeutic outcome21. Alternatively, switch receptors consisting of 

a fusion between the PD-1 ectodomain and CD28 endodomain can enhance anti-tumor function 

of CAR T cells in multiple solid tumor xenograft models22,23. CD28 signaling through the PD-

1/CD28 receptor was necessary to achieve optimal control over tumor burden23. Similarly, in 

syngeneic tumor models, expression of a FAS DNR in either CAR- or TCR-engineered T cells 

protected T cells from FASL-induced apoptosis, leading to increased in vivo persistence and 

enhanced tumor eradication24. 

 

TGF-β plays a pivotal role in the tumor microenvironment 

TGF-β is an inhibitory factor of particular interest because of its central role in the TME. 

TGF-β interacts broadly with immune cells to promote tumor tolerance. Besides enforcing an 

immunosuppressive niche through recruitment and polarization of Tregs, MDSCs, and TAMs25,26 

— which produce TGF-β themselves — TGF-β also directly inhibits cytotoxic T cell27–32 and NK 



 7 

cell33,34 function, and suppresses dendritic cell (DC) maturation35,36. In addition to its inhibitory 

effects on immune cells, TGF-β also promotes tumor progression, driving more invasive 

phenotypes by inducing epithelial-to-mesenchymal transition and promoting tumor 

angiogenesis37–39. TGF-β has also been shown to maintain self-renewing cancer stem cell 

populations which are often associated with resistance to therapy40–42. TGF-β can also act on 

stromal cells, such as cancer-associated fibroblasts, to induce aberrant secretion of extracellular 

matrix proteins43,44, which act as a physical barrier to protect the solid tumor parenchyma from 

immune infiltrates.  

In light of the multiple suppressive elements in the TME that are dependent on TGF-β, 

there is much interest in TGF-β–blocking immunotherapies. Systemic administration of TGF-β 

inhibitors, however, have raised concerns of toxicity45–48. An alternate approach is to engineer 

TGF-β–resistant, tumor-specific T cells, with previously reported strategies including expression 

of a TGF-β dominant-negative receptor (DNR) 49–53 or a TGF-β receptor (TGF-βR)/4-1BB 

chimera54,55, as well as CRISPR-mediated knockout of the endogenous TGF-βRII56,57. Toxicity is 

limited in these therapies due to the fact that inhibition of TGF-β signaling would occur primarily 

in the engineered T cells themselves. Although receptors such as the TGF-β DNR, which is a 

truncated form of TGF-βRII that lacks the cytoplasmic signaling domain, may also inhibit TGF-β 

signaling in neighboring cells by binding TGF-β and limiting its bioavailability, this effect is 

localized to the tumor site, minimizing the risk of toxicities incurred at healthy tissue sites where 

TGF-β signaling is crucial for homeostasis. Knockout of TGF-βRII in engineered T cells should 

pose even less risk of toxicity as inhibition of TGF-β signaling would occur only in gene-edited 

cells, but efficacy of this approach is limited by the inability to sequester TGF-β and inhibit its 

signaling in neighboring cells in the TME.  

Among these strategies, the TGF-β DNR has been most widely tested in clinical 

applications53. We hypothesize, however, that therapeutic efficacy can be further enhanced by 

engineering T cells to not only resist TGF-β signaling, but also reprogram TGF-β into an 
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immunostimulant. Potentiating T-cell effector functions in the TGF-β–rich solid TME would have 

the additional benefit of inducing bystander effects that can stimulate an inflammatory response 

in neighboring, endogenous immune cells, which is of particular importance given the prominent 

role of suppressive immune cells in establishing tumor tolerance.  Previous work in our lab has 

demonstrated that CARs can be engineered to respond to TGF-β58. Such TGF-β–responsive 

CARs both inhibit endogenous TGF-β signaling by outcompeting endogenous TGF-β receptors 

for ligand binding, and transduce T-cell activating signals upon TGF-β binding, leading to 

proliferation and inflammatory cytokine production. Notably, TGF-β CAR activation does not 

trigger T-cell cytotoxicity, and therefore acts as a companion receptor to be paired with a tumor-

reactive CAR or TCR to augment anti-tumor immunity. 

In this dissertation, we address potential risks of arming T cells with TGF-β–responsive 

CARs for anti-tumor applications, including potential expansion of contaminating Tregs, blunting 

of cytotoxic payload delivery, and systemic toxicity. We next assessed the ability of the TGF-β 

CAR to enhance the therapeutic efficacy of tumor-specific T cells using different receptor pairing 

configurations in different tumor models, and demonstrate that single-chain bispecific CAR-T cells 

responsive to IL-13Rα2 and TGF-β can program robust anti-tumor immunity in models of 

glioblastoma multiforme (GBM).  
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CHAPTER 2. The TGF-β CAR is a viable and safe receptor platform for 
engineering anti-tumor T-cell therapies 
 

Abstract 

In light of the pivotal role of TGF-β in the TME, we hypothesized that pairing tumor-

targeting receptors with TGF-β CARs, which can convert the typically immunosuppressive signals 

of TGF-β into immunostimulatory signals, presents a promising strategy to enhance T-cell function 

against solid tumors. Before evaluating the ability of TGF-β CARs to augment anti-tumor 

immunity, we first sought to address potential concerns that might derail their therapeutic viability, 

including potential expansion of a immunosuppressive Tregs, diversion of granzyme B (GrB) 

payloads from T cell-tumor cell synapses, and systemic toxicity. We demonstrate that (1) TGF-β 

CAR-transduced Tregs are neither selectively expanded nor suppressive in the presence of TGF-

β, (2) TGF-β CAR activation does not depolarize the immunological synapse, and (3) TGF-β CAR-

T cells are well-tolerated when administered systemically. Our findings support the use of the 

TGF-β CAR as a productive and safe modality to engineer more robust anti-tumor T-cell function. 
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Introduction 

 TGF-β–responsive CARs, which convert TGF-β from an immunosuppressive molecule to 

an immunostimulant in engineered T cells, hold potential for enhancing the efficacy of adoptive 

T-cell therapy against solid tumors. However, we sought to address three main concerns that 

would limit the utility of the TGF-β CAR as a cancer therapeutic; namely, (1) potential outgrowth 

of suppressive TGF-β CAR-Tregs, (2) TGF-β CAR-mediated depolarization of the immunological 

synapse, and (3) risk of systemic toxicity.  

 First, we sought to understand whether transduction of contaminating Tregs in a starting 

population of bulk T cells would result in selective expansion of immunosuppressive TGF-β CAR-

Tregs. This was of particular concern given that activated Tregs are known to secrete TGF-β1. 

TGF-β secreted by Tregs could, in turn, activate TGF-β CAR-transduced Tregs, establishing an 

autocrine positive feedback loop resulting in TGF-β CAR-Treg proliferation and elevated levels of 

TGF-β. Since TGF-β can polarize naïve CD4+ T cells into Tregs2, buildup of TGF-β could also 

convert neighboring non-Treg cells into Tregs. The potential interplay between TGF-β, Tregs, and 

the TGF-β CAR therefore warrants a careful investigation of TGF-β CAR function in Tregs.  

 TGF-β CARs do not confer tumor-targeting specificity, and therefore must be paired with 

a tumor-targeting receptor to program anti-tumor function. Tumor-targeting receptors mediate T-

cell cytotoxicity through a chain of events: (1) receptor binding to tumor antigen forms cell-cell 

contacts between the T-cell and tumor cell, (2) broad cytoskeletal re-modeling in T cells forms an 

immunological synapse at the T-cell: tumor-cell interface, and (3) lytic granules containing 

cytotoxic molecules such as granzyme B and perforin are polarized towards the immunological 

synapse, where they are delivered to tumor cells to induce apoptosis3,4. Since TGF-β is a soluble 

factor, no cell-cell contacts are formed upon TGF-β CAR engagement with ligand, but lytic granule 

polarization towards the receptor-ligand interface may still occur. We therefore sought to 

investigate whether TGF-β CAR engagement would reduce cytolytic efficiency by diverting 

cytotoxic payloads away from the immunological synapse formed by tumor-targeting receptors.   
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 Although the role of TGF-β in promoting tumor progression and therapeutic resistance has 

been well-documented, TGF-β also plays a crucial role in maintaining healthy tissue 

homeostasis5, and systemic administration of TGF-β inhibitors have raised concerns of 

cardiotoxicity and development of skin lesions6–9. Although TGF-β CAR stimulation does not 

initiate bystander killing, it does trigger production of inflammatory cytokines10. Since TGF-β is 

ubiquitously expressed, we wished to determine whether basal levels of TGF-β in healthy tissues 

would be sufficient to induce TGF-β CAR-T cell-mediated toxicity.   

Here we demonstrate that TGF-β CAR expression in a highly purified population of Tregs 

does not promote Treg purity or trigger suppressive activity, indicating that contaminating fractions 

of Tregs in a TGF-β CAR-T cell product do not pose a risk of counterproductive expansion or 

immune suppression. Using engineered Jurkat T-cell lines, we found that the TGF-β CAR does 

not depolarize immunological synapses formed by CD19 CAR binding to tumor antigen. Lastly, 

we demonstrate that TGF-β CAR-T cells are well-tolerated when administered systemically into 

immunocompetent mice, with no evidence of aberrant T-cell expansion in the peripheral blood or 

systemic toxicity. Taken together, these results demonstrate that the TGF-β CAR is not 

counterproductive to anti-tumor T-cell function, and TGF-β CAR-T cells can be safely 

administered, supporting downstream engineering efforts using the TGF-β CAR to enhance the 

efficacy of adoptive T-cell therapy. 

 

Results 

TGF-β CARs do not promote expansion or suppressive function of Tregs 

At present, CAR-T cell therapy is a personalized medical treatment, with unique cell 

products produced for each patient11. Although a variety of cell-manufacturing starting materials 

are used, including peripheral blood mononuclear cells (PBMCs), CD8-sorted cells, or cells sorted 

for either naïve or memory phenotypes12–15, many manufacturing processes do not specifically 

deplete Treg cells. Since activated Treg cells secrete TGF-β8, and TGF-β CAR signaling promotes 
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robust T-cell expansion10, concerns arise of whether TGF-β CAR expression would inadvertently 

enrich Treg cells in a T-cell product, and whether TGF-β CAR-Treg cells would cause 

counterproductive CAR-mediated immunosuppression.  

To evaluate the effect of TGF-β CAR expression specifically on Tregs, experiments were 

performed using FACS-sorted CD4+/CD25hi/CD127– cells (Figures 2.1A, B), which have been 

shown to be enriched in the Treg phenotype16. Interestingly, unlike non-Tregs10, Treg cells 

consistently showed more efficient surface presentation of the TGF-β CAR containing a long (229- 
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Figure 2.1 The TGF-β CAR with a long spacer exhibits more efficient surface presentation than the 
TGF-β CAR with a short spacer in Tregs. (a) Representative flow plots depicting gating strategy for the 
sorting of CD4+/CD25hi/CD127– Tregs. (b) Representative flow plots depicting surface marker expression 
of cells immediately after sorting. (c) TGF-β CAR-transduced CD4+/CD25hi/CD127–-sorted cells were 
stained for surface expression of FLAG-tagged CARs. Averages of triplicates are shown, with error bars 
representing ± 1 SD. Statistics are calculated by a 2-tailed Student’s t test. *** p < 0.001.  
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amino acid) extracellular spacer compared to an otherwise identical CAR containing a short (12-

amino acid) spacer (Figure 2.1C). Therefore, all subsequent experiments in Treg cells were 

performed with the long TGF-β CAR. 

 The most definitive marker of Treg phenotype — FOXP3 — is an intracellular protein that 

cannot be used for live-cell sorting based on surface marker staining. As a result, the expanded 

CD4+/CD25hi/CD127–-sorted cell population included a residual fraction of FOXP3– cells, 

regardless of whether the cells had been transduced with the TGF-β CAR (Figure 2.2A). The 

addition of TGF-β resulted in an increase in FOXP3 expression in untransduced, 

CD4+/CD25hi/CD127–-sorted cells, confirming that TGF-β promotes the differentiation of non-Treg 

cells into the Treg phenotype (Figures 2.2A, B). In contrast, TGF-β–mediated induction of FOXP3 
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Figure 2.2 TGF-β CAR expression and stimulation does not result in preferential expansion of 
FOXP3+ Tregs among CD4+/CD25hi/CD127–-sorted cells. (a) TGF-β CAR-transduced or untransduced 
CD4+/CD25hi/CD127--sorted cells were expanded with Dynabeads only or Dynabeads plus 5 ng/mL TGF-
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expression was not observed in CD4+/CD25hi/CD127–-sorted cells transduced with the TGF-β 

CAR. These results indicate that TGF-β CAR expression does not promote preferential expansion 

of FOXP3+ Tregs over non-Tregs. Instead, CAR expression appears to suppress the overall 

frequency of FOXP3+ Tregs in mixed T-cell populations treated with TGF-β (Figures 2.2A, B), 

likely by preventing the differentiation of non-Treg cells into the regulatory phenotype. 

We next evaluated whether Treg cells activated through TGF-β CAR signaling would exert 

suppressive effects on nearby effector T (Teff) cells. To ensure that CD4+/CD25hi/CD127–-sorted 

cells contained enough Treg cells to have suppressive potential, co-cultures were set up with 

CFSE-labeled CD4+CD25– Teff cells, anti-CD3, and anti-CD28, with or without TGF-β CAR-

transduced CD4+/CD25hi/CD127–-sorted cells (Figure 2.3A). In such co-cultures, anti-CD3 and 

anti-CD28 served to activate both Treg and Teff cells by triggering TCR signaling. CFSE dilution 

in Teff cells was quantified after 96 hours of co-culture, with results indicating clear suppression 

of Teff proliferation in the presence of CD4+/CD25hi/CD127–-sorted cells (Figure 2.3A), confirming 

this population contained sufficient numbers of Treg cells to effectively suppress Teff proliferation 

upon TCR-mediated T-cell activation. Notably, addition of TGF-β did not enhance suppression 

mediated by TGF-β CAR-transduced Treg cells (Figure 2.3A), and TGF-β CAR-transduced Tregs 

were no more suppressive than untransduced Tregs (Figure 2.3B). These results indicate that 

the TGF-β CAR itself does not boost the suppressive capacity of Treg cells. 
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To determine whether CAR-mediated (as opposed to TCR-mediated) Treg activation 

would similarly suppress CAR-Teff proliferation, a CD19 CAR was introduced into CD4+ Teff cells, 

and co-cultures were set up with CFSE-labeled CD19 CAR-Teff cells and irradiated parental 

(CD19+/OKT3–) TM-LCL target cells, with or without CTV-labeled TGF-β CAR-transduced Treg 

cells (Figure 2.4A). In this system, the Teff and Treg cells were separately activated via their 

CARs by CD19 and TGF-β, respectively, thus enabling specific inquiry into the effect of CAR 

activation on the Treg cells’ suppressive potential. CTV dilution in Tregs (Figures 2.4B, C) and 

CFSE dilution in Teffs (Figure 2.4D) were quantified after 72 hours of co-culture. Flow cytometry 

analysis revealed that TGF-β CAR-transduced Treg cells, but not untransduced Treg cells, 
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Figure 2.3 TGF-β CAR-Tregs are suppressive when stimulated through the TCR. (a) CFSE-labeled 
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divided in response to TGF-β addition (Figures 2.4B, C), thus confirming TGF-β CAR signaling. 

However, this Treg population was unable to suppress Teff proliferation (Figure 2.4D), indicating 

that CAR-activated Tregs do not exert significant suppressive function on nearby Teff cells. 

Taken together, these results indicate that even if the starting population for therapeutic 

T-cell manufacturing contains Treg cells, transduction with TGF-β CAR would not lead to the 
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Figure 2.4 TGF-β CAR-Tregs are not suppressive when stimulated through the CAR. (a) CFSE-
labeled CD19 CAR-Teffs were co-cultured with irradiated CD19+ TM-LCLs, CTV-labeled Tregs (TGF-β 
CAR-transduced or untransduced), and either 0, 5, or 10 ng/mL TGF-β. The co-cultures were set up at 
1:2:1 Teff:TM-LCL:Treg ratio. (b) Histogram overlays of CTV dilution comparing co-cultures containing 
TGF-β CAR-Tregs at varying concentrations of TGF-β. (c) Histogram overlays of CTV dilution comparing 
co-cultures containing untransduced Tregs at varying concentratons of TGF-β. (d) Histogram overlays of 
CFSE dilution comparing co-cultures without Tregs and co-cultures with TGF-β CAR-transduced Tregs, at 
varying concentrations of TGF-β.  
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preferential expansion of Treg cells, and the presence of any TGF-β CAR-Treg cells is unlikely to 

induce suppressive effects on the activity of tumor-targeting Teff cells. 

