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Abstract 

 

Engineering novel chimeric antigen receptors (CARs) for T-cell malignancies using innate immune cells 

 

By Lauren C. Fleischer 

 

 

CAR T-cell therapy has successfully treated B-cell malignancies, however, there are many 

challenges translating these therapies for treatment of T-cell malignancies, including fratricide, T-cell 

aplasia, and product contamination. Approaches to address these challenges include targeting an antigen 

specific to a subset of T cells, disrupting target antigen expression on CAR-modified cells, non-viral 

delivery methods, safety mechanisms, and utilizing third party donor non-alloreactive cells or genome 

editing to prevent alloreactivity. This dissertation explores some of these approaches for the specific 

treatment of T-cell acute lymphoblastic leukemia (T-ALL) using CD5-CAR therapy. We evaluate the 

potential for i) CRISPR-Cas9 genome editing of CD5 to reduce fratricide and increase CAR expression, ii) 

NK-92 cells and γδ T cells as alternative effector cells within allogeneic settings to avoid product 

contamination, iii) AAV CAR-delivery to limit long-term expression to reduce concern of T-cell aplasia, 

as well as iv) a novel class of CARs, non-signaling CARs (NSCARs), to avoid fratricidal constraints. 

Our studies show that disruption of CD5 expression in T cells increased CD5-CAR surface 

expression, however, this did not translate into enhanced CD5-specific cytotoxicity. Using a CD5-negative 

NK-derived lymphoma cell line, NK-92 cells, we demonstrated in an NSG xenograft model of T-ALL that 

mice treated with CD5-CAR-modified NK-92 cells, exhibited a survival advantage over control mice. 

However, due to rapid CD5 down-regulation, fratricide is not a primary concern for CD5-targeted therapy. 

Therefore, we used γδ T cells because NK-92 cells require irradiation to prevent expansion of the lymphoma 

cell line in vivo. AAV6 resulted in efficient modification of γδ T cells and as these cells exhibit limited 

persistence in vivo and because AAV is primarily non-integrating, the combination of these approaches can 

regulate CAR expression. While fratricide is of minimal concern for CD5-targeted CAR T-cell therapies, 

other T-cell antigens do not down-regulate rapidly and completely. Therefore, we generated NSCARs, 

which lack signaling domains and are only advantageous in cells with endogenous cytotoxicity 

mechanisms, such as γδ T cells. We demonstrate NSCAR-modified γδ T cells exhibited enhanced anti-

tumor cytotoxicity in vitro. Herein, we assess novel approaches for CAR-modified T-cell generation for the 

treatment of T-cell malignancies. 
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Introduction 

T-cell malignancies encompass a heterogeneous group of diseases, each reflecting a clonal 

evolution of dysfunctional T cells at various stages of development. T-cell acute lymphoblastic leukemia 

(T-ALL) accounts for 15% and 25% of childhood and adult ALL cases respectively, and is the most 

common form of T-cell cancer seen in children (1; 2).  Adult T-cell leukemia/lymphoma (ATLL) is an 

extremely aggressive form of blood cancer driven by the human T-cell lymphocytic virus type 1 (HTLV1) 

(3-5).  Other rare forms of T-cell leukemia include T-cell large granular lymphocytic leukemia (T-LGL) 

and T-prolymphocytic leukemia (T-PLL) (6). T-cell lymphomas are broadly divided into two categories, 

cutaneous T-cell lymphoma (CTCL) and peripheral T-cell lymphoma (PTCL) (7). Mycosis fungoides (MF) 

and Sezary syndrome (SS) represent the two most common subtypes of CTCL, accounting for the majority 

of cases (8). PTCL can be classified into several different subtypes, among which include anaplastic large 

cell lymphoma (ALCL), angioimmunoblastic T-cell lymphoma (AITL), extranodal natural killer (NK)-T-

cell lymphoma (ENKTL), enteropathy-associated T-cell lymphoma (EATL), hepatosplenic T-cell 

lymphoma (HSTCL) and PTCL-not-otherwise specified (PTCL-NOS) which is the most common of the 

group (9; 10).   

The overall prognosis for T-cell malignancies varies depending on the type of disease, but in 

general is much poorer when compared to B-cell malignancies. While the survival in T-ALL has 

significantly improved with the intensification of chemotherapy, there still remain very limited options for 

patients with relapsed/refractory disease (11-13). ATLL remains a very challenging disease to treat, with a 

median survival of less than twelve months for the acute form of this disease (3-5). Advanced stage CTCL 

has a median overall survival of 5 years (14; 15), whereas outcomes of PTCL vary depending upon the 

subtype, with ENKTL, EATL and HSTCL having the poorest prognosis (9; 10). While immunotherapy has 

revolutionized the treatment landscape of various cancers with the use of monoclonal antibodies, 

checkpoint inhibitors, bispecific T-cell engagers, and chimeric antigen receptor (CAR) T-cell therapy, only 

limited responses have been seen in T-cell disease (15). Some promising results have been seen with use 

of brentuximab vedotin, a CD30-directed immunotoxin, in CD30-positive PTCL and CTCL (16; 17) and 
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the use of pembroluzimab, a programmed cell death receptor 1 (PD-1) inhibitor, in the treatment of ENKTL 

(18); however, these positive results have been limited to very specific subsets of T-cell disease. One form 

of immunotherapy that has not yet been successfully translated to T-cell malignancies is that of chimeric 

antigen receptor (CAR)-based immunotherapy. CAR T-cell therapy has been extremely successful in 

relapsed/refractory B-cell malignancies as evidenced by the recent Food and Drug Administration (FDA) 

approval of two CAR T-cell therapeutics for this disease (19-23). However, implementing this technology 

to treat T-cell malignancies has been difficult, primarily due to the lack of a tumor specific surface antigen 

in cancerous T cells. In this review, we will discuss the challenges involved in translating this novel 

technology to T-cell disease, review all the pre-clinical and clinical progress made in adapting this therapy 

for this challenging disease and examine potential solutions for the future development of this innovative 

therapy. 

 

Chimeric Antigen Receptor (CAR) T-cell Therapy 

Genetic engineering of primary T cells was first presented in the late 1980s (24). Since then, CAR 

T cells have emerged as a promising technique for the treatment of relapsed/refractory malignancies. CAR 

therapy brings together numerous fields including immunology, tumor biology, genetic engineering, 

synthetic biology and pharmacology. CARs are comprised of the intracellular signaling domain from the 

natural T-cell receptor (TCR), CD3, linked to a single-chain variable fragment (scFv) which serves as the 

antigen recognition domain. The scFv sequence is derived from a monoclonal antibody by combining the 

variable heavy (VH) and light (VL) domains using a small peptide linker. In the late 1990s, second-

generation CARs were engineered with a CD28 costimulatory domain to improve persistence, cytokine 

production and proliferative capacity (25). Inclusion of alternative costimulatory domains were described 

soon after involving 4-1BB, ICOS and OX-40 (26). Third-generation CARs were first presented in the late 

2000s, comprised of two costimulatory domains, in order to improve the response (27). However, the most 

appropriate CAR, regarding identity and number of co-stimulatory domains may vary for different 

indications.  
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Although the kinetics have yet to be fully elucidated, it is essential that CAR T cells have 

mechanisms of trafficking to the tumor site where they can recognize their cognate antigen, resulting in 

CAR T-cell activation and expansion, and ultimately cytolytic activity against cells expressing the target 

antigen. CAR-based ligand recognition is advantageous compared to TCR-based ligand recognition 

because CAR-targeting is not restricted by major histocompatibility complex (MHC) interactions. 

Therefore, CARs can recognize cell surface proteins that have not been processed and presented by antigen 

presenting cells (APCs). Importantly, the interactions between scFvs and ligands have much higher affinity 

and avidity compared to that of TCR-ligand interactions (28). Furthermore, the immune synapse formed 

from the interaction between a CAR and its ligand likely results in a much greater functional avidity than 

is observed using a targeted antibody approach with the same antibody (28).  

CARs targeting the B-cell antigen CD19 have been studied extensively for the treatment of B-cell 

malignancies. In 2017, the FDA approved the first CAR T-cell therapy, Kymriah, a CD19-directed CAR 

therapy for the treatment of relapsed/refractory B-cell acute lymphoblastic leukemia (B-ALL) and in 2018, 

Yescarta was approved to treat relapsed diffuse large B-cell lymphoma (DLBCL). These therapies, 

including others in clinical trials, have been widely successful in eliminating malignant cells and re-

inducing remission in patients who were otherwise treatment-refractory (19; 20; 29-31). Patients receiving 

CAR therapy undergo leukapheresis resulting in the collection of T cells, which are subsequently modified 

using a lentiviral or retroviral vector to express the CAR. These cells are expanded ex vivo while the patient 

undergoes lymphodepletion, a process involving chemotherapeutic agents. Finally, the CAR T cells are re-

infused into the patient (32). Lymphodepletion prior to re-infusion of the autologous T cells has been shown 

to augment both CAR T-cell proliferation as well as persistence (33-35). The administered dose of CAR T 

cells and the pre-existing tumor burden do not appear to be the sole determinants of the degree of T-cell 

expansion, engraftment, and overall response. Other factors may be involved, such as the density of cognate 

antigen expression on the cancer cells (36). However, the optimal degree of persistence of CAR T cells 

required to prevent leukemic relapse has not been determined (28; 37).  
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One of the mechanisms of relapse post-CD19 CAR-T therapy is due to surface antigen escape with 

relapsed leukemia cells being CD19-negative. The mechanism may be due to the expansion of a small 

subset of CD19-negative cancer cells or alternatively, the cells may down-regulate CD19 from the cell 

surface in order to evade detection by CAR T cells, rendering them resistant (19; 31; 38-41). Additionally, 

it was recently shown that a phenomenon referred to as trogocytosis is a mechanism of antigen escape 

whereby the antigen is transferred to the CAR T cell (42). It was also shown that the transduction of a single 

leukemic blast with an anti-CD19 CAR that was re-infused into a B-ALL patient ultimately resulted in 

relapse and death of the patient (43). Transduction of a leukemic cell resulted in masking of the target 

antigen through interactions between the CAR and the cognate antigen on the same cell. Clonal expansion 

of this population resulted in resistance to CAR therapy. This report emphasized the importance of strict 

and perfect isolation of normal, healthy T cells for modification with the CAR construct. As we discuss 

below, this is particularly challenging in T-cell leukemia patients who are more likely to have circulating 

cancerous T cells, and therefore a higher probability of these cells being isolated, transduced, and reinfused. 

Of note, there are severe toxicities that have been associated with CAR therapy. Cytokine release 

syndrome (CRS) is a systemic inflammatory response directly resulting from robust T-cell activation 

following infusion. IL-6 is one pro-inflammatory cytokine that is secreted at high levels during CRS. During 

a particularly severe CRS condition, tocilizumab, an IL-6R antagonist monoclonal antibody, was used to 

rapidly and effectively reverse the symptoms of a pediatric patient (30). Tocilizumab has since been FDA 

approved for treatment of CAR T cell-induced life-threatening CRS (44). Neurological toxicities have been 

reported following CAR T-cell infusion as well and preventative approaches remain elusive (40; 45-48). 

