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Lay Abstract 

Multiple myeloma is an incurable blood cancer that has a remarkable ability 

to develop resistance to different types of chemotherapy. In recent years, treatments 

redirecting immune cells against tumors have shown impressive clinical responses 

against different types of chemotherapy-resistant blood cancers, including multiple 

myeloma. Our lab has developed a new technology for redirecting T cells against 

tumors, called T cell antigen coupler (TAC) receptor. This thesis describes 

optimization of a fully human TAC receptor specific for a target on the surface of 

myeloma cells, known as BCMA. Durable remissions induced by TAC-engineered 

T cells in a preclinical mouse model of myeloma in the absence of toxicity warrant 

further testing of this therapeutic in a clinical trial.  
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Abstract 

Multiple myeloma is a plasma cell cancer that progressively evolves to an 

aggressive, multi-drug resistant disease, which presents an unmet clinical need. In 

clinical trials, myeloma shows susceptibility to novel immunotherapeutic agents, 

particularly those targeting B-cell maturation antigen (BCMA). Among different 

classes of immunotherapies, T cell-based approaches have progressed the most due 

to their ability to induce durable responses in patients with advanced drug-resistant 

blood cancers. Most T cell engineering strategies rely on the use of chimeric antigen 

receptors (CARs), which although effective, can cause serious life-threatening 

toxicities. We created a new synthetic receptor, T cell antigen coupler (TAC), which 

recruits the endogenous T cell receptor and allows T cells to autoregulate their 

activity. Our experience in solid tumor models has shown that TAC-T cells are 

similarly efficacious and significantly less toxic than CAR-T cells. This thesis 

describes our optimization of BCMA-specific TAC-T cells and analysis of different 

anti-BCMA antigen-binding domains.   

TAC receptor functions by engaging endogenous TCR-CD3 complex and 

redirecting it to the target of interest. In Chapter 3, we characterize optimization 

and humanization of the CD3-recruitment domain in the TAC scaffold and provide 

evidence that TAC-T cells are effective against multiple myeloma, irrespective of 

receptor surface levels. In Chapter 4, we describe selection of the human BCMA-

binding domain and the creation of a fully humanized TAC receptor against 
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BCMA. Chapters 5 and 6 describe how a BCMA-targeting antigen-binding domain 

that cross-reacts with an unknown antigen in mice augments in vivo efficacy of 

TAC- and CAR-T cells, respectively. 

The work described in Chapters 3 and 4 presents an optimized, fully human 

BCMA-TAC that is being moved into clinical testing. The work in Chapters 5 and 

6 improves our understanding of how antigen-targeting domains in synthetic 

receptors influence the functionality of engineered T cells. 
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1. Multiple Myeloma 

1.1 Biology of long-lived plasma cells 

Plasma cells are an integral component of our immune system, responsible 

for antibody-mediated defense from pathogens. Following antigen exposure in the 

periphery, some plasma cells home to the bone marrow or gut-associated lymphoid 

tissue and become long-lived plasma cells (LLPC), which continuously secrete 

antibodies and provide lasting immune protection1. The length of LLPC survival 

varies and is typically measured indirectly through antibody titers in blood, which 

can persist for months and even years post-infection2-4, independent of the antigen5. 

In a healthy person, this long-term antibody production by LLPCs is key to durable 

vaccine efficacy. 

The bone marrow niche is crucial for supporting LLPC longevity, as 

evidenced by the inability of murine6 and human7 plasma cells isolated from the 

bone marrow to survive in in vitro culture in the absence of bone marrow stromal 

cells. Mesenchymal stromal cells (MSC) in the bone marrow produce chemokine 

CXCL12, or SDF-1, which binds CXCR4 on plasma cells and guides them to the 

bone marrow niche8. Once in that niche, integrin-mediated direct cell-cell contacts 

between plasma cells and MSCs activate phosphoinositide 3-kinase (PI3K) 

signaling in plasma cells and suppress activation of caspases 3 and 7, thus inhibiting 

apoptosis9. MSCs also secrete fibronectin-1 (FN-1), which serves as an important 

component of the extracellular matrix (ECM) in the bone marrow niche. FN-1 
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supports survival of LLPCs likely by anchoring them via binding to CD138 and 

enhancing autophagy via downregulation of mammalian target of rapamycin 

(mTOR) signaling7. Finally, MSCs together with dendritic cells, megakaryocytes, 

and eosinophils secrete an abundance of IL-6 cytokine, which further promotes 

LLPC survival10 and immunoglobulin secretion by activating the STAT3 signaling 

pathway11. 

IL-6 synergizes with another soluble factor, a proliferation-inducing ligand 

(APRIL) in sustaining LLPCs in the bone marrow niche10. APRIL is secreted by 

hematopoietic cells such as myeloid precursors12, macrophages13, and 

eosinophils14, and binds B cell maturation antigen (BCMA) on plasma cells. BCMA 

knockout in mice leaves peripheral T cell-dependent B cell responses intact, but 

dramatically lowers the numbers of LLPCs in the bone marrow, underscoring the 

crucial role of BCMA in LLPC survival15. Stimulation of the BCMA receptor 

increases transcription of the anti-apoptotic protein Mcl-116 and hinders activation 

of caspase 12 via the nuclear factor κB (NF-κB) pathway9. Besides APRIL, BCMA 

can also bind B-cell activating factor (BAFF), but affinity between BCMA and 

APRIL is stronger than affinity between BCMA and BAFF17. Additionally, a close 

relative of BCMA, transmembrane activator, calcium modulator and cyclophilin 

ligand interactor (TACI), is also expressed on plasma cells and binds both APRIL 

and BAFF. TACI promotes plasma cell differentiation by driving expression of the 

transcription factor Blimp-1 and augments plasma cell survival by downregulating 

pro-apoptotic protein BIM18. 
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Besides megakaryocytes, dendritic cells, and myeloid cells, T regulatory 

(Treg) cells are another type of hematopoietic cells that participate in shaping the 

LLPC bone marrow niche. Intravital imaging, transcriptomic analysis, systemic 

infection, and cell depletion mouse models suggest that Tregs mediate homeostasis 

of the LLPC niche by mitigating loss of plasma cells from the LLPC niche during 

systemic infection and limiting the number of plasma cells in the niche in the 

absence of infection19.  

A multitude of complementary factors supports survival of healthy LLPCs 

in the bone marrow niche. As multiple myeloma (MM) cancer cells arise from 

healthy LLPCs, they further exploit natural survival factors by remodeling their 

microenvironment to maximize the space and nourishment for the growing tumor 

masses. 

1.2 Pathogenesis of multiple myeloma 

The plasma cell origin of MM was first described in 1900 by James H. 

Wright20, but despite decades of research, we are still uncovering the process by 

which MM evolves from LLPCs. We do know that MM is preceded by a pre-

cancerous condition called monoclonal gammopathy of undetermined significance 

(MGUS)21, which is distinguished from MM by lower percentage of clonal plasma 

cell infiltration in the bone marrow and the absence of end-organ damage22. A 

subset of patients present with smoldering multiple myeloma (SMM), which is an 

intermediate state between MGUS and MM and is characterized by over 10% bone 
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marrow infiltration with clonal plasma cells and serum monoclonal protein levels 

over 30 g/L, but no end-organ damage23. 

The current paradigm of myelomagenesis centers around sequential 

acquisition of genetic abnormalities by plasma cell clones that lead to enhanced 

proliferative capacity24. The two main early pre-malignant events supporting the 

emergence of MGUS are hyperdiploidy and translocations involving the 

immunoglobulin heavy chain gene25, 26. A common downstream effect of these 

genetic abnormalities is dysregulation of cell cycle, primarily through 

overexpression of cyclin D27, which facilitates transition from the G1 to the S stage 

of the cell cycle28. Secondary genetic events facilitating MM emergence include 

mutations, and copy number changes that affect a multitude of genes regulating 

proliferation and apoptosis, e.g. TP53, BRAF, MCL1, MYC, KRAS, and RB129. 

The phenotype of MM cells is also affected by epigenetic events, as evidenced by 

widespread DNA hypomethylation in MM, compared to MGUS and SMM30, 31. 

Notably, the broad DNA hypomethylation in MM is accompanied by select 

hypermethylation of B cell-specific enhancer regions, facilitating maintenance of a 

less-differentiated state by the MM cells32. 

In addition to the aberrations acquired by the MM cells, transformations in 

the bone marrow niche further support development of the myeloma disease. 

Comparative genetic analysis of endothelial cells in MGUS and MM revealed 22 

differentiating genes involved in cell adhesion, regulation of apoptosis, chemotaxis, 

and angiogenesis33. Progressive angiogenesis along the spectrum of healthy 
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controls – MGUS – SMM – MM has been further confirmed by 

immunohistochemical analysis of microvessel density in the patient bone marrow 

samples34. Additional evidence of niche remodeling comes from proteomic analysis 

of the ECM components, highlighting the presence of matrisome-associated 

proteins annexin A2 and galectin-1 in the ECM of MM patients, but not in the ECM 

of MGUS patients or healthy donors35. Expression of each of these proteins on 

myeloma cells was associated with decreased overall survival, and the authors 

proposed that these proteins promoted niche remodeling by enhancing angiogenesis 

and bone resorption, in addition to supporting MM growth and resistance to 

apoptosis35. 

The crosstalk between MM cells and other cells in their microenvironment 

occurs though multiple routes. The cell-cell contacts and soluble factors that normal 

LLPCs use to send and receive signals (reviewed in the previous section) are used 

by the MM cells as well. Recently, a lot of attention has been drawn to the exosome-

based signaling in the tumor microenvironment. For example, the contents of the 

exosomes released by bone marrow MSCs from healthy individuals and MM 

patients are substantially different. Exosomes from normal MSCs contain more 

tumor suppressive miR-15a, whereas exosomes from MM MSCs have more CCL2, 

IL-6, fibronectin, and junction plakoglobin36. MM cells, on their part, secrete 

exosomes carrying micro-RNA miR-146a, which they can transfer to MSCs. When 

miR-146a is elevated in healthy MSCs, they increase expression of IL-6, CXCL1, 

CXCL10, and CCL5, which facilitate MM cell migration and survival37. Other 
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micro-RNAs detected in MM endosomes are miR-21, let-7b, and miR-18a, which 

further support bone marrow niche remodeling38. 

Clinical presentation of MM is characterized by the presence of end-organ 

damage through CRAB criteria: hypercalcemia, renal failure, anemia, and bone 

lesions39. These symptoms are a consequence of the biological activity of MM cells. 

For instance, MM cells retain the main function of LLPCs and secrete 

immunoglobulins, which put a strain on patients’ kidney function, as the disease 

burden increases40. The monoclonal immunoglobulins, or M protein, are routinely 

measured in blood of MM patients and serve as an indicator of disease progression 

or response to treatment41. Although the secretory ability typically remains intact, 

the quality control of the antibody synthesis can be poor, with most MM patients 

showing incomplete immunoglobulins in the serum and 15% of patients presenting 

with light chain-only MM42.  

The majority of MM patients experience anemia, which stems from the 

hematopoietic niche invasion by MM cells, inadequate erythropoietin production 

by failing kidneys43, and upregulation of death receptor ligands Fas-L and TRAIL 

on the MM cells, leading to apoptosis of erythroblasts44. Besides overtaking the 

space available for hematopoiesis, MM cells suppress osteoblasts and stimulate 

osteoclastogenesis to remodel the bones, generating lytic bone lesions and 

hypercalcemia45. Adipocytes, another common cell type present in the bone 

marrow, also participate in MM niche remodeling by secreting SDF-1α and MCP-
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1 chemokines that attract MM cells, leptin adipokine that induces autophagy in MM 

cells, and CXCL1 and CXCL2 chemokines that promote osteoclastogenesis46. 

Taken together, intrinsic genetic and epigenetic abnormalities driving 

proliferation and resistance to apoptosis in MM cells synergize with extrinsic 

signals from other cells in the MM niche to support survival and growth of the MM 

lesions in the bones. 

In some cases, MM patients develop extramedullary MM (EMM), meaning 

their tumors grow independently from the bone marrow microenvironment either 

adjacent to the bone,  in a completely different organ, or freely in the blood stream47. 

The most aggressive variant of EMM is plasma cell leukemia (PCL), characterized 

by more complex cytogenetics and alteration of expression of cell adhesion 

molecules, chemokine receptors, and mediators of apoptosis, when compared to 

conventional MM48. EMM is notoriously difficult to treat and carries a very poor 

prognosis of only a few months even in the cases of treatments that work well for 

the bone marrow-restricted MM47. As a primary event at diagnosis, EMM occurs 

in 7-17% of patients, and as a secondary event during disease relapse/resistance, it 

develops in 6-20% of patients49. Although currently infrequent, EMM patients may 

become a larger group of treatment-resistant cases in the future, as novel 

therapeutics get progressively better at eliminating conventional MM. 
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1.3 Epidemiology of MM 

Since individuals with MGUS and SMM represent a pool of prospective 

MM patients, the epidemiology of these conditions is relevant to the overall 

understanding of MM prevalence. MGUS has an estimated serologic prevalence of 

3.2 - 5.8% in people over the age of 5050, 51, and long-term follow-up of MGUS 

patients indicates a 1% yearly risk of progression to MM52. SMM is less frequent, 

but carries a higher risk of progression to MM, compared to MGUS. Estimated 

prevalence of SMM is 0.4-0.9 cases per 100,000 people53, 54. In the first 5 years 

post-diagnosis, the annual risk of SMM transformation to MM is 10%, but it drops 

to 3% in the following 5 years, and to 1% after year 1023. 

The International Agency for Research on Cancer estimates MM world-

wide incidence as 2.3 cases per 100,000 people, which translates to 176,404 new 

diagnoses of MM in 202055. In the U.S., the average incidence of MM is 9 cases 

per 100,000 people in males and 5.9 cases per 100,000 people in females, based on 

the cumulative 2012-2016 data from the Surveillance, Epidemiology and End 

Results (SEER) Program56. The average annual growth of MM incidence in the 

U.S. was 3.9% in 2007-2010 and 1.2% in 2010-201757. In general, MM occurs in 

older people, with an average age at diagnosis of 66-70, and tends to affect males 

more than females as well as people of African American descent more than those 

of Caucasian descent58. 
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According to the Canadian Cancer Statistics, over 3,400 new MM cases are 

estimated in Canada in 2020, with 2,000 cases in males and 1,450 cases in 

females59. 1,600 Canadians are expected to die from MM in 2020, with 56% of 

deaths occurring in males59. Compared to the 2019 report, the incidence of MM in 

Canada has increased by approximately 3% and, on average, has been increasing 

by 2.6% annually since 200760. This steady growth in MM cases in Canada could 

be a reflection of the progressively aging population and the advances in the 

diagnostic methods. The Statistics Canada projects the proportion of people aged 

65 or older to rise from 17.2% in 2018 to 21.4-23.4% by 2030, to 21.4-29.5% by 

206861. Given these projections, it is fair to expect further increase in MM incidence 

in Canada and a growing need for new therapeutics to support this group of cancer 

patients. 

2. Conventional therapeutic landscape for MM 

2.1 Early therapies 

For the first 100 years since MM was first described in 1844, the treatment 

options were highly primitive and included rhubarb pills, orange peel infusion, 

leeches, steel, and quinine62. In 1940s and 50s, urethane was used as the first anti-

myeloma drug, but it proved to be highly toxic and carcinogenic, and actually 

showed reduced overall survival when compared to placebo in a randomized 

controlled trial63. Although several additional drugs were tested against MM in mid-

1900s, responses were very poor and patient survival remained under the 6-month 
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mark until the introduction of melphalan in 1960s, which produced 49% response 

rate and elevated survival to 34 months post-diagnosis64. Melphalan is an alkylating 

agent, which interferes with replication and transcription, and to this day remains a 

prominent component of MM treatment plans, particularly during the pre-transplant 

high-dose induction therapy65. In the late 1960s, after the introduction of melphalan, 

a corticosteroid, prednisone, was added to the MM treatment palette, and provided 

additional 6 months of survival benefit, when compared to melphalan alone66. 

Following the promising effects of the melphalan-prednisone combination, several 

other alkylating agents were tried in anti-MM combination regimens, but did not 

provide substantial survival benefit beyond what melphalan and prednisone had 

already accomplished62. 

2.2 Hematopoietic stem cell transplantation 

In the 1980s, clinicians observed dose-dependent efficacy of melphalan, 

with the high dose of 140 mg/m2 able to induce complete remissions, although at 

the cost of profound myelosuppression63. A therapeutic approach based on high-

dose chemotherapy and stem cell collection, followed by an autologous stem cell 

transplant (ASCT), resolved the cytopenias and allowed patients to capitalize on 

the remission induced by chemotherapy. Randomized trials comparing 

chemotherapy alone to chemotherapy followed by ASCT demonstrated over 4-fold 

improvement in complete responses and median survival increase to 5 years67, 68. 

At present, transplant eligibility remains one of the key considerations in the 

treatment plan for MM patients and shapes the choice of drug regimens.  
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In some cases, MM patients receive an allogeneic graft during 

transplantation. Here, lymphocytes in the graft mount an anti-tumor activity called 

graft-versus-myeloma response, which reduces the incidence of myeloma relapse, 

but introduces the risk of toxicities due to the graft-versus-host disease (GVHD)69. 

In recent years, support has emerged for the graft-versus-tumor effect in the 

autologous transplant setting. Quicker absolute lymphocyte count (particularly NK 

cell count70) recovery within the first two weeks post-transplant correlates with 

better progression-free survival (PFS) and better overall survival (OS)71. MM 

patients whose autografts have higher lymphocyte content have faster absolute 

lymphocyte count recovery and better therapeutic outcomes72, 73. Specifically, CD4 

T cell concentration of at least 0.45 x 109 cells/kg in MM autografts is associated 

with 80% 2-year PFS, compared to 40% 2-year PFS in patients with lower CD4 T 

cell content in the autografts74. The choice of stem cell mobilization regimen can 

influence autograft lymphocyte count and, thus, affect downstream clinical 

outcomes. When cyclophosphamide is added to the standard mobilization reagent 

granulocyte colony stimulating factor (G-CSF), lymphocyte mobilization is 

reduced75. On the other hand, when G-CSF is combined with a CXCR4 antagonist, 

Plerixafor, lymphocyte mobilization is enhanced76. Vuckovic and colleagues 

recently provided a mechanistic insight into the T cell-mediated MM tumor control 

in a preclinical murine transplantation model. In this set of experiments, antigen-

experienced CD8 T cells in the bone marrow grafts mounted IFN-γ-mediated anti-
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MM response in recipient mice, which was augmented by the addition of a PD-1 

blockade or a 4-1BB agonist77.  

The studies described in this section position hematopoietic stem cell 

transplant as the first immunotherapeutic approach in MM treatment. Section 3 

further highlights a multitude of more recent strategies for harnessing immune 

responses and redirecting them against MM tumor. 

2.3 Thalidomide and immunomodulatory drugs 

Thalidomide was first marketed in the 1950s as a drug against morning 

sickness, but was found to cause severe fetal abnormalities due to its teratogenic 

properties. In the decades following, several groups investigated its mechanism of 

teratogenesis and explored potential use of thalidomide as a cancer treatment for a 

variety of tumors. Studies in a rabbit corneal neovascularization model aimed at 

elucidating the basis of thalidomide-induced teratogenesis revealed potent anti-

angiogenic activity of orally administered thalidomide78. Since angiogenesis had 

been implicated in MM tumor growth, Barlogie and colleagues conducted a single-

agent trial of thalidomide in chemotherapy-refractory MM patients and observed 

an overall response rate (ORR) of 32%79. In subsequent trials, thalidomide 

combined with steroids or steroids and cyclophosphamide further improved ORR 

in refractory and newly-diagnosed MM80. 

Lenalidomide (Revlimid), a thalidomide analogue developed to reduce 

toxicity, falls in the category of immunomodulatory drugs (IMiDs) due to its effects 
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on multiple immunologic pathways. Clinically, lenalidomide alone or in 

combination with other drugs has demonstrated potent anti-MM activity in relapsed 

refractory, newly diagnosed, and maintenance treatment settings81. 

Mechanistically, lenalidomide binds to cereblon in the E3 ubiquitin ligase complex 

and induces degradation of transcription factors Ikaros and Aiolos82. Degradation 

of these proteins inhibits IRF4-dependant survival pathways in MM cells and 

increases IL-2 production in NK and T cells, thus harming tumor cells directly and 

facilitating anti-tumor immune activity82. Other immunomodulatory properties of 

lenalidomide include enhancement of the CD28-dependent NFκB activation in T 

cells83 and SOCS1 downmodulation in immune effector cells, leading to improved 

IFN-γ production84. 

The newest thalidomide derivative to achieve regulatory approval for MM 

treatment is pomalidomide. The multifaceted activity of pomalidomide includes 

downmodulation of IL-6 and IL-1β in the MM microenvironment, inhibition of 

IRF4 in MM cells leading to reduced survival and proliferation, enhancement of T 

cell co-stimulation and cytokine production, and reduction in the activity of Tregs 

and osteoclasts85. Pomalidomide has been tested alone or in combination with other 

drugs and showed clinical efficacy against lenalidomide-refractory MM85. 

2.4 Proteasome inhibitors 

Since MM cells continue to produce immunoglobulins, they are under the 

risk of endoplasmic reticulum stress and rely on the unfolded protein response 
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(UPR) mechanisms to avoid cell death. Thus, therapeutic approaches targeting UPR 

in MM cells have been an active area of investigation. The ubiquitin-proteasome 

pathway of protein degradation plays an important role in UPR, and the first 

proteasome inhibitor (PI), bortezomib, has been used for MM treatment since the 

early 2000s86. Bortezomib is used in a variety of chemotherapeutic regimens for 

newly diagnosed and relapsed refractory MM, but as MM becomes progressively 

resistant to available drug combinations, new PIs are still actively investigated. 

Carfilzomib and ixazomib have already received regulatory approval after 

demonstrating efficacy in patients previously treated with bortezomib-containing 

regimens, and several other PIs are currently making their ways through the clinical 

trials87.  

2.5 Other chemotherapeutic agents 

As MM keeps acquiring resistance to approved chemotherapeutic drugs, 

including PIs and IMiDs, the arsenal of additional therapeutics keeps growing 

continuously. Newer drugs coming down the pharmaceutical pipelines include 

inhibitors of heat shock proteins88 and histone deacetylases89, antiapoptotic protein 

Bcl-290, and selective inhibitors of nuclear export91. Although these agents have 

shown responses in early-stage clinical trials, their transient efficacy and associated 

toxicities leave an unmet clinical need for specifically targeted approaches that can 

lead to deep, lasting remissions and reduce the number of lines of therapy the 

patients go through. Following on the transplantation and IMiD-based regimens 

that engage patients’ immune system in anti-MM battle, there is now a range of 
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novel immunotherapies that will be discussed below. As the new 

immunotherapeutics first become available to heavily pretreated patients and are 

tested alone or in combination with the currently used drugs, the careful layering of 

different treatment modalities becomes important for maximizing the functionality 

of the patients’ immune responses. 

3. Novel immunotherapies for MM 

Novel immunotherapeutic approaches for MM can be broadly classified 

into 3 categories: 1) monoclonal antibodies and antibody-drug conjugates; 2) bi-

specific T-cell engagers (BiTEs), and 3) T cell-based therapeutics. As the pool of 

known MM-specific markers is limited, the same molecules are often targeted by 

multiple types of immunotherapeutics. 

3.1 Monoclonal antibodies and antibody-drug conjugates 

3.1.1 Monoclonal antibodies 

Non-conjugated monoclonal antibodies designed to bind MM cells exert 

therapeutic efficacy through blockade of vital receptor/ligand interactions, direct 

cytotoxicity, complement-dependent cytotoxicity (CDC), antibody-dependent 

cellular cytotoxicity (ADCC) and antibody-dependent cell-mediated phagocytosis 

(ADCP)92. The drug conjugates attached to the monoclonal antibodies can directly 

enhance toxicity to the MM cells once the antibody is internalized and the drug is 

released inside the cell93. The choice of target antigen for monoclonal antibody 

therapies is not limited to molecules on the surface of MM cells and can include 
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soluble mediators and molecules expressed on other cells in the MM 

microenvironment.  

The most clinically advanced monoclonal antibodies for MM target 

myeloma cells directly. CD38 is an ectoenzyme expressed on MM cells, which 

catabolizes NAD+ and facilitates extracellular adenosine (ADO) production. ADO 

inhibits cytotoxicity and proliferation of T cells and cytotoxicity and IFN-γ 

production by NK cells, thus protecting MM cells from the immune attack94. Not 

surprisingly, CD38 presents an attractive target for anti-MM therapeutics. Two 

monoclonal antibodies targeting CD38 have already been approved by FDA 

(daratumumab and isatuximab)95, 96, and several others are being evaluated in 

clinical trials97. As a single agent, daratumumab produced 31.1% ORR in heavily 

pretreated MM patients, with PFS of 4 months98. Studies into the mechanisms of 

action of daratumumab reveal that it extends beyond direct cytotoxicity and Fc-

mediated cytotoxic immune activity on MM cells and includes depletion of CD38+ 

immunosuppressive cells and skewing of T-cell repertoire towards a more cytotoxic 

phenotype99. 

Signaling lymphocyte activation molecule family member 7 (SLAMF7) is 

also highly expressed on the surface of MM cells and is known to induce 

proliferation and autocrine cytokine secretion in B cells100 and promote MM cell 

adhesion to stromal cells101. A monoclonal anti-SLAMF7 antibody elotuzumab that 

eliminates myeloma cells primarily through ADCC and direct NK cell activation 

has been approved by the FDA for IMiD-containing combination regimens102. 
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Elotuzumab was not clinically effective as a single agent103, but led to 82% 

objective response rate when combined with lenalidomide and dexamethasone104. 

Other surface molecules targeted with monoclonal antibodies that failed to produce 

meaningful clinical efficacy in MM patients include CD40105, 106, ICAM-1107, 

CD74108, IGF-1R109, and FGFR3110.   

Several monoclonal antibodies have been investigated against soluble 

factors in MM tumor microenvironment, with mostly underwhelming clinical 

results. Although MM tumor microenvironment is characterized by enhanced 

angiogenesis, targeting of the vascular endothelial growth factor (VEGF) or its 

receptors through monoclonal antibodies or drugs has failed to produce meaningful 

clinical responses111-114. Similarly, although IL-6 has been extensively 

characterized as an important cytokine supporting MM pathogenesis115 and 

preclinical data were encouraging116, an IL-6-targeting monoclonal antibody, 

siltuximab, provided only modest clinical benefit at the cost of high infection 

rates117. Finally, monoclonal antibody blockade of BAFF118 and APRIL119, also 

yielded low response rates. Denosumab, a monoclonal antibody against RANKL, 

does not target a soluble factor that would impact MM cells directly, but has been 

approved for treating MM-associated bone disease120. 

Antibodies targeting checkpoint receptors on T cells, particularly the 

receptor-ligand pair programmed cell death protein 1 (PD-1) and its ligand PD-L1, 

have received wide regulatory approval for a variety of tumors121. In myeloma, 

however, their journey has been more complicated. Two phase III trials testing the 
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PD-1 inhibitor, pembrolizumab, in combination with dexamethasone and either 

lenalidomide or pomalidomide had to be stopped due to increased pulmonary, 

cardiac, and intestinal toxicities122, 123. These observations highlight the importance 

of careful testing of novel immunotherapeutics, particularly when combined with 

IMiDs. 

3.1.2 Antibody-drug conjugates 

Advances in biochemical engineering technologies created an opportunity 

for capitalizing on the highly specific targeting provided by monoclonal antibodies 

and delivering cytotoxic agents directly to MM cells in the form of antibody-drug 

conjugates (ADC). Different cytotoxic loads and linker engineering approaches 

used for ADC design have been reviewed elsewhere93. Compared to monoclonal 

antibodies, ADCs are less forgiving to broad target expression patterns because 

delivery of the cytotoxic agent to non-MM cells can cause serious toxicities. 

As discussed in section 1, BCMA is a cell-surface receptor expressed on 

long-lived plasma cells and involved in survival and proliferation of MM. Due to 

its highly restricted expression pattern124, 125, BCMA has emerged as the leading 

target for MM immunotherapies. Recently, an afucosylated anti-BCMA antibody 

conjugated to monomethyl auristatin F (GSK2857916) has received regulatory 

approval. In the phase II, single-agent DREAMM-2 study, GSK2857916 

demonstrated 31-34% ORR and median PFS of 2.9-4.9 months, depending on the 

dose group126. GSK2857916 is now being evaluated in combinations with standard 
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anti-MM drugs, and early data suggest improvements in ORR to 78% or better, 

although assessments of median PFS have not yet been reported127, 128. AMG 224 

is another ADC targeting BCMA, which carries a different chemotherapeutic agent, 

mertansine129. AMG 224 tested as a single-agent in a dose-escalation study 

demonstrated 23% ORR with 14.7 months median duration of response and no PFS 

reported129. No further studies are currently underway for AMG 224. The latest 

BCMA-specific ADC that has clinical data available is MEDI2228, an antibody 

designed to bind cell surface-expressed BCMA preferentially over soluble BCMA 

and deliver pyrrolobenzodiazepine to MM cells130. In the dose-escalation study, 

MEDI228 had 16.7-61% ORR, depending on the dose level, and median duration 

of response had not been reached for the most effective dose at the time of 

reporting130. Two additional BCMA-specific ADCs have either entered clinical 

trials (CC-99712, NCT04036461 trial) or are on the way to be tested in the clinics 

(HDP-101), but no data are available yet. 

Some monoclonal antibodies that demonstrated good tolerability but poor 

clinical efficacy in MM were repurposed as antibody-drug conjugates, although 

these modified therapeutics were still mostly ineffective. Conjugation of a CD74-

targeting antibody, milatuzumab, to doxorubicin failed to provide clinical benefit 

to relapsed refractory MM patients, and its phase I trial NCT01101594 was 

terminated without publication of results. When the CD138-specific antibody, 

indatuximab, was conjugated to maytansinoid DM4 and evaluated in a multi-dose 

phase I study, the ORR was only 5.9% with median PFS of 3 months131. Other 
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ADCs that have shown minimal clinical benefit as monotherapies have targeted 

SLAMF7132, FcRH5133, and CD56134, although CD56-targeting ADC IMGN 901 

had 59% ORR when combined with lenalidomide and dexamethazone135. 