 

TGF-β CAR expression does not blunt cytotoxic payload delivery 

 Previous work has demonstrated that TGF-β CAR-T cells can degranulate in response to 

soluble TGF-β, as evidenced by upregulation of the degranulation marker CD107a 

(Supplementary Figure 2.1; data courtesy of Dr. ZeNan Chang). We therefore sought to 

determine whether TGF-β CAR engagement would divert lytic granules from the immunological 

synapse. To investigate this, Jurkat T-cells engineered to express mCherry-labeled GrB were co-

incubated with CD19+EGFP+ Raji cells, with or without TGF-β (Figure 2.5). Confocal microscopy 

images were taken to determine GrB localization patterns in Jurkat cells, with or without TGF-β 

present. Compared with Jurkat cells expressing a CD19 CAR alone, dual TGF-β/CD19 CAR 

Jurkat
CD19 CAR-T2A-GrB-mCherry

TGF-β CAR

EGFP+ Raji

Jurkat
CD19 CAR-T2A-GrB-mCherry

TGF-β CAR

EGFP+ Raji
TGF-β

GrB polarized towards
immunological synapse

Diversion of GrB from 
immunological synapse upon 

TGF-β CAR engagement?

A

B

Figure 2.5 Engineered Jurkat T cells provide a model system to visualize immunological synapse 
formation. Jurkat T cells were engineered to co-express a CD19-targeting CAR and a TGF-β–responsive 
CAR, in addition to a GrB-mCherry fusion protein. Engineered Jurkat cells were co-cultured with EGFP+ 
CD19+ Raji target cells, with or without TGF-β. Localization patterns of GrB can be visualized by monitoring 
mCherry fluorescent signal relative to cell-cell contacts formed between Jurkat cells and EGFP+ Raji cells. 
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Jurkat cells exhibited comparable GrB clustering at the interface of target-cell contacts, regardless 

of whether TGF-β was present (Figure 2.6, Table 2.1). Moreover, Jurkat cells expressing both a 

CD19 CAR and TGF-β CAR upregulated the degranulation marker CD107a at comparable levels 

compared to Jurkat cells expressing the CD19 CAR alone when challenged with CD19+ Raji cells 

(Figure 2.7). Addition of TGF-β in Raji cell co-cultures did not reduce degranulation levels in 

Synapse

No synapse

Synapse

A

B

Figure 2.6 GrB polarizes towards Jurkat-Raji cell contacts. Engineered Jurkat cells as described in 
Figure 2.5 were co-incubated with EGFP+ Raji cells. mCherry-labeled GrB molecules traffic towards the 
contacts formed between Jurkat and Raji cells. Scalebars denote 10 μm.  
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Jurkat cells co-expressing the TGF-β CAR and CD19 CAR (Figure 2.7). These results confirm 

that TGF-β CAR activation does not reduce cytotoxic efficiency by depolarization of lytic granules  

from the T-cell: tumor cell immunological synapse.  

 

 

TGF-β CAR-T cells do not mediate systemic toxicity 

Since basal levels of TGF-β are present in healthy tissue, we also assessed whether 

administration of TGF-β CAR-T cells might result in undesired systemic toxicities. Since concerns 

of toxicity are best addressed in hosts with intact immune systems, murine T cells were 

transduced to express a murine TGF-β CAR, consisting of murine CD28 co-stimulatory and 

murine CD3ζ signaling domains (Supplementary Figure 2.2A). Murine TGF-β CAR-T cells 

remained responsive to murine TGF-β in vitro, as evidenced by activation marker upregulation 

and cytokine production (Supplementary Figure 2.2B). Murine TGF-β CAR-T cells were then 

systemically administered to healthy C57BL/6 mice via intravenous injection. No gross evidence 

of toxicity was observed, as mouse weights remained stable over the course of one month 

Figure 2.7 TGF-β CAR expression does not inhibit degranulation upon target cell encounter. Jurkat 
T cells expressing either the CD19 CAR alone or both the CD19 and TGF-β CAR were co-incubated with 
Raji cells. No significant differences in degranulation, as measured by CD107a expression, were observed 
when the  CD19 CAR was expressed alone or co-expressed with the TGF-β CAR, regardless of whether 
TGF-β was present in co-cultures.  
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following adoptive cell transfer (Figure 2.8A). Furthermore, there was no significant expansion of 

CD3+ T cells in peripheral blood 20 days after T-cell injection (Figure 2.8B). Histopathological 

analysis of kidney, spleen, and liver collected at time of euthanasia further corroborated the 

finding that TGF-β CAR-T cells do not induce systemic toxicity (Table 2.2). 

 

 

 

 

 

 

 

 

 

A B

T cells (i.v.)

C57BL/6

Figure 2.8 Systemic administration of TGF-β CAR-T cells is well-tolerated in immunocompetent 
mice. Healthy C57BL/6 mice were given an intravenous injection of TGF-β CAR-T cells. (a) Mouse weights 
were monitored through 30 days following CAR-T cell injection. No signs of gross toxicity were observed 
as mouse weights remained stable through the course of the study. Plotted are means ± standard 
deviations. No significant differences in weight were observed between mock-transduced and TGF-β CAR-
T cell groups. (b) Retro-orbital blood was collected 20 days after T-cell injection. No significant T-cell 
expansion was observed as a result of TGF-β CAR-T cell injection. 
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Discussion 

In light of lackluster responses to adoptive T-cell therapy in solid tumors, further 

engineering efforts are warranted to combat the immunosuppressive TME. Previous work has 

demonstrated that CARs can be engineered to respond to TGF-β, enabling transduced T cells to 

be stimulated, rather than suppressed, by TGF-β. Given the central role of TGF-β as a 

suppressive factor in the solid tumor milieu, we hypothesized that greater therapeutic outcomes 

could be achieved by equipping tumor-specific T cells with TGF-β–responsive CARs. However, 

we first sought to address potential concerns that might detract from the viability of the TGF-β 

CAR as a cancer therapeutic.  

Previous work has demonstrated that TGF-β CARs with short spacers transduce more 

robust activation signals in conventional T cells. In regulatory T cells, short-spacer TGF-β CARs 

do not express efficiently on the cell surface, indicating that TGF-β CARs with short spacers may 

be preferable for anti-tumor applications not only due to their stronger signaling response, but 

also due to the minimized risk of immune suppression mediated by contaminating Tregs.  

Notably, TGF-β CAR-transduced Tregs retain FOXP3 expression and remain suppressive 

when stimulated through the endogenous TCR, indicating that TGF-β CAR expression does not 

inherently alter the phenotype or function of Tregs. Rather, differences in CAR versus TCR 

signaling responses may be responsible for the lack of immune suppression observed when TGF-

β CAR-Tregs are activated by TGF-β. These findings are also consistent with work demonstrating 

that Tregs expressing factor VIII-specific CARs do not suppress FVIII antibody production in 

mouse models of hemophilia A17. It has been suggested that Tregs require calibrated levels of 

TCR-mediated signaling to exert suppressive function, and that the more intense signaling 

downstream of CAR stimulation might abolish Treg suppressive function. Treg-mediated immune 

suppression has also been suggested to occur in a contact-dependent manner18, and it is possible 

that lack of TGF-β CAR-mediated immune suppression is attributable to the lack of cell-cell 

contacts formed between TGF-β CAR-Tregs and neighboring Teffs. 
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We envision that TGF-β CARs can be paired with tumor-targeting receptors (either CARs 

or TCRs) to augment anti-tumor efficacy. However, a previous observation that TGF-β CAR 

activation triggers T-cell degranulation raised a potential concern that TGF-β CARs might divert 

lytic granules away from immunological synapses formed between tumor-specific T cells and 

target cells, thereby limiting T-cell cytotoxicity. We demonstrate, however, that TGF-β CAR 

stimulation does not hinder lytic granule polarization in CD19 CAR-expressing Jurkat T cells when 

challenged with CD19+ Raji cells. Given that TGF-β is a soluble factor rather than a membrane-

bound antigen, it is plausible that TGF-β CAR engagement does not transduce sufficient 

mechanical force to induce the broad cytoskeletal remodeling required for lytic granule 

polarization.  

Various TGF-β inhibitors have been tested as either monotherapies or combination 

therapies19–22. One major drawback is that systemic inhibition of TGF-β signaling can be toxic, 

with preclinical studies reporting cardiotoxicities and skin lesions following administration of either 

small-molecule inhibitors or neutralizing antibodies6–9. Since tumor-specific T cells tend to localize 

at the tumor site, TGF-β CAR expression poses a minimized risk of toxicity as inhibition of TGF-

β signaling would be confined to the TME. Notably, no adverse events were observed in healthy 

immunocompetent mice following systemic administration of T cells expressing only the TGF-β 

CAR and no tumor-targeting receptor, nor was there any evidence of excess T-cell expansion in 

the periphery. These data provide preliminary evidence that TGF-β CAR-T cells are well-tolerated. 

Altogether, our data demonstrate that the TGF-β CAR can be productively and safely expressed 

in T cells, and we therefore proceeded with downstream investigations of the TGF-β CAR–

mediated enhancements to anti-tumor immunity.  
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Methods 

DNA constructs 

TGF-β–specific CARs with short and long spacers (IgG4 hinge and IgG4 hinge-CH2-CH3, 

respectively) were constructed as previously described10. The CARs contain the CD28 

transmembrane domain, the CD28 cytosolic tail with GG mutations that may enhance CAR 

surface expression23, and the CD3ζ cytosolic domain. The CD19-binding CARs contain the 4-1BB 

and CD3ζ intracellular domains and were previously described24. All receptors were linked by the 

“self-cleaving” T2A sequence to a truncated epidermal growth factor receptor (EGFRt), a non-

signaling transduction marker25. 

 

Cell lines 

TM-LCLs, an Epstein-Barr virus-transformed lymphoblastoid cell line, were gifts from Dr. 

Michael Jensen (Seattle Children’s Research Institute). Jurkat T cells were obtained from ATCC. 

Cell lines were maintained in complete RPMI (RPMI-1640 (Lonza) + 10% heat-inactivated FBS 

(Gibco)). 

 

Generation of CAR-expressing primary human T cells 

 For experiments involving Treg cells, CD4+ T cells isolated as mentioned above were 

stained with fluorescently conjugated anti-CD4 (clone RPA-T4, BioLegend), anti-CD25 (clone 

BC96, BioLegend), and anti-CD127 (clone A019D5, BioLegend) antibodies, and then Treg 

(CD4+CD25hiCD127–) and non-Treg (CD4+CD25–) fractions were enriched on a BD FACSAria II 

cell sorter. Treg cells were stimulated with CD3/CD28 Dynabeads at a 1:1 bead-to-cell ratio for 2 

days and then transduced with lentivirus at an MOI of 5. Tregs were cultured in complete RPMI 

supplemented with 100 nM rapamycin and fed 300 U/mL IL-2 every 2 to 3 days. Dynabeads were 

removed after 10 days of culture, and cells were subsequently re-stimulated with Dynabeads at 

a 1:2 bead-to-cell ratio. Cells were then cultured in complete RPMI without rapamycin, and IL-2 
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was supplemented every 2 to 3 days. In some experiments, cultures were also supplemented 

with 5 ng/mL TGF-β after re-stimulation. Dynabeads were removed on day 20 or 21 of culture. 

Following Dynabead removal, Tregs were rested in IL-2–free medium for 24 hours prior to use in 

downstream experiments. 

 

Treg suppression assays  

In experiments testing TCR-mediated suppression, CD4+CD25– Teffs that were never 

activated in vitro were stained with 1.25 μM CFSE. CFSE-labeled Teffs were seeded in OKT3-

coated 96-well U-bottom plates at 5 x 104 cells/well with 1 μg/mL CD28 agonist antibody (clone 

CD28.2, BioLegend), and 0 or 5 ng/mL TGF-β. Tregs were added to each well at a 1:1 Treg:Teff 

ratio. 

In experiments testing CAR-mediated suppression, CD19 CAR-transduced CD4+CD25– 

Teffs were stained with 1.25 μM CFSE, and Tregs were stained with 1.25 μM CTV. CFSE-labeled 

Teffs were seeded in 96-well U-bottom plates at 5 x 104 cells/well with 1 x 105 irradiated TM-LCL 

cells and 0, 5, or 10 ng/mL TGF-β. CTV-labeled Tregs were added to each well at a 1:1 Treg:Teff 

ratio.  

 

Confocal microscopy 

Jurkat T cell lines were lentivirally transduced to express a granzyme B-mCherry fusion in 

addition to either a CD19 CAR alone, or a CD19 CAR and a TGF-β CAR together. Engineered 

Jurkat cells were co-incubated with EGFP+ Raji cells in a 48-well glass-bottom plate (MatTek). 

TGF-β was added to media immediately prior to imaging. Z-stacks were obtained using a Zeiss 

LSM880 confocal microscope at 63x magnification (UCLA Broad Stem Cell Research Center).  

 

Degranulation assay 
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 1 x 105 Jurkat T cells were cultured alone or with 1 x 105 EGFP+ Raji cells ± recombinant 

human TGF-β in a 96-well U-bottom plate. Cells were incubated at 37ºC for 1 hour, then anti-

CD107a (Pacific Blue, BioLegend) and 1x monensin solution (BioLegend catalog no. 420701) 

were added to cultures and incubated at 37ºC for another 4 hours. Cells were washed in FACS 

buffer (PBS + 2% HI-FBS) prior to flow cytometric analysis.  

 

Antibody staining for flow cytometry 

EGFRt expression was measured by staining with biotinylated cetuximab (Eli Lilly; 

biotinylated in-house), followed by PE-conjugated streptavidin (Jackson ImmunoResearch 

catalog no. 016-110-084). CAR expression on the cell-surface was measured by staining with 

anti-DYKDDDDK (FLAG) tag conjugated to FITC (Miltenyi Biotec catalog no. 130-101-570). For 

intracellular FOXP3 staining, cells were fixed and permeabilized using the True-Nuclear 

Transcription Factor Buffer Set (BioLegend catalog no. 424401), and cells stained with PE-

conjugated anti-FOXP3 (clone 206D, BioLegend catalog no. 320108).  

To evaluate activation marker upregulation and cytokine production, murine T cells were 

incubated overnight in either media alone or with 10 ng/mL recombinant murine TGF-β. For 

activation marker staining, cells were stained with APC-conjugated anti-CD25 (clone 3C7, 

BioLegend catalog no. 101909). For intracellular cytokine staining, overnight cultures were 

supplemented with 1x brefeldin A (BioLegend catalog no. 420601) and 1x monensin solution 

(BioLegend catalog no. 420701). Cells were fixed with 1.5% paraformaldehyde followed by 

permeabilization with 100% methanol, and stained with PE-conjugated anti-mouse TNF-α (clone 

XMG1.2, BioLegend catalog no. 505817).  

To monitor for potential expansion of TGF-β CAR-T cells in healthy immunocompetent 

mice, retro-orbital blood samples were treated with 1x Red Blood Cell Lysis Solution (Miltenyi 

Biotec), then stained with FITC-conjugated anti-mouse CD3 (clone 17A2, BioLegend catalog no. 

100204).  
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Flow cytometry samples were run on a MACSQuant VYB flow cytometer (Miltenyi Biotec) 

and data were analyzed using FlowJo software (TreeStar). 

 

Murine T-cell culture 

Spleens were harvested from healthy, six- to eight-week–old C57BL/6mice. Single-cell 

suspensions were obtained by gentle maceration in 100-μm cell strainers placed over 50 mL 

Falcon tubes. CD3+ T cells were enriched from bulk splenocytes using the Pan T Cell Isolation kit 

II, mouse (Miltenyi Biotec) following the manufacturer’s protocol. Isolated T cells were activated 

with anti-mouse CD3/CD28 Dynabeads (Gibco) at a 1:1 bead-to-cell ratio. One day prior to 

transduction, 12-well non-TC–treated plates were coated overnight with 15 μg/mL RetroNectin 

(Takara) diluted in PBS at 4ºC. 24 hours following T-cell activation, retroviral supernatant was 

added to RetroNectin-coated plates and centrifuged at  2000xg for 2 hours (no brakes). Activated 

T cells were subsequently applied to spinoculated plates and centrifuged at 2000xg for 15 minutes 

(no brakes). T cells were maintained in RPMI-1640 + 10% HI-FBS + 50 μM β-mercaptoethanol. 

Cell cultures were supplemented with 50 U/mL human IL-2 every 2–3 days. 

 

In vivo toxicity study 

Animal studies were approved by the UCLA Animal Research Committee (ARC). C57BL/6 

mice were obtained from the UCLA Department of Radiation Oncology. Healthy C57BL/6 mice 

were injected intravenously with either murine TGF-β CAR-T cells or mock-transduced murine T 

cells, at a dose of 4 x 106 total cells per mouse. On day 20 following T-cell injection, peripheral 

blood was collected from the retro-orbital sinus directly into tubes coated with EDTA (BD 

Biosciences, catalog no. 365974). Mouse weights were tracked for one month prior to euthanasia. 