Compared to CRS and neurotoxicity, a much more manageable consequence of CAR T-cell therapy 

targeting B-cell malignancies is the resulting B-cell aplasia. This is a potentially lifelong outcome due to 

memory-cell formation against a B-cell antigen. However, B-cell aplasia is managed by frequent 

intravenous administration of immunoglobulin. This would be an extremely problematic outcome for T-

cell cancers, as T-cell aplasia would be life threatening. There are currently >200 clinical trials using CAR 

T cells registered at clinicaltrials.gov being carried out in the United States. However, the majority of these 
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trials are enrolling patients with B-cell malignancies. Advances are being made to expand CAR T-cell 

therapy to the treatment of other cancers and to minimize toxicities associated with treatment while reducing 

difficulty and cost of production.  

 

Translating CAR T-cell Therapy for Treatment of T-cell Malignancies 

 Harnessing and redirecting the cytotoxicity of T cells to malignant B cells has been established, but 

reprogramming T cells to kill malignant T cells, while sparing normal T cells, is much more complex and 

challenging. This requires aberrant expression of an antigen on malignant T cells that is absent or expressed 

at very low levels on normal T cells. CAR therapy requires isolation of healthy T cells from malignant T 

cells, a complicated procedure that can result in product contamination and subsequent CAR-modification 

of tumor cells. Additionally, expression of the targeted antigen on CAR T cells results in fratricide and 

limited expansion of the CAR T cells. Furthermore, targeting of an antigen regularly expressed on normal 

T cells would result in T-cell aplasia, leading to profound immunosuppression, associated with high rates 

of morbidity and mortality (Figure 1).  

Various approaches have been used to overcome these challenges, including CRISPR-Cas9 

genome editing to remove the antigen from the CAR T cells (49-51), Tet-OFF expression system to limit 

fratricide during ex vivo expansion (52), protein expression blocker (PEBL) to retain the antigen in the 

ER/Golgi to prevent cell surface expression (53; 54), or using CAR-modified NK cells or NK-92 cell line 

instead of T cells (49; 55-58). Additionally, to date, two targets have been investigated as targets for CAR 

T-cell therapy for the treatment of T-cell malignancies with limited to no expression in the normal 

population of T cells, CD30 and CD37 (59-61). Below, we review the preclinical and clinical CAR studies 

targeting different antigens expressed in T-cell malignancies. A summary of CAR-based clinical trials 

targeting T-cell disease is presented in Table 1.  

 

CD5 
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Figure I-1: Outcomes of CAR T-cell therapy in a patient with T-cell disease. 

Figure 1: Upon re-infusion into a patient, CAR T cells recognize their cognate antigen, expand upon this 

recognition, and initiate an attack. However, due to shared antigen expression on CAR T cells, normal 

healthy T cells, and tumor cells, numerous outcomes are observed. The CAR T cells target tumor cells as 

intended, reducing tumor burden. However, without further engineering, the CAR-modified T cells are 

likely to express the targeted antigen as well, resulting in fratricide. CAR T cells also target healthy T 

cells, resulting in T-cell aplasia through CAR expression on memory T cells. Lastly, CAR T-cell therapy 

involves isolating healthy T cells from malignant T cells for CAR-modification. A single malignant cell 

contaminating this population can result in masking of the antigen, leading to antigen-positive relapse.  

*Figure was created using BioRender 



8 
 

Figure I-Table 1: Clinical trials targeting T-cell antigens.  

T-cell 

antigen 
Clinical Trials Sponsor 

CAR co-

stimulatory 

domain 

Additional 

intervention 
Phase Status Ref 

CD5 
NCT03081910 

(MAGENTA) 

Baylor College of 

Medicine 
CD28 None Phase I Recruiting  

CD7  

NCT04004637 
PersonGen 

BioTherapeutics 
  Phase I Recruiting  

NCT04033302 

Shenzhen Geno-

Immune Medical 

Institute 

  
Phase 

I/II 
Recruiting  

NCT03690011 
Baylor College of 

Medicine 
CD28 

CRISPR/Cas9 

CD7-editing 

 

Phase I 
Not yet 

recruiting 
 

NCT02742727 
PersonGen 

BioTherapeutics 

CD28 and 4-

1BB 
NK-92 cells 

Phase 

I/II 
Unknown  

CD4 NCT03829540 
Stony Brook 

University 

CD28 and 4-

1BB 
 Phase I Recruiting  

CD30 

NCT01192464 
Baylor College of 

Medicine 
 

EBV-specific 

CTL 
Phase I 

Active, not 

recruiting 
 

NCT03383965 Immune Cell Inc 
2nd 

generation 
 Phase I Recruiting  

NCT02690545 

UNC Lineberger 

Comprehensive 

Cancer Center 

  
Phase 

I/II 
Recruiting [104] 

NCT02259556 
Chinese PLA 

General Hospital 
4-1BB  

Phase 

I/II 
Recruiting [106] 

NCT02958410 
Southwest 

Hospital, China 
  

Phase 

I/II 
Recruiting  

NCT03049449 NCI   Phase I Recruiting  

NCT01316146 

UNC Lineberger 

Comprehensive 

Cancer Center 

CD28  Phase I 
Active, not 

recruiting 
[60] 

NCT02917083 

(RELY-30) 

Baylor College of 

Medicine 
CD28  Phase I Recruiting [105] 

NCT04008394 
Wuhan Union 

Hospital, China 

3rd 

generation 
 Phase I Recruiting  

NCT03602157 

UNC Lineberger 

Comprehensive 

Cancer Center 

 
CCR4 

overexpression 
Phase I Recruiting  

NCT02663297 

UNC Lineberger 

Comprehensive 

Cancer Center 

CD28  Phase I Recruiting  

TRBC1 NCT03590574 Autolus Limited  
RQR8 safety 

mechanism 

Phase 

I/II 
Recruiting  

Table 1: Clinical trials targeting T-cell antigens. Organized by antigen. Available details regarding the 

specificities of the CAR construct are included. References are included where applicable. 
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 CD5 expression is limited to normal T cells and a small subpopulation of B cells, called B-1a cells 

(62-66). CD5 acts as a negative regulator of TCR signaling and has a role in protecting against 

autoimmunity (67; 68). CD5 is highly expressed on many T-cell malignancies, particularly T-ALL and 

PTCLs, rendering it a good target for CAR T-cell therapy (69-71). Since CD5 expression on T cells is 

approximately ten times that on B cells (72), a low-affinity, high-avidity CAR targeting CD5 may steer 

clear of CD5-positive B cells while selectively killing T cells (73; 74). Furthermore, CD8+ tumor-

infiltrating lymphocytes (TILs) express lower levels of CD5 compared to that of peripheral blood T cells, 

and one study showed down-regulation of CD5 improves the ability of T cells to lyse malignant cells (75). 

CD5 was previously targeted as a tumor antigen in clinical trials using immunotoxin-conjugated CD5 

monoclonal antibodies, with responses seen in patients with cutaneous T-cell lymphoma and T-ALL (76; 

77). 

Mamonkin et al showed that expression of a CD5-CAR with a CD28 co-stimulatory domain 

resulted in surface downregulation of CD5 in CAR T cells. As a result, fratricide was observed only 

transiently, allowing the CD5-CAR T cells to expand. These cells had significant in vitro cytotoxicity 

against two T-ALL cell lines and primary T-ALL cells and delayed leukemia progression in two different 

CD5-positive T-ALL models (78). Based on these results, CD5-CAR T cells with a CD28 costimulatory 

domain are being tested in T-ALL patients with refractory or relapsed disease (MAGENTA trial, 

NCT03081910). Our group used CRISPR-Cas9 to knockout CD5 expression in primary T cells prior to 

transduction with the CD5-CAR. We showed that gene editing of CD5 in effector CAR T cells increased 

CAR surface expression and decreased self-activation (49). The increased CAR surface expression is 

predicted to enhance CAR T-cell anti-tumor efficacy. We also showed antagonism of vasoactive intestinal 

peptide (VIP) signaling in conjunction with inhibition of the PI3K pathway increased expansion of CD5-

CAR-modified T cells as well as their cytotoxicity against CD5-specific tumor cell lines. This combination 

of compounds was also demonstrated to prolong in vivo persistence of treated T cells in NOD scid IL2R-

chain knockout (NSG) mice (79). 
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Interestingly, use of 4-1BB as the costimulatory domain in a CD5-CAR resulted in a significant 

fratricidal effect (52). It was shown that TNF receptor-associated factor (TRAF) signaling from the 4-1BB 

endodomain upregulated the intercellular adhesion molecule 1 (ICAM1), which subsequently stabilized the 

fratricidal immunological synapse between CD5-CAR T cells containing the 4-1BB costimulatory domain. 

To limit and control the effects of fratricide, a Tet-OFF expression system was used, which allowed for 

controlled transgene expression under a small molecule, doxycycline, inducible promoter. In the presence 

of doxycycline, CD5-41BB-CAR T cells expanded ex vivo without evidence of fratricide, while maintaining 

a more naïve genotype. Doxycycline was removed from the culture prior to injecting the CD5-41BB-CAR 

T cells into mice, resulting in CD5-CAR expression and improved survival outcomes in a T-ALL mouse 

model. Furthermore, there was a survival advantage in mice treated with Tet-OFF CD5-41BB-CAR T cells 

compared to survival of mice treated with CD5-CD28-CAR T cells without the Tet-OFF expression system 

(52).  

Alternatively, we expressed the CD5-CAR in NK-92 cells, which are inherently CD5-negative. Our 

data demonstrates CD5-CAR-modified NK-92 cells have increased cytotoxicity against T-cell leukemia 

cell lines compared to the cytotoxicity of naïve NK-92 cells (49; 55), and there is a significant improvement 

in survival of T-ALL xenograft mouse models compared to survival of mice treated with naïve NK-92 cells 

(49). This data confirms previously published data illustrating significantly improved survival and enhanced 

tumor reduction in irradiated T-ALL mouse models treated with CD5-CAR-modified NK-92 cells 

compared to that of mice treated with control NK-92 cells (45). Recently, another group considered CD5-

CAR-modified NK-92 cells; however, the 2B4 costimulatory domain, an NK-specific domain, was used in 

the CAR constructs (80). A previous study demonstrated CAR-modified NK-92 cells containing the 2B4 

domain enhanced activity against ovarian cancer in vivo (81). Similarly, the CD5-2B4-CAR-modified NK-

92 cells displayed superiority to CD5-41BB-CAR-modified NK-92 cells, in vitro and ex vivo. Additionally, 

both CARs significantly prolonged survival in a mouse model, with the 2B4-CAR-NK-92-treated mice 

surviving ~13 days longer than those treated with the conventional CAR-modified NK-92 cells (80). 
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CD7 

CD7 is a transmembrane glycoprotein with expression on T cells and NK cells (82). The majority 

of T-ALLs are CD7-positive, despite some populations lacking expression of other common markers, such 

as the TCR (83; 84). Additionally, early T-cell precursor acute lymphoblastic leukemia (ETP-ALL), a high-

risk subset of T-ALL due to poor responses to standard of care therapy, including hematopoietic stem cell 

transplantation (HSCT), highly express CD7 (83; 85; 86). Two clinical trials have been initiated in China 

studying CD7-CAR-modified T cells for the treatment of CD7-positive malignancies (NCT04033302 and 

NCT04004637). However, preclinical studies demonstrate use of anti-CD7-CAR T cells resulted in 

significantly reduced expansion compared to control T cells, as a result of fratricide (50; 53). Fratricide 

appears to be observed to a greater extent in CD7-CAR T cells compared to CD5-CAR T cells (50). It is 

hypothesized that this is due to a more incomplete internalization mechanism of CD7 from the cell surface 

following ligation of the antigen with an anti-CD7 scFv. CRISPR-Cas9 editing of CD7 from the cell surface 

of T cells prior to CAR expression demonstrated a superior method of developing CD7-CAR T cells. These 

cells exhibited limited fratricide, expanded in vitro, and showed no evidence of impaired cytotoxicity in 

vitro nor in vivo. Investigations in a T-ALL mouse xenograft model revealed a statistically significant 

prolonged survival of CD7-edited CD7-CAR-treated mice compared to survival of control mice (50). 