3.2 Bi-specific T-cell engagers 

Bi-specific T-cell engagers (BiTEs), like monoclonal antibodies, are off-

the-shelf targeted immunotherapeutics that facilitate MM tumor cell killing by 

engaging endogenous immune cells. BiTEs contain a CD3-specific domain for 

recruiting T cells and were originally created as two single-chain variable antibody 

fragments (scFvs) linked together, although a variety of design variants have now 

been described136. Besides the overall BiTE structural format, other design 

considerations include affinities of the BiTE arms for their targets, epitopes 

targeted, inclusion of the Fc domain, use of fully human sequences, biophysical 

stability, and solubility136. 

Because BiTEs are designed to trigger specific cytotoxic T cell responses, 

off-target reactivity can lead to devastating toxicities. Consequently, BiTEs are 

typically limited by the same target considerations as ADCs. Blinatumomab was 

the first-in-class BiTE that demonstrated durable clinical activity and ultimately 

received regulatory approval for the treatment of CD19-positive B-cell cancers137.  

In MM, most BiTEs that have entered clinical trials have been designed to 

bind BCMA due to its plasma cell-restricted expression profile. Notably, all of the 

anti-BCMA BiTEs with currently available in-human data have shown meaningful 
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clinical efficacy in heavily pretreated relapsed refractory MM patients. The first 

BCMA-specific BiTE to be tested in a phase I trial was AMG 420, which showed 

70% ORR at the maximum tolerable dose138. Nevertheless, because of a short half-

life of AMG 420, Amgen moved forward with AMG 701 for further clinical 

development due to its extended half-life stemming from the inclusion of the Fc 

domain138, 139. Interim phase I trial data for AMG 701 revealed 83% ORR and a 

manageable safety profile that included 61% cytokine release syndrome (CRS) (7% 

grade 3) and 8.5% low-grade neurotoxicity140. Teclistamab, a BCMA-specific BiTE 

from Janssen has recently demonstrated 63.8% ORR, 53% low grade-only CRS, 

and 5% neurotoxicity (2% grade 3 or higher) in a phase I study141. Regeneron’s 

anti-BCMA BiTE, REGN5458, has shown 60% ORR at the highest dose level 

(35.6% ORR across all doses), 37.8% low grade-only CRS, 12% neurotoxicity 

(grade 3 in 1 patient), and grade 4 acute kidney injury in 1 patient142. Finally, TNB-

383B, an anti-BCMA BiTE from AbbVie, had 80% ORR at the highest doses tested 

to date, 45% low grade-only CRS, 1 grade 3 confusion and no other reports of 

neurotoxicities to date143. 

Although ADC targeting FcRH5 has been clinically unsuccessful for 

MM133, FcRH5 expression pattern limited to mature B cells and plasma cells has 

warranted investigations into FcRH5-specific BiTE therapy144, 145. A dose-

escalation study of BFCR4350A, an anti-FcRH5 BiTE, has demonstrated interim 

ORR of up to 66.7% and 74.5% CRS (2% grade 3) with no reports of 

neurotoxicity146. Another recently emerging target for anti-MM immunotherapy is 
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GPRC5D, which is overexpressed in the bone marrow of MM patients and is 

associated with poor prognosis147, 148. An ongoing phase I study shows 78% ORR 

for intravenous (i.v.) and 67%% ORR for subcutaneous administration of the anti-

GPRC5D BiTE149. CRS rate was 47% (<8% grade 3, all in i.v.-treated patients) and 

5% of patients reported neurotoxicity (2% grade 3)149. 

3.3 T cell-based therapies 

3.3.1 Rationale 

To date, the only monoclonal antibodies that have shown efficacy as single 

agents in MM are those targeting CD38 with up to 31% ORR98.  ADCs are 

potentially more efficacious as monotherapies, with reports of around 60% ORR in 

phase I trials130, 150. Different BiTEs against 3 distinct MM targets have now 

demonstrated 60-83% ORR as single agents (described above). Nevertheless, 

ADCs and BiTEs have limited serum half-life, which over time leads to insufficient 

therapeutic titers, so these agents need to be administered repeatedly for best 

therapeutic results151, 152. Protein-based therapeutics also rely on passive diffusion 

into tumors, unlike active trafficking of T cell-based therapies, and might have poor 

access to tumors with disrupted vasculature153. Moreover, monoclonal antibodies 

and BiTEs rely on recruitment and activation of endogenous immune effector cells 

at the tumor site, which might be challenging due to immune dysfunction associated 

with MM disease154-156. T cells, whether engineered or selected against tumor, are 

“living” drugs that once administered to patients, multiply in vivo and can 
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potentially generate memory cells to confer long-term anti-tumor protection157, 158. 

Additionally, the ex vivo manufacturing process offers an opportunity to expand 

and pharmacologically or genetically enhance the T cell product to best equip it for 

functioning in the harsh tumor microenvironment159. 

3.3.2 T cell activation 

To understand the strategies guiding the current T cell-based therapeutic 

approaches, it is necessary to discuss the basic principles of T cell activation and 

function. Following development and maturation in the thymus, naïve T cells exit 

to the periphery in search for their antigen. The two signals required for full 

activation of naïve T cells are 1) stimulation through the T cell receptor (TCR)-

CD3 complex and 2) ligand binding to co-stimulatory receptors160 (Figure 1.1). The 

magnitude of the TCR-CD3 signaling and the cytokines present in the environment 

at the time of activation further shape the functional phenotype of the activated T 

cells161. 
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Figure 1.1. The two signals of T cell activation. Image adapted from Baniyash et 

al.162 

Different models exist to describe the early events surrounding signal 

transduction from the point of TCR-CD3 engagement with a peptide ligand 

presented by the human leukocyte antigen (HLA)163. Several cellular components 

are recognized as key signal transduction players, irrespective of the model. The 

first such component is the cluster of immunoreceptor tyrosine-based activation 

motifs (ITAMs) in the cytoplasmic tails of the CD3 proteins, particularly those in 
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the CD3ζ chain. Phosphorylation of the CD3 ITAMs is at the top of the TCR-driven 

activation cascade164 and is facilitated primarily by the Src family kinase, Lck165. 

The CD4 and CD8 co-receptors bind Lck and are generally believed to facilitate 

co-localization of Lck and CD3 ITAMs during T cell stimulation166. The activity of 

Lck is tightly regulated by the CD45 phosphatase to limit potential hyperactivation 

of T cells167. Phosphorylated CD3 ITAMs act as a binding site for the ZAP-70 

kinase, which phosphorylates adaptor proteins LAT and SLP76 and drives the 

formation of a multi-protein signalosome168-171. This signaling complex triggers 

activation of the mitogen-activated protein kinase (MAPK) cascades and inositol 

trisphosphate (IP3)-mediated calcium release from the endoplasmic reticulum161. 

Ultimately, the TCR-driven signaling pathways control changes in metabolism and 

activation of transcription factors responsible for cytokine production, cytotoxic 

granule release, and proliferation of activated T cells161, 172, 173. 

Structurally, antigen engagement and downstream signal transduction are a 

series of tightly coordinated events, which start with formation of the 

immunological synapse (IS)174 (Figure 1.2). Microscopy studies have revealed that 

the structure of the IS resembles a bullseye with 3 distinct circular areas: central, 

peripheral, and distal supramolecular activation clusters (cSMAC, pSMAC, and 

dSMAC respectively)175, 176. The cSMAC area of the IS is rich in TCR 

microclusters, downstream signal transducers such as Lck and ZAP-70, and co-

signaling molecules, such as those from the CD28 family174. Immediately 

surrounding cSMAC is the pSMAC, a ring rich in LFA-1 cell adhesion molecules, 
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which separates the cSMAC activation area from the negative regulators of T cell 

signaling (e.g. CD45) in the dSMAC174. This spatial segregation allows for efficient 

compartmentalization of proteins from the same pathways and selective targeting 

of secretory effector responses176. 

 

Figure 1.2. The structure of the immunological synapse. Image adapted from 

Oncohema Key177. 

As mentioned earlier, co-stimulatory signals are vital for effective T cell 

activation. The two main types of co-stimulatory receptors come from the CD28 

family and the tumor necrosis factor receptor (TNFR) superfamily178. The ligands 

for the co-stimulatory receptors are expressed on antigen-presenting cells and are 

upregulated in response to inflammatory mediators present during infection179. The 

CD28 family of receptors includes stimulatory molecules CD28 and inducible T-

cell co-stimulator (ICOS) and inhibitory molecules cytotoxic T-lymphocyte-

associated protein 4 (CTLA-4), PD-1, and B- and T-lymphocyte attenuator 
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(BTLA)178. CD28 has been extensively studied as a potent co-stimulator of T cells 

and has been shown to trigger IL-2 secretion and upregulation of anti-apoptotic 

protein Bcl-XL in activated T cells180. ICOS is homologous to CD28 and facilitates 

T cell activation by driving phosphorylation of Akt, which induces proliferation 

and survival signaling181. The TNFR superfamily receptors involved in T cell co-

stimulation are 4-1BB, OX40, CD27, glucocorticoid-induced tumor necrosis factor 

receptor (GITR), CD30, and herpesvirus entry mediator (LIGHT)182. 4-1BB signals 

through the TNF receptor associated factor 1 (TRAF-1) and TRAF-2 adaptor 

proteins to activate p38 MAPK, ERK1/2, and canonical NF-κB pathway183. OX40 

recruits TRAF-2 and -3 to induce both canonical and noncanonical NF-κB 

signaling184. CD27 also activates both types of NF-κB signaling along with c-Jun 

kinase via recruitment of TRAF-2 and -5 adaptor proteins185. Similarly to CD27, 

GITR also engages TRAF-2 and -5 to drive NF-κB activation186. CD30 is capable 

of recruiting TRAF-1, -2, and -5 to induce canonical NF-κB and c-Jun signaling187. 

Finally, HVEM can exert stimulatory or inhibitory functions on T cells, depending 

on the ligand it engages188. In addition to the CD28 and TNFR families of co-

stimulatory molecules, integrin LFA-1, CD2, CD5, CD150, and several other 

receptors have been shown to augment T cell stimulation189. 

Combined together, stimulation through the TCR-CD3 complex and co-

stimulatory receptors allows T cells to exert effector functions, proliferate, survive, 

and drive formation of T cell memory178. 
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3.3.3 Early TCR-reliant approaches for T cell therapy 

Early T cell-based approaches to cancer therapy did not emphasize specific 

signaling components of T cell activation and holistically focused on tumor-

infiltrating lymphocytes (TILs) and antigen-specific T cells. The TIL strategy relied 

on isolation of lymphocytes from tumors, followed by ex vivo expansion and 

reinfusion, and proved particularly effective in melanoma cancer, which is 

characterized by high TIL infiltrates190. Unfortunately, the use of the TIL therapy 

is limited by the immunogenicity of tumors, ability to expand sufficient numbers of 

TILs from different patients, and the need for supplemental IL-2 administration, 

which can cause serious toxicities190-192. In MM, a similar concept of marrow-

infiltrating lymphocytes (MILs) has been tested clinically. In a study where MILs 

were infused shortly after an ASCT, 27% of patients achieved a complete response 

(CR), with an ORR of 54%193. Notably, this was a relatively lightly pretreated 

patient population with 55% of study participants having received only 1 prior line 

of treatment. The presence of myeloma-specific T cells in the MIL product and 

persistence of myeloma-specific T cells in the bone marrow post-infusion 

correlated with better clinical outcomes193.   

As the TIL therapy started showing clinical promise, the interest of 

researchers turned to specific targets that the TILs were recognizing to create more 

focused therapeutics using transgenic TCRs. This approach highlighted the 

potential danger of targeting antigens expressed on normal tissues when a trial of 

melanoma antigen recognized by T cells (MART-1)- and glycoprotein 100 (gp100)-
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specific high-affinity TCR-engineered cells used against melanoma led to eye, skin, 

and ear toxicities due to on-target, off-tumor reactivity of infused T cells194. Aspects 

of tumorigenesis resemble germ-cell development, and cancer-testis antigens 

(CTAs) have emerged as a group of germline-expressed genes that are reactivated 

in tumors and present a safer alternative to antigens that are only upregulated in 

tumors, but are still expressed at low levels on healthy tissues195. In MM, post-

ASCT infusion of TCR-engineered T cells specific for a peptide shared by CTAs 

New York esophageal squamous cell carcinoma (NY-ESO-1) and L antigen family 

member 1 (LAGE-1) has been evaluated in a phase I/II trial196. This patient 

population was more heavily pretreated than the group in the MIL study193, and no 

systemic supplemental IL-2 was administered. 80% of patients responded to the 

treatment with a median PFS of 19.1 months and an overall favorable safety profile, 

including 25% of patients showing skin or gastrointestinal graft-versus-host events 

that were resolved with treatment196. This engineered TCR approach is currently 

being evaluated as a monotherapy or in combination with a PI197. While the NY-

ESO-1-specific transgenic TCR strategy has shown good clinical efficacy in MM, 

it is limited to patients whose MM cells express a specific HLA that the TCR is 

designed to recognize. Additionally, as the TCR-based therapeutics evolve to target 

different antigens, there remains a danger of cross-recognition of antigen-unrelated, 

but similar peptides presented on healthy tissues. For example, a melanoma study 

of T cells engineered with TCRs specific for a CTA melanoma-associated antigen 

3 (MAGE-A3) led to off-target, off-tumor lethal cardiac toxicity in two patients due 
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to unexpected recognition of a titin-derived peptide by the MAGE-A3-targeting 

TCRs198, 199. 

3.3.4 Chimeric antigen receptors 

Chimeric antigen receptors (CARs) were created as synthetic, HLA-

independent receptors that include an antigen-binding domain of choice, followed 

by the hinge region, the transmembrane domain, and the intracellular signaling 

domain(s) that can trigger T cell activation (Figure 1.3). Since tumors commonly 

lose HLA expression as a way of immune evasion200, HLA-independent targeting 

of CARs can provide an advantage over therapeutics with TCR-based tumor 

recognition.  

 

Figure 1.3. The three generations of CARs. Image adapted from June et al201. 

Most antigen-binding domains are designed using antibody fragments in the 

form of an scFv, but can include other synthetic or naturally occurring proteins and 
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even peptides. We have previously reviewed the diversity of choices for antigen-

binding domains and the concepts of affinity and specificity pertaining to their 

selection (Appendix). The antigen-binding domain of a CAR is followed by a hinge 

or a spacer region that can impact the efficiency of epitope access by the antigen-

binding domain and affect the overall CAR-engineered T (CAR-T) cell efficacy202. 

A longer, flexible hinge is preferred for membrane-proximal target epitopes203, 

whereas a shorter hinge is more optimal for membrane-distal target epitopes204. A 

hinge region might also lead to undesirable off-target activation if it is taken from 

a protein domain with a ligand-binding capacity. For instance, immunoglobulin G1 

(IgG1)-based hinge has been shown to retain its Fc gamma receptor (FcγR)-binding 

capacity and trigger CAR-T cell activation by FcγR-expressing innate immune 

cells205. Following the hinge, is the transmembrane domain that is responsible for 

anchoring the CAR in the plasma membrane. Transmembrane domains of CD3ζ, 

CD4, CD8α, CD28, and ICOS have been used in the CAR design, with some reports 

suggesting that certain downstream signaling domains might work better with some 

transmembrane domains than others202. 

Since CARs are designed to function independently from the TCR, the 

intracellular signaling domains of the synthetic receptor have received a lot of 

attention. Three generations of CAR designs have now been described in literature 

(Figure 1.3). First-generation CARs contained the CD3ζ ITAMs without any co-

stimulatory domains and triggered cytotoxicity and cytokine production in vitro206, 

but were inefficient at activating resting T cells207, producing IL-2 in the absence 
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of co-stimulation208, and clearing tumors in vivo209. Second-generation CAR 

designs incorporated intracellular domains responsible for both signals necessary 

for T cell activation. Out of a myriad of potential co-stimulatory domains, CD28 

and 4-1BB signaling domains have been used more frequently than others202. 

CD19-specific CD28- and 4-1BB-based second-generation CAR-T cells 

demonstrated remarkable clinical efficacy in heavily pretreated, refractory B-cell 

lymphoma and leukemia patients and ultimately reached regulatory approval210-212. 

Third-generation CARs combine several co-stimulatory domains, but any additive 

advantage of these domains in a single receptor is still subject to debate213. To date, 

CD19-specific CAR-T cells for B cell malignancies have been leaders in the field, 

but second- and third-generation CAR constructs for multiple other targets and 

types of cancer are in various stages of clinical development and have been 

reviewed extensively in literature214-216. 

In MM, BCMA has been the leading candidate for CAR-T cell therapies 

with multiple CAR-T trials demonstrating susceptibility of MM to engineered T 

cell products. The first BCMA-specific CAR-T cells to reach clinical trials were 

from the National Cancer Institute (NCI) and had the second-generation CD28ζ 

scaffold. The highest dose of this product led to 81% ORR in a very heavily 

pretreated group of patients with a median of 9.5 lines of prior therapy217. Median 

PFS was 7 months, and at the time of reporting, 38% or patients had ongoing 

responses. Another product that used the same murine scFv-based antigen-binding 

domain on a 4-1BBζ scaffold was the bb2121 CAR that resulted in 73% of patients 
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responding and 33% of patients achieving a CR218. Median PFS was 8.8 months, 

and at the time of reporting, 60% of patients with an initial CR had relapsed. The 

same construct, but manufactured in the presence of a PI3K inhibitor to enrich for 

memory-like T cells (bb21217 product) has been showing 48% ORR across all dose 

levels in an ongoing dose escalation study219. A fully human BCMA-specific 4-

1BBζ CAR-T cell product from the University of Pennsylvania (CART-BCMA) 

has demonstrated 64% ORR at the highest dose level, including 18% CR, and just 

over 4 months median PFS220. Another fully human BCMA-specific CAR-T 

construct JCARH125 that is manufactured with enrichment for central memory T 

cells has a 91% ORR (39% CR) combined across all levels221. 

Two studies have been published on the LCAR-B38M product, which uses 

two llama-derived antibody fragments (VHH domains) for antigen binding and a 4-

1BBζ CAR scaffold. In the first trial, where T cells were administered over 3 

infusions, patients experienced an 88% ORR (68% CR) and a median PFS of 15 

months222. In the second trial, the LCAR-B38M T cell treatment was administered 

either as a single infusion or over 3 infusions, with a different conditioning regimen 

for each dosing schedule, but no difference in responses or toxicity was observed 

between the two schedules, so the combined ORR was 88% (76% CR) and median 

PFS was 12 months223. The same product is currently being evaluated under the 

name JNJ-68284528 as a single-dose administration with an interim ORR of 95% 

(56% CR)224. 
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Several other BCMA-specific CAR-T cell products are advancing through 

the early-stage clinical trials. A 4-1BBζ CAR construct with a human heavy chain-

only fragment in the antigen-binding domain (FHVH33) has an interim ORR of 

90%225. CT053, another 4-1BBζ-based CAR with a human anti-BCMA scFv 25C2 

in the antigen-binding domain is demonstrating 100% ORR (40% CR), based on 

the data from 10 evaluable patients226. P-BCMA-101 is a 4-1BBζ-based CAR 

product that contains a Centyrin in the antigen-binding domain and is manufactured 

with a method enriching for stem cell memory T cells227. To date, the ORR in the 

P-BCMA-101 trial is at 57% and 100% in the four patients who received 

lenalidomide following the CAR-T cell treatment227. Another BCMA-specific 

design with a non-antibody-based antigen-binding domain on a 4-1BBζ scaffold is 

CART-ddBCMA228. To date, report of only 4 patients treated with this construct is 

available with all 3 of the evaluable patients demonstrating clinical response228. 

Finally, an allogeneic BCMA-specific CAR-T cell product ALLO-715 has entered 

clinical testing, administered along with an anti-CD52 antibody ALLO-647 for host 

lymphodepletion229. At the highest dose administered at the data cutoff time, 60% 

of patients were responding to the ALLO-715 treatment without signs of GVHD229. 

Although BCMA is the most widely recognized target for anti-MM 

engineered T cell therapies, other proteins are being evaluated in the CAR-T cell 

trials. CD19 is not expressed on MM cells, but it is expressed on MGUS and is 

believed to be one of the markers of the myeloma-initiating cells230. Based on this 

idea, CD19-directed CAR-T cells were tested in a small-scale trial with MM 
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patients, but provided modest clinical benefit231. Other MM CAR-T cell therapy 

targets under early-phase clinical investigation include CD38, SLAMF7, GPRC5D, 

and NKG2D232. 

3.3.5 Mechanisms of non-responses/relapses 

Since CD19 CAR-T cell trials in leukemia and lymphoma are several years 

ahead of studies with other targets/indications and have produced the first 

regulatory approvals in the field, most of our current understanding of resistance to 

CAR-T cell therapies comes from the use of these clinically approved products. 29-

57% of patients relapse post-CD19-directed CAR-T cell therapy with various trials 

attributing 16-75% of relapses to CD19-negative disease233. Genetic studies have 

implicated mutations causing alternative splicing or loss of CD19 surface 

expression in the mechanisms underlying CD19-negative relapses234. Use of 

alternative targets such as CD22 has been proposed as a solution for treating CD19-

negative or CD19-low disease235. Durability of responses following CD19 CAR-T 

cell therapy has also been associated with persistence of CAR-T cells236, 237, with 

4-1BB-based backbone promoting long-term CAR-T cell survival more efficiently 

than the CD28-based backbone in preclinical studies238. 

The clinical experience with CAR-T cell treatments in MM is still in early 

stages. Nevertheless, there have been a few reports of BCMA loss or 

downregulation in relapsing disease217, 225, 239. γ-Secretase is responsible for BCMA 

cleavage off the surface of MM cells240, and the use of γ-secretase inhibitors 
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alongside BCMA-specific CAR-T cells has been proposed as a strategy to combat 

antigen loss/downregulation241. Other studies have found no correlation between 

BCMA levels and efficacy222, 242 and reported BCMA expression on relapsed 

disease223, 243. Limited experience with patients who have undergone multiple types 

of BCMA-targeted immunotherapies244 also suggests that antigen loss or 

downregulation might not be as influential in MM relapses as it is in the field of 

CD19-positive tumors. Observations uncoupling therapeutic efficacy from BCMA 

expression and post-treatment PFS data of 15 months or less argue that despite 

encouraging initial responses to BCMA CAR-T cell therapy, there remains a lot of 

room for improving engineered T cell products with the goal of deepening and 

prolonging responses. 

3.3.6 CAR treatment toxicities 

Therapeutic efficacy of CAR-T cell treatments comes at the cost of 

potentially severe toxicities. Similarly to the observations with TCR-engineered T 

cells, CAR-T cells can trigger on-target, off-tumor toxicity, if the antigen they are 

designed to recognize is expressed on healthy tissues. CAR-T cells specific for 

human epidermal growth factor receptor 2 (HER2) and carbonic anhydrase IX 

(CAIX) have both shown lethal toxicity due to CAR-T cell-mediated attack on lung 

epithelium and biliary epithelium respectively245, 246. Even the widely successful 

CD19-directed CAR-T cell treatments lead to B-cell aplasia, but the side effects of 

B cell loss can be managed with intravenous immunoglobulin administration212, 247. 

Strategies like modulation of CAR affinity might help CAR-T cells discriminate 
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between tumor cells expressing high levels and healthy cells expressing low levels 

of the antigen of interest248, but the choice of the target remains incredibly important 

for the success of treatment. 

Clinical experience with CAR-T cells highlights two types of toxicity 

specifically linked to this treatment. The first one is CRS, briefly mentioned in 

section 3.2 because of its association with the BiTE therapy. CRS is a consequence 

of systemic inflammatory response stemming from the activation of infused 

engineered T cells and, if left untreated, can escalate to widespread vascular 

leakage, hypotension, tachycardia, and in severe cases, multiple organ failure and 

death249. Lee and colleagues have provided a comprehensive grading summary of 

CRS severity that is now widely used in the field250. Currently published and 

ongoing trials with BCMA-directed CAR-T cells in MM report high rates of CRS 

in the range of 67-100%, with 2-41% or patients experiencing grade 3 or higher 

CRS217-225, 242.  

The second CAR-T-associated toxicity is immune effector cell-associated 

neurotoxicity syndrome (ICANS)251. ICANS manifestations vary in severity from 

milder conditions such as confusion and lethargy to life-threatening cerebral 

edema251. Severe ICANS is commonly associated with high-grade CRS, but the 

mechanisms underlying CAR-T-cell-induced neurotoxicity are still largely 

unknown249. In BCMA CAR-T trials, 18-42% of patients experience neurotoxicity 

(3-14% grade 3 or higher)217-221, 225, 242. The first LCAR-B38M trial seemed to have 

lower neurotoxicity rates with only 2% of patients experiencing low-grade 
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events222, but an ongoing larger-scale study is now reporting 20.6% neurotoxicity 

rates (10.3% grade 3 or higher)224, which are in line with data from other BCMA-

specific CAR-T cell products. None of the 14 patients treated with the CT053 CAR-

T product have shown high-grade CRS or ICANS, despite 86% and 7% of subjects 

reporting low-grade CRS and ICANS respectively, but the trial is still ongoing226.  

P-BCMA-101 CAR-T-treated patients have so far demonstrated a comparatively 

lower toxicity profile, including 17% rate of CRS (2% grade 3) and 2% low grade-

only ICANS, which researchers attributed to the delayed expansion of engineered 

T cells, compared to other products227. The same trial has an interim ORR that is 

lower, relative to other BCMA-CAR-T cell trials, so it remains to be seen whether 

the lower toxicity rates are also associated with a lower percentage of responders. 

3.3.7 Next-generation TCR-reliant approaches  

The CAR-T cell strategy has produced impressive responses in heavily 

pretreated cancer patients, but high toxicity rates remain a concern and preclude 

frail patients from benefitting from this treatment. The synthetic design of CARs is 

capable of triggering T cell activation, but lacks the intricate network of signaling 

pathways associated with the TCR that allows T cells to autoregulate their activity. 

Engineering strategies that manage to engage these endogenous regulatory 

mechanisms could help uncouple toxicities from therapeutic efficacy. 
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Figure 1.4. New TCR-dependent T cell engineering strategies. (A) ARTEMIS. 

(B) TRuC. (C) TAC. T cell receptor chains (γδ or αβ) and the antigen-binding 

domain(s) in each technology are shown in color. CD3 chains are shown in grey. 

Several groups, including ours, have sought to merge the benefits of HLA-

independent antigen recognition characteristic of CARs with TCR-driven 

modulation of effector responses. ARTEMIS technology (Figure 1.4A) combines 

Fab antibody domain with TCR γ and δ chains and has demonstrated reduced 

cytokine production and comparable efficacy, relative to the 28ζ and 4-1BBζ 

second-generation CAR constructs in preclinical studies252. A CD19-redirected 

ARTEMIS product has shown interim 78% ORR and no reported CRS of ICANS 

in a trial with B-cell leukemia and lymphoma patients253. Two more ongoing studies 

are evaluating alpha fetoprotein-redirected ARTEMIS cells in hepatocellular 

carcinoma (NCT03888859 and NCT03965546). The TRuC platform (Figure 1.4B) 

leaves the TCR chains intact and redirects T cells to the antigen of interest via a 

CD3ε chain fused to an scFv254. Preclinical testing revealed that TRuC-engineered 

T cells are more efficacious in vivo and less likely to produce cytokines in vitro, 

when compared to conventional second-generation CAR-T cells254. CD19- and 
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mesothelin-targeting TRuC T cells have now entered clinical trials (NCT04323657 

and NCT03907852). 

Our lab has developed a T cell antigen coupler (TAC) platform, centered 

around a synthetic receptor that binds to the CD3ε chain via an scFv and redirects 

TCR-CD3 complex to the target of interest (Figure 1.4C). TAC is created as a 

modular receptor, allowing for custom modulation of receptor properties by 

replacing or adding different domains. The original TAC design features an 

antigen-binding domain connected to a CD3-binding domain via a flexible linker, 

followed by transmembrane and intracellular domains of the CD4 co-receptor, 

which is included to anchor TAC receptor in the membrane and recruit Lck in the 

proximity of the TCR-CD3 complex. Preclinical studies showed no tonic activation 

in TAC-engineered T cells along with improved efficacy, compared to CAR-T 

cells, and no evidence of toxicity in a HER2-positive solid tumor model255. Two 

clinical trials have now been initiated with CD19- and HER2-targeting TAC-T cells 

(NCT03880279 and NCT04727151). 

4. Thesis objectives 

Overview 

Despite the introduction of novel drugs into the MM treatment landscape, 

this cancer continues to show adaptation to multiple classes of therapeutics and 

presents a currently unmet clinical need. Engineered T cells have shown promise 

in hematological malignancies, including MM, and studies with different types of 



Ph.D. Thesis – K. Bezverbnaya; McMaster University – Medical Sciences 

42 
  

immunotherapeutics have produced clinical evidence that BCMA is an excellent 

MM-specific target antigen. While CAR-T cell trials highlight susceptibility of MM 

to this type of therapy, limited durability of responses and high risk of toxicity call 

for further innovation of T cell-based approaches. Our lab has developed a unique 

TAC platform for redirecting T cells to the target of interest and activating them 

through the endogenous TCR-driven signaling pathways. The main goal of the 

work presented in this thesis was to create a fully human BCMA-specific TAC 

receptor for subsequent testing in MM clinical trials (objectives 1 and 2). As we 

compared different BCMA-specific domains, we observed that non-toxic cross-

reactivity of the antigen-binding domain could support therapeutic efficacy and 

sought to further evaluate this phenomenon using different synthetic receptor 

frameworks (objectives 3 and 4).    

Objective 1: Optimization of the CD3-binding domain and the TAC receptor 

surface expression 

Objective 2: Development of a fully humanized BCMA-specific TAC 

Objective 3: Comparison of two murine BCMA-specific antigen-binding domains  

Objective 4: Evaluation of the effects of a cross-reactive antigen-binding domain 

on the efficacy of second-generation CAR-T cells 
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Cell lines 

Human myeloma cell lines KMS-11 and MM.1S (kindly provided by Dr. 