Following euthanasia, mouse spleens, kidneys, and livers were collected and fixed in 10% 

neutral-buffered formalin for 24 hours. Fixed tissue samples were submitted to the Comparative 
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Pathology Laboratory at the University of California, Davis and analysis completed by a third-

party histopathologist.  

 

Statistical analyses 

Statistical tests were performed in Excel. Two-tailed student’s t tests with unequal variances 

were used to compare continuous variables between two groups, with the Sidak correction for 

multiple comparisons. 
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Supplementary Figures and Tables 

 

  

Supplementary Figure 2.1 TGF-β CAR-T cells degranulate upon CAR stimulation. Mock-transduced 
or TGF-β CAR-T cells were cultured either in media alone (negative control), with anti-CD3 (positive 
control), or 5 ng/mL TGF-β. TGF-β induces upregulation of the degranulation marker CD107a in TGF-β 
CAR-T cells, but not mock-transduced T cells, confirming that TGF-β CAR stimulation induces T-cell 
degranulation, albeit to a lesser extent compared to stimulation through the endogenous TCR. Data 
courtesy of Dr. ZeNan Chang 
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Supplementary Figure 2.2 Murine TGF-β CAR-T cells are functional. (A) Flow cytometric staining of the 
transduction marker EGFRt and surface CAR expression (by FLAG staining). Murine TGF-β CARs are 
efficiently transduced and express on the cell surface of transduced murine T cells. (B) CD25 expression 
(left) and TNF-α production (right) in untransduced or murine TGF-β CAR-T cells after culture in media 
alone or murine TGF-β. Murine TGF-β CAR-T cells are activated by murine TGF-β, as evidenced by CD25 
upregulation and TNF-α production. 
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Condition Total no. Jurkat 
cells imaged

No. Jurkat-Raji cell 
contacts observed

No. 
immunological 

synapses formed

No TGF-β 89 33 10

5 ng/mL TGF-β 90 34 13

Table 2.1 Quantification of total immunological synapses formed between Jurkat cells and Raji 
cells. TGF-β CAR engagement does not inhibit effective formation of immunological synapses between 
engineered Jurkat cells and Raji cells, as defined by localization of mCherry-GrB at the Jurkat:Raji interface. 

Mock Mock TGF-β CAR TGF-β CAR

Gross Findings NGL NGL Mild, diffuse pale-
tan liver

NGL

Liver Minimal,
multifocal
sinusoidal
congestion

NA NSF NSF

Spleen NSF NSF NSF NSF

Kidneys Focal
perivascular
lymphocytic
aggregate

NSF NSF NSF

NGL = No gross lesions
NSF = No significant findings
NA = Not applicable, information not available

Table 2.2 Histopathological analysis of tissue samples in immunocompetent mice treated with TGF-
β CAR-T cells. Liver, spleen, and kidneys were harvested from healthy immunocompetent C57BL/6 mice 
one month following intravenous administration of TGF-β CAR-T cells or mock-transduced T cells. Analyses 
were performed on fixed tissue by a third-party histopathologist, and no evidence of toxicity was observed. 
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CHAPTER 3. Exploration of TGF-β CAR and tumor-targeting receptor pairing 
configurations demonstrate sub-optimal outcomes with receptor co-expression 
 

Abstract 

Although adoptive transfer of tumor-specific T cells has been remarkably effective in 

treating blood-based malignancies, efficacy against solid tumors has been much more limited, 

owing in large part to the immunosuppressive tumor microenvironment (TME). TGF-β is 

commonly overexpressed across several cancer types, and can orchestrate tumor tolerance by 

interacting with not only adoptively transferred T cells, but also endogenous immune cells. In light 

of the pivotal role of TGF-β in shaping the immunosuppressive TME, we hypothesized that better 

therapeutic responses to adoptive T-cell transfer against solid tumors could be achieved by 

inhibiting or reversing immunosuppressive TGF-β signaling. Since the TGF-β CAR does not direct 

tumor-targeting specificity, we evaluated anti-tumor function of different pairing configurations 

with tumor-specific receptors. In models of murine melanoma and human prostate cancer, we 

observed sub-optimal therapeutic outcomes when the TGF-β CAR is co-expressed with either a 

tumor-specific TCR or CAR, and instead provide support for more focused engineering efforts to 

develop single-chain, bispecific CARs responsive to tumor antigen and TGF-β.  
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Introduction 

In light of our findings in support of the TGF-β CAR as a viable and safe receptor platform, 

we sought to evaluate its ability to enhance the efficacy of adoptively transferred tumor-specific T 

cells in solid tumor models. Since the TGF-β CAR does not direct tumor-cell killing, optimal anti-

tumor function requires the TGF-β CAR to be paired with either a tumor-specific TCR or CAR. We 

therefore explored the effect of different modes of receptor pairing on anti-tumor function.  

We first studied paired expression of the TGF-β CAR with a tumor-targeting TCR in the 

widely used B16-F10 murine melanoma model. Pmel-I T cells, which can be isolated from 

transgenic mice whose T cells all express a TCR specific for the gp100 antigen expressed by 

melanoma cells, are typically ineffective in adoptive transfer studies against tumor-bearing mice, 

and often require either combination with other immunotherapies or further engineering 

strategies1–5, including expression of a TGF-β DNR6, in order to achieve adequate control over 

tumor outgrowth. When paired with the pmel-I TCR, we considered whether a TGF-β chimeric co-

stimulatory receptor (CCR) which lacks the CD3ζ signaling chain, would confer greater 

enhancements to therapeutic efficacy compared to a TGF-β CAR.  

Due to MHC restriction, pmel-I T cells are homogeneously CD8+. Others have reported, 

however, that adoptive transfer of a mixed population of CD8+ and CD4+ T cells results in better 

survival outcomes7. The presence of CD4+ T cells may be particularly important for optimal 

function of the TGF-β CAR, which triggers cytokine production but not tumor-cell killing. In 

addition, tumor cells are known to downregulate MHC expression, allowing them to escape TCR-

mediated killing. In light of these potential drawbacks of pairing the TGF-β CAR with a tumor-

specific TCR, we next investigated whether the TGF-β CAR would be more effectively paired with 

a tumor-specific CAR, which is not MHC-restricted. To do this, we utilized a human prostate 

cancer model, pairing the TGF-β CAR with a prostate cancer maturation antigen (PSMA)-

targeting CAR. PSMA is a clinically relevant target for prostate cancer immunotherapies, as 

studies have demonstrated overexpression of PSMA to be a specific marker of malignant tumor 
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with limited expression in healthy tissue outside of the prostate8–10, but PSMA CAR-T cells have 

demonstrated limited efficacy in clinical trials11. TGF-β has been shown to limit the 

immunogenicity of prostate cancer and drive disease progression, with poor prognoses in patients 

with high levels of TGF-β12,13. TGF-β signaling inhibition is therefore a promising strategy to 

enhance the efficacy of PSMA-targeted therapies, and in fact, preclinical studies have 

demonstrated that TGF-β DNR expression potentiates PSMA CAR-T cell function11. We therefore 

hypothesized that similar, if not superior, improvements to anti-tumor efficacy could be achieved 

by pairing TGF-β and PSMA CARs, either by receptor co-expression, or expression of a single-

chain bispecific CAR whose extracellular domain encodes both a TGF-β– and PSMA-binding 

scFv.    

Here, we demonstrate that co-expressing a TGF-β CAR with either a tumor-targeting TCR 

or CAR results in sub-optimal anti-tumor function in models of melanoma and prostate cancer, 

respectively. Our findings indicate that receptor co-expression is not a robust pairing configuration 

for the TGF-β CAR, and instead provide support for deeper characterization of single-chain 

bispecific CARs targeting tumor antigen and TGF-β. 

 

Results 

TGF-β CARs underperform when co-expressed with the melanoma-specific pmel-I TCR 

To assess whether TGF-β CARs can effectively augment the therapeutic efficacy of T-cell 

therapeutics against solid tumors, we first assessed their anti-tumor efficacy in the highly 

aggressive B16-F10 melanoma model. Pmel-I T cells, were engineered to express either TGF-β 

CARs or CCRs, encoding either CD28 or 4-1BB co-stimulatory domains (Figure 3.1A). In parallel 

to our panel of TGF-β CARs and CCRs, we also transduced pmel-I T cells to express either a 

TGF-β DNR, or an scFv-less CAR, which lacks an extracellular ligand-binding domain. The latter 

was included as a control to assess the anti-tumor function of the pmel-I TCR alone. Transduced 

T cells bicistronically expressed an EGFP-firefly luciferase (ffLuc) fusion protein, enabling us to 
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monitor T-cell expansion and persistence in vivo through bioluminescent IVIS imaging. C57BL/6 

mice were subcutaneously inoculated with B16-F10 melanoma cells, and treated with pmel-I T 

cells intravenously after lymphodepleting irradiation (Figure 3.1B). With the exception of the TGF-

β CAR encoding the CD28 co-stimulatory domain, TGF-β CARs and CCRs conferred slightly 

improved control over tumor outgrowth compared to scFv-less CAR-transduced pmel-I T cells 

(Figures 3.1C, D). Consistent with lackluster anti-tumor function, pmel-I T cells expressing the 

CD28-based TGF-β CAR exhibited the poorest in vivo expansion and persistence (Figure 3.1E). 

In contrast, pmel-I T cells expressing CD28-based TGF-β CCR exhibited the greatest in vivo 

persistence, suggesting that excessive activation driven by the CD28-based TGF-β CAR hinders 

anti-tumor T-cell function, which can be partially rescued by removing the CD3ζ signaling domain, 

which should reduce TGF-β–mediated signaling strength  (Figure 3.1E).  However, pmel-I T cells 

expressing the TGF-β DNR exhibited the greatest control over tumor burden and produced the 

best survival outcomes, with good in vivo persistence (Figures 3.1C–E), demonstrating that TGF-

β CARs and CCRs underperform when paired with a pmel-I TCR. 

One limitation of the melanoma model tested is that pmel-1 TCR expression is restricted 

to CD8+ T cells. However, TGF-β CAR activation triggers functions more characteristic of CD4+ T 

cells, such as cytokine release and proliferation, but not cytotoxicity14. We hypothesized that the 

therapeutic potential of the TGF-β CAR expression may not be fully appreciated when expressed 

solely in CD8+ T cells. We therefore sought to evaluate TGF-β CAR function when co-expressed 

with tumor-targeting CARs, which are not MHC-restricted and can therefore be expressed by a 

mixed population of CD4+ and CD8+ T cells. Using a tumor-specific CAR also enables exploration 

of different receptor architectures to program simultaneous targeting of TGF-β and tumor antigen. 

In particular, we wished to compare the performance of TGF-β CARs when co-expressed with a 

tumor-specific CAR (termed “dual CAR”), and single-chain bispecific CARs, whose extracellular  
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irradiation (500 cGy)

C

D

E

Days Post T-Cell Injection

Untreated scFv-less CAR mTβ.28z mTβ.BBz mTβ.28 CCR mTβ.BB CCR TGF-β DNR

scFv-less CAR mTβ.28z mTβ.BBz mTβ.28 CCR mTβ.BB CCR TGF-β DNR

Figure 3.1 TGF-β CARs underperform in melanoma-specific pmel-I T cells. (A) Schematic of TGF-β 
chimeric receptor constructs tested. Briefly, either CARs (encoding CD3ζ signaling chain) or CCRs (lacking 
CD3ζ signaling chain) were tested. CARs and CCRs either encoded a CD28 or 4-1BB co-stimulatory 
domain. (B) Study schematic. C57BL/6 mice were injected subcutaneously with B16-F10 melanoma cells. 
Six days following tumor engraftment, mice were subjected to lymphodepleting irradiation. Engineered 
pmel-I T cells (with stable integration of EGFP-ffLuc) were injected intravenously the following day. Tumor 
burden was tracked by caliper measurement, and in vivo T-cell expansion and persistence was tracked by 
bioluminescent imaging (n = 4 mice per treatment group). (C) Tumor volumes, (D) survival curves, and (E) 
T-cell radiance measurements for mice treated with engineered pmel-I T cells. Each individual trace in (C) 
and (E) represents a single mouse, and traces end following euthanasia.  
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domains consist of both a tumor antigen-binding domain and a TGF-β–binding scFv (Figure 

3.2A). Compared to dual CARs, single-chain bispecific CARs may be advantageous due to the 

reduced transgenic payload, facilitating viral integration into the T-cell genome15,16.  

 

Single-chain bispecific TGF-β/PSMA CARs outperform better than dual TGF-β/PSMA CARs 

Next, we paired the TGF-β CAR with a PSMA-targeting CAR to interrogate different modes 

of CAR pairing. We engineered either dual or single-chain, bispecific TGF-β/PSMA CARs, and 

compared them against single-input PSMA CARs with or without TGF-β DNR expression. Since 

the single-input PSMA CAR utilizes a short extracellular spacer, the bispecific TGF-β/PSMA CAR 

was constructed such that the PSMA-targeting scFv (clone J591) was oriented in the membrane-

proximal position and the TGF-β–targeting scFv in the membrane-distal position. Bispecific TGF-

β/PSMA CARs configured in this manner enable us to control for potential differences in PSMA-

targeting that may arise with changes in the distance between the PSMA-binding scFv and the 

cell-membrane. One potential advantage of a dual CAR configuration is the ability to program 

diverse T-cell signaling responses, which was exploited in our CAR designs: in the dual CAR 

configuration, CD28 and 4-1BB co-stimulatory domains were encoded by the TGF-β CAR and 

PSMA CAR, respectively; in contrast, the single-chain bispecific TGF-β/PSMA CAR encoded a 

shared 4-1BB co-stimulatory domain.  

Both dual and bispecific TGF-β/PSMA CARs were efficiently expressed on the cell surface 

(Supplementary Figure 3.1). However, bispecific TGF-β/PSMA CAR-T cells exhibited much 

weaker upregulation of the activation marker CD69 in response to TGF-β compared to dual TGF-

β/PSMA CAR-T cells (Figure 3.2B). The dulled responsiveness of bispecific TGF-β/PSMA CARs 

to TGF-β in vitro is consistent with the observation that TGF-β CARs with a long extracellular 

spacer exhibit weaker signaling compared to their short spacer counterparts14.  
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We next evaluated the anti-tumor function of PSMA CAR-T cells in vitro. PC-3 prostate 

cancer cells, which naturally secrete both latent and active forms of TGF-β in vitro 

(Supplementary Figure 3.2), were engineered to express prostate-specific membrane antigen 

(PSMA), commonly overexpressed in prostate cancer cells. When co-cultured with PSMA+ PC-3 

tumor cells, dual and bispecific TGF-β/PSMA CAR-T cells exhibited the greatest proliferation 

(Figure 3.3A). However, PSMA CAR-T cells co-expressing the TGF-β DNR exhibited the greatest 

tumor-cell clearance (Figure 3.3B). Furthermore, whereas bispecific TGF-β/PSMA CAR-T cells 

and single-input PSMA CAR-T cells with and without TGF-β DNR expression continued to expand 

Dual CAR Bispecific CARA

B

Figure 3.2 Dual TGF-β/PSMA CAR-T cells respond more strongly to TGF-β in vitro than bispecific 
TGF-β/PSMA CAR-T cells. (A) Schematic comparing dual and single-chain bispecific CAR designs. (B) 
CD69 expression in CAR-T cells following overnight incubation in increasing concentrations of TGF-β. 
While dual TGF-β/PSMA CAR-T cells strongly upregulate CD69 in the presence of TGF-β, bispecific TGF-
β/PSMA CAR-T cells exhibit a weaker activation response. 
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after three rounds of challenges with PSMA+ PC-3 tumor cells, dual TGF-β/PSMA CAR-T cells 

significantly contracted following the third challenge (Figure 3.3C). Moreover, dual TGF-β/PSMA 

CAR-T cells exhibited a deficit in tumor-cell killing after four serial challenges (Figure 3.3D). 

Taken together, these findings indicate that despite greater responsiveness to TGF-β, dual TGF-

β/PSMA CAR-T cells exhibit impaired anti-tumor function in vitro, and further studies were 

therefore conducted without dual TGF-β/PSMA CAR-T cells. 