Previous murine studies indicate that while CD7 has a costimulatory role in T-cell activation, CD7 knockout 

mice exhibited limited deficiencies in T-cell function (87; 88). Based on these results, a phase I clinical trial 

has been initiated testing CD7-CD28-CAR T cells in T-ALL patients (NCT03690011). Additionally, a 

UCART7 was generated using CRISPR-Cas9 genome editing to disrupt the CD7 and TCR constant 

(TRAC) loci. This study demonstrated NSG mice engrafted with primary T-ALL blasts and treated with 

UCART7 donor cells exhibited tumor clearance from the peripheral blood, and, did not develop graft versus 

host disease (GvHD) or other severe side effects (51).  

 A new technique using protein expression blockers (PEBLs) has been established as an alternative 

to genome editing. This strategy couples an scFv with a retention peptide to maintain the protein of interest 

in the ER/Golgi preventing cell surface expression of the antigen. PEBL-CD7-CAR T cells exhibited 
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superior cytotoxicity against primary T-ALL cells in vitro compared to non-PEBL CD7-CAR T cells. Using 

a PDX model of ETP-ALL, upon detection of leukemic cell expansion in peripheral blood, PEBL-CD7-

CAR T cells were injected. PEBL-CD7-CAR T-cell treated mice had a significant survival advantage over 

control mice. However, CD7-positive relapse did occur in all PEBL-CD7-CAR T-cell treated mice (53).  

 Despite CD7 expression on NK-92MI cells, they have been used for CD7-CAR therapy 

demonstrating only a small percentage of cells are CD7-positive, and upon CD7-CAR expression, fewer 

than 1% CD7-positive NK-92MI cells remain (89). A humanized CD7 nanobody was generated that 

specifically bound CD7 with high affinity. Nanobody technology is based on single-domain antibodies 

found in camelids, which consist only of heavy chains. Linkage of two single-variable domain nanobodies 

using glycine and serine residues results in a bivalent nanobody (90; 91). A CD7-CAR constructed using 

the CD7 nanobody was expressed on NK-92MI cells and demonstrated enhanced CD7-specific cytotoxicity 

against T-ALL cell lines and primary patient cells ex vivo. The bivalent CD7-CAR-modified-NK-92MI 

cells exhibited slightly greater cytotoxicity compared to that of the monovalent CAR-modified cells, 

however the granzyme B production was significantly more robust from the former. The anti-tumor activity 

of the bivalent CD7-CAR-modified-NK-92MI cells was tested in a PDX mouse model. Three NSG mice 

were injected with primary T-ALL cells, and splenic T cells subsequently harvested and transplanted into 

30 mice, half of which received a higher dose of cells, while the other half received a lower dose of cells. 

The mice were treated three days later with naïve NK-92MI or bivalent CD7-CAR-modified-NK-92MI 

cells with multiple infusions. Mice that received the low dose of T-ALL cells and treated with the CAR-

modified cells had a significant survival advantage over mice treated with naïve cells, however this 

advantage was only ~8 days. A significant survival advantage was also seen in the mice that received high 

dose of T-ALL cells and treated with the CAR-modified NK-92MI cells compared to those treated with the 

naïve cells. However, survival was only extended ~5 days (89).   

 

CD4 
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 Most cancers derived from lineage differentiated T cells are likely to be of CD4-positive origin, 

making CD4 a good target for CAR therapy. A preclinical study was performed to consider the cytotoxicity 

of CD4-CAR-modified T cells against T-ALL tumors in NSG mice. This study also included the use of 

alemtuzumab to clear the CAR T cells as a safety mechanism. NSG mice were injected with luciferase-

expressing Jurkat T cells and subsequently treated with naïve T cells or CD4-CAR-modified T cells. CAR-

treated mice displayed a survival advantage and an ~80% reduction in tumor burden compared to mice 

treated with naïve T cells. CD4-CAR-modified T cells were also injected into mice to evaluate the ability 

of alemtuzumab to effectively eliminate CAR-modified T cells. Alemtuzumab was administered 24 hours 

post-CAR T-cell injection. A >95% depletion of CD4-CAR-modified T cells was observed within six hours 

following injection signifying the use of alemtuzumab as a safety mechanism for CAR T-cell therapy (92). 

Additionally, a phase I clinical trial to assess the safety and feasibility of CD4-CAR T-cell infusions in 

patients with relapsed/refractory T-cell lymphoma and T-cell leukemia has been initiated (NCT03829540).  

However, expression of CD4 on T cells can complicate CD4-CAR T-cell therapy as previously 

described. NK-92 cells are inherently CD4-negative, and therefore the use of NK-92 cells as opposed to T 

cells reduces risk of fratricide and avoids the need for further modifications. Additionally, it abrogates the 

risk of aplasia of CD4-positive cells that can occur with long-term engraftment of CAR T cells. Anti-CD4-

CAR NK-92 cells have shown in vitro success eliminating PTCL cell lines and both adult and pediatric 

primary cells. Using a xenograft model in NSG mice, CD4-CAR NK-92 cell-treated mice demonstrate 

significantly prolonged survival compared to control-modified NK-92 cell-treated mice (58).  

   

CD37 

 CD37 is a member of the tetraspanin superfamily with expression limited to lymphoid tissues, 

particularly B cells (93; 94). CD37 expression in cancer cells is typically characteristic of B-cell 

malignancies, however its expression can be found in some cases CTCL and PTCL (95; 96). Since CD37 

is not expressed in T cells, there is no evidence of fratricide occurring in anti-CD37-CAR T cells. However, 

in the presence of CD37-positive PTCL cell lines, CD37-CAR T cells exhibit increased activation and 
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degranulation as well as specific cytolytic activity in vitro (61). The restricted expression of CD37 makes 

it a safer target for CAR T-cell therapy, given there would be no concern of T-cell aplasia. Additionally, 

CD37 is not expressed in NK cells, providing an opportunity to utilize NK cells as effector cells in place of 

T cells. The versatility of CD37-CARs to treat B-cell and T-cell lymphomas suggest this may be an 

important target for further investigations. While CD37 is predominantly being examined for dual targeting 

for B-cell malignancies, the target has potential for CAR therapy against T-cell malignancies. 

 

CD30 

CD30, a member of the tumor necrosis factor receptor (TNFR) superfamily, promotes T-cell 

proliferation and cytokine production following TCR stimulation, while also having an opposing role in 

promoting apoptosis (97). Expression is limited to a subset of activated lymphocytes found around the 

follicular regions of lymphoid tissues (98-100). While CD30 is well known for its strong expression in 

virtually all classical Hodgkin’s lymphoma (HL), expression of CD30 can also be found on a subset of 

PTCLs, including ALCL (97-99; 101). One study demonstrated CD30 expression is upregulated during 

chemotherapy regimens in T-ALL patients. Of 34 T-ALL patients, approximately 38% had CD30-positive 

T-ALL (101). Therefore, some T-ALL patients who relapse following chemotherapy may still respond to 

CAR therapy. 

Preclinical studies have previously demonstrated CD30-CAR T-cell capacity for lysing tumor cells 

(102; 103) and numerous clinical investigations into CD30-CAR T-cell therapy have been launched with 

encouraging results. Eleven phase I/II trials treating patients with CD30-positive malignancies are currently 

active. To date, no toxicities related to CAR T-cell infusion nor impaired immunity against common viruses 

has been reported from these trials (NCT01316146 (60), NCT01192464, NCT03049449, NCT02690545 

(104), NCT02958410, NCT02663297, NCT03383965, NCT02917083 (105), NCT04008394, 

NCT02259556 (106) and NCT03602157). However, one trial reported the in vivo CAR T-cell expansion 

and persistence was reduced following subsequent infusions compared to those following initial doses (60). 

The decreased persistence of the CAR T cells may have prevented the development of severe adverse events 
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such as CRS and neurotoxicities that are commonly observed following CAR T-cell infusion. Of the two 

ALCL patients in this trial, one patient was non-responsive to the therapy, while the other entered complete 

remission lasting nine months (60). One phase I/II trial is currently ongoing in China for patients with 

relapsed/refractory Hodgkin’s lymphoma (NCT02259556). Although only one patient in this study has 

ALCL, the results of this trial corroborate the limited toxicity and anti-tumor activity of CD30-CAR T cells 

(106).  

 

TRBC1 

 T cells express the  TCR; the -chain can either be encoded by the T-cell receptor beta constant 

1 (TRBC1) gene or TRBC2 gene (107; 108). Therefore, expression of TRBC1 and TRBC2 is mutually 

exclusive. Additionally, CD4- and CD8-positive T-cell populations express both subsets and CD8-positive 

T-cell populations specific for common viruses also contain both TRBC1 and TRBC2 cells (109). However, 

as malignant T cells develop from a single cell, the entire population of cancerous cells will be either 

TRBC1- or TRBC2-positive. Numerous T-cell malignancy cell lines and primary samples have been 

analyzed by flow cytometry to validate the homogeneity of -chain expression in a malignant cell 

population (109). Many cancer cells down-regulate the TCR, however it is expressed on >95% of PTCLs 

(110) and >30% of T-ALLs (111).  

Anti-TRBC1 CAR T cells exhibited specific and efficient cytotoxicity against the JKO T-cell line 

transduced with TRBC1, but not against non-transduced cells or cells transduced with TRBC2, even in a 

mixed population. Furthermore, in primary samples from patients with T-cell malignancies, the anti-

TRBC1 CAR T cells preserved a significant fraction of healthy T cells (TRBC2 cells), thereby 

circumventing a limitation of CAR T-cell therapy for the treatment of T-cell malignancies (109). In an NSG 

mouse model using TRBC1-positive Jurkat T cells to establish cancer, mice treated with the anti-TRBC1 

CAR T cells exhibited reduced tumor burden and elongated survival. In additional pre-clinical studies, NSG 

mice were injected with both TRBC1 and TRBC2 cancer cells, and then treated with either naïve T cells or 
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anti-TRBC1 CAR T cells. TRBC1-positive Jurkat T cells could not be detected in mice treated with anti-

TRBC1 CAR T cells, however TRBC2-positive cells were identified. This is in contrast to mice treated 

with naïve T cells, whose bone marrow confirmed the presence of both TRBC1-positive and TRBC2-

positive cells (109). Targeting TRBC1-positive malignant cells offers a unique approach to avoiding T-cell 

aplasia, a consequence of many proposed CAR T-cell therapies for the treatment of T-cell malignancies.  

 

CD3 

CD3 is a pan T-cell marker comprised of four distinct polypeptide chains, epsilon, gamma, delta 

and zeta, which form pairs of dimers, transmitting T-cell activation signals. As CD3 is exclusively 

expressed on T cells, it has been a popular target in pre-clinical CAR T-cell therapies for the treatment of 

T-cell malignancies. As expected, due to fratricidal issues, manufacturing of anti-CD3 CAR T cells does 

not yield a viable cellular product (112). Various approaches using an anti-CD3 CAR have been 

investigated including the use of transcription activator-like effector nuclease (TALEN) mRNA to disrupt 

the TRAC locus and using NK-92 cells in place of T cells as the effector cell type. Disruption of the TRAC 

locus prevents assembly of the TCR/CD3 complex, allowing for anti-CD3-CAR expression without 

compromising cellular proliferation and viability. Enrichment of the CAR-positive, CD3-negative 

population was observed. In patient T-ALL samples, anti-CD3 CAR T cells demonstrated specific 

cytotoxicity against CD3-positive cells. In a T-ALL NSG model, anti-CD3 CAR T cells were shown to 

clear luciferase-expressing CD3-positive Jurkat cells, but showed no effect in NSG mice engrafted with 

CD3-negative Jurkat cells (112).  