Kelvin Lee, Roswell Park Cancer Institute, NY) were cultured in RPMI 1640 

(Gibco), supplemented with 10% FBS (Gibco), 2 mM L-glutamine (BioShop), 10 

mM HEPES (Roche Diagnostics), 1mM sodium pyruvate (Sigma-Aldrich), 1 mM 

nonessential amino acids (Gibco), 100 U/mL penicillin (Gibco), and 100 µg/mL 

streptomycin (Gibco). To generate luciferase-expressing cell lines, parental KMS-

11 and MM.1S cell lines were transduced with lentivirus encoding enhanced firefly 

luciferase (effLuc)256 or NanoLuc-eGFP fusion protein (GpNLuc)257 as well as 

puromycin N-acetyltransferase at an MOI 10 and selected in culture media 

supplemented with 8 µg/mL puromycin (InvivoGen). HEK293T cells were cultured 

in DMEM (Gibco), supplemented with 10% FBS (Gibco), 2 mM L-glutamine 

(BioShop), 10 mM HEPES (Roche Diagnostics), 100 U/mL penicillin (Gibco), and 

100 µg/mL streptomycin (Gibco), or 0.1 mg/mL normocin (InvivoGen). All cells 

were cultured at 37 °C, 95% ambient air, 5% CO2. 

Receptor generation and lentivirus production 

TAC receptor sequence was constructed as in255 and UCHT1 TAC variants 

were generated as in patent WO2019071358258. Human CD8α signal peptide or 

murine IgK signal peptide were used with the TAC constructs. C11D5.3 scFv 

cDNA (sequence from patent US20150051266 A1) was synthesized at GenScript. 

The J22.9-xi scFv was designed by linking VH and VL sequences provided by the 
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Max-Delbruck Center for Molecular Medicine (Berlin, Germany) via a Whitlow 

linker259 and synthesized at GenScript. The second-generation CAR construct 

backbones were constructed as in260. Briefly, the CD28ζ CAR construct included a 

CD8α signal peptide, J22.9-xi scFv, cMyc tag, CD8α hinge, transmembrane and 

intracellular domains of CD28, and CD3ζ intracellular domain. The 4-1BBζ CAR 

construct included a CD8α signal peptide, J22.9-xi scFv, cMyc tag, CD8α hinge 

and transmembrane domains, 4-1BB intracellular domain, and CD3ζ intracellular 

domain. All plasmids used for T cell engineering contained a gene for the human 

CD271 (NGFR) with the intracellular signaling domains removed, allowing for the 

use of NGFR surface expression as a transduction marker. 

Lentivirus production was performed as in261. Briefly, 12 x 106 HEK293T 

cells plated on a 15-cm dish (NUNC) were transfected with plasmids pRSV-Rev 

(6.25 μg), pMD2.G (9 μg), pMDLg-pRRE (12.5 μg), and pCCL (32 μg), using Opti-

MEM (Gibco) and Lipofectamine 2000 (Thermo Fisher Scientific). 12-16 hours 

post-transfection, media were exchanged to media supplemented with 1 mM 

sodium butyrate (Sigma-Aldrich). 24-36 hours later, supernatants were harvested, 

viral particles were concentrated by centrifugation in Amicon filter system 

(Millipore Sigma) and stored at -80 °C. Viral titre (TU/mL) was determined post-

thaw by serial dilution, transduction of HEK293T cells, and enumeration of percent 

NGFR+ cells by flow cytometry. 

 



Ph.D. Thesis – K. Bezverbnaya; McMaster University – Medical Sciences 

46 
  

Engineering of human T cells 

Peripheral blood mononuclear cells (PBMCs) were obtained from healthy 

donors and MM patients who provided informed written consent in accordance with 

the Hamilton Integrated Research Ethics Board. In some cases, PBMC were 

collected from commercial leukapheresis products (HemaCare and StemCell 

Technologies). PBMCs were isolated by Ficoll-Paque-Plus gradient centrifugation 

(GE Healthcare) and cryopreserved in inactivated human AB serum (Corning), 

containing 10% DMSO (Sigma-Aldrich) (healthy donors) or RPMI (Gibco), 

containing 12.5% HSA (Sigma-Aldrich), and 10% DMSO (MM donors). 

PBMCs were stimulated with anti-CD3/28 Dynabeads (Gibco) at a 0.8:1 

bead:cell ratio and cultured in RPMI 1640 (Gibco) containing 10% FBS (Gibco), 2 

mM L-glutamine (BioShop), 10 mM HEPES (Roche Diagnostics), 1 mM sodium 

pyruvate (Sigma-Aldrich), 1 mM non-essential amino acids (Gibco), 55 μM β-

mercaptoethanol (Gibco), 100 U/mL penicillin (Gibco), 100 μg/mL streptomycin 

(Gibco), 100 I.U./mL rhL-2 and 10 ng/mL rhIL-7 (PeproTech). 16-24 hours later, 

cells were transduced with lentivirus at an MOI 2. Dynabeads were removed on day 

4 of culture. Cells were sorted with EasySep Human CD271 Positive Selection Kit 

(StemCell Technologies) on day 6-7 of culture and expanded for a total culture 

period of 14 days prior to use in vitro and/or in vivo. For in vivo bioluminescence 

tracking experiments, T cells were sorted on day 4 with EasySep Human CD271 

Positive Selection Kit (StemCell Technologies) and transduced with effLuc-
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encoding lentivirus at an MOI 2 on the same day. For in vivo experiments, T cells 

were cryopreserved in Cryostor CS10 (StemCell Technologies) according to 

manufacturer’s instructions.  

Vector copy number analysis 

Cryopreserved engineered T cells were thawed and counted. Genomic DNA 

from 4 x 106 cells/construct was isolated with a DNeasy Blood & Tissue Kit (Cat 

No. 69504, Qiagen) according to the manufacturer’s protocol. The DNA was 

quantified with NanoDrop OneC. The standard curve (0.001-10 pg range) for the 

targets of interest was produced with a linearized pCCL plasmid containing 

huUCHT1-TAC sequence. The standard curve (2.5-40 ng range) for determining 

the amount of genomic DNA was produced with human male DNA obtained from 

Applied Biosystems (Catalog No. 360486). All standard curve points were done in 

triplicates. The following reagents were used for the qPCR assay: TaqPath ProAmp 

Master Mix (Cat No. A30865, Applied Biosystems), TaqMan RNase P Assay, VIC 

dye/QSY probe (Cat No. A30064, Applied Biosystems), forward primer 

AGTGGCGGAGGAGGATCACT, reverse primer 

GGGCAGGACTTTGATATTGGATT, probe AGAGCGGACAGGTGC (NFQ-

MGB quencher) with a FAM reporter. A total of 20 ng of genomic DNA was used 

per reaction. All procedures were performed according to the manufacturers’ 

instructions. Data were recorded with the StepOnePlus Real-Time PCR System 
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(Applied Biosciences), using StepOne software version 2.3. The following 

calculations were used for determining vector copy number (VCN) per cell: 

𝑉𝐶𝑁 𝑝𝑒𝑟 𝑐𝑒𝑙𝑙 = 2 × 
𝑡𝑎𝑟𝑔𝑒𝑡 𝑐𝑜𝑝𝑦 𝑛𝑢𝑚𝑏𝑒𝑟

ℎ𝑎𝑝𝑙𝑜𝑖𝑑 𝑅𝑁𝑎𝑠𝑒 𝑃 𝑐𝑜𝑝𝑦 𝑛𝑢𝑚𝑏𝑒𝑟
 

𝑇𝑎𝑟𝑔𝑒𝑡 𝑐𝑜𝑝𝑦 𝑛𝑢𝑚𝑏𝑒𝑟 =  
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑡𝑎𝑟𝑔𝑒𝑡 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑎 𝑠𝑖𝑛𝑔𝑙𝑒 𝑝𝑙𝑎𝑠𝑚𝑖𝑑 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒
 

𝐻𝑎𝑝𝑙𝑜𝑖𝑑 𝑅𝑁𝑎𝑠𝑒 𝑃 𝑐𝑜𝑝𝑦 𝑛𝑢𝑚𝑏𝑒𝑟 =  
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑅𝑁𝑎𝑠𝑒 𝑃 𝑑𝑒𝑡𝑒𝑐𝑡𝑒𝑑

𝑚𝑎𝑠𝑠 𝑜𝑓 ℎ𝑎𝑝𝑙𝑜𝑖𝑑 𝑔𝑒𝑛𝑜𝑚𝑒
 

In silico modeling 

Protein docking was modeled with a web-based ClusPro 2.0 software 

(Boston University, USA)262 and the models were analyzed with a web-based CSU 

software (Weitzmann Institute of Science, Israel)263 for the number of contacts 

between proteins of interest. All predicted bonds for each amino acid were added 

and displayed as a total number of contacts. 

Protein production and purification 

UCHT1 scFv variants were cloned into pET-20b(+)to add a C-terminal His-

tag and transformed into competent E. coli BL21(DE3) (New England BioLabs). 

All recombinant strains were grown at 37°C to OD600 ~ 0.6 in LB medium with 50 

μg/mL ampicillin (Sigma-Aldrich) and protein expression was induced using 0.04 

mM IPTG (Sigma-Aldrich). After a 4-hr induction at 37°C, cells were harvested by 
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centrifugation at 5,000 x g for 10 minutes and pellets were lysed using BugBuster 

MasterMix (Millipore Sigma) in the presence of cOmplete Protease Inhibitor 

Cocktail (Roche). Denaturing buffer (PBS, 8M urea, 500 mM NaCl) was added to 

the cellular debris to extract the recombinant protein from inclusion bodies. After 

40-minute denaturation, samples were centrifuged and loaded onto 1 mL HiTrap 

chelating columns (Cytiva) charged with 100 mM nickel. Denatured protein was 

refolded using decreasing gradient of urea (PBS, 6 - 0 M urea, 500 mM NaCl). The 

proteins were eluted off the column with an increasing gradient of imidazole (PBS, 

0 - 250 mM imidazole, 500 mM NaCl). SDS-PAGE gels were used to determine 

which fraction contained the protein. The fraction was then run through a PD-10 

desalting column (Cytiva) and eluted in PBS to remove salt and imidazole ions. 

Purified recombinant proteins were concentrated using 10 KDa Amicon Ultra-0.5 

centrifugal filter units (Millipore Sigma) and quantified using a Bradford Assay 

(Bio-Rad Laboratories).  

Determination of the binding constant using bio-layer interferometry  

Bio-Layer Interferometry assays were performed on the ForteBio Octet 

Red96 system (Molecular Devices). The scFv proteins were dissolved in kinetics 

buffer (PBS, pH 7.4, Tween-20 0.02%, 0.1% BSA) to create a dilution series (1.25 

nM – 500 nM). Probes were pre-wet for 600 seconds and 100 nM of biotinylated 

human CD3εδ heterodimer (ACROBiosystems) was loaded for 240 seconds onto 

streptavidin biosensors (ForteBio) and quenched in 5% milk. Association with the 
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scFvs lasted 180 seconds, followed by 600-second dissociation in kinetics buffer. 

The data were analyzed in Prism v.8 (GraphPad) with pre-installed binding kinetics 

formulas for one phase exponential decay and one concentration of hot ligand, to 

estimate the binding constant for the scFvs. 

Flow cytometry 

Surface expression of TAC and CAR constructs was determined by staining 

with recombinant human BCMA-Fc protein (Cat No.193-BC, R&D Systems), 

followed by PE-conjugated goat anti-human IgG (Cat No. 109-115-098, Jackson 

ImmunoResearch). Other phenotypic markers were detected with Pacific Blue-

conjugated mouse anti-human CD4 (Cat No. 558116, BD Pharmingen), 

AlexaFluor700-conjugated mouse anti-human CD8α (Cat No. 56-0086-82, 

eBioscience), and VioBright FITC-conjugated mouse anti-human NGFR (Cat No. 

130-104-893, Miltenyi Biotec). Surface expression of BCMA on tumor cells was 

determined by staining with PE-conjugated recombinant human anti-human 

BCMA (Cat No. 130-118-970, Miltenyi Biotec). 

Binding of purified His-tagged scFvs was detected by staining PBMCs with 

scFv, followed by mouse anti-6xHis (Cat No. 552565, BD Pharmingen), PE-

conjugated goat anti-mouse IgG (Cat No. 115-116-146, Jackson ImmunoResearch), 

and then  PerCP-Cy5.5-conjugated mouse anti-human CD8α (Cat No. 45-0088-41, 

eBioscience) and Alexa Fluor 700-conjugated mouse anti-human CD4 (Cat No. 56-

0048-41, eBioscience). Flow cytometry data were collected with BD LSRFortessa 
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or BD LSRII cytometer (BD Bioscience) and analyzed using FlowJo vX software 

(FlowJo). 

Analysis of the time course of checkpoint receptor expression 

0.5 x 106 engineered T cells were stimulated with KMS-11 tumor targets at 

a 1:1 effector:target ratio at 37 °C for indicated time periods or left non-stimulated. 

Cells were stained with Live/Dead Fixable Near-IR stain (Invitrogen), then with 

BCMA-Fc protein (R&D Systems), followed by PE-conjugated goat anti-human 

IgG (Jackson ImmunoResearch), PerCP-Cy5.5-conjugated mouse anti-human 

CD8α (Cat No. 45-0088-41, eBioscience), Alexa Fluor 700-conjugated mouse anti-

human CD4 (Cat No. 56-0048-41, eBioscience), VioBright FITC-conjugated 

mouse anti-human NGFR (Miltenyi Biotec), BV510-conjugated mouse anti-human 

CD138 (Cat No. 356518 BioLegend), BV650-conjugated mouse anti-human CD69 

(Cat No. 563835, BD Pharmingen), BV421-conjugated mouse anti-human PD-1 

(Cat No. 562516, BD Pharmingen), Alexa Fluor 647-conjugated mouse anti-human 

LAG-3 (Cat No. 565716, BD Pharmingen), and BV785-conjugated mouse anti-

human TIM-3 (Cat No. 345032, BioLegend). Flow cytometry data acquisition was 

performed as indicated above and pre-processed with FlowJo vX software 

(FlowJo). 

The flow cytometry data were quality-checked by the flowAI Bioconductor 

package for R264. Detection and removal of anomalies provided the events for 

further pre-processing. Pre-gated viable, single-cell, CD138-NGFR+ events were 
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randomly subsampled to 20,000 cells and subjected to a differential analysis 

pipeline scripted in R (cran.r-project.org).  Unsupervised clustering analysis was 

performed by flowSOM265, and differential analysis was performed by diffcyt266. 

Tests for differential abundance of cell populations, represented by flowSOM meta-

clusters, were calculated using the edgeR method.  Tests for differential states in 

the expression of TAC, CD69, PD-1, LAG-3, and TIM-3 within these cell 

populations were calculated using the limma method.  Data were visualized using 

t-stochastic neighbor embedding (t-SNE)267.  The CATALYST package268 was 

instrumental in providing a framework for passing data objects from one 

Bioconductor package to another and doing quality checks along the pipeline.   

Cytokine analysis 

4 x 105 engineered T cells were stimulated with 2 x 105 KMS-11, MM.1S, 

or HEK293T cells for 4 hours at 37 °C in the presence of brefeldin A (BD 

GolgiPlug, Cat No. 555029, BD Pharmingen) and monensin (BD GolgiStop, Cat 

No. 554724, BD Pharmingen). Patient-derived engineered T cells were stimulated 

at a ratio of 105 engineered T cells to 105 target cells. Cells were stained for surface 

expression of CD4 (BD Pharmingen) and CD8 (eBioscience), fixed and 

permeabilized in Cytofix/Cytoperm buffer (Cat No. 554714, BD Pharmingen), and 

stained with APC-conjugated mouse anti-human IFN-γ (Cat No. 554702, BD 

Pharmingen), PE-conjugated rat anti-human IL-2 (Cat No. 554566, BD 

Pharmingen), and FITC-conjugated mouse anti-human TNF-α (Cat No. 554512, 
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BD Pharmingen). Flow cytometry data were acquired and analyzed as indicated 

above. 

For multiplex secreted cytokine analysis, 5 x 105 engineered T cells were 

stimulated with 5 x 105 KMS-11 cells for 24 hours at 37 °C. Supernatants were spun 

down to remove cellular debris and analyzed in duplicates by Eve Technologies 

(Calgary, AB) with a 14-plex Human High Sensitivity T-Cell Discovery Array (Cat 

No. HDHSTC14). Data were processed with Prism v.8 (GraphPad) and paired t-

tests were performed to determine significance. 

In vitro cytotoxicity assay 

Engineered T cells were stimulated with 5 x 104 luciferase-expressing cells 

in triplicates at indicated effector:target ratios for 8 hours at 37 °C. Following 

stimulation, 0.15 mg/mL D-Luciferin (Cat No. 122799, Perkin Elmer) was added 

and luminescence was measured with an open filter using SpectraMax i3 

(Molecular Devices) plate reader. Percent cytotoxicity was calculated as: 

% Cytotoxicity =  (1 −  
Test Sample−Media Alone

Tumor Alone−Media Alone
)  × 100%  

Proliferation assay 

Engineered T cells were labelled with CellTrace Violet dye (Invitrogen) and 

stimulated with KMS-11 or MM.1S tumor targets at an effector:target ratio 2:1 or 

left not stimulated. For bead stimulations, protein G-coated polystyrene beads 
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(Spherotech) were pre-coated with different concentrations of recombinant human 

BCMA-Fc protein (R&D Systems) overnight at 4 °C prior to the start of the assay. 

T cells were stimulated with beads at a 1:1 effector:target ratio. All proliferation 

assay samples were incubated for 4 days at 37°C and stained with Live/Dead 

Fixable Near-IR stain (Invitrogen), PerCP-Cy5.5-conjugated mouse anti-human 

CD8α (eBioscience), Alexa Fluor 700-conjugated mouse anti-human CD4 

(eBioscience), VioBright FITC-conjugated mouse anti-human NGFR (Miltenyi 

Biotec), and APC-conjugated mouse anti-human CD138 (Cat No. 356505, 

BioLegend). Flow cytometry data were acquired as indicated above. Results were 

analysed with FCS Express v.6 (De Novo Software) by determining the starting 

generation peak based on the non-stimulated sample and using the software 

proliferation package for fitting a proliferation model and collecting corresponding 

statistics, such as % divided. 

Conjugation assay 

Engineered T cells were pre-labelled with BV421-conjugated mouse anti-

human NGFR (Cat No. 562562, BD Pharmingen), and myeloma cells were pre-

labelled with APC-conjugated mouse anti-human CD138 (BioLegend). 2.5 x 105 T 

cells and 2.5 x 105 tumor cells were briefly spun down, incubated for 0, 10, 20, and 

40 minutes at 37 °C, fixed with 2% formaldehyde, and analyzed by flow cytometry 

without filtering or resuspension to preserve cell-cell conjugates. 
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Nur77 and Caspase-3 activation assessments 

5 x 105 engineered T cells and 5 x 105 tumor cells per sample were incubated 

for 2 and 4 hours at 37 °C. Cells were stained for surface expression of CD4 (BD 

Pharmingen), CD8 (eBioscience), CD138 (BioLegend), NGFR (BD Pharmingen), 

and CD69 (BD Pharmingen), fixed and permeabilized in Cytofix/Cytoperm buffer 

(BD Pharmingen), and stained with PE-conjugated mouse anti-mouse Nur77 (Cat 

No. 12-5965-82, eBioscience).  

T cells were stimulated as in the Nur77 assay for 4, 8, 28, 52, and 124 hours, 

stained with Live/Dead Fixable Near-IR stain (Invitrogen), then for surface markers 

as in the Nur77 assay, fixed, permeabilized, and stained with PE-conjugated active 

caspase-3 apoptosis kit (Cat No. 550914, BD Pharmingen) according to 

manufacturer’s instructions. Flow cytometry data were acquired and analyzed as 

indicated above. 

Assembly of supported lipid bilayers and T cell binding 

Lipid preparation and assembly of supported lipid bilayers was performed 

as in269 using lipids composed of 1,2-dioleoyl-sn-glycero-3-phosphocholine 

(DOPC) and 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl) 

iminodiacetic acid) succinyl] (DGS-NTA(Ni)) (Avanti Polar Lipids). Supported 

lipid bilayers were assembled in 6-lane µ-Slide VI 0.4 chambers (Ibidi) and 

functionalized with recombinant human BCMA and human ICAM-1 proteins, each 
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containing C-terminal hIgG-His-tags (Novus Biologicals), at densities of 250 

molecules/μm2 and 100 molecules/µm2, respectively. The necessary protein 

concentration was determined by coating silica beads (Bangs Laboratories) with the 

lipids, followed by titrated His-tagged protein concentrations and labeling with 

Alexa Fluor 647-labeled BCMA- or ICAM1-specific antibodies (Biolegend). Silica 

beads were analyzed by flow cytometry concurrently with Quantum Alexa Fluor 

647 MESF beads (Bangs Laboratories) and protein density on beads was 

determined using calibration curves created from the MESF beads and the effective 

F/P ratio of the Alexa Fluor 647-labeled antibodies, using Simply Cellular® anti-

Mouse IgG beads (Bangs Laboratories). 

2 x 105 T cells in 100 µl of media were pipetted in each flow chamber and 

incubated at 37°C for the indicated times. Cells were then immediately fixed with 

100 µl of Image-iT Fixative Solution (Thermo Fisher Scientific) for 20 minutes at 

room temperature and unattached cells were removed by continuously flowing 3 

ml of PBS through the flow chamber. Chambers were imaged on an Olympus CK40 

inverted microscope and the number of attached cells was determined by manual 

count of an entire field of view using a A10 PL 10x/0.25 objective. 

TAC-T cell immune synapse formation on supported lipid bilayers 

T cells were incubated on assembled lipid bilayers for indicated times, fixed 

and washed as described above and permeabilized for 30 minutes at room 

temperature with PBS containing 5% rat serum and 0.2% Triton X-100. Cells were 
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washed by continuous flow of 3 ml of PBS and stained for 30 minutes at room 

temperature in BlockAid solution (Thermo Fisher Scientific) with Alexa Fluor Plus 

405 Phalloidin (Cat No. A30104, Thermo Fisher Scientific), Alexa Fluor 488-

conjugated mouse anti-human CD11a/CD18 (Cat No. 363404, BioLegend), and 

Alexa Fluor 647-conjugated mouse anti-Lck (Cat No. 628304, BioLegend) or 

Alexa Fluor 647-conjugated mouse anti-human perforin (Cat No. 308110, 

BioLegend). Cells were finally washed by continuous flow of 2 ml PBS, followed 

by addition of 200 µl of PBS containing 0.5% N-propyl gallate. Images were 

acquired with a LEICA DMI6000 B inverted microscope equipped with adaptive 

focus control, a motorized X-Y stage (MCL Micro-Drive, Mad City Labs Inc.), a 

LEICA 100x/1.47NA oil-immersed TIRF objective and an Andor iXon Ultra 

EMCCD camera. Excitation was provided by 405, 488 and 647 nm diode-pumped 

solid-state lasers (Spectral). Image analysis was performed using Fiji version 2.0.0-

rc-69/1.53p270. All images were background subtracted. For Lck analysis, the area 

of actin exclusion central to the immune synapse was outlined manually and the 

integrated intensity of Lck was measured within that area. For perforin analysis, 

images were thresholded manually on perforin signal. Regions were created for any 

pixels above the threshold, transferred back to an unthresholded image, and the 

integrated perforin intensity within the regions was measured. 
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In vivo studies 

All animal studies were conducted in accordance with the McMaster 

Animal Research Ethics Board standards. 6-12-week-old NOD.Cg-

Rag1tm1MomIl2rgtm1Wjl/SzJ (NRG) mice bred in-house were injected i.v. with 

106 KMS-11 or MM.1S luciferase-expressing cells in 200 µL PBS. Depending on 

the experiment, either effLuc- of GpNLuc-expressing KMS-11 tumor cells were 

used. Mice bearing 12-day-old tumors were treated i.v. with a single 200-µL 

indicated dose of cryopreserved TAC+ T cells. Tumor burden was monitored 

weekly by bioluminescence. For effLuc imaging, mice were injected i.p. with 150 

mg/kg D-luciferin (Perkin Elmer), incubated for 14 minutes, and imaged using IVIS 

Spectrum imager (Caliper Life Sciences). For GpNLuc imaging, mice were injected 

i.v. with 500 µg/kg furimazine (Nano-Glo Luciferase Assay substrate diluted in 

PBS, Promega), anaesthetised and imaged 3-4 min post-injection. Images were 

analyzed with Living Image Software v4.2 for MacOS X (Perkin Elmer). Tumor 

burden was represented as the sum of dorsal and ventral average radiance 

(p/s/cm²/sr) signal. 

In vivo toxicity monitoring 

Mice were weighed using Ohaus Scout Balance Scale (OHAUS Corporation) 

% 𝐶ℎ𝑎𝑛𝑔𝑒 𝑖𝑛 𝑤𝑒𝑖𝑔ℎ𝑡 =  
𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 − 𝑝𝑟𝑒𝐴𝐶𝑇 𝑤𝑒𝑖𝑔ℎ𝑡

𝑝𝑟𝑒𝐴𝐶𝑇 𝑤𝑒𝑖𝑔ℎ𝑡
 × 100% 
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 For serum cytokine analyses, retro-orbital blood samples were collected on 

days 3 and 7 after treatment in CAPIJECT capillary micro collection serum tubes 

(Terumo Medical Corporation). 15 human cytokines and chemokines were 

quantified by the Eve Technologies Corporation. 

Histology analysis 

Tissues were fixed for 24 hours with 10% formalin. After initial fixation, 

femurs were decalcified for 24 hours with 2 mL/femur of Immunocal (StatLab) and 

fixed for an additional 24 hours with 10% formalin. The immunohistochemistry was 

performed at the McMaster Immunology Research Centre Core Histology Facility.  

Paraffin sections were cut at 4 μm and stained on the BOND RX automated stainer 

(Leica Biosystems). All slides were pretreated with Epitope Retrieval Solution 2 

(Cat. No AR9640, Leica Biosystems) on the BOND RX before staining. Anti-CD138 

rabbit monoclonal antibody (Cat. No ab128936, Abcam) was diluted in the IHC/ISH 

Super Blocking solution (Cat. No PV6122, Leica Biosystems), followed by a 

polymer detection and hematoxylin counterstain as part of the BOND Polymer 

Refine Detection kit (Cat. No DS9800, Leica Biosystems). The CD3 and Ki-67 

detection was performed as a double sequential stain on the BOND RX with rabbit 

monoclonal anti-CD3 antibody (Cat. No ab16669, Abcam) diluted according to the 

instructions in the BOND Polymer Refine Detection kit, followed by rat monoclonal 

anti-Ki-67 antibody (Cat. No ab156956, Abcam) and rabbit anti-rat IgG antibody 

(Cat. No BA-4001, Vector Labs), followed by a polymer detection and hematoxylin 
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counterstain as part of the BOND Polymer Refine Red Detection kit (Cat. No 

DS9390, Leica Biosystems). All antibodies were diluted in IHC/ISH Super Blocking 

solution. 

Quantification of histological data 

The digitized CD3/Ki-67 stained slides were imported into HALO software 

v3.2.1851.299 (Indica Labs). Annotations were drawn around each separate tissue 

present on each slide, including 3 pieces of spleen tissue, 1-2 pieces of liver tissue, 

and 2 pieces of femur (~7 tissues/slide). Some tissues had regions folded or blurred 

artifacts present from the scanning process; these regions were excluded from 

analysis in HALO. One cellular detection algorithm was developed for each of the 

three respective tissue types and used across all the slides to reduce inter-slide 

variability while recognizing baseline and background staining differences between 

tissue types. The template algorithm used was the Multiplex IHC v2.1.1 module. 

Each algorithm was set to detect cells using the nuclear stain included in the IHC 

process as the designated marker for a cell, followed by detecting the presence of 

CD3 in the peri-nuclear vicinity and Ki-67 within the nuclear compartment. This 

HALO module yielded the following results for each separate annotation on each 

slide (~7 results/slides): total cells, dual CD3-Ki-67- cells, CD3+ cells, Ki-67+ cells, 

CD3+Ki-67- cells, CD3-Ki-67+ cells and dual CD3+Ki-67+ cells. Each tissue replicate 

was then averaged (triplicate spleen, duplicate liver, and duplicate liver) as a single 

specimen and each specimen was taken as part of the group average.  
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Chapter 3 

 

Optimization of the CD3-binding domain and the TAC receptor surface 

expression 
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Introduction 

As discussed in Chapter 1, MM is an incurable plasma cell cancer with a 

poor prognosis for relapsed/refractory disease and limited treatment options. The 

introduction of immunomodulatory drugs into the MM treatment landscape brought 

major improvements to overall patient survival271-273 and supported the use of 

immune-based approaches for MM. Recently, the growing number of 

immunotherapeutic agents entering clinical testing has expanded to cell-based 

therapies, monoclonal antibodies, antibody-drug conjugates, and bispecific T cell 

engagers (BiTEs)274-276. 

Common targets for MM immunotherapeutics include B-cell maturation 

antigen (BCMA), CD38, CD138, SLAMF7, and GPRC5D277, 278. Among these 

targets, BCMA stands out due to its biological role in MM cell survival and 

proliferation15, 279, 280, high expression levels on malignant plasma cells, and lack of 

expression in non-hematopoietic tissues124. Several BCMA-specific products have 

already shown clinical efficacy in patients with relapsed/refractory MM, including 

antibody-drug conjugates150, BiTEs 281, and engineered T cells217, 220, 223, 242, 282-287, 

highlighting the susceptibility of previously treated MM to BCMA-targeting 

agents. 

T cell immunotherapies for MM include (1) antigen-specific endogenous288, 

(2) T cell receptor (TCR)-engineered289, 290, and (3) chimeric antigen receptor 

(CAR)-engineered T cells217, 220, 223, 242, 283-287, 291, 292. Due to their customizable 



Ph.D. Thesis – K. Bezverbnaya; McMaster University – Medical Sciences 

63 
  

structure, lack of dependence on HLA matching, scalable manufacturing, and 

clinical efficacy in other hematologic malignancies, CAR-engineered T (CAR-T) 

cells have been leading the development of T cell therapies for MM. Although 

autologous BCMA-specific second-generation CAR-T cells have shown 

encouraging levels of efficacy, this treatment carries a risk of substantial toxicities, 

and many patients eventually progress or relapse217, 242. However, unlike clinical 

experience with CD19-CAR-T cell therapy, in which relapses are characterized by 

antigen loss or alternative splicing234, 293, 294, baseline BCMA expression does not 

seem to correlate with response222, 242 and many relapsed MM tumors remain 

BCMA-positive223, 243. This suggests that the potency of the engineered T cell 

product can be improved, and alternative modes of engineering are one way to 

address this issue. 