 

A B

C D

Figure 3.3 Dual TGF-β/PSMA CAR-T cells exhibit lackluster in vitro function. (caption on next page) 
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Following in vitro characterization, CAR-T cell function was evaluated in a disseminated 

tumor model whereby PSMA+ PC-3 tumors were injected intravenously, as previously reported 

(Figure 3.4A)17,11. In these studies, PSMA+ PC-3 tumors were stably integrated to express EGFP-

ffLuc, enabling us to monitor tumor progression by bioluminescent IVIS imaging. Compared to 

single-input PSMA CAR-T cells with or without the TGF-β DNR, bispecific TGF-β/PSMA CAR-T 

cells were slightly more effective at controlling tumor outgrowth, resulting in two tumor-free mice 

at the conclusion of the study (Figure 3.4B). Notably, tumor-free mice that were treated with 

bispecific TGF-β/PSMA CAR-T cells remained tumor-free even after a re-challenge with PSMA+ 

PC-3 tumors (Figures 3.4B, Supplementary Figure 3.3). In addition, bispecific TGF-β/PSMA 

CAR-T cells were persistent in vivo, as adoptively transferred human CD45+ cells were detectable 

in the peripheral blood of mice treated with TGF-β/PSMA CAR-T cells up to 82 days following 

tumor-cell injection, at comparable if not slightly higher levels compared to mice treated with 

PSMA CAR-T cells with or without TGF-β DNR expression (Figure 3.4C). Altogether, our findings 

demonstrate that co-expression of a TGF-β CAR with the PSMA CAR yields sub-optimal anti-

tumor function compared to a single-chain bispecific TGF-β/PSMA CAR, which exhibits promising 

efficacy in preliminary in vivo studies. Despite these encouraging results, we observed 

spontaneous tumor regression in later studies using the same disseminated tumor model 

(Supplementary Figure 3.4), indicating that more robust, physiologically relevant models need 

to be developed for further study of bispecific TGF-β/PSMA CAR-T cell in vivo function. 

Figure 3.3 Dual TGF-β/PSMA CAR-T cells exhibit lackluster in vitro function. (A and B) PSMA+ PC-3 
tumor cells were co-cultured with CAR-T cells at a 1:2 E:T ratio. After four days, T-cell counts (A) and tumor 
cell counts (B) were measured by flow cytometry. Although dual and bispecific TGF-β/PSMA CAR-T cells 
exhibited superior proliferation compared to single-input PSMA CAR-T cells, no improvement over tumor-
cell killing was observed. (C and D) CAR-T cells were repeatedly challenged every 2 days with PSMA+ PC-
3 tumor cells. T-cell counts were measured every two days (C) and tumor-cell counts were measured after 
four consecutive challenges (D). Despite strong early expansion, dual TGF-β/PSMA CAR-T cells exhibited 
a sharp contraction after the third challenge, resulting in sub-optimal tumor-cell killing following the fourth 
challenge. 
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Figure 3.4 Bispecific TGF-β/PSMA CAR-T cells exhibit improved in vivo anti-tumor function. (A) 
Study schematic. PSMA+ PC-3 tumor cells were injected intravenously in NSG mice. Fifteen days after 
tumor-cell injection, after confirming tumor engraftment, mice were treated with CAR-T cells. Tumor burden 
was tracked by bioluminescent imaging. Surviving mice on day 75 were re-challenged with tumor cells. 
Retro-orbital blood was collected on days 36 and 82 after tumor-cell injection. (n = 5 mice per treatment 
group) (B) Tumor radiance traces for mice treated as depicted in (A). Each individual trace represents a 
single mouse, and traces end following euthanasia. Mice treated with bispecific TGF-β/PSMA CAR-T cells 
exhibit the greatest control over tumor outgrowth over time. (C) Analysis of adoptively transferred, human 
CD45+ cells in peripheral blood on days 36 and 82 of the study reveals good in vivo persistence of bispecific 
TGF-β/PSMA CAR-T cells. 
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Discussion 

While work in our lab has previously demonstrated that expression of single-chain 

bispecific CARs targeting the multiple myeloma antigens BCMA and CS1 is more effective than 

co-expressing of BCMA- and CS1-targeting CARs16, it was unclear to us whether these results 

were translatable when targeting both a surface-bound, tumor-associated antigen and a soluble 

factor. Here, we demonstrate that co-expressing a TGF-β CAR with either a tumor-targeting TCR 

or CAR results in sub-optimal anti-tumor function, providing rationale for engineering single-chain 

bispecific CARs targeting TGF-β and tumor antigen.  

Although we speculate that the MHC-restriction imposed by the pmel-I TCR—which 

excludes CD4+ T cells from the adoptively transferred T-cell population—contributes to the 

suboptimal performance of the TGF-β CAR in pmel-I T cells, further investigation is warranted to 

better understand whether it is indeed the case that TGF-β CARs are suboptimal when paired 

with tumor-targeting TCRs. A recently developed TYRP1 CAR18 has been shown to effectively 

target B16-F10 melanoma, and studies pairing TGF-β CARs with TYRP1 CARs would enable a 

more meaningful comparison of TGF-β CAR function in the context of melanoma when paired 

with a non-MHC–restricted tumor-specific CAR versus an MHC-restricted TCR.  

Nonetheless, co-expression of a TGF-β CAR and a PSMA CAR also results in sub-optimal 

anti-tumor function, indicating that the configuration of receptor pairing, rather than the type of 

tumor-targeting receptor used, may be the more relevant parameter dictating therapeutic 

outcomes. Indeed, single-chain bispecific TGF-β/PSMA CAR-T cells exhibited promising anti-

tumor efficacy in preliminary studies. There may, however, exist more optimal bispecific CAR 

configurations, warranting a deeper exploration of possible designs. Of note, bispecific TGF-

β/PSMA CARs were weakly responsive to TGF-β, likely due to the fact that the TGF-β–binding 

scFv was oriented distal to the cell membrane. We hypothesize that augmenting T-cell responses 

to TGF-β by engineering bispecific PSMA/TGF-β CARs that position the TGF-β–binding scFv in 

the membrane-proximal position (and the PSMA-binding scFv in the membrane-distal position) 
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may program even more robust anti-tumor function. It is, however, unknown whether re-orienting 

the PSMA-binding scFv towards the membrane-distal position in a bispecific CAR would 

negatively impact tumor-cell recognition and killing. Therefore, the proposed engineering efforts 

to optimize the bispecific TGF-β/PSMA CAR must also balance potential trade-offs in relative 

responses to TGF-β and tumor antigen.  

It is worth noting that our preliminary in vivo studies using PSMA+ PC-3 tumor cells did not 

accurately recapitulate the physiology of prostate cancer, as tumors were injected intravenously 

to form disseminated tumors rather than a solid tumor mass. The importance of proper tumor 

contextualization has been highlighted in previous work demonstrating that divergent responses 

to immune checkpoint blockade in prostate cancer bone metastases were observed depending 

on whether tumors were injected subcutaneously or intraosseously19. In fact, PSMA+ PC-3 tumors 

did not always reliably engraft when injected intravenously in NSG mice, as we observed 

spontaneous tumor regression in control-treated mice in some studies. Therefore, further studies 

evaluating bispecific TGF-β/PSMA CAR-T cell function will require adoption of in vivo models that 

more faithfully recapitulate the prostate cancer TME.  
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Methods 

Murine T-cell culture 

Spleens were harvested from healthy, six- to eight-week–old Pmel-I mice. Single-cell 

suspensions were obtained by gentle maceration in 100-μm cell strainers placed over 50 mL 

Falcon tubes. CD3+ T cells were enriched from bulk splenocytes using the Pan T Cell Isolation kit 

II, mouse (Miltenyi Biotec) following the manufacturer’s protocol. Isolated pmel-I T cells were 

activated with anti-mouse CD3/CD28 Dynabeads (Gibco) at a 1:1 bead-to-cell ratio. One day prior 

to transduction, 12-well non-TC–treated plates were coated overnight with 15 μg/mL RetroNectin 

(Takara) diluted in PBS at 4ºC. 24 hours following T-cell activation, retroviral supernatant was 

added to RetroNectin-coated plates and centrifuged at  2000xg for 2 hours (no brakes). Activated 

T cells were subsequently applied to spinoculated plates and centrifuged at 2000xg for 15 minutes 

(no brakes). T cells were maintained in RPMI-1640 + 10% HI-FBS + 50 μM β-mercaptoethanol. 

Cell cultures were supplemented with 50 U/mL human IL-2 every 2–3 days. 

 

Primary human T-cell culture 

T cells were isolated from healthy donor whole-blood obtained from the UCLA Blood and 

Platelet Center. CD3+ T cells were isolated using the RosetteSep CD3+ T Cell Enrichment kit 

(STEMCELL Technologies) following the manufacturer’s protocol. Isolated T cells were activated 

with CD3/CD28 Dynabeads (Gibco) at a 1:3 bead:cell ratio, and two rounds of retroviral 

transduction were performed at 48 hours and 72 hours following activation. T cells were 

maintained in complete RPMI (RPMI-1640 + 10% HI-FBS) and cultures were supplemented with 

50 U/mL IL-2 and 1 ng/mL IL-15 every 2–3 days. Dynabeads were removed on day 7. All 

downstream assays were performed between day 9 and day 15 of culture.  

 

In vitro cytotoxicity assays 



 50 

 For single timepoint challenges, 1.25 x 104 CAR-T cells were co-cultured with 2.5 x 104 

PSMA+ PC-3 cells in 96-well flat bottom plates. After four days, cells were harvested from co-

cultures and counts were obtained by flow cytometry using a MACSQuant VYB. 

 For repeated antigen challenges, 1 x 104 CAR-T cells were co-cultured with 2 x 104 PSMA+ 

PC-3 cells in 96-well flat-bottom plates. One set of technical replicates was set up for each re-

challenge timepoint. Every two days, T cells were re-challenged with 2 x 104 PSMA+ PC-3 tumors 

cells. At each timepoint, cells were harvested from co-cultures and counts were obtained using a 

MACSQuant VYB.  

  

In vivo studies 

All in vivo experiments were approved by the UCLA ARC. C57BL/6 and NSG mice were 

obtained from the UCLA Department of Radiation Oncology. Pmel-I mice were a generous gift 

from Dr. Rob Prins.  

For studies with B16-F10 melanoma tumors, C57BL/6 mice were inoculated 

subcutaneously in the left flank with 5 x 105 B16-F10 cells. Tumors were measured three times 

per week with digital calipers, and tumor volume was calculated with the following formula: (1/2) 

x (Length) x (Width)2. Six days after tumor-cell injection, mice were subjected to lymphodepleting 

irradiation (500 cGy). One day later (seven days after tumor-cell injection), mice with palpable 

tumors were randomized such that tumor burden was equally distributed among treatment 

groups, and mice were injected intravenously with 1 x 106 EGFP-ffLuc+ pmel-I T cells. Starting on 

day of T-cell injection, mice were also given an intraperitoneal dose of 50000 units hIL-2 for three 

days. In vivo T-cell expansion and persistence was monitored by bioluminescent IVIS imaging. 

Briefly, mice were injected intraperitoneally with 3 mg D-luciferin (GoldBio) and imaged on an IVIS 

Lumina III LT Imaging System (Perkin Elmer). Photon flux was analyzed with LivingImage 

Software (Perkin Elmer). Mice were euthanized when they reached the humane endpoint, or when 

tumor volume exceeded 2500 mm3. 
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 For studies with PSMA+ PC-3 tumors, NSG mice were injected intravenously with 1.5 x 

106 PSMA+ PC-3 tumor cells. Tumor burden was monitored throughout the study by 

bioluminescent IVIS imaging. Prior to treatment, tumor-bearing mice were randomized such that 

tumor burden was equally distributed among treatment groups. Fifteen days following tumor-cell 

injection, mice were injected intravenously with 4 x 106 CAR+ T cells. Blood was collected from 

the retro-orbital sinus on days 36 and 82 following tumor-cell injection. On day 75 following tumor-

cell injection, all surviving mice were re-challenged with an intravenous dose of 5 x 105 PSMA+ 

PC-3 tumor cells. Mice were euthanized when they reached the humane endpoint.  

 

ELISA 

Cell culture supernatants were collected 24 and 48 hours after seeding 1 x 106 cells in 48-

well plates. TGF-β concentrations in supernatant were determined using the Human TGF-β1 

DuoSet ELISA kit (R&D Systems), following the manufacturer’s protocol.  

 

Flow cytometry 

EGFRt expression was measured by staining with biotinylated cetuximab (Eli Lilly; 

biotinylated in-house), followed by PE-conjugated streptavidin (Jackson ImmunoResearch 

catalog no. 016-110-084). CAR expression on the cell-surface was measured by staining with 

anti-DYKDDDDK (FLAG) tag conjugated to APC (BioLegend catalog nos. 637308).  

Activation marker upregulation in the presence of TGF-β was performed by staining 

human T cells with PacificBlue-conjugated anti-CD69 (clone FN50, BioLegend catalog no. 

310920), and APC-conjugated anti-FLAG tag. 

T-cell persistence in the peripheral blood of mice bearing disseminated PSMA+ PC-3 

tumors was analyzed by staining retro-orbital blood samples. Samples were treated with 1x Red 

Blood Cell Lysis Solution (Miltenyi Biotec), then stained with PacificBlue-conjugated anti-human 
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CD45 (clone HI30, BioLegend catalog no. 304029) and biotinylated cetuximab, followed by PE-

conjugated streptavidin (Jackson ImmunoResearch).  

Flow cytometry samples were run on a MACSQuant VYB flow cytometer (Miltenyi Biotec) 

and data were analyzed using FlowJo software (TreeStar). 
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Supplementary Figures 
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Supplementary Figure 3.1 Bispecific and dual TGF-β/PSMA CARs are efficiently expressed on the 
T-cell surface. Cell-surface expression of the transduction marker EGFRt and the CAR (by FLAG tag 
staining) was quantified by flow cytometry. Both bispecific and dual TGF-β/PSMA CARs are efficiently 
expressed on the cell surface of positively-transduced, EGFRt+ T cells. 

Supplementary Figure 3.2 PSMA+ PC-3 tumor cells secrete TGF-β. Cell culture supernatant was 
collected 24 and 48 hours after seeding PSMA+ PC-3 tumor cells. Both active and latent forms of TGF-β 
were detected by ELISA. 
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Supplementary Figure 3.3 Bioluminescent images of NSG mice bearing disseminated PSMA+ PC-3  
xenografts. Images shown correspond to radiance traces plotted in Figure 3.4B. Bispecific TGF-β/PSMA 
CAR-T cells exhibit the greatest control over tumor outgrowth, resulting in complete tumor regression in 
2/5 mice through 110 days following tumor-cell injection. 

Supplementary Figure 3.4 Spontaneous rejection of disseminated PSMA+ PC-3 tumors in NSG mice. 
NSG mice were injected intravenously with PSMA+ PC-3 tumor cells. Mice were treated with mock-
transduced T cells, and tumor burden was tracked over time by bioluminescent imaging. Despite initial 
tumor engraftment and progression, tumors were eventually lost. 
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CHAPTER 4. Bispecific CARs targeting IL-13Rα2 and TGF-β potentiate anti-tumor 
immunity against glioblastoma multiforme 
 

Abstract 

Glioblastoma multiforme (GBM) is one of the deadliest forms of cancer, with a median 

survival time of 12-15 months and no known cure to date. Although CAR-T cells targeting GBM-

associated antigens such as interleukin-13 receptor subunit alpha-2 (IL-13Rα2) have been 

developed, clinical responses have been lackluster in large part due to the immunosuppressive 

tumor microenvironment (TME), which includes an abundance of inhibitory molecules such as 

TGF-β. To more effectively combat GBM, we engineered bispecific CARs targeting IL-13Rα2 and 

TGF-β, which can be used to program tumor-specific T cells that convert TGF-β from an 

immunosuppressant to an immunostimulant. Bispecific IL-13Rα2/TGF-β CAR-T cells confer 

greater therapeutic outcomes compared to single-input IL-13Rα2 CAR-T cells against both 

patient-derived GBM xenografts and syngeneic models of murine glioma. Importantly, bispecific 

IL-13Rα2/TGF-β CAR-T cells are also more effective than IL-13Rα2 CAR-T cells co-expressing 

a TGF-β DNR. Mechanistically, greater T-cell infiltration is observed in mouse brains following 

treatment with bispecific IL-13Rα2/TGF-β CAR-T cells, accompanied by a decrease in 

suppressive myeloid cell types. Altogether, our findings demonstrate that by reprogramming T-

cell responses to TGF-β, bispecific IL-13Rα2/TGF-β CAR-T cells resist and remodel the 

immunosuppressive TME to drive potent anti-tumor responses in GBM.  
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Introduction 

Glioblastoma multiforme (GBM) is the most prevalent primary brain tumor among adults, 

with poor patient prognoses even with aggressive treatment regimens combining chemotherapy, 

surgery, and radiation1–5. Engineering T cells to express tumor-targeting chimeric antigen 

receptors (CARs), which has proven to be remarkably effective against hematological 

malignancies6–10, offers a tantalizing means to program de novo anti-tumor immunity. Several 

GBM-associated antigens—including interleukin-13 receptor subunit alpha-2 (IL-13Rα2), 

epidermal growth factor receptor variant III (EGFRvIII), the disialoganglioside GD2, the checkpoint 

molecule B7-H3, and human epidermal growth factor receptor 2 (HER2)—are under active clinical 

evaluation as targets for CAR-T cell therapies11–15. To date, the only patient with GBM who 

experienced a complete response after CAR-T cell therapy11 received a product targeting IL-

13Rα2, an antigen that is overexpressed by 58-78% of gliomas16,17 and whose expression 

correlates with poor prognosis16. Multiple clinical trials evaluating different IL-13Rα2–targeted 

therapeutic modalities—ranging from CAR-T cell therapy to dendritic-cell vaccination to IL-13–

conjugated toxins—have demonstrated IL-13Rα2 as a safe clinical target for malignant 

gliomas11,18–21. Nonetheless, therapeutic efficacy against GBM has been very limited thus far, with 

little to no improvement to overall or progression-free survival.  