To circumvent the need for additional modifications, NK-92 cells can also be used to express the 

anti-CD3-CAR, since they are CD3-negative cells. CD3-CAR NK-92 cells demonstrated efficient ex vivo 

lysis of PTCL primary samples, resulting in less than 0.5% lymphoma cells remaining at 5:1 effector to 

target ratios suggesting a potential use for this therapy in achieving minimal residual disease (MRD) for 

eligibility for HSCT. Furthermore CD3-CAR NK-92 treated T-ALL NSG mice exhibited prolonged 

survival with ~87% reduced tumor burden through day 23 (56).  
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“Off-the-shelf” CAR T-cell Therapy 

 One of the greatest challenges in utilizing autologous CAR T-cell therapy for the treatment of T-

cell malignancies is the separation of healthy T cells from malignant T cells in order to modify only healthy 

T cells with the CAR. To date, there has been one reported case from the University of Pennsylvania of 

CD19-CAR modification of a single, leukemic B cell, resulting in CD19-positive relapse and ultimately 

death of the patient (43). This task of isolating only the healthy T cells is even more difficult when a 

proportion of the patients T cells are malignant, especially in cases of T-cell leukemia wherein there is a 

high likelihood of circulating leukemia T cells in the peripheral blood. Thus, manufacturing of autologous 

CAR T cells for the treatment of T-cell malignancies has a very high likelihood of resulting in CAR-

modified leukemic cells. Additionally, there remain numerous challenges to using a patient’s own cells to 

manufacture CAR T cells. Patients with advanced disease undergoing CAR T-cell therapy typically are 

heavily pre-treated, having previously undergone numerous rounds of chemotherapy, which can result in 

low T-cell counts and/or T cells that may not be healthy enough to expand well making it very difficult to 

manufacture an efficacious CAR T-cell product (113). This issue is much more prevalent in adult patients 

due to the decreasing proportion of naïve T cells associated with aging (113-116). Moreover, due to 

intensive pre-treatment, the cells may exhibit reduced cytotoxic potential. Additionally, given many of these 

patients have advanced disease, a patient may experience disease progression, co-morbidities or even death 

in the time it takes to manufacture autologous CAR T cells once the patient has become eligible. This is 

especially true in most relapsed T-cell malignancies, which tend to be aggressive and chemo-resistant in 

nature. Lastly, each starting autologous T-cell product is different – variable function, maturation, 

CD4/CD8 ratios and phenotypic ratios – and the heterogeneity of each individual product has led to 

unpredictable results and variable potency of the therapy.  

An alternative to autologous CAR T-cell manufacturing is the use of allogeneic T cells as the cell 

source. Expression of the endogenous TCR in allogeneic CAR T cells must be blocked as it would likely 

result in GvHD, unless the donor is a human leukocyte antigen (HLA) match. This process involves 
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leukapheresis from a healthy donor, followed by isolation and activation of the donor’s T cells. 

Transduction using a lenti- or gamma-retroviral vector is performed to express the CAR and subsequent 

genome editing prevents expression of the endogenous TCR. Cells that remain TCR-positive are depleted 

from the expanded CAR T-cell product prior to cryopreservation. This creates an off-the-shelf cellular 

product that can be banked until it is needed for any patient requiring the therapy. This approach resulted 

in successful remission in two infant B-ALL cases treated with allogeneic CD19-CAR T cells that had been 

modified at the TRAC and CD52 loci. The allogeneic CAR T cells persisted until conditioning for stem 

cell transplant (117). Another group utilized shRNA to knock down β2-microglobulin in conjunction with 

a knock-in strategy to insert a CD19-CAR into the TRAC locus. Knock down of β2-microglobulin reduces 

the ability of class I HLA molecules to form heterodimers on the cell surface. Reducing expression of both 

β2-microglobulin and TRAC resulted in decreased allogeneic attack by CD8 T cells and NK cells (118). 

This strategy may be useful to reduce allo-recognition in patients receiving CAR T-cell therapy. Other 

groups have exploited similar approaches in preclinical CAR T-cell investigations targeting CD7 and CD3, 

as previously described (51; 112).  

CRISPR-Cas9 genome editing has become a popular technique to prevent gene expression or to 

correct gene expression. One study targeting CD7 generated “fratricide resistant, allo-tolerant” CAR T cells 

using CRISPR-Cas9 to disrupt both CD7 and the TRAC loci (UCART7). NSG mice engrafted with primary 

T-ALL blasts developed GvHD when treated with wildtype donor T cells, however, mice treated with 

UCART7 donor cells were able to clear the tumor cells from the peripheral blood, and, furthermore, did 

not develop GvHD or other severe side effects (51).  

TALENs, an alternative genome editing technique, have also been used to prevent expression of 

the TRAC locus in order to limit fratricide of anti-CD3-CAR T cells and prevent MHC-recognition of 

foreign host cells. Genome editing the TRAC locus prevents stable assembly of the TCR/CD3 complex. 

Disruption of the TRAC locus using TALEN mRNA prior to transduction with an anti-CD3-CAR lentiviral 

vector yielded CAR T cells that proliferated well and greatly reduced tumor burden in an NSG mouse model 
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of human leukemia. This manufacturing process can be applied to healthy non-HLA-matched donor T cells 

for use in an allogeneic transplant (112).  

As described above, PEBLs have been recently developed to selectively prevent expression of 

individual proteins. PEBLs have been shown to effectively retain CD3 in the ER/Golgi to prevent MHC 

recognition of host cells during allogeneic transplant of anti-CD19 CAR T cells. Disruption of TCR 

signaling had no effect on T-cell proliferation. There was no evidence of GvHD in an NSG mouse model 

of leukemia treated with the PEBL-CD19-CAR T cells, whereas 60% of the mice treated with CAR T cells 

that were not expressing the CD3 PEBL developed GvHD. Furthermore, both PEBL and CAR can be 

expressed from the same vector using a 2A sequence, resulting in only one transduction of the cells (54). 

While this study utilized PEBL in conjunction with an anti-CD19-CAR, this system can be applied with 

other CAR constructs to target T-cell antigens. Preclinical studies utilizing off-the-shelf approaches for the 

treatment of T-cell malignancies are outlined in Table 2.  

 

Alternative Effector Cell Types 

While CAR-modified  T cells can have a memory phenotype resulting in T-cell aplasia, NK 

cells and Vγ9Vδ2 expanded γδ T cells will not. Utilizing these innate cells for CAR therapy is a viable 

alternative that groups are exploring. One disadvantage to preventing memory-cell formation and using 

effector cells with limited persistence is reduced tumor control. These therapies require numerous infusions 

of CAR-modified cells, which can increase the cost of therapy. However, as these cells can be used in an 

allogeneic setting, they can be cryopreserved, ready for use. Short-lived CAR-expressing cells can be 

effectively used to induce remission these patients, thus providing a bridge to an allogeneic HSCT.  

 

NK cells and NK-92 cells 

Ex vivo-expanded NK cells are short-lived, and do not persist for extended periods of time in vivo 

compared to that of  T cells (119). CAR-modified NK cells have a turnover time of 1-2 weeks, therefore 
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Figure I-Table 2: Off-the-shelf approaches targeting T-cell antigens. 

 

 

  

T-cell 

antigen 

Off-the-shelf 

Approach 

Preclinical Study 

References 

CD5 NK-92 cells [45, 49, 55, 80] 

CD7  

UCART7: CRISPR-

Cas9 at CD7 and 

TRAC loci 

[51] 

NK-92MI [89] 

CD4 NK-92 cells [58] 

CD3 

NK-92 cells [56] 

TALENs targeting 

TRAC locus 
[112] 

 

Table 2: Off-the-shelf approaches targeting T-cell antigens. Organized by antigen.  
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there is reduced concern of aplasia of antigen-expressing cells (120). Currently there are two active clinical 

trials using anti-CD19-CAR-modified NK cells (NCT00995137 and NCT01974479). Additionally, some 

studies use NK-92 cells, an IL-2-dependent NK-derived cell line. NK-92 cells are often used as an 

alternative to primary NK cells due to their ease of expansion under current good manufacturing process 

(cGMP) conditions (121) and transfection with CAR mRNA (122). CAR-modified HLA, killer-cell 

immunoglobulin-like receptor (KIR) mismatched NK donor cell infusion or CAR-modified NK-92 cell 

infusion can result in tumor cell clearance without the risk of GvHD. Therefore, these cells only require 

one genetic modification. Additionally, with the exception of CD7, NK cells typically do not express 

antigens targeted in T-cell malignancies, and they have limited persistence in vivo. Therefore, neither 

fratricide nor T-cell aplasia are of primary concern.  

NK-92 cells modified with a CAR construct to obtain antigen-specific cytotoxicity have been 

extensively assessed in preclinical studies for the treatment of various diseases including B-cell 

malignancies (123-125), multiple myeloma (126), acute myeloid lymphoma (AML) (127), breast 

carcinoma (128; 129), neuroblastoma (130), and glioblastoma (131). As previously discussed, multiple 

groups have initiated preclinical studies using CAR-modified NK-92 cells for the treatment of T-cell 

malignancies, targeting antigens such as CD5, CD7, CD4 and CD3, demonstrating reduced tumor burden 

and an overall survival benefit in NSG mouse models of T-cell leukemia compared to mice treated with 

naïve NK-92 cells (45; 49; 56; 58). The safety and efficacy of NK-92 cells has been evaluated in clinical 

trials displaying a good safety profile with few mild to moderate adverse events (132-134) (NCT00900809, 

NCT00990717). To date, five clinical trials have been initiated involving infusion of CAR-modified NK-

92 cells targeting a variety of antigens, including CD33, human epidermal growth factor receptor 2 (HER2), 

B-cell maturation antigen (BCMA), CD19, and the T-cell antigen, CD7 (NCT02944162, NCT03383978, 

NCT03940833, NCT02892695 and NCT02742727).  

Inherent NK-cell cytotoxicity is dependent on the balance of activating and inhibitory killer-cell 

immunoglobulin-like receptor (KIR) signals. Inhibitory and activating KIRs on NK cells form a balance, 

as there are often signals from both inhibitory and activating receptors. The inhibitory signals predominate, 
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typically through higher affinity for their ligands, however strong activating signals can override the 

inhibitory signals, licensing NK cells to kill. If donor inhibitory KIRs do not recognize patient HLA, there 

is reduced inhibitory signaling to counteract the activating signaling (135; 136). While NK-92 cells lack 

many of the inhibitory KIRs expressed on primary NK cells, they have a wide range of activating receptors. 

NK-92 cells are highly cytotoxic against cancer cells (137). Similar to NK cells, NK-92 cells have the 

capability to produce perforin and granzyme upon activation, as well as display cytotoxic activity through 

up-regulation of TNF-related apoptosis-inducing ligand (TRAIL), FasL and TNF (138). Additionally, 

NK-92 cells have demonstrated evidence of serial killing, with each cell killing numerous target cells (139). 