Our lab has taken a TCR-centric approach to T cell engineering and created 

a synthetic TAC receptor255, which redirects endogenous TCRs to the target of 

interest and effectively combines HLA-independent antigen recognition with the 

canonical mechanisms of T cell activation and regulation. In our previous 

experience, T cells engineered with TAC receptors (TAC-T) cells showed 

improved tolerability and enhanced discrimination between the on-target and off-

target responses, when compared to second-generation CAR-T cells255. Since TAC-

T cells may offer advantages over CAR-T cells in the setting of human myeloma, 

we were keen to design a TAC receptor for human testing. This chapter describes 

the optimization of our TAC scaffold carrying a BCMA-binding domain that has 
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been proven clinically (the C11D5.3 single-chain antibody fragment (scFv)242). Our 

experience shows that BCMA-TAC-T cells derived from healthy and patient donors 

are efficacious against disseminated multiple myeloma xenografts. Moreover, we 

demonstrate that different surface expression levels of BCMA-TAC receptors do 

not influence in vivo TAC-T cell efficacy, despite differences in in vitro 

performance. 
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Results 

Optimized CD3-binding domain improves TAC-T cell efficacy 

TAC receptors lack synthetic signaling domains and activate T cells by co-

opting the endogenous TCR-CD3 complex. Previously, we described comparison 

of several CD3ε-binding scFvs and the rationale for choosing the UCHT1 domain 

for the TAC receptor scaffold255 (Figure 3.1A). Recognizing that the UCHT1 

framework is of mouse origin and could give rise to human anti-mouse antibodies 

and potentially limit the clinical utility of TAC-T cells, we replaced UCHT1 with a 

humanized version (hu(UCHT1))295, 296. We recently identified a variant UCHT1 

with a point mutation of Y→T at position 54, which improved TAC surface 

expression and growth of TAC-T cells297. Given the potential benefits of the 

Y54→T mutation, in parallel, we also evaluated a variant of huUCHT1 with the 

Y54→T mutation (huUCHT1(YT)). To focus on the scaffold optimization, we used 

the same C11D5.3 BCMA-specific scFv as the antigen-binding domain in all 

scaffolds. 
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Figure 3.1. Optimized CD3-recruitment domain improves binding to CD3 and 

augments surface expression. (A) An illustration of the receptor design. (B) 

Median fluorescence intensity (MFI) of receptor surface expression on transduced 

cells. Cells were gated on live > singlets > CD4/CD8 > NGFR+. Data are 

representative of 7 healthy donors. Statistical significance was determined using 

repeated measures ANOVA. (C) Binding of purified, His-tagged UCHT1 variants 

to PBMC. Flow cytometry data were gated on live > singlets > CD4+/CD8+. MFIs 

of the protein stain were recorded at each protein concentration and converted to % 

saturation based on the highest MFI value for each protein. (D) The impact of the 

Y-T mutation on the specific contacts formed between different UCHT1 variants 



Ph.D. Thesis – K. Bezverbnaya; McMaster University – Medical Sciences 

67 
  

and CD3ε. Docking models created with ClusPro 2.0 software were analyzed for 

specific contacts with CSU software developed at the Weizmann Institute of 

Science. The total number of bonds predicted for each amino acid is shown. (E) 

Bio-layer interferometry comparison of humanized UCHT1 variants. Streptavidin 

probes were loaded with biotinylated human CD3εδ heterodimer and incubated 

with His-tagged purified humanized UCHT1 variants. Data were recorded with 

Octet BLI system and analyzed with Prism v.8. 

The huUCHT1(YT) scaffold afforded higher TAC surface expression than 

the huUCHT1 scaffold in CD4 T cells with a similar trend for higher expression in 

CD8 T cells (Figure 3.1B). At the protein level, both recombinant huUCHT1 and 

huUCHT1(YT) bound primary human T cells equally well and markedly better than 

UCHT1 (Figure 3.1C). While in silico modeling suggested potential decrease in 

huUCHT1(YT) affinity for CD3 (Figure 1.1D), bio-layer interferometry studies 

with purified huUCHT1 and huUCHT1(YT), showed that both proteins had high 

affinity for CD3εδ with a Kd ~ 100 pM (Figure 3.1E).  

In vitro functional assessment revealed overall comparable post-activation 

cytokine expression profile across all three UCHT1 variants (Figure 3.2). UCHT1-

TAC showed higher variation in cytokine production, compared to TACs with 

humanized UCHT1 scaffolds. The only statistically significant differences were 

observed in CD4 T cells, where huUCHT1(YT)-TAC produced more TNF-α than 

huUCHT1-TAC upon KMS-11 stimulation, and UCHT1-TAC produced more 

TNF-α than huUCHT1-TAC upon MM.1S stimulation (Figure 3.2). 
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Figure 3.2. In vitro comparison of TAC-T cells with different CD3-binding 

domains. T cells were incubated with KMS-11 (A) or MM.1S (B) tumor targets for 

4 hours at 37°C at a 2:1 effector:target ratio in the presence of brefeldin A and 
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monensin and stained for surface CD4, CD8, and intracellular IFN-γ, TNF-α, and 

IL-2. Plots were gated on live > singlets > CD4/CD8 > IFN-γ vs. TNF-α or IFN-γ 

vs. IL-2. Statistical significance was determined with repeated measures ANOVA. 

Data from 3 healthy donors marked by different symbols are shown. Bars represent 

mean and SD. (C) BCMA surface expression on target tumor cells detected by flow 

cytometry. Numbers represent mean fluorescence intensity values. 

All three constructs were equally efficient at killing KMS-11 and MM.1S 

tumors in vitro (Figure 3.3A,B). Irrespective of comparable in vitro performance, 

huUCHT1(YT)-TAC outperformed other constructs in vivo (Figure 3.3C). Thus, 

considering favorable surface expression profile and good in vitro and in vivo 

efficacy, we chose to move forward with the huUCHT1(YT)-based scaffold. 

 

Figure 3.3. huUCHT1(YT) outperforms other UCHT1 variants in vivo in the 

KMS-11 model. (A,B) In vitro cytotoxicity. T cells were incubated with effLuc-

expressing KMS-11 (A) or MM.1S (B) tumor targets for 8 hours at 37°C at different 

effector:target ratios, and all conditions were repeated in triplicates. Luminescence 
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was measured with an open filter upon addition of D-luciferin substrate (0.15 

mg/mL). Mean and SD for each condition are displayed. Data are representative of 

4 healthy donors. (C) Survival of KMS-11 tumor-bearing NRG mice treated with 3 

x 106 cryopreserved TAC+ T cells i.v. 12 days post-tumor injection. N = 5 mice per 

group. Statistical significance was determined with log-rank (Mantel-Cox) test.  

Receptor surface expression differentially impacts early TAC-T cell 

activation 

During the process of scaffold optimization, we observed that the CD8α 

signal peptide consistently led to more BCMA-TAC on the cell surface of T cells 

from healthy donors, compared to the IgK signal peptide (Figure 3.4A,B). A similar 

observation was made with T cells form MM patients (Figure 3.4C). The difference 

in surface expression was not due to a difference in vector copy number (Table 1). 

As receptor density can affect performance of CAR-T cells298-300, we investigated 

the effect of TAC receptor density on TAC-T cell performance. At baseline, surface 

expression of the TACs did not influence checkpoint receptors PD-1, TIM-3, and 

LAG-3 (Figure 3.4D) consistent with the lack of tonic signaling produced by TAC 

receptors255.  

Table 1. Vector copy number (per cell) analysis of different TAC constructs 

generated from 3 healthy donors. 

Construct 
Donor 

L3 L5 L6 

UCHT1-TAC 1.06 1.13 1.16 

huUCHT1-TAC 1.62 1.44 1.63 

huUCHT1(YT)-TAC/ IgK-TAC 1.71 1.44 1.84 

CD8α-TAC 1.21 1.08 1.23 

cMyc-TAC 1.24 1.08 1.13 

NGFR ND ND ND 

Non-transduced ND ND ND 

ND = not detected 
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Figure 3.4. Signal peptide affects TAC surface expression. (A) Schematic of 

receptor design. (B, C) Median fluorescence intensity (MFI) of receptor surface 

expression on transduced TAC-T cells. Cells were gated on live > singlets > 

CD4/CD8 > NGFR+. Data are representative of 5 healthy (B) and 4 patient (C) 

donors. Statistical significance was determined with a paired t-test. (D) T cell 

cultures were stained for PD-1, LAG-3, and TIM-3 surface expression at the end of 

14-day culture period. Plots were gated on live > singlets > CD4/CD8 > NGFR+. 

Median fluorescence intensities (MFI) were normalized to those of the cMyc-TAC. 

Statistical significance was determined with 2-way ANOVA, followed by Tukey’s 

multiple comparisons test. 
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Receptor density should affect the physical interactions between the TAC-

T cells and their target antigen. We compared the ability of TAC-T cells to form 

conjugates with BCMA-positive KMS-11 cells (Figure 3.5A). Within the first 20 

minutes, CD8α- and IgK-TAC-T cells demonstrated equal ability to bind KMS-11 

cells. However, by 40 minutes, TAC-T cells with lower receptor levels (IgK-TAC) 

started to disengage from the targets, whereas CD8α-TAC-T cells continued 

binding more tumor cells. When MM.1S tumor targets were used, CD8α-TAC-T 

cells were more efficient at binding tumor cells during earlier time points, with both 

types of T cells levelling off in their peak binding ability within 20 minutes (Figure 

3.5B). Similarly, when TAC-T cells were exposed to a synthetic lipid bilayer 

functionalized with human BCMA and ICAM-1, CD8α-TAC-T cells showed 

greater binding than IgK-TAC-T cells (Figure 3.5C). Combined, these results 

indicate that higher levels of TAC receptor led to enhanced physical interaction 

between the TAC-T cells and antigen-containing membranes. 

 

Figure 3.5. Higher TAC surface expression improves binding to antigen-

positive membranes. (A,B) Conjugation assay. After pre-labelling with NGFR- 

and CD138-specific antibodies, T cells and KMS-11 (A) or MM.1S (B) tumor 

targets were incubated at a 1:1 ratio and analyzed by flow cytometry. Samples were 
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gated on live cells. % NGFR+ cells that were also CD138+ are shown. Statistical 

significance was determined with 2-way ANOVA, followed by Tukey’s multiple 

comparisons test. Data are representative of 3 (A) and 2 (B) healthy donors. (C) 

Binding to supported lipid bilayer. 2 x 105 T cells were incubated in μ-Slide VI0.4 

chambers with lipid bilayer functionalized with human BCMA and ICAM-1, fixed, 

washed, and imaged on an Olympus CK40 inverted microscope. The number of 

attached cells was determined by manual count of the entire field of view using a 

A10 PL 10x/0.25 objective. Mean and SD for each condition are displayed. 

Statistical significance was determined with a t-test for each time point. Data are 

representative of 5 independent experiments.   

We next sought to determine whether the enhanced physical associations 

mediated by the CD8α-TAC receptors would translate into changes in 

immunological synapse formation. Both CD8α- and IgK-TAC-T cells formed a 

classical TCR-driven synapse (Figure 3.6A,B)301, characterized by a ring-like 

arrangement of F-actin and LFA-1 surrounding central supramolecular activation 

cluster (cSMAC)302. TAC-T cells with higher receptor levels on the surface (CD8α-

TAC) accumulated significantly more Lck in the synapse, compared to TAC-T cells 

with fewer receptors (IgK-TAC) (Figure 3.6C). This translated into faster 

polarization of perforin to the T cell-bilayer interface in CD8α-TAC-T cells, with 

IgK-TAC-T cells catching up within the first hour of activation (Figure 3.6D). By 

30 minutes, both CD8α- and IgK-TAC-T cell had polarized equivalent amounts of 

perforin (Figure 3.6E). 
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Figure 3.6. TAC receptor levels affect the strength of early signaling but not 

late signaling. Immune synapse formation on supported lipid bilayers. Samples 

were prepared as in Figure 3.5C, incubated for indicated times, fixed, 

permeabilized, and stained for F-actin, LFA-1, and Lck or perforin. Samples were 

imaged with LEICA DMI6000 B inverted microscope, a LEICA 100x/1.47NA oil-
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immersed TIRF objective and an Andor iXon Ultra EMCCD camera. Excitation 

was provided by 405, 488 and 647 nm diode-pumped solid-state lasers, images were 

analyzed using Fiji version 2.0.0-rc-69/1.53p and all images were background 

subtracted. Representative images of Lck (A) and perforin (B) accumulation after 

30-min incubation. Manually outlined immune synapses and corresponding 

integrated Lck intensity values within the synapse or perforin intensity values are 

shown. cSMAC = central supramolecular activation cluster. Comparison of 

integrated Lck (C) or perforin intensity values (E) after 30-min incubation. Each 

dot represents a cell, and lines indicate mean and SD. Statistical significance was 

determined with Mann-Whitney test. (D) Comparison of the fraction of cells with 

perforin polarization (as determined by manual threshold) at indicated incubation 

times. Data are representative of 4 (C) and 2 (D,E) independent experiments. 

Despite differences in early activation, TAC-T cells with different receptor 

levels are equally efficacious in vitro 

Given the more rapid maturation of the synapse in CD8α-TAC-T cells, we 

asked whether this would influence TCR-dependent signaling. To address this 

question, we measured CD69 (surrogate for T cell activation) and Nur77 (surrogate 

for T cell signal strength)303 on the TAC-T cells stimulated with KMS-11 and 

MM.1S cells. At the 2-hour time point, there was a trend for more Nur77 activation 

in CD8α-TAC-T cells relative to IgK-TAC-T cells, but this was not observed in all 

T cell batches (Figure 3.7A-C). We questioned whether higher receptor levels could 

lead to overstimulation of TAC-T cells and higher levels of activation-induced cell 

death. Measurement of cleaved caspase-3 following stimulation of CD8α- and IgK-

TAC-T cells revealed no differences in cell death post-stimulation (Figure 3.7D). 

Examination of the expression of the activation marker, CD69, and checkpoint 

receptors, PD-1, TIM3, LAG3, across a broad time frame (4h – 96h) following 

stimulation, also demonstrated no difference in levels or kinetics (Figure 3.8). 
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Figure 3.7. Nur77 expression and activation-induced cell death are not affected 

by TAC surface expression levels. T cells were incubated with KMS-11 (A,B) or 

MM.1S (C) cells at a 1:1 ratio for 2 hours, assayed by flow cytometry, and gated 

on live > singlets > CD138- > CD4/8 > NGFR+ > CD69+. (A) Representative plots 

of Nur77 an CD69 expression. (B) Median fluorescence intensities of Nur77 

normalized to cMyc-TAC. Statistical significance was determined with a paired t-

test. (C) Representative histograms of Nur77 expression after stimulation with 

MM.1S cells (grey) or media (black) for 2 h. Numbers indicate Nur77 median 

fluorescence intensity (MFI) of stimulated samples. (D) Caspase-3 activation. T 

cells were incubated with KMS-11 target cells at a 1:1 effector target ratio and 

assayed by flow cytometry. Samples were gated on live > singlets > CD138- > 

CD4/8 > NGFR+ > CD69+. Median fluorescence intensities (MFI) of cleaved 

caspase-3 normalized to cMyc-TAC are shown. Data are representative of 2 (A-C) 

and 3 (D) healthy donors. 
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Figure 3.8. Time course of checkpoint receptor expression post-activation. T 

cells were stimulated with KMS-11 targets at a 1:1 effector:target ratio for indicated 

periods of time. Samples were stained and analyzed by flow cytometry. Data are 

pre-gated on live > singlets > CD138- > CD4/CD8 > NGFR+. 20,000 cells randomly 

subsampled from pre-gated CD138-NGFR+ samples were further subjected to 

flowSOM unsupervised clustering analysis and differential analysis with diffcyt 

framework. Data are representative of 3 healthy donors. 

The results with Nur77 and CD69 suggested that the TAC-T cells were 

activated equally at both receptor densities. Using healthy donor-derived TAC-T 

cells, we noted that increased TAC expression had no effect on production of IFN-

γ and TNF-α following stimulation with KMS-11 cells (Figure 3.9A). However, 

more TAC receptors on the T-cell surface led to significantly improved IL-2 

production by CD4+ TAC-T cells and a similar trend in CD8+ T cells (Figure 3.9A). 

Comparable results were obtained with MM.1S targets (Figure 3.9B). Receptor 

density had a more striking impact on early cytokine production from TAC-T cells 

generated from myeloma patients. Higher receptor levels led to significantly more 

CD4 and CD8 TAC-T cells producing IFN-γ and TNF-α, following 4-hour 

stimulation with KMS-11 myeloma cells (Figure 3.9C). Similar results were 

obtained when MM.1S tumor targets were used for stimulation (Figure 3.9D). 

Nevertheless, by 24 hours of stimulation, both IgK- and CD8α-TAC T cells 

produced equivalent levels of cytokines, regardless of whether the T cells were 

obtained from healthy donors or MM patients (Figure 3.10). 
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Figure 3.9. TAC receptor levels affect early cytokine production of patient-

derived, but nor healthy donor-derived TAC-T cells. Intracellular cytokine 

expression in TAC-engineered cells from healthy (A,B) and patient (C,D) donors. 

T cells were incubated with KMS-11 tumor targets for 4 hours at 37°C at a 2:1 (A) 

or 1:1 (C) effector:target ratio or with MM.1S tumor targets for 4 hours at 37°C at 

a 2:1 (B) or 1:1 (D) effector:target ratio in the presence of brefeldin A and monensin 
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and stained for surface CD4, CD8, and intracellular IFN-γ, TNF-α, and IL-2. Plots 

were gated on live > singlets > CD4/CD8 > IFN-γ vs. TNF-α or IFN-γ vs. IL-2. 

Statistical significance was determined with a paired t-test. Data are representative 

of 3 (A) or 2 (B) healthy donors and 3 patient donors (C,D). 

Since IL-2 was elevated in CD8α-TAC-T cells earlier than in IgK-TAC-T 

cells and this cytokine is known to support T cell proliferation upon activation304, 

we measured proliferative capacity of the BCMA-TAC-T cells. In a reductionist 

system where TAC-T cells were stimulated with BCMA-Fc protein-coated 

polystyrene beads, TAC-T cells with higher receptor levels (CD8α-TAC) were 

more proliferative over the range of antigen densities tested (Figure 3.11A,B). 

However, when stimulated with BCMA-positive KMS-11 (Figure 3.11C) and 

MM.1S (Figure 3.11D) cells, both types of TAC-T cells derived from healthy 

donors proliferated equally well, suggesting that additional cell-cell contacts 

mediated by cell adhesion molecules may mitigate the effects of differential TAC 

receptor surface levels. Interestingly, proliferation of patient-derived CD4 TAC-T 

cells was reduced by high surface expression of the receptor (Figure 3.11C). 

Irrespective of the donor source (healthy or patient) and tumor targets (KMS-11 or 

MM.1S), TAC receptor density had no impact on cytotoxicity as both IgK- and 

CD8α-BCMA-TAC-T cells efficiently eliminated tumor cells in vitro (Figure 3.12). 



Ph.D. Thesis – K. Bezverbnaya; McMaster University – Medical Sciences 

81 
  

 

Figure 3.10. Multiplex analysis of secreted cytokines post-stimulation. T cells 

were stimulated with KMS-11 targets at a 1:1 effector:target ratio for 24 hours. 

Supernatants were collected and analyzed by Eve Technologies in duplicates. 

Background was subtracted from the results and statistical significance was 

determined using paired t-tests. Data are representative of 3 healthy and 3 patient 

donors. 
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Figure 3.11. TAC-T cells with different receptor levels are equally efficacious 

in long-term in vitro proliferation assays. T cells were labelled with CellTrace 

Violet dye, stimulated with polystyrene protein G beads coated with indicated 

concentrations of BCMA-Fc (A, B) at an effector:target ratio 1:1, KMS-11 (C), or 

MM.1S (D) tumor targets at an effector:target ratio 2:1 for 4 days and assayed by 

flow cytometry. Samples were gated as singlets > live > CD138- > CD4/CD8 > 

NGFR+. Data are representative of 4 healthy donors (A, B, C left panel), 4 patient 

donors (C right panel), or 2 healthy donors (D). Statistical significance was 

determined with 2-way ANOVA, followed by Tukey’s multiple comparisons test. 
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Figure 3.12. TAC-T cells are efficient at eliminating tumors in vitro, 

irrespective of receptor expression levels. T cells were incubated with effLuc-

expressing KMS-11 (A) of MM.1S (B) tumor targets for 8 hours at 37°C at different 

effector:target ratios, and all conditions were repeated in triplicates. Luminescence 

was measured with an open filter upon addition of D-luciferin substrate (0.15 

mg/mL). Mean and SD for each condition are displayed. Data are representative of 

3 healthy (A left panel), 3 patient (A right panel), or 2 healthy (B) donors. 

TAC-T cells show robust in vivo efficacy across different receptor levels 

Receptor expression-dependent differences at the cell-cell binding and early 

signaling levels did not translate into marked functional differences in vitro. To 

assess whether therapeutic outcomes would be affected by receptor expression 

levels, we evaluated anti-tumor efficacy using an orthotopic, disseminated KMS-

11 xenograft model. Using T cells from healthy donors, a single dose of 2 x 106 

CD8α- or IgK-TAC-T cells per mouse was equally effective at clearing tumors and 

inducing sustained remissions (Figure 3.13A,B). Titrating down the dose of T cells 

to suboptimal therapeutic levels also did not reveal statistically significant 

differences between TAC-T cells with higher and lower receptor levels (Figure 

3.13A,C).  
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Figure 3.13. Healthy donor-derived TAC-T cells are efficacious against KMS-

11 tumors in vivo irrespective of the receptor levels. KMS-11 tumor-bearing 

NRG mice were treated with 2 x 106 or 0.5 x 106 of TAC+ cryopreserved T cells 

i.v. on day 12 post-tumor injection. (A) Survival data. Statistical significance was 

determined using log-rank (Mantel-Cox) test. (B,C) Tumor burden of firefly 

luciferase-expressing KMS-11 cells was tracked via bioluminescence imaging after 

i.p. D-luciferin injection. Data are representative of 3 healthy donors, n = 14-15 

mice per group.  
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Figure 3.14. Patient donor-derived TAC-T cells are efficacious against KMS-

11 tumors in vivo irrespective of the receptor levels. KMS-11 tumor-bearing 

NRG mice were treated with 2 x 106 or 0.5 x 106 of TAC+ cryopreserved T cells 

i.v. on day 12 post-tumor injection. (A) Survival data. Statistical significance was 

determined using log-rank (Mantel-Cox) test. (B,C) Tumor burden of firefly 

luciferase-expressing KMS-11 cells was tracked via bioluminescence imaging after 

i.p. D-luciferin injection. Data are representative of 3 healthy donors, n = 9-10 mice 

per group. 

Similarly, the therapeutic efficacy of MM patient-derived TAC-T cells was 

not significantly affected by the differences in TAC receptor density over a range 
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of TAC-T cell doses (Figure 3.14). We also tested the two TAC-T cell populations 

in the MM.1S model and, again, found no difference in therapeutic outcomes 

(Figure 3.15). Thus, despite the influence of TAC receptor density on early events 

following TAC engagement (cell binding, Lck recruitment, perforin polarization), 

receptor density did not impact therapeutic efficacy. 

 

Figure 3.15. In vivo efficacy of healthy and patient donor-derived TAC-T cells 

in the MM.1S model. MM.1S tumor-bearing NRG mice were treated with 4 x 106 

of TAC+ cryopreserved T cells i.v. on day 15 post-tumor injection. Tumor burden 

of firefly luciferase-expressing MM.1S cells was tracked as in A-C; n = 5 mice per 

group. Data are representative of 1 healthy donor. 
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Discussion 

The robust therapeutic activity of CAR-T cells has prompted research into 

other receptor designs that retain the therapeutic benefit of the current-generation 

CAR-T cells but diminish the unwanted toxicity profile. Recently, several alternate 

synthetic antigen receptors have been described that focus on co-opting natural 

TCR signaling, including our TAC platform252, 254, 255. In these studies, TCR-centric 

receptors were equally or more efficacious than conventional second-generation 

CARs and less likely to produce cytokines in vitro or cause in vivo toxicities. These 

observations suggest an improved ability of T cells engineered with these receptors 

to mediate effector responses. Unlike other TCR-centric synthetic receptors, TAC 

does not replace either CD3 or TCR chains. Rather, the TAC receptor redirects 

endogenous receptor complex through non-covalent association with the CD3ε 

chain. Here, we described the next generation of the TAC platform. These studies 

focused on the development of a BCMA-specific TAC receptor, but the optimized 

TAC scaffold described herein should be broadly useful against any tumor target.  

For backbone optimization, we designed all receptors with the same 

antigen-binding domain. We selected the C11D5.3 scFv for these studies as this 

scFv has been clinically validated on a CAR scaffold242. Our in vitro optimization 

of the TAC scaffold revealed that humanization of the UCHT1 domain improved 

binding to CD3 on the surface of T cells. Substitution of huUCHT1 with a version 

carrying the Y54→T mutation (huUCHT1(YT)) further improved surface 
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expression and in vivo efficacy. In our original description of the TAC, UCHT1 

emerged as the most effective CD3 binder of the five scFvs compared255.  Here, the 

subtle changes to UCHT1 (humanization and single point mutation) further 

improved the TAC receptor performance, underscoring the importance of TAC-

CD3 interaction. Despite the in silico-predicted reduction in the number of bonds 

between UCHT1 and CD3ε, the Y54→T mutation did not impact binding of 

recombinant scFvs to human T cells nor did it affect affinity.  The improved 

performance of the huUCHT1(YT) variant likely reflects the subtle changes in the 

protein:protein interactions between UCHT1 and CD3 that are more complicated 

than simple binding strength and are the subject of further investigation. Based on 

the results described herein, we elected to move forward with huUCHT1(YT) as 

our optimized TAC scaffold for clinical testing.  

Our observation of the signal peptide impacting receptor expression levels 

created an interesting system for evaluating the relationship between TAC surface 

levels and TAC-T cell functionality. The signal peptide targets proteins destined 

for secretion or surface expression to the endoplasmic reticulum (ER) and gets 

cleaved from the newly synthesized polypeptide chain upon translocation to the 

ER305. Length and amino acid composition of signal peptides affect kinetics and 

efficiency of binding to the signal recognition particle, translocation into the ER, or 

cleavage by the signal peptide peptidase306. Thus, by using different signal peptides, 

we likely affected one or more of these processing steps of the TAC receptor 

synthesis. 
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The CD28 co-stimulatory domain in second-generation CARs mediates 

tonic signaling during the manufacturing period, which can produce exhaustion of 

the engineered T cell product238, 298. Consequently, some of the strategies to reduce 

tonic signaling have focused on limiting CAR surface expression by optimizing 

promoter activity298-300, 307 or using logic-gated receptors308. Here we show that 

TAC-T cells do not upregulate exhaustion markers, irrespective of TAC receptor 

expression levels. These observations support our rationale for excluding 

endogenous signaling domains from the TAC scaffold in favor of allowing TAC-

engineered cells to auto-regulate through the endogenous TCR-dependent 

pathways. 

Our experiments with supported lipid bilayers functionalized with BCMA 

antigen and ICAM-1 improved our understanding of the immunological synapse 

formed by TAC-T cells. The structure of TAC receptor-driven synapses was similar 

to the conventional bullseye structure of the TCR synapse174, suggesting that TACs 

function as we intended, by redirecting endogenous TCRs to the target of interest. 

Higher TAC surface levels improved target binding and increased Lck 

accumulation at the immunological synapse. Consistent with the role of Lck in 

driving lytic granule polarization and degranulation309, we observed that TAC-T 

cells with higher TAC receptor levels displayed more rapid perforin polarization. 

Nevertheless, similar levels of perforin polarization and equivalent cytotoxicity 

against tumor cells were ultimately achieved independent of TAC receptor 

expression. Given the observation that TAC receptor expression did not influence 
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the strength of TCR signaling (measured indirectly by Nur77 expression) and 

AICD, we believe that although the different levels of TAC expression may 

influence upstream features of T cell activation (i.e. target binding, recruitment of 

Lck to the immunological synapse), these events do not ultimately influence the 

activation threshold of the T cell or impact therapeutic efficacy. 

In a reductionist bead-based activation system where only receptor-ligand 

interactions were present, higher TAC surface levels reduced the amount of antigen 

needed to trigger proliferation of TAC-T cells. These results are consistent with 

previous work linking proliferation with TCR surface density when antigen 

concentration was low310. In cell-based stimulation, receptor-ligand interactions 

were likely augmented by contacts between cell adhesion molecules. For example, 

integrin LFA-1 expressed on T cells, lowers the threshold for T cell activation by 

triggering Erk1/2 pathway and mediating AP-1 activity311. The additional cell:cell 

contact achieved through surface ligands on the tumor cells enhanced TAC-T cell 

proliferation, compared to antigen-coated beads, indicating that the magnitude of 

TAC expression is not relevant to proliferative responses when ancillary contacts 

are available. 

We noted that T cell effector functions were differentially susceptible to 

TAC receptor expression levels. Our data from healthy donor-derived TAC-T cells 

suggest that IL-2 production is more sensitive to receptor surface expression than 

TNF-α or IFN-γ production. These results mirror findings from prior studies in T 



Ph.D. Thesis – K. Bezverbnaya; McMaster University – Medical Sciences 

91 
  

cell biology. During chronic viral infection, the ability to produce IL-2 is lost before 

the ability to produce IFN-γ and TNF-α312. Coincidentally, when TCR ligand 

concentration is limited, IL-2 production is hindered before IFN-γ production313. 

Taken together, these data and our observations support higher activation threshold 

requirements for IL-2 production.  

Interestingly, in patient-derived TAC-T cells, all three of the effector 

cytokines tested were affected by the surface levels of receptor. MM patient-derived 

T cells can downregulate CD28314, PI3K, CD3ζ, and Lck315, although reports on 

some of the signaling mediators are inconsistent316. Inadequate availability of 

signaling molecules downstream of TCR activation could elevate the activation 

threshold for patient-derived vs. healthy T cells, which offers an explanation for the 

increased sensitivity of cytokine secretion to TAC receptor levels when patient cells 

were used. The receptor expression-dependent differences in early cytokine 

production observed in a short-term intracellular cytokine staining assay were not 

detected in longer-term assays (proliferation, overnight cytotoxicity and cytokine 

accumulation) in healthy or MM patient-derived T cells. Thus, although the 

receptor expression levels may impact early events post-antigen engagement, 

expression levels do not impact later events, which are likely more pertinent to 

therapeutic efficacy. 