As with many solid tumors, a major mechanism of resistance to therapy in GBM is the 

highly immunosuppressive tumor microenvironment (TME)22. Transforming growth factor-beta 

(TGF-β), commonly overexpressed in a wide variety of solid tumor types, plays a prominent role 

in the GBM TME23. TGF-β can be produced not only by malignant glioma cells themselves but 

also by cells in the tumor stroma and plays a pivotal role in disease initiation and progression24. 

Besides maintaining tumorigenicity of glioma-initiating stem cells, promoting tumor-cell 

proliferation, and increasing tumor invasiveness25–27, TGF-β also modulates immune-cell 

composition and function in the TME. For instance, TGF-β directly inhibits CD8+ T-cell cytotoxicity 

and drives differentiation of naïve CD4+ T cells into a regulatory phenotype28–30. Furthermore, 
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TGF-β recruits and polarizes suppressive myeloid cells such as M2-like tumor-associated 

macrophages (TAMs) and myeloid-derived suppressor cells (MDSCs); these cells can 

themselves produce TGF-β, thus effecting a positive feedback loop for maintenance of the 

immunosuppressive TME31–33. In light of its prominent role in shaping the immunosuppressive 

GBM microenvironment, TGF-β represents a promising therapeutic target. However, conventional 

strategies for blockade of TGF-β signaling, such as systemic administration of galunisertib, a 

small-molecule inhibitor of TGF-β receptor I (TGF-βRI), have had limited success in clinical 

trials34–36. A relative lack of immune effector cells in immunologically cold tumors such as GBM37,38 

and inefficient trafficking across the blood-brain barrier39 may underlie the limited efficacy of TGF-

β signaling blockade as a monotherapy. Furthermore, given the important functions that TGF-β 

plays in normal biological processes such as wound healing and angiogenesis40, systemic 

administration of TGF-β signaling inhibitors raises concerns of toxicity41,42.  

In light of the programmability of cell-based immunotherapies, we sought to engineer IL-

13Rα2–targeting CAR-T cells that can overcome TGF-β–mediated immune suppression. We 

have previously demonstrated that a TGF-β–responsive CAR can effectively convert TGF-β from 

an immunosuppressant into a stimulant of engineered primary human T cells43. Furthermore, 

TGF-β CAR-T cells are less prone to polarizing towards a regulatory phenotype in the presence 

of TGF-β and can protect neighboring tumor-specific T cells from TGF-β–mediated suppression 

of cytotoxicity44. Here, we demonstrate that when paired with an IL-13Rα2–targeting CAR, TGF-

β CAR expression enhances anti-tumor immunity both by conferring resistance to TGF-β–

mediated suppression in engineered T cells and by reprogramming neighboring immune cells in 

the TME from tolerogenic to inflammatory phenotypes.  
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Results 

Bispecific IL-13Rα2/TGF-β CAR-T cells exhibit superior anti-tumor efficacy against patient-

derived GBM neurospheres 

To assess whether the TGF-β CAR can be effectively paired with a GBM-targeting CAR 

to enhance anti-tumor immunity, we designed a single-chain bispecific IL-13Rα2/TGF-β CAR, 

whose ligand-binding domain consists of the IL-13 E13Y mutein45,46 fused to a TGF-β–specific 

single-chain variable fragment (scFv) (Figure 4.1A). The bispecific CAR, which contains 4-1BB 

and CD3ζ signaling domains, expresses efficiently on the cell surface of transduced primary 

human T cells (Figure 4.1A). The ability of bispecific IL-13Rα2/TGF-β CAR-T cells to recognize 

IL-13Rα2 was confirmed through lysis assays utilizing a panel of patient-derived GBM 

neurospheres expressing varying degrees of IL-13Rα2 and TGF-β (Figure 4.1B, Supplementary 

Figure 4.1A, B). IL-13Rα2 CAR-T cells (which only respond to IL-13Rα2 and are hereafter 

referred to as “single-input” IL-13Rα2 CAR-T cells) and T cells transduced to express an scFv-

less CAR (which is identical to the IL-13Rα2/TGF-β CAR except it lacks any ligand-binding 

domain) were included as controls. Compared to single-input IL-13Rα2 CAR-T cells, IL-

13Rα2/TGF-β CAR-T cells showed similar overall efficacy but more rapid killing kinetics against 

patient-derived GBM neurospheres, potentially as a result of TGF-β–mediated stimulation of 

bispecific IL-13Rα2/TGF-β CAR-T cells (Figure 4.1C, D). Efficient killing was observed against 

GBM with a wide range of IL-13Rα2 expression levels, including samples that were weak and 

heterogenous in IL-13Rα2 expression (e.g., GS013 neurospheres at 50% IL-13Rα2+). However, 

both IL-13Rα2 and IL-13Rα2/TGF-β CAR-T cells failed to lyse GS054 neurospheres (27.8% IL-

13Rα2+) (Figure 4.1C). These results demonstrate that IL-13Rα2/TGF-β CAR-T cells can 

efficiently target clinically relevant tumor samples, but are unable to eliminate tumor cells with 

very dim or no IL-13Rα2 expression in vitro. This observation underscores the need to shape the 

GBM TME to facilitate recruitment of endogenous immune responses against a wider range of 

tumor antigens not targeted by the IL-13Rα2 CAR.  
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Figure 4.1 Bispecific IL-13Rα2/TGF-β CARs exhibit robust cytotoxicity in vitro against a panel of 
patient-derived neurosphere lines. (caption continued on next page) 
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We aimed to remodel the TME with the TGF-β–targeting moiety of the IL-13Rα2/TGF-β 

bispecific CAR, which is expected to confer three capabilities to engineered T cells: (a) inhibition 

of endogenous TGF-β signaling in engineered T cells through competition against endogenous 

TGF-β receptors for ligand binding, (b) inhibition of TGF-β signaling in nearby, endogenous 

immune cells by serving as a sink for TGF-β, and (c) activation of engineered T cells in the 

presence of TGF-β. The last capability distinguishes the TGF-β CAR from the TGF-β dominant-

negative receptor (DNR), which is a truncated version of TGF-β receptor chain 2 that lacks the 

cytoplasmic signaling domain (Figure 4.2A)47. The DNR has been evaluated in clinical trials and 

has shown the ability to reduce endogenous TGF-β signaling and enhance T-cell function48–50, 

but it lacks the capacity to trigger T-cell activation. Expression of the IL-13Rα2 CAR had no impact 

on TGF-β signaling when T cells are exposed to TGF-β1 (Figure 4.2B). In contrast, expression 

of the IL-13Rα2 CAR together with the DNR, or of the bispecific IL-13Rα2/TGF-β CAR, noticeably 

reduced SMAD3 phosphorylation in primary human T cells, confirming efficient inhibition of 

endogenous TGF-β signaling by both the bispecific CAR and the DNR. (Figures 4.2A, B). 

However, only bispecific IL-13Rα2/TGF-β CAR-T cells were activated by TGF-β as evidenced by 

upregulation of CD69 and CD25 (Figure 4.2C). Therefore, while both the bispecific IL-

Figure 4.1 (cont) (A) Schematic of bispecific IL-13Rα2/TGF-β CAR construct used in this study. The CAR 
encodes an N-terminal FLAG tag, enabling flow cytometric analysis of cell-surface CAR expression in 
transduced T cells. Representative histogram of bispecific IL-13Rα2/TGF-β CAR expression in human T 
cells via surface FLAG tag staining is shown. (B) Intraoperative samples from newly diagnosed and 
recurrent GBM patients at UCLA were used to establish a panel of neurosphere lines. Neurospheres were 
stained for surface IL-13Rα2 expression, revealing interpatient heterogeneity in IL-13Rα2 expression 
levels. (C) Patient-derived neurosphere lines were seeded overnight, and subsequently co-incubated with 
CAR-T cells at a 3:1 E:T ratio. Cytolysis was measured by xCelligence assay, revealing that bispecific IL-
13Rα2/TGF-β CAR-T cells consistently lyse IL-13Rα2-expressing neurospheres with a broad range of 
antigen expression, with the exception of GS054, which is both weak and heterogeneous in IL-13Rα2 
expression. (D) Data shown in (C) were fitted to a sigmoidal curve. Reported are 95% confidence intervals 
for the time to half-maximal killing (t50; units in hours following addition of T cells to co-cultures). Bispecific 
IL-13Rα2/TGF-β CAR-T cells consistently exhibit more rapid killing kinetics compared to single-input IL-
13Rα2 CAR-T cells. Pairwise comparisons of % cytolysis in (C) were performed on the last measurement 
value taken, and statistics computed using the two-tailed, unpaired, two-sample student’s t test, with the 
Sidak correction for multiple corrections (****P < 0.0001). 
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13Rα2/TGF-β CAR and TGF-β DNR can block endogenous immunosuppressive TGF-β 

signaling, only the bispecific IL-13Rα2/TGF-β CAR converts TGF-β into an immunostimulant.  

We next evaluated bispecific IL-13Rα2/TGF-β CAR-T cell function in an orthotopic model 

of patient-derived GBM. GS001 neurospheres, which naturally secrete TGF-β at high levels 

(Supplementary Figure 4.1A), were engineered to express firefly luciferase (ffLuc) and 

intracranially implanted in NSG mice. CAR-T cells were administered intratumorally once tumors 

were established (Figure 4.2D). A pilot study showed superior tumor control by bispecific IL-

13Rα2/TGF-β CAR-T cells compared to T cells co-expressing the single-input IL-13Rα2 CAR and 

TGF-β DNR (Supplementary Figure 4.1C). In a larger-scale confirmatory study, bispecific IL-

13Rα2/TGF-β CAR-T cells again exhibited greater control over tumor outgrowth and conferred 

more favorable survival outcomes compared to single-input IL-13Rα2 CAR-T cells, with or without 

DNR co-expression (Figures 4.2E, F). We noted that several mice in both studies reached 

humane endpoint without detectable tumor radiance signal (Figure 4.2F; Supplementary Figure 

4.1D). Post-mortem examination of the brains of these mice showed clear abnormalities in tissue 

color and morphology, and immunohistochemistry (IHC) staining confirmed the presence of IL-

13Rα2+ cells (Supplementary Figure 4.1E), suggesting the possibility of neurosphere 

differentiation upon engraftment in the brain that resulted in the loss of the luciferase transgene51. 

Taken together, these findings demonstrate that by not only blocking but also re-wiring 

suppressive TGF-β signaling, bispecific IL-13Rα2/TGF-β CAR-T cells exert more potent anti-

tumor function compared to single-input IL-13Rα2 CAR-T cells, with or without TGF-β DNR 

expression.   
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Figure 4.2 Bispecific IL-13Rα2/TGF-β CARs re-wire TGF-β signaling, resulting in superior 
therapeutic outcomes against orthotopically implanted xenografts. (A) Schematic of IL-13Rα2 CAR 
construct with bicistronic TGF-β DNR expression. (B) CAR-T cells were cultured in serum-free media, then 
incubated with or without TGF-β for 1 hour prior to cell lysis. Cell lysates were subsequently analyzed for 
phosphorylated SMAD by Western blot. Bispecific IL-13Rα2/TGF-β CAR-T cells and IL-13Rα2 CAR-T cells 
co-expressing the TGF-β DNR exhibit decreased SMAD phosphorylation in the presence of TGF-β 
compared to scFv-less or single-input IL-13Rα2 CAR-T cells, confirming blunted endogenous TGF-β 
signaling. (C) CAR-T cells were incubated with or without TGF-β overnight. CD69 (left) and CD25 (right) 
expression were measured , revealing that only bispecific IL-13Rα2/TGF-β CAR-T cells are activated in the 
presence of TGF-β. (D) 2.5 x 105 GS001 neurospheres were implanted into the right forebrains of NSG 
mice. Seven days following tumor-cell injection, 5 x 105 CAR-T cells were injected intratumorally (n = 5 for 
scFv-less CAR-T cell treatment group, n = 7-8 for IL-13Rα2 CAR-T cell treatment groups). Tumor burden 
was monitored by bioluminescent IVIS imaging, and mice were euthanized when they reached the humane 
endpoint.  
(caption continued on next page) 
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Bispecific IL-13Rα2/TGF-β CAR-T cells interact with neighboring immune suppressor cells to 

orchestrate anti-tumor immunity 

Given the major role of TGF-β in regulation of immunosuppressive cell types such as 

TAMs or MDSCs, we next sought to understand how bispecific IL-13Rα2/TGF-β CAR-T cells can 

influence, or be influenced by, endogenous immune cells in the TME. Such an exploration 

requires the use of syngeneic tumor models in immunocompetent mice, which in turn requires 

that the CAR is functional when expressed by murine T cells and can respond to murine TGF-β. 

We first confirmed that the single-input TGF-β CAR responds equally robustly to human and 

murine TGF-β (Supplementary Figure 4.2A). We further observed that murine T cells expressing 

the TGF-β CAR robustly respond to TGF-β; in fact, the TGF-β CAR containing human 4-1BB and 

CD3ζ signaling domains signals more strongly than an equivalent CAR containing murine 

signaling domains when expressed in murine T cells (Supplementary Figure 4.2B). Finally, we 

confirmed that murine T cells expressing the bispecific IL-13Rα2/TGF-β CAR encoding human 

signaling domains respond to both human and murine TGF-β (Supplementary Figure 4.2C). 

Taken together, these results indicate that the human bispecific IL-13Rα2/TGF-β CAR can be 

directly evaluated in immunocompetent mouse models bearing syngeneic GBM tumors.  

Murine CT-2A and GL261 glioma lines, which naturally secrete TGF-β (Supplementary 

Figure 4.2D), were engineered to express human IL-13Rα2 (Supplementary Figure 4.2E) and 

ffLuc. Murine T cells expressing the human bispecific IL-13Rα2/TGF-β CAR effectively lysed IL-

Figure 4.2 (cont) (E) Survival curve and (F) tumor radiance traces of mice treated as depicted in (D). Each 
trace in (F) represents a single mouse, and traces for each mouse end following euthanasia. Bispecific IL-
13Rα2/TGF-β CAR-T cells exhibit the most prolonged control over tumor outgrowth, resulting in superior 
survival outcomes.  
Statistics in (C) were computed using the two-tailed, unpaired, two-sample student’s t test, with the Holm-
Sidak correction for multiple comparisons. Statistics in (E) were computed using the log-rank test, with 
Bonferroni’s correction for multiple comparisons (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). No 
statistical significance was detected for pairwise comparisons not shown. 
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13Rα2+ target cells (Supplementary Figure 4.2F) and proliferated in response to antigen 

(Supplementary Figure 4.2G).  

In a syngeneic glioma model, C57BL/6 mice were intracranially implanted with IL-13Rα2+ 

GL261 glioma cells and treated with either scFv-less or IL-13Rα2–targeting CAR-T cells.  

Bispecific IL-13Rα2/TGF-β CAR-T cells—but not single-input IL-13Rα2 CAR-T cells with or 

without DNR co-expression—were able to mount an observable anti-tumor response and achieve 

tumor clearance or delayed tumor outgrowth in a subset of animals (Figures 4.3A, B). However, 

no statistically significant difference in overall survival was detected. We next evaluated bispecific 

IL-13Rα2/TGF-β CAR-T cell function in the CT-2A murine glioma model (Figure 4.3C), which is 

immunologically distinct from GL261 tumors52 and responds differently to immunotherapies 53,54. 