However, as NK-92 cells are an NK lymphoma cell line, they require irradiation prior to infusion into a 

patient to prevent expansion, resulting in persistence for about one week in vivo and potentially exhibiting 

reduced cytotoxicity as a result. Alternatively, suicide mechanisms can be engineered into the cells to 

eliminate the risk of NK-92-cell persistence in vivo and eliminate the need for irradiation, thereby resulting 

in greater cytotoxicity of the infused cells.  

A major limitation to the use of CAR T cells is antigen escape, however, as NK cells can kill 

through other mechanisms, down-regulation of the cognate antigen on tumor cells may not halt anti-tumor 

activity. Differences in the cytokine secretion profile, namely reduced release of proinflammatory 

cytokines, and extensive inhibitory signals involved in NK-cell therapy are assumed to play a role in the 

reduced risk of CRS compared to that seen with T-cell CAR therapy (139). NK cells can exhibit their 

cytotoxic activity through numerous means including expression of FasL or TRAIL, secretion of perforin 

and granzyme, as well as through antibody-dependent cellular cytotoxicity (ADCC) mechanisms (136; 140; 

141). High expression of FcγRIII (CD16) facilitates ADCC through administration of a monoclonal 

antibody and can be augmented by the addition of cytokines (142-147). Combination therapy using both 

CAR NK cells and a monoclonal antibody has demonstrated improved efficacy, however few antibodies 

have been developed for this purpose in T-cell malignancies (148). Natural Killer Group 2D (NKG2D) 

receptor recognizes stress ligands including MICA and MICB (149; 150), resulting in cytotoxicity against 

exceedingly stressed cells. As NK cells do not recognize targets on healthy cells, they have limited off-
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target toxicity (136). Additionally, their serial killing capability allows each individual NK cell to kill, on 

average, four tumor cells (151). However, NK cells are notoriously difficult to expand ex vivo, transduce 

with viral vectors, cryopreserve and they have limited life span in vivo (134; 152). While autologous NK 

cells can be obtained by leukapheresis followed by selection of CD56-positive cells, allogeneic NK cells 

derived from a 3rd party donor requires an additional step for depletion of alloreactive T cells from the donor 

product (153). 

Purification and expansion of NK cells from peripheral blood mononuclear cells have been 

optimized in cGMP protocols to clinically relevant numbers (154-156). This is a time-consuming process 

as only 10% of peripheral blood mononuclear cells (PBMCs) are NK cells (157). However, recently 

developed methods are being used to enhance NK-cell expansion, such as through K562-feeder cell 

expression of OX40 ligand (158). As mentioned above, a limitation to NK CAR therapy is the extreme 

sensitivity of NK cells to cryopreservation. They have demonstrated poor viability and diminished 

cytotoxicity after cryopreservation. While cytotoxicity can be restored to normal levels after a few days in 

culture with exogenous IL-2, the low viability post-cryopreservation remains a concern (153).  

 

γδ T cells  

 While  T cells function as a part of the adaptive immune system, γδ T cells play roles for both 

the innate and the adaptive immune system. γδ T cells and  T cells originate from two distinct T-cell 

lineages (159). γδ T cells are the only innate immune cells expressing a TCR (160), however, their target 

recognition is independent of MHC-recognition (161; 162). Lack of MHCI- and MHCII-restriction renders 

γδ T cells optimal candidates for allogeneic cell therapy. γδ T cells are excellent effector cells for CAR T-

cell therapy and Vγ9Vδ2 T cells represent the most commonly studied subset of γδ T cells in this context. 

Studies by our group have demonstrated similar transduction efficiencies can be achieved in Vγ9Vδ2 T 

cells grown under cGMP serum-free conditions as are achieved in  T cells using lentiviral vectors. 

Additional studies were performed revealing peak low-density lipoprotein receptor (LDL-R) expression on 
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days 6-8 of γδ T-cell expansion (163). As LDL-R is the major receptor for VSV-G-pseudotyped lentiviral 

vectors, this data suggests greater transduction efficiency can be achieved on these days using lentiviral 

vectors compared to earlier or later in the expansion (164).  

 To date, numerous preclinical studies have evaluated CAR-modified γδ T cells. These studies have 

focused on the treatment of neuroblastoma (165; 166), melanoma (167), B-cell malignancies (166; 168) 

and epithelial cell adhesion molecule (epCAM)-positive adenocarcinomas (169). While none of these 

studies focus on targeting T-cell malignancies, they all demonstrate CAR expression on γδ T cells improves 

anti-tumor cytotoxicity in an antigen-specific manner. GD2-CAR-modified γδ T cells expressing the RQR8 

suicide gene were shown to expand 2.5-fold upon antigen exposure and, as γδ T cells exhibit innate 

trafficking to tumor microenvironments, no changes in migration towards neuroblastoma cells using a 

transwell migration assay were detected (165). Furthermore, both GD2-CAR- and CD19-CAR-modified γδ 

T cells were demonstrated to secrete proinflammatory cytokines in the presence of GD2- or CD19-

expressing tumor cells, respectively (166). While these studies utilized viral vectors to express the CAR, 

electroporation of a Sleeping Beauty transposon has also been shown to result in CD19-CAR expression in 

γδ T cells, resulting in anti-tumor cytotoxicity both in vitro and in vivo against CD19-positive tumor cells 

(168). Additionally, expression of a CAR targeting melanoma-associated chondroitin sulfate proteoglycan 

(MCSP) was established in γδ T cells using RNA transfection. Despite comparable anti-tumor cytotoxicity, 

lower cytokine secretion was observed in MCSP-CAR-modified γδ T cells compared to that from 

conventional CAR-modified  T cells (167). Reduced proinflammatory cytokine secretion is favorable 

due to anticipated reduced occurrence or severity of CRS. Lastly, epCAM-CAR-modified γδ T cells were 

either studied fresh, or cryopreserved for one month, and cultured for 24 hours upon thawing. epCAM-

CAR-modified γδ T cells demonstrated high levels of in vitro cytotoxicity of tumor cell lines when γδ T 

cells were both fresh and cryopreserved. Additionally, -depletion on day 7 of expansion eliminated  

T cells from the culture; however, the cells maintained overall cytotoxicity against tumor cell lines in vitro 

(169). These studies pave the way for additional trials using CAR-modified γδ T cells targeting T-cell 
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malignancies. They demonstrate engineering of γδ T cells and enhanced in vitro and in vivo cytotoxicity 

upon CAR expression. 

Clinical trials using CAR-modified  T cells have reported numerous cases of antigen escape – a 

major mechanism of treatment resistance and relapse despite strong presence of CAR T cells. CAR-

modified γδ T cells may be able to overcome this antigen escape obstacle by relying on their innate ability 

to recognize the tumor cells through other means and impart their cytotoxic effects on the proportion of 

cells that down-regulate the targeted antigen, avoiding resistance to the treatment. Naïve γδ T cells have 

been shown to have anti-tumorigenicity activity against leukemia, neuroblastoma and colon cancer cell 

lines as well as primary cancer cells in vitro (170-173). They are found in peripheral blood, spleen and 

lymph nodes in addition to almost all mucosal tissues, functioning as immune-surveillance of epithelial 

tissues by scanning for inflammatory threats (174; 175). They also have an intrinsic capability to kill cells 

expressing danger signals, with no priming required, including tumor cells.  The γδ TCR recognizes self-

antigens that serve as endogenous danger signals such as heat shock proteins, which are upregulated in cells 

with increased metabolism, like cancer cells. Expression of scavenger receptors like the NK group 2 

member D receptor, NKG2D, enables γδ T-cell activation through the interactions between NKG2D and 

self-antigens that are indicative of cellular stress such as MIC-A, MIC-B and ULBPs (160; 176-179). These 

interactions result in cellular cytotoxicity facilitated by the secretion of TNF and IL-2R up-regulation 

(175; 178; 180). Additionally, γδ T cells express chemokine receptors that can detect chemokines secreted 

by cancer cells, likely facilitating their migration towards the tumor site (181). γδ T cells also express FasL 

(CD95L) as a means of recognizing Fas expression on tumor cells and initiating apoptosis (182). One 

mechanism by which tumor cells can evade immune recognition is through down-regulation of the MHC. 

The ability of γδ T cells to recognize stress antigens, heat shock proteins and chemokines secreted by tumor 

cells presents an advantage to γδ T-cell therapy instead of using  T cells, which cannot recognize tumor 

cells following a reduction in antigen expression. 
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 Another mechanism by which γδ T cells can recognize tumor cells is through stimulation by 

phosphoantigens. Phosphoantigens such as isopentenyl pyrophosphate (IPP) are recognized by the γδ TCR. 

While there are many subsets of γδ T cells, phosphoantigens specifically expand the Vγ9Vδ2 subset.  IPP 

is used as a substrate in the mevalonate pathway by farnesyl pyrophosphate synthase (FPPS) enzyme. 

Bisphosphonates overproduced in cancer cells block the FPPS enzyme, resulting in a buildup of IPP, which 

is subsequently recognized by Vγ9Vδ2 cells resulting in the secretion of IFNγ and TNF and potent γδ T-

cell cytotoxicity (183-186). Bisphosphonate stimulation of γδ T cells has been applied to in vitro expansion 

of γδ T cells in conjunction with IL-2 in serum-free conditions (163). A preclinical study involving nude 

mice receiving repeated dosing of γδ T cells resulted in decreased tumor growth, however, tumor growth 

resumed upon completion of the γδ T-cell infusions (187). In phase I clinical trials, adoptive transfer of γδ 

T cells to patients receiving ex vivo expanded γδ T cells with a combination of IL-2 and bisphosphonate 

stimulation or in vivo IL-2 infusions with or without bisphosphonates demonstrated the safety of the infused 

product and suggested the therapy could be efficacious in slowing the progression of the disease, however, 

no complete remissions were observed and only one case of a partial remission. Combinatorial therapies 

involving γδ T cells are likely to be more beneficial compared to γδ T-cell therapy alone (183; 188-191).  

 While autologous transfer of CAR-modified  T cells targeting a T-cell malignancy can be used 

as a bridge to transplant (although the risk remains that a single CAR T cell will be left behind ultimately 

resulting in the development of T-cell aplasia), it cannot be a curative option unless a near perfect design 

of a suicide gene, switch mechanism, or another system has been implemented to reliably eliminate all CAR 

T cells upon completion of the treatment. Therefore, γδ T cells, NK-92 cells or NK cells may be 

advantageous effector cells for CAR T-cell therapy. Other techniques such as mRNA electroporation or 

AAV can also be useful in preventing long-term CAR T-cell persistence, as described below.  

 

Prevention of T-cell Memory Formation and T-cell Aplasia 
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While current CAR T-cell therapies for the treatment of B-cell malignancies have been hugely 

successful in initiating and maintaining remission, these therapies have prevented the re-emergence of 

endogenous B cells in patients in whom the CAR T cells have persisted. The CAR T cells can have a 

memory phenotype that allows them to remain dormant until re-stimulation with the cognate antigen, CD19, 

expressed on all endogenous B cells. While B-cell aplasia is an undesirable side effect of these therapies, it 

has been managed by continued periodic intravenous immunoglobulin injections (40). The long-term 

implications of persistent B-cell aplasia remain unknown. In contrast, treatment of T-cell malignancies 

using CAR T cells targeting antigens expressed on the majority of normal T cells is predicted to result in 

T-cell aplasia. While B-cell aplasia is tolerable, there is no such treatment for T-cell aplasia. Patients who 

develop T-cell aplasia will have profound immunosuppression and thus will succumb to deadly infections 

(40). Therefore, prevention of memory cell formation of CAR T cells and T-cell aplasia remains an essential 

challenge to translating CAR T-cell therapy for the treatment of T-cell malignancies.  