The engineered T cell product ultimately relies on a combination of effector 

functions to mount an anti-tumor response in vivo. Thus, it was important to test 
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whether any of the differences we observed in vitro would influence efficacy in 

animal models of MM, using TAC-T cells from healthy and patient donors. 

Equivalent efficacy in vivo from TAC-T cell products carrying different levels of 

TAC receptor highlighted robustness of the TAC platform and its stable 

performance irrespective of receptor expression levels. Interestingly, although the 

original UCHT1 and the next-generation huUCHT1(YT) scaffolds displayed 

similar in vitro functionality, huUCHT1(YT)-TAC-T cells were more efficacious 

in vivo. This observation highlights the limitation of in vitro systems for comparing 

cell-based therapies and argues for the necessity of in vivo testing. 

In this study we described further evolution of the TAC scaffold that yields 

a TAC-T cell product that is efficacious against xenograft mouse models of MM. 

We conducted a detailed assessment of different BCMA-TAC-T cell functions and 

characterized how these functions were affected by changes in receptor surface 

expression. We have also tested this scaffold in other models of hematologic 

malignancy with comparable robust therapeutic outcomes. Ultimately, we 

established that TAC-T cells are equally efficacious across a range of receptor 

levels.  
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Chapter 4 

 

Development of a fully humanized BCMA-specific TAC 

  



Ph.D. Thesis – K. Bezverbnaya; McMaster University – Medical Sciences 

94 
  

Introduction 

The antigen-binding domain is an important component of chimeric 

receptors responsible for the specificity of target recognition and the kinetics of T 

cell stimulation that affect downstream effector functions. As mentioned in Chapter 

1, Section 3.3.4, scFvs are the most commonly used antigen-binding domains in the 

CAR constructs. ScFvs are built using variable fragments from heavy (VH) and light 

(VL) chains of an antibody connected via a linker that allows the domain to retain 

its affinity and specificity317. The variable fragments can be designed based on 

already known monoclonal antibodies or selected from libraries of naturally 

occurring and synthetic sequences and further enhanced via rational mutagenesis318-

320.  

In an intact antibody, the variable fragments are stabilized by disulfide 

bonds and hydrophobic interactions between the constant regions of the heavy and 

light chains321. Since the constant regions are not included in the scFv, extra 

engineering efforts (e.g. directed evolution and rational design) are often needed to 

compensate for the loss of intrinsic stability320. In addition to modifications of the 

VH and VL fragments that increase their association with each other, the linker used 

to connect the VH and VL can facilitate scFv folding and stability and impact the 

resulting affinity259, 322-324. Aggregation of scFvs can be particularly detrimental in 

the context of chimeric receptors equipped with signaling domains because it can 

drive tonic activation of engineered T cells213. While TAC does not contain any 

signaling domains, it does include one scFv in the scaffold (the CD3-binding 
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domain), so we need to consider the linker between the scFv in the scaffold and the 

scFv used to bind the tumor targets. In concept, a flexible linker would allow for 

higher plasticity in accessing the antigen, but the flexibility could also increase the 

likelihood of interaction between the two scFvs resulting in cross-pairing or 

misfolding. Alternatively, a rigid linker might promote scFv segregation, but could 

also impede access to the target epitope. 

Many of the original, and most extensively studied CARs were created with 

murine scFvs in the antigen-binding domains325. Researchers have now observed 

host cellular326 and humoral327 anti-CAR responses that can reduce persistence of 

engineered T cells. In extreme cases, host human anti-mouse antibodies directed at 

the CAR can trigger serious toxic reactions in the treatment recipient327. Thus, a 

completely humanized construct is desirable for optimal engineered T cell efficacy. 

In the set of experiments described in this chapter, we sought to build on the 

learnings from Chapter 3 to develop a fully humanized BCMA-TAC using BCMA-

specific scFvs selected from a phage display library expressing human F(ab) 

fragments. We compared 24 different scFv/linker combinations and narrowed down 

our selection to two leading candidates that are based on the VH and VL fragments 

from the scFv TRAC 3625. Subsequent in vivo studies revealed that the two leading 

candidates were equally efficacious, but one led to significantly lower levels of 

systemically produced cytokines than the other, suggesting lower risk of CRS 

toxicity. We chose the candidate with the lower in vivo cytokine levels as the final 

fully humanized BCMA-specific TAC receptor. 
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Results 

Our collaborators from the Centre for Commercialization of Antibodies and 

Biologics (CCAB) at the University of Toronto, screened a phage library of human 

antibody sequences and selected 6 novel BCMA-specific antibodies with nanomolar 

affinities (Table 2).  

Table 2. Affinity measurements of the BCMA-specific antibodies provided by the 

CCAB. 

Antibody KD (M) 

TRAC 3624 6.35 x 10-10 

TRAC 3625 4.97 x 10-10 

TRAC 3626 4.92 x 10-9 

TRAC 3627 1.56 x 10-9 

TRAC 3628 1.68 x 10-9 

TRAC 3630 2.14 x 10-9 

KD = the equilibrium dissociation constant between the antibody and BCMA 

The VL-VH or VH-VL orientation of fragments in the scFv can affect stability 

and target binding of the resultant scFv328, so we tested both orientations. To connect 

the variable fragments, we chose the Whitlow linker that has been specifically 

designed to reduce aggregation and increase proteolytic stability of scFvs259. To 

ensure that the linker between the BCMA-specific scFv and the CD3ε-specific scFv 

does not undermine TAC receptor functionality, we compared a flexible glycine-

serine-based linker (G4S) and a more rigid helical linker, both of which are 

commonly used in protein engineering322. Thus, for each pair of VH and VL, we 
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constructed 4 scFv variants by changing the orientation of the variable fragments 

relative to each other (VL-VH and VH-VL) and using either a G4S or a short helix 

linker between the BCMA-specific and the CD3ε-specific scFvs, leading to a total 

of 24 scFv + linker TAC variants (Table 3). 

Table 3. Configurations of the TAC variants used in the screen. 

Number in the Screen Fragment Pair Orientation Linker 

1 TRAC 3624 L-H G4S 

2 TRAC 3625 L-H G4S 

3 TRAC 3626 L-H G4S 

4 TRAC 3627 L-H G4S 

5 TRAC 3628 L-H G4S 

6 TRAC 3630 L-H G4S 

7 TRAC 3624 H-L G4S 

8 TRAC 3625 H-L G4S 

9 TRAC 3626 H-L G4S 

10 TRAC 3627 H-L G4S 

11 TRAC 3628 H-L G4S 

12 TRAC 3630 H-L G4S 

13 TRAC 3624 L-H Short Helix 

14 TRAC 3625 L-H Short Helix 

15 TRAC 3626 L-H Short Helix 

16 TRAC 3627 L-H Short Helix 

17 TRAC 3628 L-H Short Helix 

18 TRAC 3630 L-H Short Helix 

19 TRAC 3624 H-L Short Helix 

20 TRAC 3625 H-L Short Helix 

21 TRAC 3626 H-L Short Helix 

22 TRAC 3628 H-L Short Helix 

23 TRAC 3630 H-L Short Helix 

24 TRAC 3627 H-L Short Helix 

L = light chain; H = heavy chain 
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The screening candidates were expressed in primary human T cells in the 

original UCHT1-TAC framework and compared to the UCHT1-TAC carrying the 

C11D5.3 murine BCMA-specific scFv and the G4S linker in the extracellular portion 

(Figure 4.1A-C). Culture 24 failed to grow, so this scFv + linker variant was 

excluded from further assessment. All of the remaining 23 constructs transduced T 

cells (Figure 4.1B), but cultures 3, 9, 16, and 21 failed to express TAC on the surface 

of T cells or bind soluble BCMA and were eliminated from further screening. The 

remaining cultures were evaluated for their ability to upregulate CD69 in response 

to BCMA-positive KMS-11 tumor cells, as a surrogate for T cell activation329 

(Figure 4.1D). It is unclear why in this experiment, the C11D5.3-UCHT1-TAC 

showed little CD69 upregulation. Nevertheless, we observed a range of percentages 

of CD69-positive cells across the different screen candidates. The top four constructs 

(6, 8, 14, and 16) that showed the highest levels of activation based on CD69 

expression advanced to further studies in vitro and in vivo. Notably, the two 

constructs with the highest activation (constructs 8 and 14; Figure 4.1D) were based 

on the same pair of heavy and light fragments, number TRAC 3625, although created 

with different orientations of VH and VL and with different linkers (Table 3). 
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Figure 4.1. BCMA-TAC variants with novel humanized scFvs demonstrate 

diverse levels of expression and activation. (A) A schematic representation of the 

TAC receptor and the domains varied in the screen. (B) Transduction levels of 

different constructs. Cells were gated on live > singlets > CD4/CD8. (C) Median 

Fluorescence Intensity (MFI) of TAC receptors. Cells were gated on live > singlets 

> CD4/CD8 > NGFR+. (D) Activation of different TAC cultures in response to 

stimulation with BCMA-positive KMS-11 tumor cells. T cells were stimulated with 
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KMS-11 targets at a 4:1 effector:target ratio for 4 hours and assayed by flow 

cytometry. Cells were gated on live > singlets > CD4/CD8 > NGFR+ > CD69+. 

The work in this chapter was conducted in parallel with the work described 

in Chapter 3. When the scFv screen described in Figure 4.1 was completed, the 

huUCHT1-TAC framework became available. Since the end goal of this part of the 

project was to generate a fully human BCMA-TAC construct, the next step of 

comparing novel anti-BCMA scFvs was performed in the huUCHT1-TAC 

framework with C11D5.3- huUCHT1-TAC as a control. Phenotypically, T cells 

engineered with constructs 8-huUCHT1-TAC and 16-huUCHT1-TAC had stronger 

ability to bind BCMA, compared to T cells engineered with constructs 6-huUCHT1-

TAC and 14-huUCHT1-TAC (Figure 4.2A). The 6-huUCHT1-TAC-T cells had the 

lowest level of binding to BCMA among the candidates tested. Constructs with scFvs 

number 8 and 14, which in the UCHT1-TAC framework showed the highest CD69 

upregulation (Figure 4.1D), also produced more IFN-γ, TNF-α, and IL-2 upon 

activation, compared to constructs with scFvs number 6 and 16 (Figure 4.2B). The 

6-huUCHT1-TAC showed the lowest cytokine production and may have had some 

tonic signaling, based on the basal IFN-γ production in CD8 T cells (Figure 4.2B). 

Out of the four new constructs, the 14-huUCHT1-TAC had the highest percent of 

cytokine-producing T cells, which was comparable to results from the original 

C11D5.3-huUCHT1-TAC.  
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Figure 4.2. Candidates 8 and 14 outperform candidates 6 and 16 in vitro. (A) 

Representative plots of receptor surface expression tested by binding to BCMA-Fc. 

Cells were gated on live > singlets > CD4/CD8 > NGFR+. Numbers indicate 

Median Fluorescence Intensity. (B) T cells were stimulated with KMS-11 targets at 

a 4:1 effector:target ratio for 4 hours in the presence of monensin and brefeldin A, 

stained for intracellular cytokine expression, and assayed by flow cytometry. Cells 
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were gated on live > singlets > CD4/CD8. (C,D) T cells were incubated with firefly 

luciferase-expressing KMS-11 (C) or Raji (D) targets for 24 hours at indicated 

effector:target ratios. Luminescence was read with an open filter upon addition of 

0.15 mg/mL D-luciferin substrate and converted to % cytotoxicity. 

The 8- and 14-huUCHT1-TAC-T cells were as efficient at killing KMS-11 

and Raji tumor targets in vitro as the C11D5.3-G4S-huUCHT1-TAC-T cells (Figure 

4.2C,D). The 6-huUCHT1-TAC-T cells had reduced killing ability, which was 

consistent with their low levels of cytokine production. Although the 16-huUCHT1-

TAC-T cells produced more TNF-α than the 6-huUCHT1-TAC-T cells, they 

displayed weak cytotoxicity against KMS-11 and Raji tumors in vitro. 

Since in vitro functionality does not guarantee effective in vivo performance, 

we tested the new, fully humanized BCMA-TACs in an orthotopic xenograft model 

of MM (Figure 4.3). Here, 14-huUCHT1-TAC-T cells had the best efficacy, with all 

4 mice clearing tumors and entering long-lasting remissions. While 8- and C11D5.3-

huUCHT1-TAC-T cells initially reduced tumor burden, 50% of mice in each of these 

two groups ultimately relapsed. 6- and 16-huUCHT1-TAC-T cells failed to provide 

any tumor control in vivo, which was consistent with their inferior performance in 

vitro, relative to the other TAC-T cells.  
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Figure 4.3. Candidates based on the scFv TRAC 3625 outperform other 

candidates in vivo. NRG mice were injected i.v. with firefly luciferase-expressing 

KMS-11 cells and treated i.v. with two doses of 2 x 106 NGFR+TAC+ cryopreserved 

T cells on days 11 and 14 post-tumor injection.  Tumor signal was monitored by 

imaging mice after i.p. injection of D-luciferin, 150 mg/kg. Dorsal and ventral 

average (p/s/cm²/sr) signals were added for each mouse to calculate total tumor 

burden. 

Taken together, initial in vitro and in vivo screening results favoured 8- and 

14-huUCHT1-TACs, when compared with the other fully humanized TAC 

receptors. Both of these receptors were based on the VL and VH fragment pair number 

3625, which supports the utility of this F(ab) for our purposes. We next elected to 

perform additional experiments with all configurations of the 3625 F(ab), i.e.: VL-
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VH or VH-VL with a G4S linker or a short helical linker. At the same time, we had 

finished comparison of the huUCHT1-TAC and huUCHT1(YT)-TAC scaffolds (as 

described in Chapter 3) and chose to advance the huUCHT1(YT)-TAC scaffold due 

to its favorable surface expression and efficacy profile. Thus, our final comparisons 

of the 3625 scFv variants were conducted using the huUCHT1(YT)-TAC 

framework. 

We observed that the VL-VH scFv configuration translated into reduced 

binding to BCMA-Fc for the 2-huUCHT1(YT)-TAC and 14-huUCHT1(YT)-TAC 

(Figure 4.4A). The difference in BCMA-Fc binding had no impact on engineered T 

cell growth (Figure 4.4B) or cytotoxic abilities of the culture (Figure 4.4C,D). 
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Figure 4.4. Light and heavy chain order of fragments in the 3625 scFv 

influences TAC surface expression. (A) Median fluorescence intensity (MFI) of 

receptor surface expression on transduced cells. Cells were gated on live > singlets 

> CD4/CD8 > NGFR+. Statistical significance was determined using repeated 

measures ANOVA. (B) T cell fold expansion after NGFR-sorting, normalized to 

the expansion of the C11D5.3-TAC. (C,D) T cells were incubated with firefly 

luciferase-expressing KMS-11 (C) or MM.1S (D) targets for 8 hours at indicated 

effector:target ratios. Luminescence was read with an open filter upon addition of 

0.15 mg/mL D-luciferin substrate and converted to % cytotoxicity. 

The effect of the VL/VH chain orientation in the scFv was more pronounced 

in the cytokine production assay (Figure 4.5A,B). Constructs 2-huUCHT1(YT)-

TAC and 14-huUCHT1(YT)-TAC produced fewer cytokines in response to BCMA-

positive KMS-11 and MM.1S cells. In the cases where high donor-to-donor 

variability made the observations not statistically significant, the trend for the VL-
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VH scFv constructs producing fewer cytokines was still observed. These data are in 

line with our observations in Chapter 3, where cytokine production was more 

sensitive to receptor density than cytotoxicity, underscoring different activation 

thresholds for these effector functions. When KMS-11 cells were used for 

stimulation, there was a trend towards less proliferation of the T cells expressing the 

VL-VH oriented scFv, but the results were only significant in the case of CD4 T cells, 

where the 8-huUCHT1(YT)-TAC-T cells displayed greater proliferation than the 2-

huUCHT1(YT)-TAC-T cells (Figure 4.5C). When MM.1S cells were used for 

stimulation, T cells engineered with all of the TAC variants proliferated equally well 

(Figure 4.5D). 
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Figure 4.5. Order of heavy and light chain fragments in the 3625 scFv affects 

in vitro effector functions. (A,B) Cytokine expression. T cells were stimulated 

with KMS-11 (A) or MM.1S (B) targets at a 2:1 effector:target ratio for 4 hours in 

the presence of monensin and brefeldin A, stained for intracellular cytokine 

expression, and assayed by flow cytometry. Cells were gated on live > singlets > 

CD4/CD8. Data are representative of 4 different donors, each marked with a 

different symbol. (C,D) Proliferation analysis. T cells were labelled with CellTrace 

Violet dye, stimulated with KMS-11 (C) or MM.1S (D) tumor targets at an 

effector:target ratio 2:1 for 4 days and assayed by flow cytometry. Samples were 
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gated as singlets > live > CD138- > CD4/CD8 > NGFR+. Data are representative of 

3 donors. Statistical significance was determined with repeated measures ANOVA. 

The surface expression and cytokine production data suggested that the VH-

VL oriented scFvs might offer therapeutic advantage due to stronger activation of 

engineered T cells. Therefore, we performed in vivo testing of the engineered T 

cells using the KMS-11 xenograft model. Tumors were established and mice were 

treated with 3 x 106 or 1 x 106 TAC+ T cells. The 3 x 106 TAC+ T cells/mouse group 

showed that TAC-T cells carrying all four of the 3625 scFv variants were equally 

or more efficacious than the original C11D5.3-based TAC-T cells (Figure 4.6A). 

Data from the 1 x 106 TAC+ T cells/mouse dose group suggested that the G4S linker 

between the 3625 scFv and huUCHT1(YT) might have an advantage over the short 

helical linker, as the 2-huUCHT1(YT)-TAC and the 8-huUCHT1(YT)-TAC-T cells 

had the best performance (Figure 4.6B). Thus, the in vivo efficacy studies showed 

that the linker between the VH and VL fragments of the 3625 scFv had more 

influence on the therapeutic efficacy than the orientation of fragments, which had 

a more pronounced effect on the in vitro TAC-T cell functions. 
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Figure 4.6. huUCHT1(YT)-TAC-T cells carrying the 3625 scFv are effective 

against KMS-11 tumors in vivo. KMS-11 tumor-bearing NRG mice were treated 

with 3 x 106 (A) or 1 x 106 (B) of TAC+ cryopreserved T cells i.v. on day 12 post-

tumor injection. Survival data are shown. For clear visualization, data from each 

dose level are presented as 2 graphs with the cMyc-TAC and the C11D5.3-TAC 

data included in each graph for reference. Data are representative of 2 healthy 

donors, n = 10 mice per group. 

Since the 2-huUCHT1(YT)-TAC and the 8-huUCHT1(YT)-TAC-T cells 

had equivalent efficacy in vivo, but their in vitro cytokine production levels were 

markedly different, we wanted to perform additional in vivo tests to decide on which 

construct to move forward with. CRS is a potentially life-threatening toxicity 

associated with engineered T cell therapies, and a product producing more 

cytokines in vivo might carry a higher risk for causing CRS. The 8-huUCHT1(YT)-

TAC-T cells produced more cytokines in vitro than the 2-huUCHT1(YT)-TAC-T 
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cells, so we wondered whether the in vivo cytokine levels would follow a similar 

trend.  

Neither the 2- nor the 8-huUCHT1(YT)-TAC-T cell-treated mice exhibited 

overt signs of toxicity, but our model is not suitable for assessment of the clinical 

signs of CRS because the mice are immunodeficient and not all of the human 

cytokines are recognized by murine receptors. Thus, we focused on comparing the 

levels of serum cytokines between the two constructs. In addition to the data 

presented in Figure 4.7, our cytokine panel included IL-1β, IL-1Ra, IL-6, IL-8, IL-

12p40, IL-12p70, and MCP-1, but the values for these markers were below 

detection. Overall, the 8-huUCHT1(YT)-TAC-T cells produced significantly more 

cytokines in vivo, compared to the 2- huUCHT1(YT)-TAC-T cells (Figure 4.7). 

The IFN-γ, IL-2, IL-4, IL-5, and IL-10 production was rapidly induced early after 

the activation of 8-huUCHT1(YT)-TAC-T cells and quickly declined by day 7 post-

injection. The GM-CSF, IL-13, and TNF-α secretion was also rapidly triggered 

after activation, but the levels of these cytokines declined slower and were still 

significantly elevated at day 7 post-treatment. The 2-huUCHT1(YT)-TAC-T cells, 

in addition to secreting significantly lower levels of cytokines than the 8-

huUCHT1(YT)-TAC-T cells, had different kinetics for some of the cytokines 

tested. Particularly, the levels of IFN-γ, IL-4, and IL-5 did not substantially differ 

between days 3 and 7 in the 2-huUCHT1(YT)-TAC-T cell-treated mice, while the 

8-huUCHT1(YT)-TAC-T cell-treated mice had a noticeable expansion and 

contraction in the secretion of the same cytokines in the first week post-treatment. 
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Finally, we also detected an increase in IL-10 in the serum of non-treated mice by 

day 7 of analysis, but this cytokine was likely coming from growing KMS-11 

tumors which had been shown to secrete IL-10 in vitro330.   

 

Figure 4.7. The 8-huUCHT1(YT)-TAC-T cells produce more cytokines in vivo 

than the 2-huUCHT1(YT)-TAC-T cells. NRG mice bearing 12-day KMS-11 

tumors were treated with 106 TAC+ cryopreserved T cells i.v., n = 4 mice/group. 

Serums were harvested at indicated time points and analyzed in duplicates by Eve 

Technologies. Mean and SD are shown. Statistical significance was determined 

using 2-way ANOVA, followed by Tukey’s test.  
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Discussion 

In this set of experiments, we completed humanization of the BCMA-TAC 

receptor and identified the leading candidate, 2-huUCHT1(YT)-TAC, which 

included a BCMA-specific scFv TRAC 3625 in the VL-VH orientation and a flexible 

G4S linker between the BCMA-specific scFv and the UCHT1-specific scFv. This 

construct was more efficacious in vivo than the original C11D5.3-based construct 

and had a more favorable cytokine secretion profile, compared to the second-most 

efficacious construct, 8-huUCHT1(YT)-TAC. 

As noted earlier, TAC is designed with two scFvs, which could potentially 

influence each other due to fragment mispairing and aggregation331. As it is not 

possible to predict these interactions, empirical assessment of novel scFvs 

introduced in the TAC framework is necessary. By screening the 24 scFv + linker 

combinations directly in primary TAC-T cells, we ensured that functional 

deficiencies stemming from interaction between the two scFvs in the TAC would 

be accounted for. The screen, however, had several limitations. The first limitation 

was the absence of virus titration and, as a consequence, mismatched MOIs used 

for transducing different cultures in the screen. Because of that, transduction 

measured by the percent of NGFR-positive cells in culture, might be a consequence 

of different amounts of virus used. Curiously, higher transduction did not always 

correlate with higher TAC surface expression, with constructs 3, 9, 15, and 21 

demonstrating an extreme scenario where T cells were over 40% transduced, but 

TAC was completely undetected on the surface. Because we measured TAC surface 
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expression by staining with soluble BCMA, lack of TAC on the surface might 

represent lack of binding to the antigen. In either case, this would be an undesirable 

outcome for the new receptors. The second limitation of the screen was lack of 

adjustment for percent transduction or percent TAC surface expression when 

setting up the stimulations for the CD69 assessment. However, there was no 

apparent relationship between TAC surface expression and CD69 activation. For 

example, among the constructs 4, 5, and 14, which had nearly identical levels of 

TAC on the surface, only construct 14 triggered CD69 upregulation. Thus, it was 

reasonable to proceed with the constructs that triggered the highest CD69 

upregulation for further functional assessment. 

The idea that intrinsic stability of novel scFvs and potential interaction 

between the BCMA-specific scFv and downstream UCHT1 scFv might affect 

TAC-T cell functionality is further reinforced by our in vitro and in vivo studies. 

BCMA-TAC candidates 8 and 14 were designed with fragments from the scFv 

TRAC 3625, and construct 8 contained VH-VL scFv orientation and a G4S linker, 

while construct 14 contained VL-VH scFv orientation and a helical linker. Both 

constructs were assessed on two slightly different UCHT1 frameworks – huUCHT1 

and huUCHT1(YT). The data with the huUCHT1 framework are limited by the 

small sample number and use of different donors, compared to the huUCHT1(YT) 

studies. However, the surface expression trends were similar between the two 

scaffolds with candidate 8 showing higher BCMA-Fc binding. In the huUCHT1 

scaffold, construct 14 elicited more cytokine-producing cells upon in vitro 
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stimulation and induced remissions in vivo. Interestingly, this trend was reversed in 

the huUCHT1(YT) scaffold, where candidate 8 demonstrated improved in vitro 

activation and in vivo performance. These results suggest that the most optimal 

configuration of the 3625 scFv might differ depending on which huUCHT1 scaffold 

is used. 

Interestingly, the TRAC 3625 VL/VH fragment pair that ultimately emerged 

as the winning binder from the 6 candidate pairs, had the highest affinity for 

BCMA. In the CAR-T cell field, affinity of the antigen-binding scFv is often 

considered in the context of antigen density. In solid tumor models, target antigens 

are often expressed at lower levels on healthy tissues and at higher levels on the 

tumor. In these cases, reduction of the scFv affinity in the CAR antigen-binding 

domain has been used as a method of increasing CAR-T cell specificity for tumors 

and decreasing unwanted toxicity248, 332, 333. Since BCMA has a very limited 

expression pattern, having a high-affinity binder might help eliminate BCMA-low 

myeloma cells without the risk of damaging healthy tissues. 

As mentioned earlier, our surface staining for TAC receptor is done with 

BCMA antigen, so among the variants of the TRAC 3625 fragment pair, lower MFI 

for the light-heavy orientation, compared to heavy-light orientation, could reflect 

reduced surface expression or reduced target binding. Similarly, lower MFI for all 

of the TRAC 3625 variants, compared to C11D5.3, also cannot be attributed to 

surface expression alone in the current experimental setting. All TAC constructs 

used in this set of experiments have a c-Myc tag in the extracellular domain. 
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However, the c-Myc tag is not accessible in the C11D5.3-based receptors. If the 

difference in MFI among the TRAC 3625 variants is due to differences in surface 

expression and not affinity, then the data are in line with our conclusions from 

Chapter 3, where TAC afforded high functionality across a range of receptor levels. 

The observation that constructs 2-huUCHT1(YT)-TAC and 8-

huUCHT1(YT)-TAC had equivalent in vivo efficacy in the KMS-11 model despite 

markedly different in vitro performance prompted further investigations into in vivo 

cytokine secretion profile of each product. Clinical experience with CAR-T cells 

shows that IFN-γ released by activated T cells triggers IL-6 production by 

macrophages, which can escalate to systemic CRS in patients334. As a consequence, 

a monoclonal antibody against IL-6 receptor, tocilizumab, is widely used for CRS 

management in the clinics335. Inhibition of TNF-α in a small number of CAR-T 

cell-treated myeloma patients has also been used to resolve CRS336. Preclinical 

research shows that neutralization of GM-CSF alleviates CRS and 

neuroinflammation in a CD19 CAR-T cell murine xenograft model337. IFN-γ, GM-

CSF, TNF-α, and other cytokines were elevated significantly more in the 8-

huUCHT1(YT)-TAC-T cell-treated mice, compared to the 2-huUCHT1(YT)-TAC-

T cell-treated mice, suggesting that the 8-huUCHT1(YT)-TAC product might be 

more toxic when taken into the clinics. Since the in vivo efficacy was the same 

between these two types of T cells, we moved forward with the 2-huUCHT1(YT)-

TAC candidate as a potentially safer option. 
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The experiments described in this chapter characterized generation of fully 

humanized BCMA-specific TAC-T cells with the goal of subsequently taking the 

top-performing candidate, 2-huUCHT1(YT)-TAC, into clinical testing. However, 

the value of characterizing novel BCMA-specific scFvs based on the TRAC 3625 

antibody extends beyond applications in the TAC-T cell therapy. These new 

domains could be further applied in the CAR, BiTE, ADC, or monoclonal antibody 

therapeutic settings or investigated as diagnostic agents for BCMA detection. 
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Chapter 5 

 

Non-toxic cross-reactivity of the antigen-binding domain supports in vivo 

function of TAC-T cells 
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Introduction 

Prior to gaining access to a set of human BCMA-specific antibody 

fragments discussed in Chapter 4, we compared two murine BCMA-specific scFvs 

based on the antibodies C11D5.3338 and J22.9-xi339 in the TAC framework.  

The C11D5.3 scFv has been included in three BCMA-specific, second-

generation CAR-T cell products that have been evaluated in clinical trials217-219. 

These products have been reviewed in Chapter 1, section 3.3. The biggest of the 

three studies showed evidence of anti-drug antibodies. The likelihood of developing 

these antibodies increased over time post-treatment, but the researchers found no 

relationship between the quality or duration of response and the presence of anti-

drug antibodies218. At the preclinical level, the C11D5.3 scFv has also been tested 

in a bi-specific CAR construct that included a CD19-specific scFv, FMC63340. 

Although the authors did not specify whether their CAR was able to bind both 

antigens simultaneously, the bispecific CAR-T cells showed some in vivo efficacy 

against tumor cells expressing either BCMA or CD19340. 

No clinical data with the J22.9-xi scFv in T cell-based therapies have been 

reported yet, but several preclinical studies with the variants of this scFv 

incorporated in the CAR constructs have been published. A humanized version of 

the J22.9-xi scFv with altered post-translational modification sites, J22.9-FSY341, 

has been tested in the CD28ζ CAR framework342. The researchers observed 

transient in vivo responses in the MM.1S xenograft model with outgrowing tumors 
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expressing unaltered BCMA levels, suggesting loss of efficacy of the T cell product 

over time342. Another group evaluated the original murine J22.9-xi scFv (referred 

to as J22.9 in the paper) and their proprietary humanized variant of this scFv in the 

4-1BBζ CAR framework343. Despite higher in vivo T-cell numbers and IFN-γ levels 

in serum, CAR-T cells carrying the murine J22.9 scFv showed worse survival, 

which was attributed to higher graft-versus-host toxicity343. The authors did not 

elaborate on the specifics of this toxicity, but suggested that the CAR-T cells with 

the murine J22.9 scFv proliferated faster and were less likely to persist in the face 

of repeated stimulation with tumor cells, compared to the CAR-T cells with the 

humanized J22.9 scFv343.  