Overall, CT-2A tumor outgrowth was better controlled by IL-13Rα2–targeting CAR-T cells when 

compared to GL261 tumors, and both bispecific IL-13Rα2/TGF-β CAR-T cells and IL-13Rα2 CAR-

T cells co-expressing the TGF-β DNR exhibited superior anti-tumor function compared to single-

input IL-13Rα2 CAR-T cells (Figures 4.3D, E). However, there was again no statistically 

significant difference in the survival of animals treated with on-target CAR-T cells. Mice treated 

with bispecific IL-13Rα2/TGF-β CAR-T cells and IL-13Rα2 CAR-T cells co-expressing the TGF-β 

DNR exhibited comparable control over tumor outgrowth in this model. However, a greater 

proportion of bispecific IL-13Rα2/TGF-β CAR-T cell treated mice were able to reject antigen-

negative IL-13Rα2– tumors upon re-challenge, suggesting that bispecific IL-13Rα2/TGF-β CAR-

T cells more effectively mobilize an endogenous anti-tumor immune response (Figures 4.3D, E).  

Failure to observe statistically significant differences in anti-tumor function between IL-

13Rα2–targeting CAR-T cells may be attributed, in part, to immunogenicity of the CT-2A tumor 

cell line, which was engineered to express human IL-13Rα2, EGFP (derived from jellyfish), and 

firefly luciferase. In ex vivo cultures of brain-infiltrating leukocytes recovered from mice that had 

rejected IL-13Rα2+ CT-2A tumors, we found stronger IFN-γ production in response to IL-13Rα2+  
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Figure 4.3 Bispecific IL-13Rα2/TGF-β CAR-T cells potentiate anti-tumor responses in syngeneic 
GBM models. (A) Study schematic. 1 x 105 IL-13Rα2+ GL261 tumor cells were implanted intracranially into 
the right forebrains of C57BL/6 mice. Six days following tumor-cell injection, 5 x 105 CAR-T cells were 
injected intratumorally (n = 6 for scFv-less CAR-T cell treatment group, n = 10 for IL-13Rα2 CAR-T cell 
treatment groups). Tumor burden was monitored by bioluminescent IVIS imaging, and mice were 
euthanized when they reached the humane endpoint. (B) Tumor radiance traces of mice treated as depicted 
in (A). No anti-tumor response is observed following treatment with IL-13Rα2 CAR-T cells with or without 
TGF-β DNR expression, and only bispecific IL-13Rα2/TGF-β CAR-T cells are able to mount an anti-tumor 
response. (C) Study schematic. 1 x 105 IL-13Rα2+ CT-2A tumor cells were implanted intracranially into the 
right forebrains of C57BL/6 mice. Six days following tumor-cell injection, 5 x 105 CAR-T cells were injected 
intratumorally (n = 6 for scFv-less CAR-T cell treatment group, n = 12 for IL-13Rα2 CAR-T cell treatment 
group). On day 77, all remaining mice were tumor-free, and re-challenged with 1 x 105 IL-13Rα2– CT-2A 
glioma cells. Tumor burden was monitored by bioluminescent IVIS imaging, and mice were euthanized 
when they reached the humane endpoint.  
(caption continued on next page) 
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CT-2A glioma cells (which also express EGFP and ffLuc) compared to either parental or 

EGFP-ffLuc+ CT-2A cells (Supplementary Figure 4.3). 

To understand the influence of bispecific IL-13Rα2/TGF-β CAR-T cells on the surrounding 

TME, cytometry by time-of-flight (CyTOF) was performed on brain tissue collected seven days 

following adoptive T-cell transfer (Figure 4.4A, Supplementary Figure 4.4A). We noted 

divergent responses to IL-13Rα2 CAR-T cell treatment in the GL261 and CT-2A TMEs. 

Specifically, the brains of mice bearing GL261 tumors showed an enrichment of suppressive M-

MDSCs and M2 TAMs after treatment with IL-13Rα2–targeting CAR-T cells, compared to 

treatment with scFv-less CAR-T cells (Figure 4.4B). In contrast, on-target CAR-T cell treatment 

resulted in a decrease in M-MDSC infiltration to CT-2A tumor-bearing brain, and little to no M2 

TAMs were observed regardless of treatment condition (Figure 4C). The data shown in Figures 

4.4B and 4.4C represent relative frequency of different cell populations, which does not always 

reflect absolute cell content. However, flow cytometric staining of CD45+ cells revealed similar 

total numbers of brain-infiltrating leukocytes across treatment groups (Supplementary Figure 

4.4B); thus, the observed changes in cellular frequencies correspond to an actual increase in 

suppressive myeloid cells in GL261-bearing brain upon on-target CAR-T cell treatment. Moreover, 

myeloid cells in GL261-bearing brains upregulated PD-L1 expression upon on-target CAR-T cell 

treatment compared to scFv-less CAR-T cell treatment, with a concomitant increase in PD-1 

expression among T cells (Figures 4.4D–F). In contrast, on-target CAR-T cell treatment of CT-

2A–bearing brains resulted in decreased PD-L1 expression among myeloid cells and decreased 

PD-1 expression among T cells when compared to treatment with scFv-less CAR-T cells (Figure 

Figure 4.3 (cont) (D) Tumor radiance and (E) survival curves of mice treated as depicted in (C). Red arrow 
depicts timepoint of re-challenge with antigen-negative tumor cells. IL-13Rα2/TGF-β CAR-T cells and IL-
13Rα2 CAR-T cells expressing the TGF-β DNR both improved anti-tumor control comparably well, but IL-
13Rα2/TGF-β CAR-T cell treatment resulted in more robust protection against antigen-negative tumors. 
Each trace in (B) and (D) represents a single mouse, and traces for each mouse end following euthanasia. 
Statistics in (E) were computed using the log-rank test, with Bonferroni’s correction for multiple comparisons  
(**P < 0.01, ***P < 0.001). No statistical significance was detected for pairwise comparisons not shown.  
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4.4D). Taken together, these results suggest GL261 tumors present a more immunosuppressive 

TME than CT-2A cells, consistent with the observation that GL261 is more resistant than CT-2A 

to CAR-T cell-mediated tumor control (Figures 4.3B, D).  

The observation that immune cells in the GL261 TME upregulate PD-1/PD-L1 is also 

consistent with prior reports that GL261 is sensitive to checkpoint blockade therapy53,55,56. Given 

that TGF-β has been shown to exert immunosuppression through enhancing PD-1/PD-L1 

signaling57–59, and that GL261 cells produced higher levels of TGF-β than CT-2A cells 

(Supplementary Figure 4.2D), we next examined whether the bispecific IL-13Rα2/TGF-β CAR-

T cells’ ability to rewire TGF-β signaling would also affect PD-1/PD-L1 signaling in the GL261 

model. Compared to the single-input IL-13Rα2 CAR-T cell group, brain tissues from the bispecific 

CAR-T cell-treated group showed reduced PD-L1 expression in myeloid cells and reduced PD-1 

expression in T cells (Figures 4.4D, E). Expression of the TGF-β DNR had similar effects on PD-

1 and PD-L1 expression levels, suggesting TGF-β antagonism may indeed disrupt the 

immunosuppressive PD-1/PD-L1 axis. Of note, T cells in mice treated with IL-13Rα2/TGF-β CAR-

T cells exhibited the greatest expression levels of the effector molecule CD44, consistent with the 

unique ability of the IL-13Rα2/TGF-β CAR, but not the TGF-β DNR, to convert TGF-β into an 

immunostimulant (Figure 4.4E). In conjunction with low PD-1 expression, these findings 

demonstrate that bispecific IL-13Rα2/TGF-β CAR-T cells promote a more effector-like, and less 

exhausted, phenotype among brain-infiltrating T cells compared to single-input IL-13Rα2 CAR-T 

cells with or without DNR co-expression.   

In addition, the IL-13Rα2/TGF-β CAR-T cell-treated group showed a unique increase in 

T-cell infiltration into the tumor-bearing brain compared to groups treated with single-input IL-

13Rα2 CAR-T cells with or without the TGF-β DNR (Figure 4.4B). This increase in T-cell 

presence following bispecific CAR-T cell treatment was observed in both the GL261 and the CT-

2A model (Figures 4.4B, C), and is consistent with the increased anti-tumor response observed 

in bispecific CAR-T cell-treated mice in survival studies (Figure 4.3). Taken together, these  
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Figure 4.4 Bispecific IL-13Rα2/TGF-β CAR-T cells re-shape the TME of murine gliomas to promote 
anti-tumor immunity. (A) Study schematic. 1 x 105 IL-13Rα2+ murine glioma cells (either CT-2A or GL261) 
were implanted intracranially into the right forebrains of C57BL/6 mice. Six days following tumor-cell 
injection, 5 x 105 CAR-T cells were injected intratumorally. On day 13 following tumor-cell injection (day 7 
following T-cell injection), brains were harvested and dissociated. Brains from n = 4 mice per treatment 
group (n = 3 for scFv-less CAR-T cell treatment group) were pooled for CyTOF analysis of the GL261 TME. 
Brains from n = 3 mice per treatment group were pooled for CyTOF analysis of the CT-2A TME.  
(caption continued on next page) 
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findings demonstrate that bispecific IL-13Rα2/TGF-β CAR-T cells show superior capability to re-

model the GBM TME and promote anti-tumor immunity compared to single-input IL-13Rα2 CAR-

T cells with or without the TGF-β DNR. 

 

TGF-β CAR-T cells are well-tolerated 

Given reports of toxicity induced by systemic inhibition of TGF-β41, we sought to ensure 

that TGF-β–responsive CAR-T cells can be well-tolerated. CAR-T cells were intracranially 

injected in all experiments performed in this study, a choice that was informed by preclinical and 

clinical evidence indicating direct CAR-T cell infusion into the central nervous system (CNS) is 

safe and potentially more efficacious compared to peripheral infusion11,14,60,61. As shown in 

Figures 4.2 and 4.3, animals treated with bispecific IL-13Rα2/TGF-β CAR-T cells survived for 

months unless they succumbed to tumor progression. When injected intratumorally in NSG mice 

bearing orthotopic GBM xenografts, bispecific IL-13Rα2/TGF-β CAR-T cells showed no 

detectable presence above background in the peripheral blood two weeks after treatment (Figure 

Figure 4.4 (cont) (B and C) (B and C) Proportions of suppressive myeloid cells (PD-L1+ macrophages, M-
MDSCs, and M2 TAMs) and T cells (CD8+ and CD4+) among total brain-infiltrating leukocytes in either 
GL261 (B) or CT-2A (C). Among IL-13Rα2–targeting CAR-T cells, treatment with bispecific IL-13Rα2/TGF-
β CAR-T cells results in the fewest total suppressive myeloid cells, and the greatest T cell infiltration in brain 
tissue. (D) Violin plots depicting PD-L1 expression among myeloid cells detected by CyTOF analysis of 
GL261 (left) and CT-2A (right) TMEs. Whereas IL-13Rα2–targeting CAR-T cells induce an upregulation of 
PD-L1 expression among myeloid cells in the GL261 TME, myeloid cells in the CT-2A TME exhibit lower 
levels of PD-L1 expression following treatment with IL-13Rα2–targeting CAR-T cells. (E) Violin plots 
depicting PD-1 and CD44 expression among T cells detected by CyTOF analysis of GL261 tumor-bearing 
brains. (F) Violin plots depicting PD-1 expression among T cells detected by CyTOF analysis of CT-2A 
tumor-bearing brains. Consistent with patterns of PD-L1 expression in myeloid cells following IL-13Rα2 
CAR-T cell treatment, T cells exhibit higher PD-1 expression following IL-13Rα2 CAR-T cell treatment in 
the GL261 TME, and lower PD-1 expression following CAR-T cell treatment in the CT-2A TME. Treatment 
of GL261 tumor-bearing mice with either bispecific IL-13Rα2/TGF-β CAR-T cells or IL-13Rα2 CAR-T cells 
co-expressing the TGF-β DNR limits the PD-1/PD-L1 upregulation. In GL261 tumor-bearing mice, CD44 
expression levels were highest among T cells following treatment with IL-13Rα2/TGF-β CAR-T cells. 
Combined with low PD-1 expression, these results suggest that T cells exhibit a greater effector-like 
phenotype following IL-13Rα2/TGF-β CAR-T cell treatment. Hatched lines in violin plots shown in (D) and 
(E) represent the 75th percentile, median, and 25th percentile of expression, in order from top to bottom. 
Statistics for panels (D) and (E) were computed by one-way ANOVA using Tukey’s method to correct for 
multiple comparisons (****P < 0.0001). 
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4.5A). Furthermore, no evidence of toxicity was observed based on animal behavior or post-

mortem dissection, and mouse weights remained stable over time (Figure 4.5B).  
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A
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Figure 4.5 Bispecific IL-13Rα2/TGF-β CAR-T cells do not induce systemic toxicity in mouse models. 
(A) NSG mice were orthotopically engrafted with GS001 neurospheres and treated intratumorally with CAR-
T cells, as described in Figure 4.2D. Retro-orbital blood was collected 22 days following tumor-cell injection 
(15 days following T-cell injection) and subsequently analyzed for presence of human T cells. Mice treated 
with CAR-T cells exhibited near-undetectable levels of human T cells in peripheral blood, indicating that 
CAR-T cells remain well-confined to the CNS following intratumoral administration. (B) Fold-change in 
weight relative to day 0 corresponding to NSG mice shown in (A) were tracked over time (plotted are means 
± SD). No evidence of gross toxicity was observed with CAR-T cell treatment as mouse weights remained 
stable over time. (n = 4-5 for scFv-less CAR, IL-13Rα2 CAR, and IL-13Rα2/TGF-β CAR-T cell treatment 
groups, n = 9 for IL-13Rα2 CAR-T cells expressing the TGF-β DNR). (C) C57BL/6 mice were orthotopically 
engrafted with IL13Rα2+ CT-2A gliomas and treated intratumorally with CAR-T cells, as described in Figure 
4.3C. Retro-orbital blood was collected 23 days following tumor-cell injection (17 days following T-cell 
injection) and subsequently analyzed for presence of CAR+ (i.e., FLAG+) T cells. Comparable proportions 
of total T cells were detected in peripheral blood across all treatment groups, and no CAR+ T cells were 
detected in the periphery, indicating that CAR-T cells remain confined to the CNS following intratumoral 
administration and do not escape to the periphery. (D) Weights corresponding to C57BL/6 mice shown in 
(C) were tracked over time (plotted are means ± SD). Changes in mouse weight did not appear to be 
attributable to bispecific IL-13Rα2/TGF-β CAR-T cell treatment (Supplementary Figure 4.5), indicating that 
bispecific IL-13Rα2/TGF-β CAR-T cells are well-tolerated in immunocompetent mice. (n = 7 for scFv-less 
CAR-T cell treatment group, n = 15-16 for IL-13Rα2 CAR-T cell treatment group). 
Statistics in (A) and (C) were calculated using the two-tailed, unpaired, two-sample student’s t test. Statistics 
in (B) and (D) were calculated by two-way ANOVA (n.s., not significant). There were no statistically 
significant differences detected among all pairwise comparisons. 
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Similarly, there was no evidence of non-disease related toxicity in the syngeneic IL-

13Rα2+ CT-2A glioma model (Figures 4.5C, D, Supplementary Figure 4.5). All instances of 

weight reduction showed temporal correlation with tumor outgrowth, suggesting changes in 

weight were due to tumor burden rather than CAR-T cell administration. Together, these results 

demonstrate that locally administered bispecific IL-13Rα2/TGF-β CAR-T cells show no evidence 

of systemic toxicity.  
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Discussion 

A major challenge in establishing effective immunotherapies in the context of GBM is the 

highly immunosuppressive TME. Indeed, CAR-T cells, peptide vaccines, and DC vaccines 

administered as single agents have largely been ineffective in clinical trials, and development of 

multi-pronged approaches to counter tumor-mediated immune inhibition is an area of active 

investigation62. Here, we engineer bispecific IL-13Rα2/TGF-β CARs, which compactly integrate 

tumor-targeting and immuno-modulatory moieties. By converting a major source of immune 

suppression in the TME into an immunostimulant, bispecific IL-13Rα2/TGF-β CARs can not only 

enhance the performance of engineered, tumor-targeting T cells, but also dampens suppressive 

phenotypes among brain-infiltrating immune cells. In vitro, bispecific IL-13Rα2/TGF-β CAR-T cells 

can kill neurosphere samples derived from both newly diagnosed and recurrent GBM patients, 

demonstrating their clinical utility. Although in vitro cytolytic activity is limited to tumors with 

relatively high IL-13Rα2 expression, our findings in syngeneic models show that IL-13Rα2/TGF-

β CAR-T cells have the potential to reshape the immune-cell composition of the TME to potentiate 

anti-tumor responses. Robust engagement of endogenous immunity, which can drive epitope 

spreading—the phenomenon whereby immune recognition of tumors is extended beyond the 

antigen targeted by the CAR—is especially critical in light of the highly heterogeneous and 

immunologically cold GBM TME. Previous efforts in CAR-T cell development to address GBM 

antigen heterogeneity have relied on hard-coding CAR specificities against two63 or even three 

target antigens64,65. However, such dual- or triple-targeting therapies may still be susceptible to 

antigen escape in the context of GBM and do not account for the immunosuppressive TME. We 

demonstrate that engineering CAR-T cell responsiveness to TGF-β can counter tumor-mediated 

immunosuppression in both engineered T cells themselves and surrounding immune cells. 