 

Non-viral Delivery Methods 

There are numerous disadvantages to using retroviral vectors for CAR T-cell therapy, including 

risk of clonal dominance (192; 193), high cost of production (194), maximum cargo size (195; 196), the 

inability to “turn off” transgene expression and unpredictable integration sites potentially resulting in 

insertional oncogenesis (197; 198). The indefinite period of CAR expression can result in severe on-target 

off-tumor toxicities, which is particularly challenging to manage in T-cell disease. To overcome these 

unintended side effects, groups are alternatively exploring delivery of CAR-RNA through electroporation 

as a safer method (199-201). As with the use of effector cells with limited persistence in vivo, therapies 

with transient CAR-expression require multiple infusions into the patients. Use of mRNA electroporation 

of T cells for CD19-CAR expression has been reported in a pre-clinical model demonstrating reduced tumor 

burden one day post-treatment. This study illustrates prolonged survival of a xenograft mouse model after 

a single injection of CAR-mRNA, however, as predicted, as mRNA levels decrease, the tumor burden 
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increases. Median survival did not differ between the mRNA-treated mice and the lentiviral vector-treated 

mice (199). 

Published results from the first non-viral CD19-CAR clinical trial using RNA electroporation to 

deliver the CAR into T cells demonstrate the safety and efficacy of this treatment in four relapsed/refractory 

classical HL patients. While CAR-RNA was detected 48 hours post-infusion, no RNA could be detected 

by day 21. At 1-month post-treatment, one patient had complete response, another had a partial response, a 

third had stable disease and the fourth patient had progressive disease. The patient with a complete response 

exhibited the longest persistence of RNA, while the patient with progressive disease had the least RNA 

persistence. However, the results were transient and the patient who had complete response had progressive 

disease 3 months later (202).  

Transposons such as Sleeping Beauty, piggyBac or Tol2 have also been explored as alternatives to 

viral vectors for gene delivery (168; 203-208). Transposons encode the gene of interest flanked by terminal 

inverted repeats (TIRs). For gene therapy applications, DNA transposase can be co-transfected with the 

transposon. The transposase recognizes the TIRs flanking the target sequence and can insert the therapeutic 

DNA into the genome resulting in integration of the DNA and stable expression. Additionally, transposons 

can be used for gene disruption by inserting the transposon into an endogenous gene. (209). Preclinical data 

illustrate CD19-CAR T cells generated by transposons demonstrate engraftment of the CAR T cells 

resulting in tumor cell clearance in an in vivo xenograft murine model (208; 210-212). Other transposon-

generated CAR T cells are being evaluated in preclinical studies for the treatment of ALL (204), juvenile 

myelomonocytic leukemia (213), breast cancer (214), cholangiocarcinoma (215) and sarcomas (203; 216; 

217). To our best knowledge, transposons have yet to be utilized for expression of CARs targeting T-cell 

antigens. However, there is potential in this modality for the treatment of T-cell malignancies as its safety 

and efficient delivery has been demonstrated in clinical trials for the treatment of B-cell malignancies. 

CD19-CAR T cells against B-cell malignancies have been infused into patients following HSCT to reduce 

risk of post-transplant relapse (autologous: NCT00968760; allogeneic: NCT01497184; long-term follow-

up: NCT01492036). Autologous transplant of transposon-generated CD19-CAR T cells resulted in 83% of 
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progression-free survival after 30 months and long-term persistence of CAR T cells was detected (218). 

Additional clinical trials have evaluated transposon-generated CD19-CAR T cells in patients with chronic 

lymphocytic leukemia (CLL) (NCT01653717).  

This system is advantageous over viral vector delivery methods for numerous reasons including 

the ability to transfer large therapeutic genes as well as the lower processing cost due to cell-independent 

production. However, both transposons and viral vector gene delivery typically result in integration of the 

transgene into the host-cell genome. Furthermore, use of transposons incorporates advantages of plasmid 

DNA delivery, such as avoiding activation of natural cellular defense mechanisms against viral infection.  

 

Adeno-Associated Viral Vector 

AAV is an alternative viral delivery method that overcomes some of the disadvantages of using 

integrating viral vectors previously discussed. Efficient transduction of innate immune cells by AAV 

encoding a CAR against a T-cell antigen would address the threat of T-cell aplasia. Innate immune cells, 

such as NK cells and γδ T cells, as previously discussed, are potential effector cells for CAR-mediated 

therapy. A common challenge reported in using these cell types is the low transduction efficiency using 

integrating viral vectors, delaying progress in the development of these therapies. AAV gene transfer of a 

CAR into innate immune cells would offer the opportunity to develop an allogeneic off-the-shelf CAR 

therapy that can control CAR expression, mitigating CRS and other adverse events, and that does not form 

memory against T-cell antigens and therefore will not result in T-cell aplasia. 

AAV is a single-stranded, non-enveloped DNA virus with a cargo capacity of approximately 4.7 

kilobases (219). Upon deletion of the Rep protein, the viral transgene forms circular concatamers that exist 

episomally in the nucleus of the cell. AAV expression is therefore diluted upon each mitotic division (220; 

221). Episomal expression of the transgene is one unique quality of AAV that makes it suitable for gene 

therapy applications, particularly CAR therapy. AAV delivery of a CAR transgene can control the duration 

of CAR expression, which is a desired quality of CAR therapy to regulate cytokine production and mediate 

toxicities, however AAV-delivered transgenes integrate at a low frequency into the host cell genome (222-
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224). In particular, transient CAR expression may prove advantageous in situations targeting T-cell 

malignancies by preventing T-cell aplasia. As a result, the use of AAV for gene transfer can mitigate some 

of the concerns of CAR technology by regulating CAR expression.  

 The AAV capsid directs the infectivity of different tissues, and therefore the appropriate capsid 

must be used to maximize transduction of the desired cell type. The capsid sequence, which determines the 

AAV serotype, influences the infectivity profiles of different cell types (225; 226). Previous studies have 

reported the tropism for each AAV serotype. AAV6 has been shown to result in higher transduction of 

hematopoietic stem and progenitor cells than have other serotypes (227-229).  

 

Suicide Genes and Safety Switches 

 While the motivation behind the incorporation of suicide genes and safety switches into CAR 

constructs was to mediate the severe adverse events commonly reported following extensive expansion of 

CAR T cells, they can also serve an alternative purpose. Using pharmacologic agents, the apoptotic pathway 

in CAR T cells can be activated, triggering selective cell death of the effector cells, without destroying 

bystander cells. Therefore, they can be valuable in the setting of T-cell malignancies as they can prevent T-

cell aplasia. There are three main classes of suicide gene technologies, classified by the mechanism of 

action of the incorporated gene. They i) convert non-toxic compounds to toxic drugs via metabolic 

pathways (230-233), ii) induce dimerization of inducible Cas9 (iCas9) (234; 235), or iii) mediate ADCC 

using monoclonal antibodies (236-238). Co-expression of the suicide gene with the CAR in a bicistronic 

vector would result in two populations of cells – those that express both the CAR and the suicide gene, and 

those that express neither. This strategy eliminates the risk of a CAR-positive cellular population that does 

not include the safety transgene. For simply controlling CAR expression in cases of severe adverse events, 

a less than pure population would suffice. However, all the CAR-positive cells must also express the safety 

transgene in order to confidently eliminate the entire CAR population and, in the context of targeting T-cell 

antigens, control T-cell aplasia.  
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The first reported suicide gene utilized expression of the herpes simplex virus thymidine kinase 

(HSV-TK) in donor lymphocytes prior to HSCT. Metabolism of ganciclovir by HSV-TK in patients that 

developed GvHD resulted in a toxic substance killing the cells (239). As discussed above, administration 

of alemtuzumab, an anti-CD52 antibody commonly used in lymphodepleting regimens, has recently been 

evaluated as a mechanism for clearing CAR T cells to prevent T-cell aplasia. Specifically, alemtuzumab 

has been assessed for CD4-CAR T-cell elimination following tumor cell eradication in NSG mice. Within 

six hours following alemtuzumab infusion, >95% of the CAR T cells had been depleted (92). Another study 

demonstrated CD123-CAR T-cell mediated tumor ablation in a human AML PDX mouse model, followed 

by CAR T-cell depletion upon alemtuzumab administration (240). A third study evaluated the use of 

alemtuzumab as a safety mechanism for dual CD123-CD33 CAR T cells. Dual targeting resulted in tumor 

clearance in an in vivo model. Upon alemtuzumab infusion, rapid depletion of CAR T cells was observed. 

Within six hours, ~90% of CAR T cells had been depleted. By five days post-alemtuzumab administration, 

CAR T cells were undetected in the peripheral blood, bone marrow, spleen and liver of the mice (241).  

In London, an epitope-based marker/suicide gene system (RQR8) was developed to both track the 

transduced cells and selectively deplete them by combining epitopes from CD34 and CD20. Use of 

Miltenyi’s clinically approved CliniMACS CD34 system allows for selection of the CAR-modified T cells 

while the binding of rituximab results in ADCC and selective elimination of the adoptively transferred T 

cells. Co-expression of RQR8 with an anti-GD2 CAR demonstrated selection of CAR T cells with >95% 

purity and clearance of >97% of the CAR-positive population. C57BL/6 splenocytes were transduced with 

RQR8 retroviral vector and sorted using Miltenyi CD34 beads and then injected into C57BL/6 x BALB/c 

cross mice. The transgenic T cells were detected at day 7, however, following rituximab administration, 

they were no longer detected in peripheral blood. Control mice demonstrated increased levels of transgenic 

T cells in peripheral blood (242). This RQR8 system has been tested in clinical trials for the treatment of 

T-cell non-Hodgkin lymphoma targeting TRBC1 (NCT03590574).   

Recently, the safety mechanism gaining the most attention has been the inclusion of an iCas9 

suicide gene into the CAR construct. Pharmacologic activation of the iCas9 results in effective and rapid 
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elimination of CAR T cells. iCas9 inclusion in a CD19-CAR construct regulates CAR T cells in a dose-

dependent manner, allowing for either control over the CAR T cells to reduce toxicities, or complete 

elimination of all CAR T cells to facilitate B-cell reconstitution (243; 244). This is especially significant in 

cases with severe adverse events, such as GvHD or CRS. iCas9 has recently been included in CAR 

constructs containing an IL-15 gene to introduce control over CAR T-cell function. The IL-15 gene arms 

the T cells to produce IL-15, which, while increasing T-cell survival and enhancing specific cytotoxicity, 

can also result in unrestricted proliferation and increased toxicity. Inclusion of an iCas9 gene in these CAR 

constructs can provide control to this therapy and increase the safety profile (245).  

Bellicum Pharmaceuticals demonstrated an activation switch on CAR T cells comprised of 

rimiducid-inducible MyD88 and CD40 (iMC) signaling elements provided increased proliferation and 

survival and enhanced specific cytotoxicity both in vitro and in vivo upon rimiducid administration (246). 

The heightened costimulation can also act negatively, dramatically increasing toxicity through CRS or 

autoreactivity. Therefore, this construct was modified to include an iCas9 gene to confer control over CAR 

T-cell function. Similar to iMC, clinically validated iCas9 relies on activation by rimiducid. In order to 

incorporate both iMC and iCas9 into a CAR construct, a novel mechanism for iCas9 activation is required. 