The C11D5.3 and the J22.9-xi scFvs and their humanized variants have also 

been compared in the context of a bi-specific 4-1BBζ CAR targeting BCMA and 

SLAMF7344. Based on the inferior in vitro cytotoxicity and proliferation studies, 

the authors discontinued using the J22.9-xi-containing CAR variants. The authors 

selected a CAR designed with a humanized anti-SLAMF7 scFv followed by the 

murine C11D5.3 scFv as the top in vivo performer based on its control of the 

MM.1S tumors engineered to express BCMA, SLAMF7, or both antigens 

simultaneously344. 

In this chapter, we present our experience with comparing TAC-T cells 

engineered with the C11D5.3 or the J22.9-xi scFvs in the antigen-binding domain. 

In the in vivo efficacy studies, the J22.9-xi TAC-T cells outperformed the C11D5.3 

TAC-T cells. In vivo T-cell imaging and histology studies revealed that the J22.9-
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xi TAC-T cells proliferated better than the C11D5.3 TAC-T cells. In vivo 

proliferation of J22-TAC-T cells was driven by cross-reactivity to an unknown 

antigen in mice, but did not lead to any noticeable signs of toxicity. 
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Results 

Based on the TAC scaffold optimization described in Chapter 3, we chose 

the huUCHT1(YT) backbone for comparing the C11D5.3 and the J22.9-xi scFvs in 

the antigen-binding domain. For simplicity of reference, the C11D5.3-based TAC 

is labelled as the C11-TAC and the J22.9-xi-TAC is labelled as the J22-TAC in this 

chapter. Using the CD8α signal sequence (evaluated in Chapter 3) for both 

constructs, we observed equivalent surface expression of both TACs in CD4 T cells, 

with the J22-TAC demonstrating higher expression in CD8 T cells, compared to 

the C11-TAC (Figure 5.1A). To account for donor-to-donor differences in T cell 

growth, expansion data were normalized to the expansion of the control cMyc-TAC 

culture. Prior to the sort based on the transduction marker NGFR, both cultures 

expanded similarly (Figure 5.1B). Following the sort, the J22-TAC-T cells 

expanded more than the C11-TAC-T cells (Figure 5.1B). This expansion was not 

related to differences in the CD4 and CD8 frequencies because the CD4/CD8 ratios 

were the same across different TAC constructs. 
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Figure 5.1. J22-TAC-T cells show several improved in vitro characteristics, 

compared to C11-TAC-T cells. (A) Median fluorescence intensity (MFI) of 

receptor surface expression on transduced cells. Cells were gated on live > singlets 

> CD4/CD8 > NGFR+. (B) T cell fold expansion before and after NGFR-sorting, 

normalized to the expansion of the cMyc-TAC. (C) CD4/CD8 ratios at the end of 

the manufacturing period. (D,E) Cytokine expression. T cells were stimulated with 

KMS-11 (D) targets at a 2:1 effector:target ratio or not stimulated (E) for 4 hours 

in the presence of monensin and brefeldin A, stained for intracellular cytokine 

expression, and assayed by flow cytometry. Cells were gated on live > singlets > 

CD4/CD8. Statistical significance was determined using paired t-test (A,B) or 

repeated measures ANOVA, followed by Tukey’s test (C-E). Lines show mean and 

SD and each donor is marked by a different symbol (D,E). Data are representative 

of 6 (A-C) or 3 (D,E) different donors. 

To determine whether the C11D5.3 or the J22.9-xi scFv rendered TAC-T 

cells more functional, we compared cytokine production, cytotoxicity, and 
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proliferation responses. Although there were no differences in IFN-γ and IL-2 

production upon stimulation, activated J22-TAC-T cells produced more TNF-α, 

compared to C11-TAC-T cells (Figure 5.1D), with neither culture showing 

evidence of baseline activation (Figure 5.1E).  

 

Figure 5.2. C11- and J22-TAC-T cells are equally efficacious at killing tumor 

targets and proliferating in vitro. (A) T cells were incubated with firefly 

luciferase-expressing BCMA-positive KMS-11 and MM.1S targets or BCMA-

negative Jurkat targets for 8 hours at indicated effector:target ratios. Luminescence 

was read with an open filter upon addition of 0.15 mg/mL D-luciferin substrate and 

converted to % cytotoxicity. (B) Proliferation analysis. T cells were labelled with 

CellTrace Violet dye, stimulated with polystyrene protein G beads coated with 

indicated concentrations of BCMA-Fc at an effector:target ratio 1:1 or KMS-11 

tumor targets at an effector:target ratio 2:1 for 4 days and assayed by flow 

cytometry. Samples were gated as singlets > live > CD138- > CD4/CD8 > NGFR+. 

Data are representative of 3 donors. Statistical significance was determined with 
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ANOVA for non-stimulated and KMS-11-stimulated samples and a t-test for the 

remaining samples. 

This functional difference observed in a 4-hour cytokine production assay, 

did not carry forward in longer-term assessments of cytotoxicity and proliferation 

(Figure 5.2), where the C11- and the J22-TAC-T cells proliferated and killed tumor 

targets equally well. Although there was a trend for higher proliferation of the J22-

TAC-T cells in some of the bead-stimulated samples (Figure 5.2B), it was not 

statistically significant. 

Besides TNF-α production upon stimulation, there were no in vitro 

functional differences between the C11- and the J22-TAC-T cells, so we asked 

whether their efficacy in vivo would also be similar. At a higher T-cell dose of 2 x 

106 TAC-positive T cells per mouse, both types of T cells were able to induce 

lasting anti-tumor responses (Figure 5.3A, left panel). However, when the T cell 

dose was titrated down to 0.5 x 106 TAC-positive T cells per mouse, there was a 

trend for better tumor control with the J22-TAC-T cells, compared to the C11-TAC-

T cells (Figure 5.3A, right panel). To determine, which T cell product retained its 

efficacy longer, we rechallenged surviving, tumor-free mice from the 2 x 106 TAC-

positive T cell dose group with a new injection of tumor cells (Figure 5.3B). 

Although the sample sizes were small, mice that had received the J22-TAC-T cell 

treatment were more resistant to the new KMS-11 tumor, compared to mice that 

had received the C11-TAC-T cell treatment. 
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Figure 5.3. J22-TAC-T cells outperform C11-TAC-T cells in vivo. (A) KMS-11 

tumor-bearing NRG mice were treated with 2 x 106 or 0.5 x 106 of TAC+ 

cryopreserved T cells i.v. on day 12 post-tumor injection. Survival data are shown. 

Statistical significance was determined using log-rank (Mantel-Cox) test. Data are 

representative of 2 healthy donors, n = 9-10 mice per group. (B) Surviving, tumor-

free mice from the 2 x 106 TAC+ T cells/mouse group were rechallenged with 106 

luciferase-expressing KMS-11 tumor cells i.v. on days 51 (left panel) and 43 (right 

panel) post-treatment, n = 3-5 mice per group. Tumor burden was tracked via 

bioluminescence imaging after i.p. D-luciferin injection. 

The in vivo efficacy studies suggested that the J22-TAC-T cell product was 

more potent. In the CAR-T cell field, in vivo proliferation and persistence of T cells 

have been linked to better therapeutic outcomes242, 345-347. Thus, we designed 

imaging and histology studies to assess the in vivo kinetics of our engineered TAC-

T cell products. At the time of the imaging-based T cell tracking experiments, the 

C11-TAC construct with the CD8α signal sequence was not yet available, so we 
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used the C11-TAC construct with the IgK signal sequence, which has lower surface 

expression. Since our subsequent comparison of these two C11-TACs (described 

in Chapter 3) showed no difference in in vivo efficacy, we deemed this substitution 

acceptable. The C11-TAC construct with the CD8α signal sequence was available 

at the time of histological assessment of in vivo T cell proliferation, so that 

comparison of the C11- and the J22-TAC-T cells was performed using TAC 

constructs with similar surface expression levels. 

To track T cells and tumor cells in the same mice, we optimized a dual 

imaging system, using the enhanced firefly luciferase (effLuc)256 for labelling T 

cells and a conjugate of the NanoLuc luciferase to the enhanced green fluorescent 

protein (eGFP), GpNluc257, for labelling tumor cells. Due to different substrates 

used by these two luciferases, the luminescence signals were distinctly tumor- or T 

cell-specific. The C11-TAC-T cells demonstrated the same kinetics as the control 

cMyc-TAC-T cells and did not show proliferation in vivo (black and grey lines; 

Figure 5.4A). On the contrary, the J22-TAC-T cells rapidly expanded post-infusion, 

although this expansion was independent of the presence of the tumor (dark and 

light blue lines; Figure 5.4A). Despite differences in T cell expansion, both types 

of TAC-T cells produced equivalent survival outcomes (Figure 5.4B).  
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Figure 5.4. In vivo kinetics of the C11- and the J22-TAC-T cells. (A) KMS-11 

tumor-bearing or tumor-free NRG mice were treated with 4 x 106 of TAC+ 

cryopreserved T cells i.v. on day 12 post-tumor injection. T cell load was tracked 

via bioluminescence imaging after i.p. D-luciferin injection. (B) Survival data for 

mice in A. (C) Tumor-free NRG mice received 4 x 106 of TAC+ cryopreserved T 

cells i.v. and were monitored as in A. The T cell curves for donor L5 are identical 

between A and B and are included in both images for comparison. (D) Mice were 

treated and T cell load was monitored as in A. Tumor burden was tracked via 
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bioluminescent imaging after i.v. injection of furimazine. Ventral images are 

shown. 

Experiments with two additional donors in tumor-free mice confirmed that 

the J22-TAC-T cells were likely cross-reacting with a murine antigen in vivo 

(Figure 5.4C). A limitation of the multi-donor T cell tracking experiment was lack 

of control T cells for each donor, and future experiments will include the proper 

controls. A closer look at the T cell distribution (Figure 5.4D) suggested that the 

early J22-TAC-T cell expansion was concentrated in the middle section of the 

mouse in tumor-bearing and tumor-free mice and was not aligned with the pre-

treatment location of the tumor. Baseline tumor signal localized to the femurs and, 

in some cases, to the sternum. While some T cell signal in the first week post-

infusion was found in the femurs, there was a lot of signal in the lung/liver area and 

some signal in the neck area. Even in the mice that had baseline tumor signal in the 

sternum, the T cell expansion area was substantially larger than the sternum and 

covered a big section in the middle of the body. 

We wanted to follow the imaging assessment of in vivo T cell distribution 

with a histological analysis. As a pilot study for testing the histological stains, we 

ran a small-scale experiment with a limited number of tissues. We chose to look at 

femur because this was the site where tumor cells localized based on the imaging 

data. We also looked at spleen as an organ through which T cells circulating in 

blood would pass and liver as an organ localized in the middle of the mouse and 

potentially the sight that showed high T cell signal in the imaging experiments. The 

tissues were stained for the expression of human CD3 to identify T cells and Ki67 
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to identify proliferating cells. The software used for signal quantification was 

unable to identify some actively proliferating T cells due to a dim CD3 signal. For 

this reason, the percentage of CD3-Ki67+ cells detected in the mice that did not 

receive tumor or T cells (included as controls for each tissue and each time point) 

was treated as the true frequency of CD3-Ki67+ cells and subtracted from the CD3-

Ki67+ data for the groups that received T cells. The remaining values were treated 

as the CD3+Ki67+ cells that had been missed due to software limitations.  

Histological analysis confirmed imaging data and established clear in vivo 

proliferative superiority of the J22-TAC-T cells over the C11-TAC-T cells (Figure 

5.5). In spleens and bone marrow, J22-TAC-T cell infiltration peaked around day 3 

and started subsiding by day 7 (Figure 5.5A). In the spleen, the T cells were mostly 

found in the perivascular areas, whereas in the bone marrow, they were scattered 

(noted by the blinded pathologist; Figure 5.5C). In contrast, we observed continued 

expansion of the J22-TAC-T cells in the liver at day 7. The C11- and the cMyc-

TAC-T cells were rarely found in the liver (Figure 5.5A,C) and were likely just 

passing through this tissue. The J22-TAC-T cells presented as small perivascular 

aggregates in some portal tracts in the liver and were more prevalent in the samples 

collected at a later time point (noted by the blinded pathologist; Figure 5.5A,C). 
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Figure 5.5. J22-TAC-T cells demonstrate robust in vivo proliferation. KMS-11 

tumor-bearing NRG mice were treated with 4 x 106 of TAC+ cryopreserved T cells 

i.v. on day 12 post-tumor injection, n = 3 mice per group. Spleens, livers, and 

femurs were harvested on days 1, 3, and 7 post-treatment. Tissues were fixed, 

femurs were decalcified, and tissue sections were stained with antibodies targeting 

human CD3 and Ki67. Images were scanned with the Aperio system at a 40x 

magnification. (A, B) CD3+ and Ki67+ cells were counted using HALO software 

v3.2.1851.299 after drawing annotations around each tissue piece and excluding 

regions of folded tissue. Multiplex IHC v2.1.1 module was used to develop a 

cellular detection algorithm for each tissue, which was then used across all slides 

to reduce inter-slide variability. Quantification data of T cell infiltration (A) and T 
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cell proliferation (B) were analyzed using Prism v.8. Mean and SD are shown. 

Statistical significance was determined with 2-way ANOVA, followed by Tukey’s 

test. (C) Representative images of the T-cell infiltrate of tissues harvested on day 3 

post-treatment. Stains show nuclei (blue), human CD3 (brown), and Ki67 

(magenta). 

Although the total number of C11-TAC-T cells in the collected tissues did 

not increase over the time of the experiment (Figure 5.4A), the proliferating fraction 

of T cells grew by 67% in the spleen and by 140% in the bone marrow between 

days 1 and 3 post-treatment (Figure 5.4B) and then contracted by day 7. Control 

cMyc-TAC-T cells had a similar increase in proliferation in the spleen between 

days 1 and 3, but retained fairly constant levels of proliferation in the bone marrow 

(Figure 5.4B). These observations suggest that the response of the C11-TAC-T cells 

in the bone marrow was likely driven by the antigen, but any cell gains from 

proliferation were probably offset by the activation-induced cell death. The J22-

TAC-T cells were significantly more proliferative than the C11- and the cMyc-

TAC-T cells (Figure 5.5B), starting from the first measurement time point. The 

average proportions of proliferating J22-TAC-T cells were higher in the bone 

marrow, compared to spleen and liver. Moreover, the J22-TAC-T cells remained 

highly proliferative at the last time point measured. 

Considering the sizeable in vivo proliferative response of the J22-TAC-T 

cells, we were surprised by the visible absence of toxicity signs, based on the overall 

appearance and behavior of mice. We also evaluated weight and core body 

temperature of the J22-TAC-treated mice and observed no difference, when 

compared to control mock-treated mice (Figure 5.6). 
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Figure 5.6. J22-TAC-T cell-treated mice do not show signs of toxicity. KMS-11 

tumor-bearing NRG mice were treated with 4 x 106 of TAC+ cryopreserved T cells 

i.v. on day 12 post-tumor injection, n = 5 mice per group. Weights (A) and core 

body temperatures (B) were monitored and compared to baseline readings before 

treatment.  
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Discussion 

In Chapters 3 and 4, we described the process of optimizing fully human 

BCMA-specific TAC constructs that would form the basis for downstream clinical 

studies. The murine scFvs used in this chapter, are less attractive for clinical 

therapeutic applications due to the potential of human anti-mouse responses. These 

scFvs, however, provide an interesting system for studying broader questions of the 

impacts of the antigen-binding domains on engineered T cell function beyond the 

intended target antigen recognition. 

At the manufacturing level, both the C11- and the J22-TAC constructs were 

expressed well on the T cell surface, although the J22-based receptors displayed 

slightly better expression on CD8 T cells. Interestingly, the J22-TAC-T cell cultures 

expanded better than the C11-TAC-T cell cultures. Tonic receptor activation or 

CD4/CD8 distribution could not explain this differential expansion because there 

was no difference in baseline cytokine production, proliferation, or CD4/CD8 ratios 

between the C11- and the J22-TAC-T cell cultures. Differences in TCR signaling 

are known to impact the effector and memory pathways348. It is possible that the 

interactions of the J22-TAC with TCR affect the overall effector and memory cell 

distribution in the growing culture, promoting a higher proportion of effector cells. 

A more effector-like phenotype of the J22-TAC-T cells would explain higher 

proportion of cells secreting TNF-α upon stimulation. The starting point for testing 

this hypothesis would be to assess the effector/memory state of the J22- and the 

C11-TAC-T cell cultures at the end of the manufacturing period. 
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Even if the J22-TAC-T cell culture had a higher fraction of effector cells, it 

still did not proliferate in vitro in the absence of stimulation, similarly to the C11-

TAC-T cell culture. Thus, the robust in vivo proliferative response of the J22-TAC-

T cells in the absence of tumor would still require a stimulus. It is notable that the 

group evaluating 4-1BBζ CAR-T cells carrying the same murine J22.9-based scFv 

also observed “faster” in vivo expansion, compared to the analogous CAR-T cells 

with a humanized J22.9 scFv, but they did not investigate why it was faster343.  

Another group testing CD28ζ CAR-T cells carrying the J22.9-FSY scFv 

quantified T cell load in blood and bone marrow by flow cytometry on days 6 and 

13 post-infusion342. In these experiments, the J22.9-FSY-CAR-T cell load in blood 

increased from day 6 to 13 and was substantially higher than the control CAR-T 

cell load in blood on day 13.  The bone marrow J22.9-FSY-CAR-T cell numbers 

decreased from day 6 to 13 and did not differ from the numbers of control CAR-T 

cells measured in bone marrow at either of the time points. Although there was no 

proliferation-specific stain in their panel, the authors interpreted the increase in the 

J22.9-FSY-CAR-T cell numbers in blood as evidence of antigen-driven expansion. 

The experiments were performed in the MM.1S xenograft model and the authors 

detected CD138+ MM.1S cells in the bone marrow by flow cytometry. The 

observation that the J22.9-FSY-CAR-T cells expanded in blood, but not the bone 

marrow, suggests that maybe the expansion was independent from the tumor. 

Additional studies with tumor-free mice with proliferation-specific markers would 

need to be done to clarify this. Hematoxylin and eosin stains of lung, liver, and 
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colon 6 days post-treatment did not show any suspicious infiltrates and serum 

chemistry analysis on days 1 and 3 did not indicate evidence of organ damage. 

Overall, the observations in the J22.9-FSY-CAR-T cell paper342 do not contradict 

our experience. If the J22.9-FSY-CAR-T cell expansion is proven to be tumor-

independent, the observations of non-specific, J22.9 scFv-driven T cell expansion 

in the absence of overt toxicity would directly align with our results.  

In our experience, the cross-reactivity of the J22.9-xi scFv to an unknown 

murine antigen seems to support in vivo expansion and potentially persistence of 

the functional J22-TAC-T cells. A higher number of the J22-TAC-T cells in the 

system, compared to the C11-TAC-T cells, would explain why the J22-TAC-T cell-

treated mice demonstrated stronger anti-tumor responses. The observation that the 

C11-TAC-T cells were still efficacious seemingly in the absence of in vivo 

expansion suggests that the treatment dose was high enough to be effective against 

the initial tumor. The idea that receptor cross-reactivity in the absence of toxicity 

might prolong anti-tumor efficacy is attractive because the field of T cell 

engineering is very limited by the ability to find tumor-specific targets. Of course, 

the nature of this cross-reactivity needs to be carefully examined for each receptor 

with such potential to evaluate if the accompanying toxicities are truly absent and 

if not, then to what extent. 

Finally, our previous experience with a cross-reactive antigen-binding 

domain in a different tumor model indicates that TAC-T cells are less likely to be 

toxic than second-generation CAR-T cells255. These observations warrant further 
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studies into whether the J22.9-xi domain could be more toxic when used on a 

different receptor scaffold, which is investigated in Chapter 6. 
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Chapter 6 

 

Evaluation of the effects of a cross-reactive antigen-binding domain on the 

efficacy of second-generation CAR-T cells 
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Introduction 

As discussed in Chapter 1, section 3.3.4, most CAR-T cells constructs tested 

in the clinics are second-generation designs with a CD28 or a 4-1BB co-stimulatory 

domain in the intracellular part of the receptor214. Although both of these domains 

serve the purpose of co-stimulation, the functional differences observed between 

the CD28ζ and the 4-1BBζ CAR-engineered T cells have inspired investigations 

into the underlying mechanisms of these differences. 

In preclinical studies, the CD28ζ CAR-T cells mount a faster in vivo 

response and lead to better anti-tumor efficacy at limiting doses, when compared to 

the 4-1BBζ CAR-T cells349. The CD28ζ CAR-T cells have also been characterized 

as less persistent in vivo than the 4-1BBζ CAR-T cells350. The reduced persistence 

has been linked to a more differentiated effector memory phenotype and glycolytic 

metabolic profile of the CD28ζ CAR-T cells, compared to the central memory 

phenotype, oxidative metabolism, and mitochondrial biogenesis attributed to the 4-

1BBζ CAR-T cells350. The CD28 co-stimulatory domain has also been implicated 

in exacerbation of exhaustion due to tonic CAR signaling, compared to the 4-1BB 

co-stimulatory domain238. Ramello and colleagues provided immunoproteomic 

evidence for this tonic signaling and showed baseline phosphorylation of the ζ 

domain of the CAR and association of the CAR construct with a separate, 

phosphorylated ζ chain351. 
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Gene expression analysis reveals that antigen stimulation leads to stronger 

upregulation of effector genes in the CD28ζ CAR-T cells, while the 4-1BBζ CAR-

T cells are more likely to upregulate genes involved in T cell quiescence and 

memory352. The CD28ζ CAR-T cells also have lower baseline levels of anti-

apoptotic proteins Bcl-1 and Bcl-XL, and this difference in the pro-survival program 

between the CD28ζ CAR-T cells and the 4-1BBζ CAR-T cells further intensifies 

post-stimulation352.  

Phosphoproteomic studies353 echo the observations of a more rapid response 

by the CD28ζ CAR-T cells that was detected in the in vivo analysis mentioned 

above. Salter and colleagues argue that the more effector-like phenotype of the 

CD28ζ CAR-T cells is driven by the faster and stronger phosphorylation of the 

same signaling intermediates that the 4-1BBζ CAR construct activates (e.g. ZAP-

70, CD28, PLC-γ, SLP-76, LSP-1, TRAF-2, and Bcl-10)353. In this set of 

experiments, faster activation of the CD28ζ CAR-T cells was associated with more 

cells producing IFN-γ, TNF-α, and IL-2 in vitro, and inferior in vivo performance, 

compared to the 4-1BBζ CAR-T cells. 

Results of the clinical studies where each receptor was tested individually 

align with the preclinical observations of a faster response by the CD28ζ CAR-T 

cells. The CD28ζ CAR-T cells reach peak in vivo proliferation earlier than the 4-

1BBζ CAR-T cells, but do not persist for as long as the 4-1BBζ CAR-T cells210, 211, 

354, 355. A small-scale study in which the patients were infused with a 1:1 mixture of 

the CD28ζ and the 4-1BBζ CAR-T cells showed peak expansion of the CD28ζ 
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CAR-T cells on day 9 and peak expansion of the 4-1BBζ CAR-T cells on day 13 

post-infusion356. Another study aimed at comparing the CD28ζ and the 4-1BBζ 

CAR-T cells showed higher levels of treatment-induced toxicities in the CD28ζ 

CAR-T cell-treated group, although the number of patients in each treatment group 

was very low357. 

Our group has previously described a xenograft model of off-target CAR-T 

cell-mediated toxicity260. Our observations of the J22.9-xi scFv recognizing an 

unknown antigen in the NRG mice (described in Chapter 5) suggested that we might 

have found another model to study the cross-reactivity of engineered T cells. 

Considering that the second-generation CAR-T cells are actively used and 

investigated in the clinics, we decided to characterize the functionality of the J22.9-

xi CD28ζ and 4-1BBζ CAR-T cells in vitro and in vivo. We found that despite 

phenotypic evidence of exhaustion, the CD28ζ CAR-T cells were equally or more 

efficacious than the equivalent 4-1BBζ CAR-T cells in vitro and in vivo. Exhaustion 

did not impair in vivo proliferation or persistence of the CD28ζ CAR-T cells. The 

CD28ζ CAR-T cells also proliferated as well in tumor-free mice as they did in 

tumor-bearing mice. Interestingly, the 4-1BBζ CAR-T cells did not show 

proliferation in tumor-free or tumor-bearing mice beyond what we would expect 

from a xenoreactive response, although they still led to tumor-clearance and 

resistance to rechallenge.  
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Results 

Our earlier experience with CAR- and TAC-T cells carrying a cross-reactive 

antigen-binding domain indicates that CAR-T cells are more likely to be toxic in 

murine models255. Considering the cross-reactivity of the J22.9-xi scFv in our 

xenograft model, we reasoned that by incorporating it into CAR constructs that lack 

the sophisticated autoregulation systems of the TCR, we might push the T cell 

response to become toxic and provide an additional model for understanding 

toxicities related to cross-reactive antigen binding domains.  

We created CD28ζ and the 4-1BBζ CAR constructs with the J22.9-xi scFv 

in the antigen-binding domain. The CD28ζ CARs were expressed at significantly 

higher levels in the CD4 T cells and a similar trend was observed in the CD8 T cells 

(Figure 6.1A). Expansion kinetics varied from donor to donor, and although it 

seemed that the CD28ζ CAR-T cells were more proliferative earlier in the culture 

period and the 4-1BBζ CAR-T cells were more proliferative later, the differences 

were not statistically significant (Figure 6.1B). There was also a trend for the 

skewing of the CD4/CD8 ratio towards a higher proportion of CD4 T cells in the 

CD28ζ CAR-T cell culture, but this trend was not significant (Figure 6.1C).  
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Figure 6.1. J22-CD28ζ CAR-T cells are more exhausted at baseline than J22-

4-1BBζ CAR-T cells. (A) Median fluorescence intensity (MFI) of receptor surface 

expression on transduced cells. Cells were gated on live > singlets > CD4/CD8 > 

NGFR+. (B) T cell fold expansion before and after NGFR-sorting, normalized to 

the expansion of the NGFR control-transduced cells. (C) CD4/CD8 ratios at the end 

of the manufacturing period. Statistical significance was determined with a paired 

t-test (A,B) or repeated measures ANOVA followed by Tukey’s test (C). (D) T cell 

cultures were stained for PD-1, LAG-3, and TIM-3 surface expression at the end of 

the 14-day culture period. Plots were gated on live > singlets > CD4/CD8 > NGFR+. 

Representative images from one donor are shown using a multiparametric SPICE 

analysis. Data are representative of 3 different donors. 

As noted earlier, the expression of checkpoint receptors due to tonic 

signaling by CARs has been linked to poor performance in vivo. Thus, we assessed 

expression of checkpoint receptors at the end of the manufacturing period in our 

CAR-T cell cultures (Figure 6.1D). Both types of CAR-T cells were phenotypically 

more exhausted, compared to control transduced T cells (NGFR). The CD28ζ CAR-
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T cells were substantially more exhausted than the 4-1BBζ CAR-T cells with more 

than half of all CD4 and almost half of all CD8 T cells expressing at least 1 

checkpoint receptor. TIM-3 was the most commonly upregulated checkpoint 

receptor in CD4 and CD8 T cells in both types of CAR-T cells. PD-1 was more 

commonly elevated on CD4 T cells, whereas LAG-3 was more commonly elevated 

on CD8 T cells. Moreover, the CD4 T cells in the CD28ζ CAR-T culture had a 

higher proportion of cells expressing all 3 checkpoint receptors and a noticeable 

PD-1+TIM-3+ population that was substantially larger that the equivalent 

population in the 4-1BBζ CAR-T culture. 

Based on the studies described in literature, the more exhausted phenotype 

of the CD28ζ CAR-T cells would predict inferior functionality, compared to the 4-

1BBζ CAR-T cells238. However, this was not the case in our experiments. In vitro 

stimulation with KMS-11 and MM.1S tumor targets revealed very similar ability 

of the two types of CAR-T cells to produce IFN-γ, TNF-α, and IL-2 (Figure 

6.2A,B). The elevated checkpoint receptors on the CD28ζ CAR-T cells suggested 

underlying tonic signaling298, so we expected to see background activation in this 

culture. There was some baseline cytokine production in the CD28ζ and the 4-1BBζ 

CAR-T cell cultures, which was similar between the two types of CAR-T cells 

(Figure 6.2C).  
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Figure 6.2. J22-CD28ζ and J22-4-1BBζ CAR-T cells have equivalent cytokine 

production abilities. T cells were stimulated with KMS-11 (A) or MM.1S (B) 

targets at a 2:1 effector:target ratio or not stimulated (C) for 4 hours in the presence 

of monensin and brefeldin A, stained for intracellular cytokine expression, and 

assayed by flow cytometry. Cells were gated on live > singlets > CD4/CD8. (C) 
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Representative plots of the non-stimulated samples. Statistical significance was 

determined using repeated measures ANOVA, followed by Tukey’s test. Data are 

representative of 3 different donors with each donor marked by a different symbol. 

The CD28ζ CAR-T cells were significantly more cytotoxic towards BCMA-

positive tumor cells (Figure 6.3, left and middle panels). Cytotoxicity was in 

response to BCMA expression on myeloma cells (KMS-11 and MM.1S), and no 

differences in baseline cytotoxicity were observed against BCMA-negative Jurkat 

cells (Figure 6.3, right panel). In the proliferation analysis, both types of CAR-T 

cells proliferated equally well in response to BCMA-positive tumor targets (Figure 

6.4A). Moreover, proliferating CD4 and CD8 T cells in the J22-CD28ζ and the J22-

4-1BBζ CAR-T cell cultures survived equally well, as evidenced by the cell counts 

at the end of the proliferation assay (Figure 6.4B). 

 

Figure 6.3. J22-CD28ζ CAR-T cells are more cytotoxic than J22-4-1BBζ CAR-

T cells. T cells were incubated with firefly luciferase-expressing BCMA-positive 

KMS-11 and MM.1S targets or BCMA-negative Jurkat targets for 9 hours at 

indicated effector:target ratios. Luminescence was read with an open filter upon 

addition of 0.15 mg/mL D-luciferin substrate and converted to % cytotoxicity. 
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Figure 6.4. J22-CD28ζ and J22-4-1BBζ CAR-T cells show equivalent antigen-

driven proliferation despite higher baseline activation of J22-CD28ζ CAR-T 

cells. T cells were labelled with CellTrace Violet dye, stimulated with KMS-11 or 

MM.1S tumor targets at an effector:target ratio 2:1 for 4 days and assayed by flow 

cytometry. Samples were gated as singlets > live > CD138- > CD4/CD8 > NGFR+. 