Previous reports have demonstrated that TGF-β blockade synergizes with radiotherapy66,67 and 

PD-1/PD-L1 checkpoint blockade59,68,69; further investigation may reveal additional synergistic 
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combinations of bispecific IL-13Rα2/TGF-β CAR-T cells and other forms of immunotherapy that 

robustly induce epitope spreading. 

  Importantly, we also observed distinct patterns in the TME following treatment with 

bispecific IL-13Rα2/TGF-β CAR-T cells compared to IL-13Rα2 CAR-T cells co-expressing the 

TGF-β DNR. Although both the bispecific IL-13Rα2/TGF-β CAR and TGF-β DNR can inhibit 

endogenous TGF-β signaling, only the bispecific IL-13Rα2/TGF-β CAR activates T cells in the 

presence of TGF-β. Consequently, bispecific IL-13Rα2/TGF-β CAR-T cells—but not IL-13Rα2 

CAR-T cells co-expressing the TGF-β DNR—promote T-cell infiltration and limit expansion of 

suppressive myeloid cells such as MDSCs and TAMs. Indeed, upregulation of suppressive, 

myeloid-associated molecules was also observed in metastatic castration-resistant prostate 

cancer patients treated with PSMA CAR-T cells co-expressing the TGF-β DNR50. Here, we show 

that remodeling of the TME to potentiate anti-tumor immunity can be more effectively achieved 

by not only inhibiting, but also converting immunosuppressive TGF-β signaling into a T-cell 

stimulant. 

In our analysis of the GBM TME in immunocompetent mouse models, myeloid cells 

comprised the majority of tumor-infiltrating leukocytes, which is consistent with observations in 

human GBM patients70. However, given differences in murine and human immunology, studies 

with either ex vivo human GBM specimens or humanized mouse models could provide useful 

validation of the interactions between bispecific IL-13Rα2/TGF-β CAR-T cells and immune cells 

in the TME. One advantage of our study design is that cross-reactivity of the TGF-β CAR with 

both human and murine TGF-β enabled the use of identical CAR constructs in both xenograft and 

syngeneic tumor models; thus, CAR protein sequence is not a confounding factor in the 

interpretation of our results in syngeneic models.  

Although bispecific IL-13Rα2/TGF-β CAR-T cells exhibited superior anti-tumor function in 

both xenograft and syngeneic tumor models, our in vivo studies suffered some limitations. In 

xenograft models using patient-derived GBM neurospheres, we observed that tumor burden did 
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not correlate with bioluminescent signal. In fact, brains recovered from a handful of mice which 

died without detectable tumor radiance exhibited abnormal features upon gross examination, and 

IHC staining revealed strong expression IL-13Rα2+, confirming tumor outgrowth to be the cause 

of death. Therefore, the main criteria for evaluating CAR-T cell efficacy against xenograft tumors 

were survival outcomes, where bispecific IL-13Rα2/TGF-β CAR-T cells significantly increased 

survival in mice compared to IL-13Rα2 CAR-T cells alone or co-expressing the TGF-β DNR. In 

our syngeneic studies, despite stable firefly luciferase expression in murine glioma cells, we failed 

to observe statistically significant differences in survival between IL-13Rα2–targeting CAR-T cell 

treatment groups. This may be attributed, in part, to the fact that engineered murine glioma cell 

lines, which express human IL-13Rα2 in conjunction with other foreign proteins such as firefly 

luciferase, may be immunogenic. Broad immunogenicity of tumor cells may therefore obscure 

differences in CAR-specific anti-tumor function. Nonetheless, IL-13Rα2/TGF-β CAR-T cells 

exhibited better control over tumor outgrowth, as quantified by bioluminescent imaging, and 

produced more favorable immune-cell profiles in both GL261 and CT-2A tumor models, providing 

greater confidence in our findings despite lack of statistical significance.   

In addition to assessing anti-tumor efficacy, we also sought to evaluate the safety  of 

bispecific IL-13Rα2/TGF-β CAR-T cells. In both immunodeficient and immunocompetent murine 

hosts, there was no observable toxicity resulting from either intratumoral or intravenous 

administration of IL-13Rα2/TGF-β CAR-T cells. Nevertheless, approaches involving modulation 

of T-cell responses to TGF-β warrants caution, particularly in light of recently observed fatalities 

in patients treated with PSMA CAR-T cells co-expressing the TGF-β DNR50,71. The cause of 

fatality in these trials is still unresolved, but no definitive evidence links TGF-β DNR expression to 

the toxicity observed50. Moreover, previous clinical trials have demonstrated that virus-specific T 

cells expressing a TGF-β DNR are well-tolerated in patients through a four-year monitoring 

period48, whereas patient death has previously been observed following PSMA CAR-T cell 

treatment72,73. Taken together, multiple lines of evidence suggest rewiring T-cell response to TGF-



 78 

β can be a safe and effective approach to increasing CAR-T cell function. However, incorporation 

of suicide genes74–77 or high-dose steroid administration, which is common clinical practice to 

control cerebral edema in GBM patients78, may still be contemplated as safeguards against 

unanticipated toxicity.  

In addition to implementing measures to ensure patient safety, locoregional delivery of 

bispecific IL-13Rα2/TGF-β CAR-T cells in GBM patients should further minimize the risk of 

unanticipated adverse events. Indeed, in our studies, we did not detect adoptively transferred 

CAR-T cells in peripheral blood when administered intratumorally. In clinical trials, IL-13Rα2–

targeting CAR-T cells are well-tolerated when administered intracavitarily or 

intraventricularly11,18,19. More recently, intraventricular administration of GD2 CAR-T cells in 

diffuse intrinsic pontine and diffuse midline glioma patients exhibited superior safety profiles 

compared to systemic CAR-T cell administration14. Taken together with these clinical 

observations, our study findings provide support for the clinical translation of bispecific IL-

13Rα2/TGF-β CAR-T cells as a novel therapy to safely and effectively combat the 

immunosuppressive TME in GBM.  
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Methods 

DNA constructs 

The IL-13Rα2 CAR used in this study is a modified version of the IL-13Rα2 CAR11 received 

as a generous gift from Dr. Christine Brown (City of Hope). Single-chain bispecific and CARs were 

constructed by isothermal assembly of DNA fragments79. The IL-13Rα2–binding domain was 

encoded by an IL-13 mutein45,46, while the TGF-β–binding domain was encoded by a previously 

described scFv sequence43. The IL-13Rα2/TGF-β CAR encoded an IgG4 hinge extracellular 

spacer, a CD28 transmembrane domain (tm), 4-1BB co-stimulatory domain, and CD3ζ signaling 

chain. The single-input IL-13Rα2 CAR encoded an IgG4 hinge-CH2-CH3 long extracellular 

spacer bearing previously described L235E and N297Q mutations80, a CD28 transmembrane 

domain, 4-1BB co-stimulatory domain, and CD3ζ signaling domain. In some experiments, CARs 

were co-expressed with a truncated epidermal growth factor receptor (EGFRt), which served as 

a transduction marker81, via a “self-cleaving” T2A peptide. N-terminal FLAG tags were also 

encoded in order to assess surface receptor expression levels. The TGF-β DNR, which encodes 

the first 199 amino acids of TGFBR2, was co-expressed with the single-input IL-13Rα2 CAR via 

a self-cleaving P2A peptide.  

 

Cell lines 

GS001 neurospheres were derived from the patient-derived PBT106 neurosphere line, a 

generous gift from Dr. Christine Brown (City of Hope). PBT106 neurospheres stably expressing 

EGFP and ffLuc were sorted by consecutive rounds of magnetism-activated cell sorting (MACS; 

Miltenyi Biotec) followed by fluorescence-activated cell sorting (FACS) of positively-stained IL-

13Rα2 cells to obtain GS001. FACS sorting was performed on a BD FACSAria II at the UCLA 

Flow Cytometry Core Facility. Intraoperative samples from both recurrent and newly diagnosed 

GBM patients obtained at UCLA were used to establish a panel of neurosphere lines (GS270, 

GS121, GS181, GS304, GS013, GS054), and were a generous gift from Dr. David Nathanson 



 80 

(UCLA). All neurosphere lines were maintained in DMEM/F12 media with 15 mM HEPES, 1x 

serum-free B27 (Gibco), 5 μg/mL heparin (STEMCELL Technologies), and 1x GlutaMax (Gibco). 

Cultures were supplemented with 20 ng/mL epidermal growth factor (PeproTech) and 20 ng/mL 

basic fibroblast growth factor (PeproTech) every 3-4 days. For in vitro and in vivo experiments, 

neurospheres were dissociated into single-cell suspensions with accutase or TrypLE. CT-2A and 

GL261 were lentivirally transduced to express human IL-13Rα2 and ffLuc, and subsequently 

FACS-sorted for positively-stained IL-13Rα2 cells on a BD FACSAria II at the UCLA Flow 

Cytometry Core Facility. Murine glioma cells were maintained in DMEM + 10% heat-inactivated 

fetal bovine serum (HI-FBS). HEK 293T cells were obtained from ATCC. Phoenix-Eco cells were 

a generous gift from Dr. Antoni Ribas.  

 

Retrovirus production 

 Retroviral supernatants for human T-cell transduction were produced by co-transfection 

of HEK 293T cells with plasmids encoding CAR constructs and pRD114/pHIT60 virus-packaging 

plasmids (gifts from Dr. Steven Feldman, National Cancer Institute), using linear polyethylenimine 

(PEI, 25 kDa; Polysciences). Supernatant was collected 48 hours after transfection, and cell 

debris removed using a 0.45 μm membrane filter.  

 Retroviral supernatants for murine T-cell transduction were produced by co-transfection 

of Phoenix-Eco cells with plasmids encoding CAR constructs and the pCL-Eco packaging plasmid 

(gift from Dr. Antoni Ribas, UCLA), using linear PEI. Supernatant was collected 48 hours after 

transfection, and cell debris removed using a 0.45 μm membrane filter.  

 

Primary human T-cell culture 

T cells were isolated from healthy donor whole-blood obtained from the UCLA Blood and 

Platelet Center. CD3+ T cells were isolated using the RosetteSep CD3+ T Cell Enrichment kit 

(STEMCELL Technologies) following the manufacturer’s protocol. In some experiments, 
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naïve/memory T cells were isolated as previously described82. Isolated T cells were activated with 

CD3/CD28 Dynabeads (Gibco) at a 1:3 bead:cell ratio, and two rounds of retroviral transduction 

were performed at 48 hours and 72 hours following activation. T cells were maintained in complete 

RPMI (RPMI-1640 + 10% HI-FBS) and cultures were supplemented with 50 U/mL IL-2 and 1 

ng/mL IL-15 every 2–3 days. Dynabeads were removed on day 7. All downstream assays were 

performed between day 9 and day 15 of culture.  

 

Murine T-cell culture 

Spleens were harvested from healthy, six- to eight-week–old C57BL/6J mice. Single-cell 

suspensions were obtained by gentle maceration in 70-μm cell strainers placed over 50 mL 

Falcon tubes. CD3+ T cells were enriched from bulk splenocytes using the Pan T Cell Isolation kit 

II, mouse (Miltenyi Biotec) following the manufacturer’s protocol. Isolated murine T cells were 

activated with anti-mouse CD3/CD28 Dynabeads (Gibco) at a 1:1 bead-to-cell ratio. One day prior 

to transduction, 12-well non-TC–treated plates were coated overnight with 15 μg/mL RetroNectin 

(Takara) diluted in PBS at 4°C. 24 hours following T-cell activation, retroviral supernatant was 

added to RetroNectin-coated plates and centrifuged at  2000xg for 2 hours (no brakes). Activated 

T cells were subsequently applied to spinoculated plates and centrifuged at 2000xg for 15 minutes 

(no brakes). T cells were maintained in RPMI-1640 + 10% HI-FBS + 50 μM β-mercaptoethanol. 

Cell cultures were supplemented with 50 U/mL human IL-2 every 2–3 days. Dynabeads were 

removed on day 5 of cell culture, and cells were used for in vitro and in vivo experiments. 

 

In vitro killing and proliferation assays 

Cytotoxic killing of tumor cells was assessed using the xCELLigence Real-Time Cell 

Analyzer System (Agilent Technologies). 96-well E-Plates® were coated with mouse laminin 

(Corning) prior to the addition of target cells.  Target neurosphere lines were plated on day 0 (2 x 

104 cells/well) in 100 µL of complete RPMI medium. After overnight tumor-cell adherence to the 
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well bottom, CAR-T cells were added at effector: target (E:T) ratios of 3:1 and 1:1 in complete 

RPMI to a final volume of 200 µL. Maximal cell release was obtained by adding 1% Triton X-100 

to the wells. Cell index values (relative cell impedance) were collected over 72 hours and 

normalized to the maximal cell index value after addition of T cells. The percentage lysis was 

calculated as a proportion of the normalized cell index at a time point of interest versus the 

normalized cell index after effector cell plating.   

To measure murine T-cell proliferation and cytotoxicity, CAR-T cells were labeled with 

CellTrace Yellow (CTY; ThermoFisher Scientific). 2.5 x 104 IL-13Rα2+ CT-2A glioma cells were 

seeded in each well of a 96-well flat-bottom plate, and co-incubated with labeled T cells at 

specified effector: target (E:T) ratios, where  the number of effectors was determined by CAR-

positive T cell counts. After 4 days, cells were harvested as previously described83. T-cell counts, 

tumor-cell counts, and CTY dilution were assessed by flow cytometry using a MACSQuant VYB.  

 

T-cell activation marker upregulation 

 1 x 105 human or murine T cells were seeded in 96-well flat-bottom tissue culture plates 

in 100 μL complete RPMI with or without recombinant human or murine TGF-β1 (PeproTech). 

Following overnight culture at 37ºC, cells were transferred to a 96-well U-bottom plate and 

activation marker expression was assessed by antibody staining and flow cytometry.  

 

Phospho-SMAD Western blotting 

To reduce background SMAD phosphorylation, primary human T cells were cultured 

overnight in serum-free, CTS OpTmizer media. Following overnight culture, cells were incubated 

at 37ºC with or without 5 ng/mL recombinant TGF-β1 (Peprotech) for 1 hour, then washed in PBS 

prior to cell lysis. Cell lysis and phospho-SMAD immunoblotting was performed as previously 

described43.  
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ELISA 

Cell culture supernatants were collected 24 and 48 hours after seeding 1 x 106 cells in 48-

well plates. TGF-β concentrations in supernatant were determined using Human or Murine TGF-

β1 DuoSet ELISA kits (R&D Systems) following the manufacturer’s protocol.  

 

In vivo studies 

All in vivo experiments were approved by the UCLA Animal Research Committee (ARC). 

NSG and C57BL/6J mice were purchased from UCLA Department of Radiation and Oncology. 

For GBM xenografts, 2.5 x 105 GS001 neurospheres were sterotactically implanted into the right 

forebrains (1.5 mm lateral, 0.5 mm anterior to the bregma) of six- to eight-week–old NSG mice. 5 

x 105 CAR-T cells were administered intratumorally seven days following tumor implantation. 

For syngeneic GBM models, 1 x 105 glioma cells were stereotactically implanted into the 

right forebrains of six- to eight-week–old C57BL/6J mice. 5 x 105 CAR-T cells were administered 

intratumorally six days following tumor implantation.  

Tumor burden was monitored by bioluminescent imaging. Mice were injected 

subcutaneously with 3 mg D-luciferin and imaged on an IVIS Lumina III LT Imaging System 

(Perkin Elmer). Photon flux was analyzed with LivingImage Software (Perkin Elmer). Animals 

were euthanized at the humane endpoint, and studies were blinded.  

 

Antibody staining for flow cytometry 

EGFRt expression was measured by staining with biotinylated cetuximab (Eli Lilly; 

biotinylated in-house), followed by PE-conjugated streptavidin (Jackson ImmunoResearch 

catalog no. 016-110-084). CAR expression on the cell-surface was measured by staining with 

anti-DYKDDDDK (FLAG) tag conjugated to APC or PE/Cy7 (clone L5, BioLegend catalog nos. 

637308 or 637324, respectively). 
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Activation marker upregulation in the presence of TGF-β was performed by staining 

human T cells with PE-conjugated anti-human CD25 (clone BC96, BioLegend catalog no. 