Therefore, a rapamycin-inducible iCas9 (iRC9) was generated to be used in conjunction with iMC in CAR 

T cells to enhance anti-tumor cytotoxicity while exhibiting control over CAR T-cell function (247). In 

addition to CD19-CARs, iCas9 has been included in other CAR constructs including an anti-CD20-CAR, 

demonstrating enhanced tumor clearance in vivo and a 90% reduction in CAR T cells in the peripheral 

blood of mice following activation of the iCas9 suicide gene, compared to CAR T cells detected in 

peripheral blood of control mice (248). Additionally, a GD2-CAR including the iCas9 gene is being 

assessed for the treatment of neuroblastoma (NCT01822652), sarcoma (NCT01953900), osteosarcoma and 

melanoma (NCT02107963) in phase I clinical trials.  

A few groups have evaluated the use of CD20 adoptive transfer into T lymphocytes using a 

retroviral vector as a novel suicide mechanism. Their data supports infusion of the anti-CD20 antibody, 

rituximab, an approved antibody for in vivo therapeutic applications, results in efficient, specific elimination 
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of CD20-positive T lymphocytes in vitro through complement activation as well as ADCC (236; 237; 249). 

CD20 co-expression with a CD123-CAR demonstrated strong and rapid anti-leukemia activity in a human 

AML mouse model. Upon the infusion of rituximab, CAR T cells were cleared and mice were successfully 

engrafted with human bone marrow cells, mimicking allogeneic stem cell transplantation (240). CD20 can 

additionally be used as a selection marker. Studies have demonstrated rituximab can eliminate CD20-

positive cells in vivo through inducing complement-dependent cytotoxicity, a rapid and efficient mode of 

cell death (250). Both iCas9- and CD20-based safety systems allow for rapid and efficient elimination of 

the CAR T cells (251). 

Dual constructs for tracking and elimination have been designed to facilitate the selection of CAR-

positive T cells, tracking of the cells in vivo and selective elimination as a safety mechanism. Truncated 

human EGFR (huEGFRt) is one such polypeptide that has been evaluated for this purpose. The ligand 

binding domains and intracellular signaling domains were removed from the protein, however the epitope 

for binding cetuximab, an anti-EGFR monoclonal antibody, remains. Modification of T cells with the CAR 

and huEGFRt allows for selection using cGMP biotin immunomagnetic beads and biotinylated cetuximab 

and tracking using flow cytometry or immunohistochemistry. Upon administration of cetuximab, CAR T 

cells become the targets for ADCC, resulting in in vivo depletion of CAR T cells. T-cell engraftment and 

ADCC-mediated CAR T-cell elimination were exemplified in NSG and NOD/scid mice, respectively (252). 

Additionally, the huEGFRt suicide mechanism has been assessed in a phase I clinical trial in an anti-MUC-

16ecto CAR construct to treat patients with platinum-resistant ovarian cancer (253). 

  An alternative approach to suicide genes is the generation of a split receptor consisting of two 

distinct polypeptides: the antigen recognition domain and the intracellular signaling domains. Upon 

activation from a dimerization-inducing small molecule, the two peptides dimerize, resulting in a functional 

receptor. However, antigen stimulation is still required to facilitate a response. The small molecule can be 

titrated for optimal response, controlling the timing and dosage of active CAR T cells. Removal of the small 

molecule can reversibly regulate CAR T-cell activity. These ON-switch CAR T cells demonstrate specific 

cytotoxicity in vitro and in vivo only when exposed to the small molecule. In a mouse xenograft model, 
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mice treated with ON-switch CAR T cells displayed a reduction in the K562 cells engineered to express 

CD19, only in the presence of the small molecule, similarly to mice treated with conventional CD19-CAR 

T cells. However, in the absence of the small molecule, there was no difference in mice treated with ON-

switch CAR T cells compared to mice treated with vehicle (254).  

 

Summary and Conclusions 

 CAR therapies targeting CD19 have resulted in unparalleled success. However, there are many 

challenges in translating these therapies beyond the treatment of B-cell malignancies. We have highlighted 

some of these challenges in this review. While numerous antigens have been identified for the treatment of 

T-cell malignancies, targeting of many of these antigens results in fratricide and T-cell aplasia. Multiple 

gene editing approaches are being evaluated to prevent fratricide by reducing expression of the targeted 

antigen on CAR-modified cells. For example, it has been shown that CD5 is down-regulated rapidly from 

the cell surface upon interaction with the CD5-CAR. Therefore, only transient and limited fratricide is 

observed (78), in contrast to the targeting of antigens with incomplete down-regulation (50). Furthermore, 

a clinical trial has been initiated using CD5-CAR modified T cells that have not undergone additional 

modifications (MAGENTA trial, NCT03081910). However, this trial can only be successful if 

overexpression of the CD5-CAR is achieved, as only levels above endogenous CD5 antigen will result in 

surface expression of the CAR. 

The identification of tumor-specific antigens would greatly enhance CAR therapy targeting T-cell 

malignancies by avoiding fratricide. To date, few antigens with limited expression on normal cells have 

been assessed as CAR targets to treat T-cell malignancies, including CD30, CD37 and TRBC1. A focus on 

targets with such limited expression on T-cell malignancies is unlikely to have a wide-ranging impact on 

the treatment of patients with T-cell disease. However, CD30 and CD37 are commonly found on B-cell 

malignancies, and CARs targeting these antigens have been successful in these settings. In contrast, TRBC1 

is expressed on a much larger population of T cells and therefore it is likely to be found on a higher 

percentage of T-cell malignancies, comparatively. To the best of our knowledge, only one study has 



35 
 

evaluated anti-TRBC1-CAR T-cell therapy. The data suggests TRBC1 is a very promising marker for 

targeting T-cell malignancies and the field would benefit from studies further developing this therapy.  

While targeting CD5 or antigens with selective expression on T cells may overcome the issue of 

fratricide, the concern regarding T-cell aplasia has not been addressed. The potential for life-threatening T-

cell aplasia emphasizes the need for a safety mechanism that is completely effective at eliminating CAR T 

cells following tumor eradication. Adjusting the effector cell type to NK cells, NK-92 cells or γδ T cells 

can also limit the risk of a memory-cell response against a T-cell antigen. While NK-92 cells are an NK-

derived lymphoma cell line, they have demonstrated safety in clinical trials. However, they require 

irradiation prior to infusion to prevent expansion of lymphoma cells in a patient (132; 133). As stated, no 

safety concerns have arisen from trials involving irradiated NK-92 cells, however, therapeutic effect of NK-

92 CAR therapy has not been demonstrated (255). Alternatively, mRNA or AAV delivery systems, which 

result in transient CAR T-cell expression could be utilized. While CAR therapy most commonly uses αβ T 

cells for CAR expression, short-lived NK cells or γδ T cells could be taken advantage of, especially for use 

in allogeneic settings and to avoid product contamination. These solutions address the challenge of 

preventing and managing toxicities as well.  

However, these strategies do not address the pressing issue of isolating normal healthy T cells from 

malignant T cells upon leukapheresis, prior to modification with a CAR construct. A perfect system needs 

to be in place in order to confidently prevent transduction of a leukemic blast, a phenomenon that has 

occurred, resulting in relapse and ultimately death of a B-ALL patient (43). In order to eliminate any risk 

of this event, 3rd party donor cells must be used. Disruption of TCR expression is required to limit GvHD 

when using αβ T cells for CAR expression. However, NK cells and γδ T cells can both be used in an 

allogeneic setting as they are unlikely to cause GvHD. Use of allogeneic CAR-modified cells addresses the 

challenges of high cost and difficulty of production, since healthy donor cells can be expanded more easily 

and cryopreserved as an off-the-shelf therapy until they are required in an allogeneic setting. Additionally, 

allogeneic cell delivery allows for titratable dosing as well as multiple infusions, if such is required.  
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Many avenues are currently being explored to enhance the safety and efficacy of CAR therapy. 

However, the majority of these strategies do not address all three main challenges to utilizing CAR therapy 

to treat T-cell malignancies. Of the approaches evaluated in this review, only those incorporating NK cells 

or NK-92 cells can overcome all of these primary challenges (Figure 2). NK cells i) are non-alloreactive 

and can be obtained from healthy donors, eliminating risk of product contamination, ii) do not form memory 

responses, preventing T-cell aplasia, and iii) do not express the same antigen repertoire as T cells, avoiding 

fratricidal concerns. CD7 is an exception as it is found on NK cells and therefore fratricide could occur. 

While NK and NK-92 CAR therapy have a potential that should continue to be investigated and optimized, 

particularly for the treatment of T-cell malignancies, many groups are currently exploring this avenue. 

Other, equally promising approaches, such as utilizing γδ T cells as the cellular vehicle for CAR therapy 

represents an alternative, less studied approach. Similar to NK cells, γδ T cells are non-alloreactive and are 

unlikely to form a memory response against a T-cell antigen. However, γδ T cells are likely to succumb to 

fratricide in certain circumstances. As previously described, some T-cell antigens down-regulate rapidly 

and result in only transient and limited fratricide. Therefore, γδ T cells can be especially advantageous in 

the targeting of rapidly down-regulating T-cell antigens for the treatment of T-cell malignancies. 

Furthermore, γδ T cells exhibit trafficking to tumor microenvironments and express innate MHC-

independent mechanisms of cytotoxicity by which they can recognize tumor cells. CAR therapy using γδ 

T cells represents an understudied avenue with the potential of developing into a superior cellular product. 

Many advances have been made towards translating CAR therapy for the treatment of T-cell 

malignancies. Both academia and industry are focused on the identification of tumor-specific antigens to 

enhance the safety and efficacy of CAR T-cell products as well as on the development of superior cellular 

products. Unfortunately, due to vast variability in the design and execution of preclinical studies, it is 

difficult to compare the different strategies. However, the numerous preclinical and clinical studies 

underway for the treatment of T-cell malignancies provide optimism for successful translation of this 

therapy to treat this aggressive and challenging group of diseases.  
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Figure I-2: Strategies to overcome challenges in translating CAR therapy to treat T-cell malignancies.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Many approaches have been evaluated to overcome the barriers to utilizing CAR therapy to target 

T-cell malignancies. However, few of these strategies address more than one challenge, and only one 

strategy has been assessed to overcome the three primary challenges: use of NK or NK-92 cells.  
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Abstract  

Relapsed T-cell malignancies have poor outcomes when treated with chemotherapy, but survival 

after allogeneic bone marrow transplantation (BMT) approaches 50%. A limitation to BMT is the difficulty 

of achieving remission prior to transplant. Chimeric antigen receptor (CAR) T-cell therapy has shown 

successes in B-cell malignancies. This approach is difficult to adapt for the treatment of T-cell disease due 

to lack of a T-lymphoblast specific antigen and the fratricide of CAR T cells that occurs with T-cell antigen 

targeting. To circumvent this problem two approaches were investigated. First, a natural killer (NK) cell 

line, which does not express CD5, was used for CAR expression. Second, CRISPR-Cas9 genome editing 

technology was used to knockout CD5 expression in CD5-positive Jurkat T cells and in primary T cells, 

allowing for the use of CD5-negative T cells for CAR expression. Two structurally distinct anti-CD5 

sequences were also tested, i) a traditional immunoglobulin-based single chain variable fragment (scFv) 

and ii) a lamprey-derived variable lymphocyte receptor (VLR), which we previously showed can be used 

for CAR-based recognition. Our results show i) both CARs yield comparable T-cell activation and NK cell-

based cytotoxicity when targeting CD5-positive cells, ii) CD5-edited CAR-modified Jurkat T cells have 

reduced self-activation compared to that of CD5-positive CAR-modified Jurkat T cells, iii) CD5-edited 

CAR-modified Jurkat T cells have increased activation in the presence of CD5-positive target cells 

compared to that of CD5-positive CAR-modified Jurkat T cells, and iv) although modest effects were seen, 

a mouse model using the CAR-expressing NK cell line showed the scFv-CAR was superior to the VLR-

CAR in delaying disease progression.   