Percent divided (A) and total cell numbers at the end of the assay (B) are shown. 

Data are representative of 3 donors. Statistical significance was determined with 

ANOVA followed by Tukey’s test. 

Among the three in vitro functional assays (cytokine production, 

cytotoxicity, and proliferation), baseline activation of the CD28ζ CAR-T cell 

culture was the most evident in the proliferation assay. Both CD4 and CD8 CD28ζ 

CAR-T cells proliferated significantly in the absence of antigen stimulation, 

whereas the 4-1BBζ CAR-T cells did not proliferate in the absence of stimulation 

(Figure 6.4A, right panel). The CD8 CD28ζ CAR-T cells significantly outnumbered 
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the CD8 4-1BBζ CAR-T cells at the end of the assay in the absence of antigen 

stimulation (Figure 6.4B, right panel). 

Our in vitro functional data indicated that tonic activation did not impair 

antigen-driven functionality of the CD28ζ CAR-engineered T cells, but we wanted 

to see if this would still be the case in vivo. To assess effectiveness and durability 

of anti-tumor responses, we treated mice bearing established, disseminated tumors 

with a single dose of CAR-T cells and then rechallenged mice in remission with a 

new dose of tumor 2 months after the original treatment. Based on the tumor-

tracking studies in the KMS-11 and MM.1S xenograft tumor models, CD28ζ CAR-

T cells exhibited excellent tumor control in 100% of the mice (Figure 6.5A,B). 4-

1BBζ CAR-T cells had similar tumor control in the KMS-11 model, although 1 

mouse had a delayed response to the treatment and another mouse failed to resist 

tumor rechallenge (Figure 6.5A). In the MM.1S model, 4-1BBζ CAR-T cell-treated 

mice had inferior response to treatment, compared to the CD28ζ CAR-T cell-treated 

mice, although 1 mouse seemed to have a low tumor burden at the time of 

rechallenge, which grew, but did not impair survival upon rechallenge (Figure 

6.5B,C). Upon rechallenge, all of the CD28ζ CAR-T cell-treated and most of the 4-

1BBζ CAR-T cell-treated mice still had effective tumor control, but suffered from 

exacerbation of the GVHD (symptoms included poor body condition, hunched 

posture, pale skin, and low activity) and had to be euthanized shortly after 

rechallenge (Figure 6.5C). 
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Figure 6.5. Comparison of in vivo efficacy of the J22-CD28ζ and J22-4-1BBζ 

CAR-T cells. NRG mice carrying luciferase-expressing KMS-11 (A) or MM.1S 

(B) tumors were treated with 2 x 106 (A) or 4 x 106 (B) of CAR+ cryopreserved T 

cells i.v. on day 12 post-tumor injection. Surviving, tumor-free mice were 

rechallenged with 1 x 106 KMS-11 (A) or MM.1S (B) tumor cells i.v. 63 days post-

treatment. Tumor signal was monitored by imaging mice after i.p. injection of D-

luciferin, 150 mg/kg. Dorsal and ventral average (p/s/cm²/sr) signals were added 

for each mouse to calculate total tumor burden. N = 5 mice per group (C) Survival 

data for the mice in (A) and (B).  

We also conducted bioluminescence experiments tracking T cell burden in 

tumor-free and tumor-bearing mice and in vitro proliferation studies to further 

characterize potential toxicities. NGFR-transduced T cells were used as a control 

and showed xenoreactivity-driven T-cell expansion in tumor-bearing and tumor-
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free mice (Figure 6.6). Despite expressing high levels of checkpoint receptors, the 

CD28ζ CAR-T cells had a very strong proliferative response in vivo immediately 

after infusion and continued to expand for the two months the experiment was 

monitored (Figure 6.6). The kinetics of the CD28ζ CAR-T cell proliferation were 

the same, irrespective of the tumor presence. The 4-1BBζ CAR-T cells did not 

proliferate in the KMS-11 model until approximately 20 days post-infusion (Figure 

6.6A). In the MM.1S model, there was a brief expansion of the 4-1BBζ CAR-T 

cells immediately post-infusion, which quickly subsided and was then followed by 

a slower expansion phase, similar to that observed in the KMS-11 model (Figure 

6.6B). In the tumor-free mice, the 4-1BBζ CAR-T cells did not expand over the 

course of the follow-up (Figure 6.6C).  

Survival monitoring of the mice bearing luciferase-expressing T cells 

showed that 4/5 of the CD28ζ CAR-T cell-treated mice in the KMS-11 group 

succumbed to GVHD, while the fifth mouse exhibited GVHD symptoms that had 

not reached endpoint at the end of the experiment (Figure 6.7, left panel). In the 4-

1BBζ CAR-T cell-treated group of the KMS-11 arm of the study, 1 mouse died 

from tumor burden, 1 mouse died from GVHD, and two surviving mice were 

showing GVHD symptoms at the end of the study (Figure 6.7, left panel). In the 

MM.1S arm of the study, the CD28ζ CAR-T cells were more efficacious than the 

4-1BBζ CAR-T cells, all of which died from tumor progression (Figure 6.7, right 

panel). While all of the CD28ζ CAR-T cell-treated mice in the MM.1S arm were 

alive at the end of the study, all of them were starting to exhibit GVHD symptoms.  
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Figure 6.6. In vivo proliferation of the J22-CD28ζ and the J22-4-1BBζ CAR-T 

cells. NRG mice carrying KMS-11 (A) or MM.1S (B) tumors or tumor-free mice 

(C) were treated with 2 x 106 of luciferase-expressing CAR+ cryopreserved T cells 

i.v. on day 12 post-tumor injection. T cell signal was monitored by imaging mice 

after i.p. injection of D-luciferin, 150 mg/kg. Dorsal and ventral average 

(p/s/cm²/sr) signals were added for each mouse to calculate total T cell burden. N = 

5 mice per group.  
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Figure 6.7. Survival data for mice treated with the J22-CD28ζ and the J22-4-

1BBζ CAR-T cells. Mice from the experiment described in Figure 6.6 were 

monitored for survival. N = 4-5 mice per group. 

The rapid expansion of the CD28ζ CAR-T cells in tumor-free and tumor-

bearing mice was consistent with our observation in Chapter 5 where TAC-T cells 

carrying the J22.9-xi scFv responded to an unknown antigen leading to proliferation 

in tumor-bearing and tumor-free mice. In an effort to identify the tissue carrying 

the unknown cross-reactive antigen, we checked the ability of different mouse 

tissues to stimulate proliferation of the CD28ζ and the 4-1BBζ CAR-T cells 

carrying the J22.9-xi scFv in the antigen-binding domain (Figure 6.8A). The mice 

had been perfused with saline prior to tissue collection to eliminate murine blood 

cells from the tissues. Compared to the non-stimulated sample, the CD28ζ CAR-T 

cells seemed to have enhanced proliferation when stimulated with murine blood, 

although this enhancement did not reach the level of proliferation observed in 

response to KMS-11 and MM.1S cells. Spleen (with and without red blood cells) 

and lung cell samples led to the same amount of the CD28ζ CAR-T cell 

proliferation as observed at baseline. Murine cells from other tissues seemed to 
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diminish baseline proliferation of the CD28ζ CAR-T cells. The 4-1BBζ CAR-T 

cells did not proliferate in response to any of the murine cells tested (Figure 6.8A), 

which was consistent with the in vivo T cell tracking data (Figure 6.6).  

Although BCMA is regarded as a B cell-specific molecule124, it can also be 

expressed by plasmacytoid dendritic cells358. We would not expect B cells to be 

present in our immunodeficient mice, but to control for other potential sources of 

murine BCMA in the in vivo system, we checked whether murine BCMA could 

stimulate proliferation of the J22-CD28ζ CAR-T cells (Figure 6.8B). We used 

beads coated with murine or human BCMA-Fc as stimulation targets to ensure that 

only receptor-antigen interactions were present in the system. Considering that the 

CD28ζ CAR-T cells proliferate in the absence of stimulation, we included J22-

TAC-T cells as a control group that is known to have no baseline proliferation and 

proliferate in response to beads coated with human BCMA-Fc. Stimulation with 

murine BCMA only slightly enhanced proliferation of the TAC and CD28ζ CAR-

T cells, which was not comparable to proliferation triggered by human BCMA. 

Considering the magnitude of in vivo proliferation in the absence of BCMA-

positive tumors, murine BCMA potentially present in mice is unlikely to be the 

target of cross-reactivity. 
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Figure 6.8. Antigen-independent proliferation of T cells engineered with the 

J22.9-xi scFv-containing receptors. (A) 3 naïve NRG mice were perfused and 

indicated tissues were collected and processed in a single-cell suspension. T cells 

were labelled with CellTrace Violet dye, stimulated with mouse cells or KMS-11 

and MM.1S tumor targets at an effector:target ratio 1:1 for 4 days and assayed by 

flow cytometry. Samples were gated as singlets > live > CD138- > CD4/CD8 > 

NGFR+. Mean and SD of percent divided are shown. (B) T cells were stimulated 

with protein G beads coated with the indicated amounts of human or murine 

BCMA-Fc (ng per 106 beads) at a 1:1 effector:target ratio. T cells were labeled and 

analyzed as in (A). Data are representative of 1 donor. 
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Discussion 

The choice of the co-stimulatory domain for a CAR construct is important 

because it can influence the differentiation state of the resulting T cell culture, affect 

the activation threshold necessary for the activation of CAR-T cells, impact their 

functionality post-activation, and ultimately determine the overall efficacy of the 

engineered T cell product359. 

The post-manufacturing features of our J22 CAR-T cell cultures are in line 

with literature reports. The CD28ζ CAR-T cells showed a trend for a bias towards 

CD4 T cells, which likely stems from tonic signaling by the CAR. CD28 co-

stimulation is not very effective at facilitating long-term proliferation and survival 

of CD8 T cells360, whereas 4-1BB co-stimulation is more efficient at expanding 

CD8 T cells361. We also observed higher receptor levels on the CD28ζ CAR-T cells, 

compared to the 4-1BBζ CAR-T cells. Although we did not check the copy number 

of the transgene in our CAR-T cell cultures, it is possible that the higher receptor 

levels in the CD28ζ CAR-T cell culture were a result of the elevated proliferation 

rate early post-activation, since the lentiviral transduction depends on the 

proliferative state of T cells362. 

Several groups have noted tonic activation of the CD28ζ and the 4-1BBζ 

CAR-T cells typically characterized by the expression of exhaustion markers PD-

1, TIM-3, and LAG-3238, 298, 299. Based on the phenotypic analysis of expression of 
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checkpoint receptors, we also saw that our CAR-T cell cultures, particularly the 

CD28ζ CAR-T cells, were exhausted.  

Curiously, despite phenotypic signs of exhaustion, the CD28ζ CAR-T cells 

were not functionally impaired. They were as efficient at producing cytokines and 

more cytotoxic in vitro, compared to the 4-1BBζ CAR-T cells. Higher in vitro 

cytotoxicity suggests that the CD28ζ CAR-T cells were more effector-like, as 

reported by other groups350, 352. Although only a small fraction of the CD28ζ CAR-

T cells produced cytokines in the absence of antigen stimulation, a fairly large 

proportion of the CD28ζ CAR-T cells proliferated in the absence of stimulation, 

providing evidence that a large fraction of these T cells were manifesting tonic 

signaling. Tonic signaling and the associated checkpoint receptors did not impede 

in vivo proliferation or efficacy of the CD28ζ CAR-T cell product. However, we do 

not know if the CD28ζ CAR-T cells that proliferated and carried out in vivo anti-

tumor response were the same cells that were phenotypically exhausted or a smaller 

proportion of cells that did not express checkpoint receptors and likely retained less 

differentiated phenotype. To answer this question in the future, we will flow-sort 

exhausted and non-exhausted T cells and repeat the functional studies. Since TIM-

3 was elevated in the majority of the CD28ζ CAR-T cells that expressed one or 

more checkpoint receptor, it would be a good candidate for the sorting marker. 

In vitro, there was a substantial difference between the percentage of CD28ζ 

CAR-T cells that proliferated in the presence and the absence of antigen. In vivo, 

the T cell proliferation kinetics for this CAR-T cell product were virtually 
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indistinguishable, suggesting that the cross-reactivity of the J22.9-xi scFv provided 

a proliferation boost to the CD28ζ CAR-T cells. It is interesting that the 4-1BBζ 

CAR-T cells had a very different in vivo proliferative response, despite carrying the 

same antigen-binding domain. A model of tonic 4-1BBζ CAR-T cell signaling has 

revealed that chronic stimulation through the 4-1BBζ CAR exacerbated by high 

receptor levels can lead to high rates of apoptosis and impair 4-1BBζ CAR-T cell 

proliferation299. It is possible that tonic stimulation due to the J22.9-xi scFv cross-

reactivity created a similar scenario in our model, and bioluminescence imaging 

showed lack of expansion due to high rates of in vivo apoptosis of the 4-1BBζ CAR-

T cell that offset proliferation. Isolating CD28ζ and 4-1BBζ CAR-T cells post-

treatment, followed by intracellular staining for cleaved caspase-3 (marker of 

apoptosis) and Ki67 (marker of proliferation) should give us a better idea of the 

rates of in vivo proliferation/apoptosis between the two J22 CAR-T cell cultures. 

Stronger in vivo proliferation of the CD28ζ, compared to the 4-1BBζ CAR-

T cells, suggests that there were more functional T cells present at the moment of 

rechallenge in the CD28ζ CAR-T cell group. This would explain why the mice in 

the CD28ζ CAR-T cell-treated cohort experienced faster and more severe GVHD 

following rechallenge. Similarly, in the study where the KMS-11 tumor-bearing 

mice were followed without rechallenge, a higher proportion of the CD28ζ CAR-T 

cell-treated mice succumbed to GVHD, which likely indicates that there were more 

active T cells present in these mice. In our experience, the MM.1S model is harder 

to treat, so the fact that the CD28ζ CAR T cell-triggered GVHD was less severe in 
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the MM.1S model suggests that the anti-tumor response might have reduced the 

number of active T cell in the MM.1S tumor-bearing mice, compared to the KMS-

11 tumor-bearing mice. 

In our in vivo T cell proliferation and anti-tumor efficacy studies, neither 

tonic signaling in the CD28ζ CAR-T cell product nor cross-reactivity of the 

antigen-binding domain impaired T cell performance. In fact, the CD28ζ CAR-T 

cells were more potent than the 4-1BBζ CAR-T cells in vivo, in the absence of 

obvious early post-treatment toxicities that might stem from a cross-reactive 

antigen-binding domain. This suggests that non-toxic cross-reactivity might be 

advantageous in supporting engineered T cell expansion and persistence, increasing 

the durability of anti-tumor response.  

The question of off-target toxicity is important, particularly as the field 

expands to include novel targets and binders. Our in vitro proliferation analysis did 

not point to any specific organs as the targets for the J22.9-xi scFv, but suggested 

that blood cells might be involved in supporting proliferation of the CD28ζ CAR-

T cells. To ensure that the vital organs are not impacted by the J22.9-xi scFv cross-

reactivity, we are testing serum of the CD28ζ and 4-1BBζ CAR-treated mice for 

markers of organ damage and conducting a full-body necropsy, accompanied by 

the CD3 and Ki67 staining. We also need to repeat stimulation with murine blood 

cells as targets and engineered T cells from a different donor as effectors. If murine 

blood cells enhance proliferation of the J22.9-xi-CD28ζ CAR-T cells, then we can 
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try sorting blood cells into different lineages to further narrow down the target of 

the cross-reactivity. 
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The experimental work described in this thesis encompasses two main 

directions: 1) optimization of a fully human BCMA-specific TAC receptor for 

subsequent clinical testing against multiple myeloma and 2) assessment of a cross-

reactive antigen-binding domain in the context of different synthetic receptor 

frameworks used in T cell engineering. Thus, the implications of our work 

discussed in this chapter are organized according to the two directions of the 

research findings. 

1. Optimization of a fully human BCMA-specific TAC receptor 

1.1. Summary of findings 

The TAC was designed to function as an accessory receptor that engages 

with the TCR-CD3 complex and allows the T cells to respond to a target of choice 

through the natural T cell activation pathways. Thus, the CD3 recruitment domain 

is key to the functionality of TAC. Our original design featured a murine UCHT1 

scFv as the CD3-binding domain of TAC, which was chosen based on superior 

performance, compared to other CD3ε-binding scFvs255. Since the goal of the TAC 

platform is generation of clinically relevant therapeutic products, and immune 

response to synthetic receptors with murine components has been documented in 

literature326, 327, we wanted to develop a completely humanized TAC.  

In Chapter 3, we evaluated two humanized variants of the UCHT1 scFv, 

both of which bound CD3ε stronger than the original murine UCHT1. We 

ultimately chose the huUCHT1(YT) variant based on its favorable in vitro and in 
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vivo profile. In the process of UCHT1 optimization, we discovered that the CD8α 

signal sequence led to higher TAC surface expression than the IgK signal sequence. 

Higher TAC surface expression resulted in stronger binding to BCMA-positive 

targets and faster maturation of the immunological synapse but did not alter long-

term in vitro or in vivo functional performance of TAC-T cells.  

In Chapter 4, we compared several humanized BCMA-specific scFvs in the 

antigen-binding domain of TAC and chose a variant of the TRAC 3625 scFv that 

had the VL-VH orientation and a G4S linker between the BCMA-specific scFv and 

the CD3ε-specific scFv. TAC-T cells carrying the fully humanized TAC receptors 

with the TRAC 3625 antigen-binding domain showed excellent in vivo efficacy 

against disseminated MM xenografts and a favorable cytokine secretion profile. 

1.2. Implications for the TAC platform 

The work described in Chapter 3 serves as the basis for our future 

modifications to the TAC-T cell platform and broadens our understanding of how 

receptor expression levels impact performance of TAC-T cells. A fully humanized 

TAC scaffold can now be applied in constructs targeting other molecules beyond 

BCMA and other tumor types beyond MM. The solid tumor field, particularly, has 

not yet seen much success with engineered T cell therapies and represents a large 

unmet need, where the optimized TAC scaffold can potentially provide therapeutic 

benefit. Indeed, the outcomes of these experiments informed the design of two TAC 
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T cell products that are currently in clinical trials for CD19+ and HER2+ 

malignancies (NCT03880279 and NCT04727151).   

The work described in Chapter 4 brings us closer to testing BCMA-TAC-T 

cells clinically. As such, it is important to consider the assays and models that might 

aid in further evaluation of the behaviour of the clinical-grade TAC-T cell products 

and the factors that may affect their performance in humans. For instance, in the 

clinical trials with CAR-T cells, some patients will receive T-cell products that do 

not meet all release criteria on compassionate grounds and some patients will not 

receive the treatment due to manufacturing challenges210, 211, 218, 354, 363. Thus, 

optimizing the manufacturing process is key to successful clinical translation. One 

strategy for ensuring successful manufacturing of the engineered T cell products 

has been to select patients who meet defined absolute lymphocyte count or CD3 

count (in blood) criteria364. MM patients are often lymphopenic365, and drugs such 

as daratumumab and bortezomib used in the common treatment regimes can further 

contribute to lymphopenia366, 367. Thus, at the clinical level, strategic timing of the 

apheresis for the TAC-T cell manufacturing with respect to the chemotherapy 

schedule might aid downstream manufacturing. Ideally, blood would be collected 

from patients when they are first diagnosed with MM but this may be impractical.  

In partnership with the Canadian Cancer Trials Group and Hôpital Maissoneuve 

Rosemont, we are developing a clinical trial for BCMA-TAC-T cells manufactured 

from G-CSF-mobilized peripheral blood products that were collected prior to first 
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transplant. These products are readily available and contain T cells that were 

collected prior to multiple lines of chemotherapies and daratumumab. 

Unfortunately, pre-existing blood products will not be available for all 

patients and timing of the apheresis to collect T cells for engineering might not 

always be ideal due to the urgent need for MM control. Therefore, understanding 

the functionality of BCMA-TAC-T cell products generated from lymphocytes that 

had been exposed to different types of chemotherapeutic agents could help pre-

emptively identify functional limitations and devise strategies for compensating for 

these deficiencies. MM patient-derived cells used in the experiments in Chapter 3 

had been collected after the diagnosis and prior to the start of chemotherapy, so 

they would be relatively unaltered, compared to the cells that had been harvested 

after several lines of therapy. Despite the “chemotherapy-naïve” state of these T 

cells, we observed a number of functional defects, including reduced expansion 

during manufacturing and higher dependence on receptor density for cytokine 

production. With regard to common chemotherapies in MM, bortezomib can 

change the frequencies of CD4 T cell sub-populations and promote survival of 

Tregs
368, 369, which would be undesirable in the TAC-T cell product. Daratumumab 

eliminates CD38-positive Tregs, but also decreases the numbers of naïve CD8 T 

cells, skewing the CD8 T cell phenotype towards effector memory99. As a 

consequence, a more differentiated starting T cell population could yield an 

engineered TAC-T cell product with reduced proliferation potential, compared to a 

less differentiated T cell product370. However, not all chemotherapy drugs are 
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detrimental to the performance of engineered T cells. Lenalidomide improves anti-

MM responses in non-engineered T cells in patients371 and augments CAR-T cell 

functionality in preclinical models372, 373. Studies into the effects of different 

chemotherapeutic agents alone or in combination will help guide the manufacturing 

strategy for the clinical BCMA-TAC-T cells to maximize the therapeutic benefit. 

In addition to chemotherapy-driven changes to the numbers and 

functionality of patients’ immune cells, there will be inherent donor-dependent 

differences between TAC-T cells manufactured from different patients. In our 

preclinical experiences with healthy and patient donor-derived T cells, there is a lot 

of variability in functional responses between T cells from different donors. In the 

work described in this thesis, we routinely used cells derived from at least three 

donors, but larger-scale studies of donor-dependent attributes are needed. RNA 

sequencing and proteomic approaches can help correlate protein expression 

patterns with functional performance and map out molecular signatures of donors 

that have stronger anti-MM responses and would be expected to benefit the most 

from the TAC-T cell therapy; such an approach has recently identified desirable 

donor attributes for CD19-CAR T cells374. 

In the CAR-T cell field, stem cell memory T cell (Tscm) populations in the 

engineered products have been implicated in early post-infusion proliferation and 

long-term persistence, mediating clinical efficacy375, 376. Tscm cells are metabolically 

quiescent, strongly favor fatty acid oxidation over glycolysis for fuel, and rely on 

glutathione for antioxidant activity that inhibits terminal differentiation377.  At 
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present, we do not routinely assess the differentiation state of TAC-T cell cultures 

and have virtually no understanding of metabolic changes that follow TAC 

receptor-driven activation. The optimized BCMA-TAC construct represents a 

clinically relevant TAC receptor model system, where the metabolic studies could 

be conducted. Enhanced understanding of the TAC-T cell metabolism can then 

inform the manufacturing strategies for TAC-T cell products. 

1.3. Broader implications for the engineered T cell field 

The engineered T cell field has grown exponentially over the past few years, 

with multiple academic and industry groups working across the entire spectrum of 

T cell engineering, from construct design, to manufacturing innovation, to the 

development of tools and assays for functional assessments. The BCMA-TAC-T 

cell is entering a crowded space where many BCMA-specific products are 

demonstrating robust clinical activity. However, all of the BCMA-specific 

engineered T cell therapies for which the clinical data are available have been 

designed on the CAR scaffolds. The clinical results obtained with BCMA-TAC-T 

cells will provide important safety and efficacy data for the TCR-centric synthetic 

receptors and will help inform the design and manufacturing of the next-generation 

receptors for MM. 

At the preclinical level, the work described in Chapter 4 describes a 

functional screening strategy that can be adapted to selection of different synthetic 

receptors aimed at modulating T cell functions. Importantly, while other groups 
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have used Jurkat or Jurkat-derived cell lines for screening CAR constructs378, 379, 

we performed our screen in primary human T cells, thus generating results that are 

readily applicable to clinical development. We used upregulation of CD69 as the 

readout for T cell activation, but other functional parameters (e.g. cytokine 

production or proliferation) can be used to select T cell constructs with desired 

characteristics. For example, a group conducting a CAR screen in a murine reporter 

cell line has relied on IL-2 expression as an indicator of the CAR activity380. 

Another group stimulated their CAR-T cell library with antigen-positive target cells 

and relied on stimulation-driven CAR-T cell proliferation to identify the library 

clones that were enriched after activation381. One or both of these functional 

selection steps can be incorporated in our TAC-T cell screening system in future 

studies. 

2. Assessment of a cross-reactive antigen-binding domain 

2.1. Summary of findings 

The antigen-binding domain is an important part of any synthetic receptor 

as it determines the specificity and functionality of engineered cells. In the course 

of comparing different BCMA-specific scFvs, we observed that the J22.9-xi scFv 

triggered antigen-independent in vivo proliferation of TAC- and CAR-T cells 

incorporating this scFv.  

In Chapter 5, we compared the J22.9-xi scFv with the C11D5.3 scFv on the 

TAC scaffold. Despite equivalent in vitro proliferation, J22-TAC-T cells were 
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significantly more proliferative in vivo than the C11-TAC-T cells. Enhanced in vivo 

expansion of the J22-TAC-T cells was associated with more potent efficacy and 

improved resistance to tumor rechallenge. However, in vivo T cell tracking studies 

revealed that the J22-TAC-T cells also proliferated in tumor-free NRG mice, 

suggesting cross-reactivity of the J22-TAC receptor.  

To assess how cross-reactivity of the J22.9-xi scFv would impact 

performance of T cells engineered with a different type of synthetic receptor, we 

created CD28ζ and 4-1BBζ CAR constructs carrying the J22.9-xi scFv (Chapter 6). 

Surprisingly, despite phenotypic evidence of exhaustion (measured by the 

expression of checkpoint receptors) and functional evidence of substantial tonic 

signaling, the CD28ζ CAR-T cells proliferated more robustly and killed tumors in 

vivo more efficiently than the 4-1BBζ CAR-T cells. Despite evidence of cross-

reactivity of the J22.9-xi scFv in the CAR framework, the CAR-treated mice did 

not exhibit overt signs of toxicity. Studies are ongoing to assess markers of toxicity 

in blood and potential tissue damage in tumor-free mice injected with the J22-

CD28ζ- and the J22-4-1BBζ-CAR-T cells. 

2.2. Implications for the synthetic receptor screening platforms 

A common workflow for designing synthetic receptors with new 

specificities includes screening of an scFv library against a target of interest, 

incorporation of the top scFv candidates in the synthetic receptor framework, and 

functional characterization of T cells. The focus is typically on selection of a high-
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affinity binder that recognizes the target of interest and triggers T cell activation in 

vitro and in vivo. While this workflow is effective at determining whether the newly 

designed receptor works, it does not always provide a sufficient assessment of the 

specificity of the new receptor. Our observation of the cross-reactivity of the J22.9-

xi scFv in mice does not guarantee that the same cross-reactivity will be in effect 

in humans. It does, however, highlight the benefit of adding negative selection steps 

at the stage of scFv selection or an analysis of trafficking of the newly engineered 

T cells for identification of potential future toxicities. 

The J22.9-xi antibody was extensively evaluated for its ability to bind 

BCMA and BCMA-positive cells, but the only negative control binding test was 

done with the Jurkat cell line, which showed no binding382. Additional validation 

steps designed to test binding to multiple antigen-negative cells, serum proteins, or 

tissue arrays might have identified cross-reactivity383. The cross-reactivity analysis 

is particularly important if the antibody is intended to be used for redirecting 

engineered T cells (as opposed to monoclonal antibody alone) because the T cells 

will proliferate in vivo upon stimulation and can survive for years post-infusion384, 

potentially causing long-term toxicities. 

Since mice treated with J22.9-xi-based receptors (TAC and CAR) did not 

show overt signs of toxicity (changes in body condition, behavior, weight, or core 

body temperature), we would not have suspected cross-reactivity of the J22-

engineered T cells if we had not looked at their in vivo proliferation. Tracking of 

engineered T cells in tumor-free mice is not a common piece of analysis for the 
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evaluation of novel synthetic receptors. Our experience suggests that such studies 

should be done more often as a part of the safety assessment and to correctly 

interpret in vivo expansion data, which may, or may not, be driven by tumor-

associated antigen. 

To date, we have not yet identified the source of the cross-reactive antigen 

that the J22.9-xi scFv recognizes in mice. It is possible that the cross-reactivity does 

not result in damage of specific organ(s), but instead, manifests in a systemic 

inflammatory response. The NRG mouse model we have used does not allow us to 

assess multi-faceted immune responses as we only inject engineered human T cells. 

However, NRG mice have been successfully humanized using cord blood stem cells 

that gave rise to a multi-lineage immune repertoire upon engraftment385. A 

humanized NRG mouse model would not be useful for assessing anti-tumor 

efficacy because the donor-derived immune system would mount an anti-tumor 

response and facilitate rejection. Nevertheless, such a system could help evaluate 

systemic immune reactions initiated by cross-reactive engineered T cells, if the 

engineered T cells were created from the same donor that was used for 

humanization. Unfortunately, the issue of finding an in vivo model system suitable 

for simultaneous evaluation of anti-tumor efficacy and immune-mediated toxicity 

is a common challenge in the field of immunotherapeutics. For now, we will have 

to continue working within the limitations of each in vivo model and use 

combinations of models for answering different questions. 
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2.3. Comparison of the second-generation CAR-T cells engineered with the 

J22.9-xi antigen-binding domain 

When the studies highlighting tonic signaling in the CD28ζ CAR-T cells 

and superior in vivo persistence of the 4-1BBζ CAR-T cells were first published211, 

238, 298, 350, 354, many research groups started favoring the 4-1BBζ scaffold. 