302606), PacificBlue-conjugated anti-CD69 (clone FN50, BioLegend catalog no. 310920), and 

APC-conjugated anti-FLAG tag. Activation marker upregulation in murine T cells was assessed 

by staining with APC-conjugated anti-mouse CD25 (clone PC61, BioLegend catalog no. 102012), 

PacificBlue-conjugated anti-mouse CD69 (clone H1.2F3, BioLegend catalog no. 104524), and 

PE/Cy7-conjugated anti-FLAG tag. 

To monitor for expansion of adoptively-transferred T cells in NSG mice, retro-orbital blood 

samples were treated with 1x Red Blood Cell Lysis Solution (Miltenyi Biotec), then stained with 

PacificBlue-conjugated anti-human CD45 (clone HI30, BioLegend catalog no. 304029) and APC-

conjugated anti-human CD3 (clone UCHT1, BioLegend catalog no. 300412). Peripheral blood 

samples collected from C57BL/6 mice were stained with stained with PE/Cy7-conjugated anti-

mouse CD3 (clone 17A2, BioLegend catalog no. 100220), PacificBlue-conjugated anti-mouse 

CD45 (clone S18009F, BioLegend catalog no. 157212), and APC-conjugated anti-FLAG tag 

following red blood cell lysis.  

Flow cytometry data were acquired by a MACSQuant VYB (Miltenyi Biotec). For all 

experiments, cells were stained, washed, and re-suspended in PBS + 2% HI-FBS. Data were 

analyzed and gated using FlowJo software (TreeStar). 

 

CyTOF 

Brain tumor samples were harvested from C57BL/6J mice, and single-cell suspensions 

obtained by gentle mechanical dissociation using the gentleMACS dissociator and Multi Tissue 

Dissociation kit I (Miltenyi Biotec), Debris Removal Solution (Miltenyi Biotec), and Red Blood Cell 

Lysis Solution (Miltenyi Biotec) following the manufacturer’s protocol for dissociation of inflamed 

neural tissue. Single-cell suspensions were incubated with 2.5 μM monoisotopic cisplatin-194Pt 

(Fluidigm) at room temperature for 5 minutes, then washed with Maxpar Cell Staining Buffer 
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(MCSB, Fluidigm). Cells were subsequently incubated with FcR blocking reagent, mouse 

(Miltenyi) at room temperature for 10 minutes, then incubated with surface marker antibody 

cocktail at room temperature for 30 minutes. Cells were washed with MCSB, then fixed with 4% 

paraformaldehyde by incubation at room temperature for 10 minutes. Cells were washed with 

Perm-S buffer (Fluidigm) to permeabilize, and incubated with intracellular antibody cocktail at 

room temperature for 1 hour. Cells were washed then incubated overnight at 4°C with 200 nM 

iridium intercalating reagent (Fluidigm) diluted in Maxpar Fix and Perm buffer (Fluidigm). 

Following overnight incubation, cells were washed twice with MCSB, then twice with deionized 

water. Cells were re-suspended in deionized water, and run on a Helios mass cytometer (UCLA 

Flow Cytometry Core Facility). Data were analyzed using cytofkit2 in R.  

 

IHC 

Whole brains were fixed in 10% formalin overnight at room temperature, dehydrated in 

decreasing concentrations of ethanol, and embedded in paraffin by UCLA Translational Pathology 

Core Laboratory (TPCL). Five-micron coronal sections were cut by TPCL. Heat-induced antigen 

retrieval was performed using 1x Universal HIER antigen retrieval reagent (Abcam), and sections 

were stained with goat anti–IL-13Rα2 (R&D Systems catalog no. AF146) followed by secondary 

staining with donkey anti-goat IgG conjugated to AlexaFluor594 (Invitrogen catalog no. A32758). 

Samples were coverslipped with mounting media with DAPI (Abcam). IHC-stained sections were 

imaged on a Zeiss LSM880 confocal microscope at 20x magnification (UCLA Broad Stem Cell 

Research Center).  

 

Statistics 

All statistical tests were performed using GraphPad Prism (version 9). Sigmoidal curve fits 

with variable slope were performed in Prism, with the following constraints: Bottom = 0, Top = 

100, and Slope > 0. 
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Supplementary Figures and Tables 
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Supplementary Figure 4.1 TGF-β–mediated activation of bispecific IL-13Rα2/TGF-β CAR-T cells 
leads to superior therapeutic outcomes compared to IL-13Rα2 CAR-T cells co-expressing the TGF-
β DNR. (caption continued on next page) 



 87 

 
Supplementary Figure 4.1 (cont) (A) ELISA measurements of total TGF-β levels in cell culture supernatant 
collected from panel of GBM neurosphere lines (as shown in Figure 4.1), demonstrating that neurospheres 
produce TGF-β in vitro, with GS001 neurospheres producing the greatest amount. (B) Patient 
characteristics for panel of GBM neurosphere lines evaluated in Figure 4.1. (C) Survival curve and (D) 
tumor radiance traces of mice implanted with GS001 neurospheres and either left untreated, or otherwise 
treated with bispecific IL-13Rα2/TGF-β CAR-T cells or IL-13Rα2 CAR-T cells co-expressing the TGF-β 
DNR. Each trace in (C) represents a single mouse, and traces for each mouse end following euthanasia. 
These findings reveal that bispecific IL-13Rα2/TGF-β CAR-T cells exhibit superior anti-tumor efficacy 
compared to IL-13Rα2 CAR-T cells co-expressing the TGF-β DNR (n = 5 for scFv-less CAR and IL-
13Rα2/TGF-β CAR-T cell treatment groups, n = 9 for IL-13Rα2 CAR-T cells expressing the TGF-β DNR). 
(E) H&E staining and IL-13Rα2 IHC staining on paraffin-embedded slides prepared from mouse treated 
with IL-13Rα2 CAR-T cells co-expressing the TGF-β DNR. Shown are representative slides. Mice died 
without detectable tumor radiance, but staining shows outgrowth of IL-13Rα2+ tumors, confirming cause of 
death to be tumor-related. Representative H&E and IL-13Rα2 IHC stains of healthy NSG mouse brain 
sections are included as negative controls. H&E images were taken at 10x magnification, 
immunofluorescent images were taken at 20x magnification. Scalebars represent 1 mm (left) and 100 μm 
(right). Boxed regions are approximate. 
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Supplementary Figure 4.2 Bispecific IL-13Ra2/TGF-β CARs cross-react with murine TGF-β and are 
functional in murine T cells. (A) Human PBMCs transduced to express a human TGF-β CAR were 
cultured in the presence of human or murine TGF-β. TNF-α (left) and IFN-γ (right) expression was 
measured by intracellular flow cytometry following overnight culture. Cytokine production is triggered by 
both murine and human forms of TGF-β, demonstrating that the TGF-β CAR is cross-reactive with murine 
TGF-β.  
(caption continued on next page) 
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Supplementary Figure 4.2 (cont) (B) Murine T cells were transduced to express TGF-β CARs encoding 
either human or murine signaling domains. CAR-T cells were incubated in the presence of TGF-β overnight, 
then CD69 (left) and CD25 (right) expression were measured by flow cytometry. CARs with human signaling 
domains not only transduce activating signals in murine T cells, but also stimulate murine T cells more 
strongly than CARs with murine signaling domains. (C) Murine T cells transduced with CARs encoding 
human signaling domains were cultured in the presence of either human or murine TGF-β. CD69 (left) and 
CD25 (right) expression was measured by flow cytometry following overnight culture. Bispecific IL-
13Rα2/TGF-β CAR-T cells, but not single-input IL-13Rα2 CAR-T cells, are activated in the presence of both 
human and murine TGF-β. (D) Total TGF-β levels were measured by ELISA in cell culture supernatant of 
IL-13Rα2+ CT-2A and GL261 glioma cells, collected 24 and 48 hours after cell seeding. Both glioma lines 
secrete TGF-β in vitro. (E) IL-13Rα2 staining in CT-2A (left) and GL261 (right) tumor cells engineered to 
overexpress human IL-13Rα2. Parental cells are included as negative controls. (F-G) CAR-T cells were 
labeled with CellTraceYellow (CTY) dye and co-incubated with IL-13Rα2+ CT-2A glioma cells at specified 
E:T ratios. Tumor cell counts (F) and CTY dye dilution in T cells (G) were measured after four days. CTY 
dilution in T cell following co-culture with tumor cells at a 1:1 E:T ratio are shown in (G). Dye dilution was 
quantified by fold-change in MFI (left), with representative histograms (right). Bispecific IL-13Rα2/TGF-β 
CAR-T cells kill target cells comparably well to single-input IL-13Rα2 CAR-T cells, and proliferate in 
response to tumor cells expressing target antigen. Statistics in (A) and (B) were computed by two-way 
ANOVA, with Tukey’s method to correct for multiple comparisons. Statistics in (C), (F), and (G) were 
calculated using the two-tailed, unpaired, two-sample student’s t test with the Holm-Sidak correction for 
multiple comparisons (**P < 0.01, ***P < 0.001, ****P < 0.0001). 

 A B
scFv-less 

CAR

Supplementary Figure 4.3 Expression of human IL-13Rα2 in CT-2A glioma cells immunogenic. 
(A) IL-13Rα2+ CT-2A glioma cells were implanted in the right forebrains of C57BL/6 mice. Six days following 
tumor-cell injection, mice were treated intratumorally with scFv-less CAR-T cells. Tumor radiance was 
tracked over time, and complete tumor regression was observed in 5/7 mice. (B) Tumor-free mice in (A) 
were euthanized, and brain-infiltrating leukocytes isolated. Leukocytes were pooled, then co-cultured with 
either parental CT-2A, EGFP-ffLuc+ CT-2A, or IL-13Rα2+EGFP-ffLuc+ CT-2A cells. IL-13Rα2+ CT-2A cells 
triggered a stronger IFN-γ response in CD45+ cells compared to parental and EGFP-ffLuc+ CT-2A cells, 
suggesting that human IL-13Rα2 is immunogenic. 
Statistics were computed using the two-tailed, unpaired, two-sample student’s t test with the Holm-Sidak 
correction for multiple comparisons (** P < 0.01, *** P < 0.001). 
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Supplementary Figure 4.4 Immune-cell types in murine gliomas, with comparable numbers of brain-
infiltrating leukocytes across treatment groups. (A) UMAP projections and clusters identified from 
CyTOF analysis of the GL261 (top) and CT-2A (bottom) TMEs. Cellular phenotypes corresponding to each 
cluster label are shown on the right. (B) Flow cytometry analysis of CD45+ cells recovered from mouse 
brains reveals similar total numbers of brain-infiltrating leukocytes for each treatment group in both GL261 
and CT-2A models. Statistics were calculated using the two-tailed, unpaired, two-sample student’s t test 
(n.s., not significant). 
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Days Post Tumor Injection

Supplementary Figure 4.5 Bispecific IL-13Rα2/TGF-β CAR-T cells do not elicit systemic toxicity in 
immunocompetent mice. Tumor radiance (top) and fold-change in mouse weights relative to one day 
prior to tumor-cell injection (bottom) are plotted for mice corresponding to each treatment group. Each 
individual trace represents a single mouse, and traces end following euthanasia. Data shown are from the 
same experiment as depicted in Figure 4.5D. Weight loss corresponded to tumor outgrowth, not CAR-T 
cell treatment. 
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CHAPTER 5. Future Outlook 
 

In this dissertation, we demonstrate that the TGF-β CAR can be expressed in T cells 

without inducing counterproductive outgrowth of suppressive Tregs or hindering proper 

immunological synapse formation. In addition, TGF-β CAR-T cells are well-tolerated in murine 

models. These findings support the viability and safety of the TGF-β CAR as a receptor platform 

to enhance therapeutic efficacy of adoptive T-cell therapy. We evaluated multiple configurations 

pairing the TGF-β CAR with a tumor-targeting receptor, finding that co-expression of the TGF-β 

CAR with either a tumor-specific TCR or CAR produces sub-optimal T-cell function. In contrast, 

single-chain bispecific CARs can effectively pair tumor-targeting specificity with responsiveness 

to TGF-β. We demonstrate in multiple GBM models that bispecific IL-13Rα2/TGF-β CARs 

program robust anti-tumor function and in engineered T cells and promote an endogenous 

immune response to improve therapeutic efficacy.  

Our findings leave a few outstanding questions that merit further investigation. First, 

although characterization of GBM tumors following adoptive cell transfer demonstrates that 

bispecific IL-13Rα2/TGF-β CAR-T cells can favorably remodel the TME and mobilize endogenous 

anti-tumor immunity, the high degree of heterogeneity in GBM tumors likely warrants exploration 

of combination therapies that robustly promote epitope spreading. For instance, PD-1 expression 

on myeloid cells has previously been shown to be a major mechanism of immune suppression 

against adaptive immunity in GBM1. Our observation that PD-L1 was strongly upregulated in 

myeloid cells in the GL261 TME following CAR-T cell therapy suggests that PD-1/PD-L1 

checkpoint blockade may have synergistic interactions with IL-13Rα2/TGF-β CAR-T cell therapy 

to unleash a more potent endogenous immune response.  

Much of our efforts were directed towards evaluating the efficacy of IL-13Rα2/TGF-β CAR-

T cells for treatment of GBM tumors, and several aspects of our study design were influenced by 

considerations of clinical translatability, including use of patient-derived GBM neurospheres and 
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use of human IL-13Rα2/TGF-β CAR constructs in immunocompetent mouse models.  However, 

successful translation of bispecific IL-13Rα2/TGF-β CAR-T cells for clinical applications will 

require more rigorous study of potential TGF-β CAR-mediated toxicities. No evidence of toxicity 

was observed at the CAR-T cell doses that were tested, but it is still unknown whether high CAR-

T cell doses would trigger adverse events. Dose-escalation studies would provide greater insight 

as to whether TGF-β CAR-T cells are safe regardless of dose, or if dose limitations exist. 

Combined with detailed histopathological analyses of a broader array of tissues, the proposed 

studies would provide more compelling evidence that TGF-β–responsive CAR-T cells can be 

safely administered.  

Although enhancements to therapeutic efficacy are only demonstrated in the context of 

GBM in this dissertation, from a broader perspective, single-chain bispecific CARs responsive to 

TGF-β and tumor antigen should be applicable to other tumor types. Indeed, preliminary studies 

support the in vivo efficacy of bispecific TGF-β/PSMA CAR-T cells, although further optimization 

of the bispecific CAR structure may be warranted.  

In considering generalizability, one treatment parameter that may have promoted 

bispecific IL-13Rα2/TGF-β CAR-T cell efficacy is the route of administration. Whereas engineered 

T cells were administered intravenously in our melanoma and prostate cancer models, T cells 

were injected intratumorally in our GBM model. Others have, in fact, demonstrated that 

locoregional delivery of CAR-T cells confers superior therapeutic outcomes compared to systemic 

delivery2,3. Combined with the fact that TGF-β CAR-T cell activation is dependent on cell density4, 

it is plausible that effective re-wiring of TGF-β signaling requires a localized dose of bispecific IL-

13Rα2/TGF-β CAR-T cells. By administering CAR-T cells in a concentrated bolus directly at the 

tumor site, IL-13Rα2/TGF-β CAR-T cells should be able to respond more robustly to TGF-β 

compared to intravenous infusion, where CAR-T cells can spread throughout the circulation. This 

density-dependent effect may also explain why no toxicity was observed when mice were given 

an intravenous dose of TGF-β CAR-T cells. It is worth noting that in clinical trials, IL-13Rα2 CAR-
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T cells are administered intratumorally5, and there is a growing body of work supporting 

locoregional CAR-T cell delivery for other solid tumor types6. A more systematic understanding of 

how TGF-β CAR signaling is impacted by the route of T-cell administration can help guide future 

study design.  

Lastly, a detailed study interrogating signaling processes downstream of TGF-β CAR 

activation and T-cell exhaustion status may help shed light on several of our findings and guide 

future design choices. We hypothesize that TGF-β CAR co-expression with a tumor-specific TCR 

or CAR results in poor anti-tumor function because excessive signaling through the TGF-β CAR 

may drive T cells towards pre-mature exhaustion. The fact that both TGF-β– and tumor-binding 

extracellular domains must share a common signaling chain in a bispecific CAR, the possibility 

that ligand-binding may be sterically hindered, and the observation that bispecific IL-13Rα2/TGF-

β CARs are downregulated from the cell surface all suggest that single-chain bispecific CARs 

transduce fewer activating signals in engineered T cells over time. We propose a systematic study 

evaluating different bispecific versus dual CAR configurations, with varying parameters including 

(but not limited to) type of co-stimulatory domain and inclusion of CAR modifications shown to 

tune signaling strength7,8. Such a study would aim to establish relationships between modes of 

receptor pairing, downstream T-cell signaling dynamics, and T-cell dysfunction, and ultimately 

reveal engineering principles for future iterations of paired TGF-β– and tumor-targeting receptors.  
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