Consequently, the majority of the second-generation CAR-T cells currently 

evaluated in clinical trials are designed with the 4-1BBζ backbone214. Yet two of 

the five CAR-T cell products that have received regulatory approval are based on 

the CD28ζ scaffold and continue to show durable long-term efficacy386, 387. Our 

results described in Chapter 6 demonstrated that despite tonic signaling, the CD28ζ 

CAR-T cells induced lasting complete responses and provided resistance to tumor 

rechallenge in vivo. The anti-tumor response of the CD28ζ CAR-T was associated 

with superior in vivo proliferation, when compared to the 4-1BBζ CAR-T cells. Our 

data showed that the CD28ζ CAR-T cells are capable of lasting in vivo persistence, 

when the stimulus is continuously present. In our studies, the continuous stimulus 

was a cross-reactive antigen of unknown source – whether tumor-associated antigen 

can serve as this stimulus for the CD28ζ CAR-T cells, remains to be fully 

understood. Nevertheless, it is too early to draw definitive conclusions about which 

second-generation CAR backbone is superior. Clinical efficacy of engineered T 

cells depends on a complex, multi-faceted response and as the field is still 

uncovering the factors impacting this response, there is still room for both the 

CD28ζ and the 4-1BBζ CAR-T cells to make an impact. 



Ph.D. Thesis – K. Bezverbnaya; McMaster University – Medical Sciences 

171 
  

3. Concluding remarks 

The field of engineered T cell therapies has seen incredible growth and 

development over the past few years. As a consequence, patients with previously 

incurable blood cancers, including multiple myeloma, now have a hope for 

achieving deep remissions and long progression-free survival. The early successes 

of the T cell therapies are encouraging, but there is still a lot of work to be done in 

understanding the mechanisms underlying efficacy and toxicity of engineered T 

cells in order to set up the most optimal engineering and manufacturing strategies. 

Our lab has developed a novel T cell receptor, TAC, and the work on optimization 

of the BCMA-specific TAC receptor described in this thesis will serve as a 

preclinical basis for testing TAC-engineered T cells in clinical trials. Additionally, 

our work on evaluating different BCMA-specific antigen-binding domains 

advances our understanding of the impact of these domains on the functionality of 

synthetic receptors and will inform design of future constructs.  
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Immunotherapy with chimeric antigen receptor (CAR) T cells has been advancing 
steadily in clinical trials. Since the ability of engineered T cells to recognize intended 
tumor-associated targets is crucial for the therapeutic success, antigen-binding 
domains play an important role in shaping T-cell responses. Single-chain antibody 
and T-cell receptor fragments, natural ligands, repeat proteins, combinations of the 
above and universal tag-specific domains have all been used in the antigen-binding 
moiety of chimeric receptors. Here we outline the advantages and disadvantages of 
different domains, discuss the concepts of affinity and specificity, and highlight the 
recent progress of each targeting strategy.
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Engineered T-cell therapy has demonstrated 
impressive clinical results in the treatment of 
blood cancers [1–6]. This approach relies upon 
genetic modification of a patient’s T cells to 
directly recognize a tumor-associated antigen 
and elicit specific killing responses. Among 
the recombinant receptors designed for 
retargeting T cells, chimeric antigen recep-
tors (CARs) have made the greatest clinical 
progress.

CARs consist of an antigen-binding 
domain, a hinge region, transmembrane and 
intracellular signaling domains (Figure 1). 
This article focuses on the antigen-binding 
moiety; extensive information regarding the 
other receptor components can be found in 
earlier reviews  [7,8]. The availability of suit-
able antigen-binding domains is important for 
the success of engineered T-cell therapy, as it 
influences possible target choices. Specificity 
for the marker of interest and sufficient affin-
ity for triggering downstream signaling and 
T-cell activation are desirable when designing 
these domains. To limit immunologic response 

against the CAR and avoid off- or on-target 
off-tumor toxicities [9,10], careful consideration 
and detailed preclinical evaluation are needed 
during selection of potential binding candi-
dates. Here, we review protein structures cur-
rently used for antigen recognition by CARs, 
highlight advantages and disadvantages of 
different approaches (Table 1), and discuss 
the concepts of affinity and specificity as they 
apply to receptor design.

Antigen-binding domains described 
in literature
Single-chain variable fragments (scFv)
Most CARs, including those that have 
progressed farthest in clinical studies 
(Table 1), utilize single-chain variable frag-
ments (scFvs) for antigen recognition. A typ-
ical scFv is composed of variable fragments 
from heavy (V

H
) and light (V

L
) chains joined 

via a synthetic linker, mimicking their spatial 
arrangement in an intact antibody molecule 
(Figure 1). The availability of high-diversity 
scFv libraries, the ability of scFvs to target 
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proteins, carbohydrates and glycolipids and the wealth 
of data available regarding scFv generation and clini-
cal performance, make this technology particularly 
attractive for CAR T-cell applications.

Targets amenable to scFv recognition
Since scFvs are derived from antibodies, they can 
bind peptides, carbohydrates and glycolipids (Table 1). 
Single chain-based CARs can successfully differenti-
ate between different glycoforms of mucin 1 antigen 
and elicit tumor-specific T-cell responses in vivo [11,12]. 
Disialoganglioside GD2, expressed on neural and epi-
thelial tumors, is another common nonpeptide anti-
gen targeted with scFv-based CARs. Currently, six 
anti-GD2 Phase I trials with scFv-targeted CAR T 
or natural killer cells are registered with the National 
Institutes of Health (NCT02107963, NCT01953900, 
NCT02439788, NCT01822652, NCT02765243 and 
NCT02761915).

To expand the pool of antigens for scFv-based 
CAR recognition, several groups have generated sin-

gle chains against human leukocyte antigen (HLA)-
peptide complexes [13–16]. These TCR-like CARs allow 
for recognition of intracellular protein targets. How-
ever, clinical experience with TCR-engineered T cells 
suggests that receptors with TCR-like specificity can 
exhibit off-target toxicities if a similar peptide epitope 
is expressed on healthy tissues. Two different affinity-
modified TCRs against MAGE-A3 have led to cardiac 
toxicity due to the presence of a similar peptide epitope 
in titin [17] and neurologic toxicity due to recognition 
of several MAGE-A protein family members unexpect-
edly expressed in neurons [18]. These outcomes empha-
size the need for extensive preclinical characterization 
of potential epitope targets for high-affinity ligand-
binding domains that react to HLA–peptide com-
plexes. In addition to the antigen expression pattern 
analyses in tissue arrays, new computational strategies 
for characterizing the suitability of peptide–HLA pairs 
for engineered T-cell therapies [19,20] can provide useful 
in silico assessment for choosing target antigens.

Design & generation of scFvs
Some scFvs are created from a known antibody 
clone, while others are selected from synthetic librar-
ies. Among the screening methods, phage display has 
gained the most popularity due to the availability of 
libraries with large diversity and the suitability of phage 
libraries for high-throughput screening  [21,22]. Differ-
ent scFv display strategies have been reviewed in  [23]. 
In recent years, a novel CARbody approach was intro-
duced, where the scFv library was directly cloned into 
a CAR framework, expressed in primary T cells, and 
selected based on T-cell activation against cell surface-
expressed target [24]. This strategy could streamline the 
process of scFv selection by shifting the focus on scFvs, 
which promote desired T-cell characteristics. However, 
the diversity of the CARbody library was estimated at 
low 105 [24], which is several orders of magnitude lower 
than the typical phage display libraries, which often 
contain over 1010 different variants  [25,26]. Thus, the 
CARbody strategy is likely most useful following an 
initial screen with phage display.

B cells produced naturally in the body undergo 
selection based on affinity rather than stability of their 
B-cell receptors. When joining V

H
 and V

L
 segments, 

optimization of biophysical properties is required to 
minimize aggregation and maximize conformational 
stability, while preserving affinity for the desired 
antigen  [27]. Factors influencing proper folding and 
aggregation of individual variable fragments and 
whole scFvs, as well as complementarity determining 
region loop grafting between different frameworks and 
screening for stabilizing mutations as ways of domain 
optimization, have been reviewed previously by  [28]. 

Figure 1. Overview of a chimeric antigen receptor 
with different antigen-binding domains.A common 
second-generation CAR contains a transmembrane 
domain (yellow), a CD28 co-stimulation domain (green) 
and an activating ζ-domain (blue). This receptor is 
connected to the potential antigen-binding domain 
via a short linker. Here, the CAR is shown embedded in 
the plasma membrane (orange) and interacting with a 
target antigen (gray). Models in A–D were taken from 
the PDB, and their respective PDB codes are given in 
curly brackets. (A) scFv chA21 {3h3b} (pink and red) 
interacting with p185HER2/Neu (gray) [117]. (B) A part of 
the αβ TCR {5C07} (pink and red) domain interacting 
with MHC class I (gray) presenting a peptide antigen 
(black) [118]. (C) DARPin C7_16 {4jb8} (pink) interacting 
with caspase 7 (gray) [119]. (D) VLR {g3b} (pink) in 
complex with lysozyme (gray) [120]. 
CAR: Chimeric antigen receptor; CD: Cluster of 
differentiation; DARPin: Designed ankyrin-repeat 
protein; MHC: Major histocompatibility complex; 
PDB: Protein Data Bank; scFv: Single-chain variable 
fragment; TCR: T-cell receptor; TM: Transmembrane 
domain; VLR: Variable lymphocyte receptor.
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In addition to amino acid composition and configura-
tion (V

H
-V

L
 vs V

L
-V

H
) of variable fragments, the linker 

also influences thermodynamic stability of single 
chains [29]. For instance, Whitlow et al. developed an 
18 amino acid Gly and Ser-rich linker, which increased 
proteolytic stability and reduced propensity of scFvs to 
aggregate [30].

The origin of scFv should also be taken into con-
sideration. While murine scFvs are currently quite 
common, they are susceptible to immune-mediated 
rejection, which can result in a range of outcomes from 
reduced persistence of CAR T cells  [31] to anaphy-
laxis  [32]. Humanization of scFvs and the use of scFv 
libraries derived from human B cells can help over-
come these pitfalls [31].

Natural ligands & ligand-binding domains
Natural ligands and ligand-binding domains found 
in the human body are poorly immunogenic due to 
T-cell tolerance and, thus, should offer an advantage 
over synthetic ligand-binding domains. However, 
the pool of known binding candidates is small, lim-
ited by antigen expression patterns, availability of a 
known ligand on tumor cells and the specificity of 
receptor–ligand interaction. NKG2D, expressed on 
the surface of natural killer cells, is an example of a 
receptor that can be used for redirecting CAR T cells. 
Zhang et al. demonstrated the ability of NKG2D-tar-
geted CAR T cells to respond to tumors expressing 
NKG2D ligands [33]. VanSeggelen et al. observed that 
NKG2D-targeted CARs can produce lethal toxicity 
in vivo  [34]. Here, expression of NKG2D ligands on 
tumor cells was insufficient to predict response of 
engineered T cells to healthy tissues, which expressed 
low ligand levels.

FSH has been used to redirect CARs to ovarian 
cancer cells, which express high levels of FSH recep-
tor. Peptides derived from FSH were introduced as 
the CAR antigen-binding domain [35]. Monitoring of 
tissue pathology and organ biochemistry in ovarian 
cancer murine models did not reveal harmful effects 
of using an FSH-targeted CAR  [36], supporting fur-
ther evaluation of this natural ligand for targeting 
tumors.

A similar approach has been employed for targeting 
glioblastoma multiforme with IL-13, where the cyto-
kine was linked directly to a CAR yielding a structure 
known as a zetakine  [37]. The IL-13 zetakine consists 
of an extracellular IL-13 E13Y mutein attached to a 
CD3-ζ chain. The use of mutated IL-13 is crucial, as 
it preferentially binds IL13Rα2, expression of which 
is restricted to gliomas. This strategy can minimize 
on-target off-tumor toxicity, as supported by the 
first‑in‑human IL-13 zetakine trial [38].

Repeat proteins
One of the most attractive features of scFvs is their 
ability to bind a broad diversity of potential targets. 
Immunoglobulin-based single chains, however, are not 
the only class of protein domains capable of recogniz-
ing a wide array of antigens. Repeat proteins are com-
mon in nature and have advanced to clinical evalua-
tions as an alternative to antibodies (NCT02462486, 
NCT02194426).

Modular structure, compact size, ability to fold 
quickly and high thermodynamic stability make 
designed ankyrin-repeat proteins (DARPins) highly 
suitable for biomedical engineering applications  [39]. 
A DARPin against HER2 has been used successfully 
in a CAR framework (Figure 1) to elicit tumor-specific 
killing and cytokine production from engineered 
T  cells  [40]. Similar to scFvs, DARPins can target a 
wide variety of antigens and provide HLA-independent 
recognition at the cost of being limited to cell surface-
expressed targets only. High thermodynamic stability 
and modular structure make DARPins particularly 
interesting for the creation of multispecific receptors. 
DARPin consensus framework is based on naturally 
occurring scaffolds, and limited clinical experience 
does not suggest high immunogenicity  [39]. However, 
further studies with this class of proteins are required 
to understand the immunogenicity of DARPin CARs.

Variable lymphocyte receptors (VLRs) obtained 
from sea lamprey are being investigated for the use in 
CARs. As members of the family of leucine-rich repeat 
proteins, VLRs exhibit a high degree of specificity and 
avidity and serve a function similar to antibodies in 
mammals. VLRs specific against murine B-cell leuke-
mia have been cloned into CAR receptors, and have 
shown high levels of activation and specific killing [41]. 
Additionally, other repeat proteins have the potential 
to serve as ligand-binding domains in the future. Mod-
ifications and redesign of VLRs have resulted in the 
development of ‘repebodies’, which show high thermo-
dynamic and pH stability  [42] and have already been 
used to bind therapeutically relevant targets, such as 
VEGF [43].

TCR variable fragments
TCR variable fragments can be directly linked together 
in a single chain (Figure 1) to confer TCR-liked speci-
ficity to a CAR and allow for recognition of intracel-
lular proteins. Although the principle of TCR variable 
fragments is analogous to scFv production, the progress 
of single-chain TCR applications has been lagging due 
to poor expression in conventional display platforms, 
low stability and a tendency to aggregate [44–46]. Fusion 
of variable fragments from high-affinity TCR-α and 
-β chains successfully directed CAR T cells against 
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melanoma [47]. A TCR-based CAR offers opportunities 
for targeting intracellular proteins, however, from the 
engineering point of view, it faces nontrivial optimiza-
tion challenges. Thus, when designing a Vα-Vβ single 
chain, researchers will most likely have to improve ther-
modynamic stability of the structure, while maintaining 
antigen specificity  [48]. Additionally, since intracellular 
protein antigens are targeted as peptides presented in the 
context of HLA on the cell surface, design of CARs with 
TCR-like specificity will have to account for multiple 
HLA–peptide combinations observed among patients 
and the propensity of tumors to downregulate HLA 
processing and presentation.

Multivalent domains
Engineered T cells directed against a single target 
exert selective pressure on the tumor and can promote 
selection of epitope- and/or antigen-loss variants. Mul-
tispecific receptors reduce the risk of tumor escape 
by targeting several populations in a heterogeneous 
malignant mass. In a proof-of-concept study, Grada 
et al. engineered a bi-specific tandem CAR contain-
ing scFvs against CD19 and HER2 joined via a flexible 
linker [49]. The tandem CAR prolonged survival of can-
cer-bearing mice and demonstrated in vitro antitumor 
activity in an antigen-loss model. Similarly, to address 
the problem of antigen escape in CD19-positive can-
cers, a bispecific tandem scFv CAR redirected against 
CD19 and CD20 was developed [50]. Both the CD19/
HER2 and the CD19/CD20 models use two single 
chains linked in a sequence. In a different approach, a 
tandem CAR with an scFv against HER2 and a natu-
ral ligand for IL13Rα, showed augmented effective-
ness in a glioblastoma model [51]. Whether multivalent 
CARs are engineered using two single chains, a single 
chain and a natural ligand, or an alternative combina-
tion of monovalent structures described earlier, they 
will require significant optimization to facilitate proper 
folding of each domain and minimize mispairing of 
individual components (in the case of scFvs) and steric 
hindrance.

Universal switchable domains
To retain flexibility in the choice of targets, several 
groups have been pursuing the strategy of universal 
chimeric receptors. The idea behind this approach is to 
generate a CAR specific for a known tag, redirected to 
the tumor via administration of labeled soluble media-
tors, which simultaneously recognize tumor antigens 
and bind the universal antigen-recognition domain of 
the receptor. Candidate-binding partners include bio-
tin–avidin  [52], Fc receptor CD16 and antibodies  [53], 
peptide neo-epitopes (PNE) and corresponding anti-
PNE scFv  [54], and fluorescein and anti-fluorescein 

scFv [55,56]. The universal receptor approach can poten-
tially allow for targeting multiple antigens simultane-
ously, change the repertoire of targets throughout the 
course of the treatment, and modulate T-cell activity 
by dosing the switch molecules. However, the strategy 
relies on a two-component system and will depend on 
the bioavailability and biodistribution of both soluble 
switches and chimeric receptor-bearing T cells. Uni-
versal switchable CARs are yet to be tested in humans 
(Table 1), so it remains to be determined whether their 
nonfixed specificity and modular design translate into 
improved antitumor efficacy.

Characteristics of the binding interaction
Receptor affinity, T-cell avidity & target 
antigen density
The activity of a given CAR construct is ultimately 
defined by its ability to bind target antigen. When 
designing CARs, the main goal is to generate engi-
neered T cells with maximum antitumor efficacy and 
minimum off-tumor toxicity.

The molecular term ‘affinity’ is commonly used 
in literature and refers to the strength of associa-
tion between a receptor and its ligand  [57]. Most of 
our understanding about the relationship between 
receptor affinity and T-cell functionality comes from 
experiments with TCRs. Since CARs and TCRs are 
structured differently [8], the activation thresholds will 
likely vary, but the factors influencing these thresholds 
are relevant for both types of receptors. In-depth stud-
ies of TCRs that defined their characteristics influenc-
ing efficacy of T-cell responses have led to the term 
‘functional avidity’  [58,59]. Functional avidity refers 
to the concentration of antigen (peptide–HLA com-
plexes) required for activating a T cell and is influenced 
by many factors, including: TCR affinity, expression 
levels of TCRs and cell-adhesion molecules partici-
pating in immunological synapse, and distribution of 
signal transduction proteins [60]. This definition is dis-
tinct from the classic use of the term ‘avidity’, which 
describes avidity as a sum of individual affinities of 
a multivalent molecule  [61]. Given that the activity 
of CAR T cells is defined by more than mere recep-
tor binding, the concept of functional avidity is more 
pertinent to the discussion of CARs. While affinity of 
the antigen-binding domain will often correlate with 
functional avidity, it is not the sole predictor of a T-cell 
response.

High-avidity cytotoxic T lymphocytes can elicit a 
response against cells expressing low levels of target 
antigen, while low-avidity cytotoxic T lymphocytes 
require high antigen density to become effective. High-
avidity T cells also show enhanced antitumor effi-
cacy, which, unfortunately, correlates with increased 
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incidence of autoimmune sequelae  [62]. These data 
highlight the potential drawbacks of high avidity-engi-
neered CAR T cells, especially those with TCR-like 
specificity. Currently, the overwhelming majority of 
CARs use antibody-derived single-chain fragments in 
the antigen-binding domain (discussed earlier). Natu-
rally occurring antibodies typically display affinities in 
the low nanomolar to high picomolar range [63], which 
are significantly higher than those of TCRs (typically 
in the micromolar range)  [64]. Further experimenta-
tion is required to determine whether the application 
of lower affinity, TCR-based antigen-binding domains 
will yield CAR T cells that have lower propensity for 
autoimmune responses, compared with CAR T cells 
employing high-affinity scFvs.

As stated above, functional avidity can impact the 
T  cells’ ability to differentiate between tumor cells 
with abnormally high antigen expression and normal 
tissues with low to medium antigen expression. HER2 
is expressed at low to medium levels on a variety of 
epithelial cells  [65], overexpressed in approximately 
30% of breast cancer tumors and associated with espe-
cially aggressive disease and, consequently, poor prog-
nosis  [66]. Based on the clinical successes of targeting 
HER2-expressing tumors with a monoclonal antibody 
Herceptin® (Trastuzumab), a HER2-specific CAR was 
engineered, but caused fatal toxicities when adminis-
tered at high doses  [67]. The unexpected pulmonary 
complications were likely a consequence of engineered 
T cells responding to low levels of HER2 expressed in 
the lung tissue. This raises the issue that relevant tumor 
targets such as HER2 or EGFR are often expressed at 
low levels on healthy cells and, thus, may not be suit-
able for CAR T-cell therapy. Consequently, it is rea-
sonable to assume that CAR T cells with high func-
tional avidity will be unable to discriminate between 
healthy tissues that express low levels of antigen and 
cancerous tissue expressing high levels of the desired 
target  [68]  [69]. This important safety concern has led 
to the concept of ‘affinity tuning’  [68], where CAR 
T cells were developed that could distinguish between 
cells expressing different antigen densities by employ-
ing scFvs with reduced binding affinity for the target. 
In both cases, CARs with lower receptor affinity also 
showed lower functional avidity, which manifested in 
none or reduced efficacy of CAR T cells against cells 
expressing low levels of antigen  [68]  [69]. Interestingly, 
cells expressing high levels of antigen were equally sus-
ceptible to T cells engineered to be either high or low 
avidity. This suggests that an increase in CAR recep-
tor affinity is not necessarily associated with enhanced 
tumor efficacy, but may cause a loss in cell target 
specificity  [70]. These findings support the concept of 
enhancing tumor specificity by developing T cells with 

low functional avidity that are no longer reactive to low 
antigen densities and, therefore, highly specific for the 
desired tumor cells.

Receptor specificity
At the molecular level, T-cell specificity refers to its 
ability to distinguish between different potential 
ligands. The importance of target selection has been 
highlighted recently in reports of studies with affin-
ity-matured TCRs. Although CARs are structurally 
distinct from TCRs, the principles of protein–protein 
interactions governing antigen binding apply to both 
receptors. An affinity-matured TCR for myeloma- 
and melanoma-associated MAGE-A3 peptide (EVD-
PIGHLY) caused rapid and lethal cardiogenic shock in 
humans [17]. The toxicity was attributed to cross-reac-
tivity of the receptor with a similar peptide found in 
the smooth muscle protein titin (ESDPIVAQY) [71]. In 
a second study, T cells were engineered with a distinct 
anti-MAGE-A3 TCR recognizing epitopes in MAGE-
A3/A9/A12 [18]. In five out of nine patients, treatment 
caused adverse neurologic effects leading to fatal tox-
icity in two cases. In-depth analysis of brain tissue 
revealed that MAGE-A12 was unexpectedly expressed 
in the brain, likely causing the observed toxicities [18].

The studies described above highlight the two chal-
lenges in the field of T-cell therapy. First, predicting 
off-target effects in humans [17,71] is extremely difficult 
and poses a major hurdle to preclinical characteriza-
tion of chimeric receptors. As proposed by  [64], low-
affinity TCRs may have been evolutionarily selected 
to reduce the risk of cross-reactivity. In a CAR frame-
work, high-affinity single-chain TCR fragment has 
demonstrated reduced specificity [47], but it is unclear 
whether other ligand-binding domains, such as sin-
gle-chain antibody fragments, will follow the same 
principles. The second challenge is on-target off-
tumor toxicity, as was observed in the second MAGE 
trial  [18]. Rather than cross-reactivity, unexpected 
expression of the target antigen in vital tissues can 
cause severe complications. It is very challenging to 
determine the expression of any given antigen in all 
human tissues, especially since commonly used pre-
clinical xenograft models cannot predict such out-
comes. Syngeneic mouse models have been described 
for such self-antigens as CD19 [72], EGFRvIII [73] and 
CEA [74] and can be used to gain valuable biological 
and mechanistic understanding and address potential 
toxicities of CAR T-cell treatments in immunocom-
petent mice. To predict potential on-target off-tumor 
toxicities, this approach relies heavily on conserved 
gene expression among multiple tissues. While some 
genes have a high level of tissue-specific expression 
conservation  [75], others diverge in their expression 
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patterns between mice and humans [76]. Thus, predic-
tive value of syngeneic self-antigen models is limited 
and can hinder the wide acceptance of such toxicity 
investigations.

A common assumption is that the higher the affin-
ity between the two molecules, the more optimal 
the ‘molecular interface fit’ and the more unique 
the ‘interaction interface’  [77]. In an ideal case, this 
would lead to a high level of specificity between the 
two molecules  [77]. However, it cannot be ruled out 
that secondary interactions also gain an increase in 
affinity alongside the primary interaction and, ulti-
mately, lower the molecule’s specificity. This phenom-
enon was observed in high-affinity TCRs that gained 
the ability to cross-react and activate cells against 
peptides that were similar to the main target pep-
tide [17,71,78,79]. As discussed previously, all of the cur-
rently studied options for antigen-binding domains 
have features that influence affinity and specificity, 
but further investigations are required to determine 
how affinity of ligand-binding domains and density of 
chimeric receptors on T cells and antigens on tumors 
ultimately impact the ability of CAR T cells to dis-
criminate specific tumor targets from cross-reactive 
and/or lowly-expressed targets on healthy tissues.

Functional avidity of engineered T cells and speci-
ficity of chimeric receptors influence the binding 
interaction between a T cell and its target, but rep-
resent only some of the variables underlying potential 
toxicities of CAR T-cell therapies. For example, when 
a target antigen has a broad expression pattern, as in 
the case of HER2, different combinations of intra-
cellular signaling domains and alternative dosing 
strategies can contribute to markedly distinct clini-
cal outcomes  [67,80]. While in the first trial  [67] CAR 
T-cell treatment was lethal in one patient, the second 
trial showed no evidence of toxicity [80]. Besides a dif-
ferent HER2-specific scFv, the second trial employed 
three orders of magnitude lower dosing strategy and 
a second-generation CAR scaffold  [80], compared 
with a third-generation CAR from the first trial [67]. 
Variations in trial design complicate assessment of 
the specific role of antigen-binding domains on dif-
ferential clinical outcomes. Given the modular nature 
of CARs and the multistep process of adoptive cell 
transfer treatments, it is worth considering antigen-
binding domains in the context of alternative recep-
tor configurations and treatment strategies, which 
have been reviewed elsewhere [9,10,81,82].

Conclusion
Engineered CAR T cells have proven highly potent in 
a clinical setting. Their rapid and powerful responses 
can be both therapeutic and toxic. The antigen-

binding domain plays a major role in redirecting T 
cells against tumors and needs to be chosen carefully. 
Ideally, the antigen-binding domain should display 
high specificity for its intended target, bind with suf-
ficient strength to trigger cytotoxic T-cell responses, 
and exhibit high folding and thermodynamic stabil-
ity. If the target antigen is expressed on the cell sur-
face, scFv, natural ligand and repeat proteins are suit-
able candidate ligand-binding domains. Intracellular 
antigens are best targeted with TCR variable frag-
ments or TCR-mimetic scFvs. Theoretically, it should 
also be possible to design repeat protein domains with 
HLA-peptide specificity, but none have been reported 
in literature. Regardless of the category, the ligand-
binding domain should be thermodynamically stable 
to avoid misfolding, aggregation and other biochemi-
cal pitfalls preventing proper surface expression of 
the receptor. Generally, high-affinity antigen-bind-
ing domains are favored in literature. However, high 
affinity does not guarantee ligand specificity and can, 
in fact, increase the chances of engineered T cells rec-
ognizing structurally similar, but unrelated markers 
or mounting responses against healthy tissues express-
ing low levels of the intended target  [17,18,78]. Since 
the consequences of off- or on-target off-tumor T-cell 
activation are potentially lethal, receptor specificity 
should be evaluated extensively during the stages of 
receptor design and preclinical testing.

Future perspective
Prediction of tissues, besides the targeted tumor, which 
will trigger activation of engineered T cells remains the 
biggest challenge in the field. We expect future stud-
ies introducing novel chimeric receptors to focus on 
minimizing off- and on-target off-tumor toxicities by 
fine-tuning receptor design and incorporating safety 
switches into the constructs. Common selection of 
candidates for an antigen-binding domain involves one 
or more affinity-based library screening steps. Nega-
tive selection should not be overlooked during this pro-
cess, as it can help eliminate binders with unexpected 
off‑tumor specificities.

Since tumor and healthy cells share expression of 
many markers, future research in the field of antigen-
binding domains will likely include novel recognition 
modalities outside of the scFv family, for example, 
repeat proteins and nanobodies, and diversify into 
targeting unique tumor-associated mutations as well 
as nonpeptide antigens. Size, biophysical stability, 
diversity, potential affinity for targets and ability to 
be expressed in standard display platforms (prokary-
otic, eukaryotic or viral) are important characteris-
tics, which will facilitate development of the novel 
groups of binders.
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Finally, we expect to see the growth of the multiva-
lent receptor field, aimed at reaching multiple cancer-
ous populations, because monospecific CAR T-cell 
therapies are prone to tumor escape via antigen loss or 
modification. Since addition of several domains can 
potentially complicate optimization process by inter-
fering with receptor folding and expression, it will be 
useful to explore combinations that are less prone to 
mispairing (for example, a natural ligand and an scFv 
or a repeat protein and an scFv, as opposed to scFv–
scFv).
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Executive summary

•	 Chimeric antigen receptor (CAR) technology shows excellent promise in clinical trials.
•	 Antigen-binding domains of chimeric receptors influence target choice, timing and location of activation of 

engineered T cells.
Antigen-binding domains described in literature
•	 Among antigen-binding domains, single-chain variable fragment technology is the most studied and 

advanced clinically, despite common requirement for nontrivial optimization.
•	 While providing an opportunity to capitalize on endogenous binder pairs, natural ligands should be evaluated 

carefully for suitability for T-cell redirection due to commonly wide target expression patterns.
•	 Repeat protein-based antigen-binding domains are new in the field and offer favorable biophysical properties 

for receptor design.
•	 T-cell receptor variable fragment strategy allows for targeting both intracellular and cell-surface antigens, but 

its technological progress is lagging due to protein optimization challenges.
•	 Multivalent receptors are designed to overcome antigen escape problem by combining domains with different 

antigen specificities.
•	 Universal switchable CARs offer continuous flexibility in target choice, but rely on bioavailability and 

biodistribution of soluble switch molecules.
Characteristics of the binding interaction
•	 Along with expression levels and cellular distribution of the activating receptor and other molecules 

participating in immunological synapse, receptor affinity is one of the components influencing functional 
avidity of CAR T cells.

•	 Specificity of the receptor reflects its ability to differentiate between several targets.
•	 Increase in affinity does not guarantee higher specificity.
Conclusion
•	 Monovalent, multivalent or universal antigen-binding domains have to exhibit specificity for their target, 

biophysical stability and affinity sufficient for triggering downstream-activating signals.
•	 On-target off-tumor and off-target toxicities remain the biggest concerns in the field of chimeric receptor 

design.
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