 

Introduction 

Chimeric antigen receptor (CAR) T-cell therapy is among the most promising anti-cancer 

therapeutics, with great success achieved in relapsed/refractory B-cell malignancies (19-22). This approach 

for the treatment of T-cell malignancies is complicated by the lack of a T-lymphoblast specific surface 

antigen. As a result, CAR T cells generated to target malignant T cells are at risk of fratricide and, therefore, 

their activation against targeted cancer T cells is compromised (78). We explore two alternative methods 
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that can be used to apply this innovative therapy to T-cell disease; the first is through the use of a NK cell 

line as the CAR-expressing effector cell, and the second is by knocking-out surface expression of the target 

antigen in CAR T cells using CRISPR-Cas9 genome editing. 

CD5 is a pan T-cell marker that is commonly over-expressed in most T-cell malignancies (69; 71). 

Expression of CD5 by normal cells is restricted to thymocytes, peripheral T cells, and a minor 

subpopulation of B lymphocytes, called B-1 cells (67; 256; 257). Additionally, CD5 is a negative regulator 

of T-cell receptor (TCR) signaling and has a role in protecting against autoimmunity (68; 72; 258). As a 

result, we have chosen CD5 as the target antigen for our CARs. Clinical trials have previously studied CD5 

as the tumor target antigen using immunotoxin-conjugated CD5 monoclonal antibodies, with responses 

documented in patients with cutaneous T-cell lymphoma and T-ALL (76; 77). A pre-clinical study using 

anti-CD5 CAR T cells had favorable results, but did demonstrate some evidence of fratricide among the 

engineered CAR T cells due to inherent CD5 expression (78). CD5-negative cells, such as NK cells or 

CD5-CRISPR-Cas9-edited T cells, may be a more suited option for CAR-modified effector cells for the 

targeting of T-cell malignancies (45). The CRISPR system (259-262), has been adapted to function in 

eukaryotes and can be used to induce genetic modifications, such as highly specific and permanent gene 

knockout (263-265). We hypothesized that CD5-CRISPR-edited T cells would have decreased self-

activation when expressing a CD5-CAR compared to that of CD5-positive T cells. 

We have previously shown that a variable lymphocyte receptor (VLR) can be used for CAR-

mediated antigen recognition instead of the more traditional immunoglobulin-based single chain variable 

fragment (scFv) (55). VLRs represent the functional unit of the adaptive immune system in jawless 

vertebrates (lamprey and hagfish), and are analogous, but not homologous to immunoglobulins (266; 267). 

VLRs have a fundamentally different structure and geometry than immunoglobulin-based antibodies, while 

still demonstrating high degrees of specificity and avidity. We hypothesize VLRs can bind antigens in a 

geometrically dissimilar manner compared to that of scFvs, and therefore can potentially interact with 

epitopes unavailable to an scFv, thereby increasing the repertoire of targetable antigens. Importantly for the 

production of CAR-based therapeutics, they exist naturally as single chain crescent-shaped proteins with 
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their variable region consisting of multiple assembled repeating sequences, termed leucine rich repeats 

(LRRs) (266-269). VLRs function as avidity-based antibodies with the individual monomeric VLR units 

exhibiting lower affinity towards their target compared to their multimeric form (270; 271). The unique 

single chain structure of VLRs allows for rapid insertion into a CAR scaffold, compared to the 

corresponding use of an immunoglobulin, in which the variable heavy and light chains need further 

engineering for adapting to CAR technologies. We hypothesized that a CD5-directed VLR-CAR would 

have equal or superior efficacy compared to a corresponding scFv-CAR.  

We tested both the CD5-VLR-CAR and CD5-scFv-CAR in NK-92 cells, non-edited and CD5-

edited Jurkat T cells, and non-edited and CD5-edited primary T cells. Our in vitro studies demonstrate that 

both CD5-CARs have comparable outcomes in terms of T-cell activation and NK-92 cell mediated CAR 

cytotoxicity, and that CD5-edited CD5-CAR T cells have increased CD5-CAR expression and exhibit 

decreased self-activation while maintaining their ability to activate in the presence of CD5-positive target 

cells. However, in vivo the scFv-CAR had an advantage over the VLR-CAR when tested in a T-cell 

leukemia mouse model using NK-92 cells. 

 

Materials and Methods 

Cell lines. The Jurkat and NK-92 cell lines were obtained from American Type Culture Collection (ATCC, 

Manassas, VA). The MOLT-4 and 697 cell lines were kindly provided to us by the laboratory of Dr. 

Douglas Graham (Emory University). The Jurkat T cell clone used is heterogeneous in CD5 expression. 

The primary culture media for the Jurkat cell line was RPMI (Corning, Manassas, VA) with 10% fetal 

bovine serum (FBS) and 1% penicillin/streptomycin. For NK-92 cells, AIMV (Thermo Fisher Scientific, 

Waltham, MA) was used with 20% FBS, 1% penicillin/streptomycin and 1000 U/mL recombinant 

interleukin-2 (IL-2, PeproTech, Rocky Hill, NJ).   

 

Primary Cells. Primary T cells were generously donated by the Chandrakasan laboratory at Emory 

University. These cells were isolated from PBMCs from healthy, consented donors. Cells were expanded 
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in X-VIVO 15 media (Lonza, Switzerland) with 10% FBS, 1% penicillin/streptomycin/amphotericin B 

(Lonza, Switzerland), 50 ng/mL IL-2 (PeptroTech, Rocky Hill, NJ) and 5 ng/mL IL-7 (PeptroTech, Rocky 

Hill, NJ).  

 

Cloning of the CD5-CAR sequences. The CD5 scFv cDNA sequence was derived from a humanized 

murine immunoglobulin protein sequence targeting CD5 (272). The variable heavy and variable light 

sequences were joined by a (G4S)3 peptide linker. The CD5 VLR cDNA sequence was generated from a 

published protein sequence of a VLR targeting CD5 (270). Both cDNA sequences were then codon 

optimized for human cell expression and subcloned into a vector containing the remaining necessary 

components for CAR production, which were obtained by gene synthesis from Genewiz (South Plainfield, 

NJ). We used a bicistronic construct to allow for dual expression of enhanced green fluorescent protein 

(eGFP) and the CD5-CAR using a P2A peptide sequence. The BCL-VLR-CAR control was cloned by 

substituting the CD5-VLR for the BCL-VLR into the CAR cassette as previously described (55). 

 

Generation of CAR encoding lentiviral vector. High-titer, recombinant, self-inactivating (SIN) HIV 

lentiviral vector was produced using a four-plasmid system.  Briefly, the expression plasmid encoding the 

CD5-CAR constructs and BCL-VLR-CAR construct, as well as packaging plasmids containing the gag, 

pol, and envelope (VSV-g) genes were transiently transfected into HEK-293T cells by calcium phosphate 

transfection. Cells were cultured in DMEM (Thermo Fisher Scientific, Waltham, MA) supplemented with 

10% FBS and 1% penicillin/streptomycin. Twenty-four hours after transfection, the cell culture medium 

was replaced with fresh medium. At 48 and 72 hours the vector supernatant was collected, filtered through 

a 0.22 μm filter and stored at -80°C. After the final collection, the vector supernatant was pooled and 

concentrated overnight via centrifugation at 10,000 x g at 4°C. Pelleted vector was then re-suspended in 

serum-free StemPro media (Thermo Fisher Scientific, Waltham, MA). Titering was performed on HEK-

293T cell genomic DNA using quantitative polymerase chain reaction (qPCR). Titers of the concentrated 

recombinant viral vectors to be ~1x 107 TU/mL.  
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Lentiviral vector transduction of cell lines. Transduction of recombinant HIV-1-based lentiviral vector 

particles was carried out by incubating cells with vector in appropriate culture medium supplemented with 

6 μg/mL polybrene (EMD Millipore, Billerica, MA), unless otherwise stated. Twenty-four hours after 

transduction, culture medium was replaced with fresh medium. The transduced cells were then cultured for 

at least 3 days before being used for downstream applications. Jurkat T cells were transduced at multiplicity 

of infection (MOI) ranging from 1 to 20. 

 

Lentiviral vector spinoculation of primary T cells. Transduction of recombinant HIV-1-based lentiviral 

vectors was carried out by incubating cells with vector in appropriate culture medium supplemented with 5 

μg/mL polybrene (EMD Millipore, Billerica, MA) and then centrifuged at 3000 RPM for 2.5 hours. 

Twenty-four hours after spinoculation, culture medium was replaced with fresh medium. The transduced 

cells were then cultured for at least 3 days before being used for downstream applications. 

 

Flow cytometry analysis and sorting. Analysis was done using a BD FACS Canto II Flow Cytometer and 

BD LSRII Flow Cytometer (BD Biosciences, San Jose, CA). Data was analyzed using the BD FACSDiva 

software and FlowJo, LLC. Antibodies used included anti-CD69 APC-Cy7 and anti-CD5 PerCP/Cy5.5 (BD 

Biosciences, San Jose, CA). Additionally, a CD5-Fc fusion protein was used to detect CD5-CAR surface 

expression through binding of the CAR to the CD5 portion of the protein (G&P Biosciences, Santa Clara, 

CA). A secondary anti-IgG-Fc conjugated to PE was used to detect the CD5-Fc (Jackson Immunoresearch 

Laboratories, West Grove, PA). For the cytotoxicity studies, target cells were stained with the membrane 

dye PKH26 and cell death was assessed using 7-AAD (described below). Flow sorting for CD5 and eGFP 

was performed using a SH800S Cell Sorter (Sony Biotechnology Inc. U.S., San Jose, CA). 

 

Western blotting with CD3ζ and CD5 antibodies. Cells were lysed using RIPA buffer (Sigma-Aldrich, St. 

Louis, MO). Cell lysates were clarified by centrifugation and protein was quantified using the Pierce™ 
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BCA Protein Assay Kit (Thermo Fisher Scientific, Waltham, MA). Equal quantities of protein were loaded 

and cell lysates were separated by SDS-PAGE under reducing conditions and transferred to a nitrocellulose 

membrane (Bio-Rad Laboratories, Hercules, CA). The protein-loaded and blocked membrane was 

incubated with an anti–CD3ζ mAb (1:500) or anti-CD5 mAb (0.5 μg/mL) followed by a HRP-labeled goat 

anti-mouse IgG secondary Ab (1:2500) or HRP-labeled anti-goat IgG secondary Ab (1:1000), respectively. 

 

Cytotoxicity assay. Target cells were labeled with membrane dye PKH26 using the manufacturer’s protocol 

(Sigma-Aldrich, St. Louis, MO). Effector cells were left unstained. Effector (E) and target (T) cells were 

counted and viability assessed using trypan blue. Labeled target cells were mixed with effector cells in 

12x75 mm FACS tubes at E:T ratios ranging from 0:1 to 10:1 in a total volume of 200 uL. Target cells 

(50,000) were added to 12x75mm FACS tubes along with the corresponding number of effector cells. The 

cell mixture was incubated for 4 hours at 37°C in 5% CO2. After incubation, cells were washed and stained 

with 7-AAD (BD Biosciences, San Jose, CA). Flow cytometry analysis was performed to assess 7-AAD 

positive cells. All experiments were performed in triplicate. To calculate specific cytotoxicity, the number 

of spontaneously lysed target cells in the absence of effector cells was subtracted from the number of dead 

target cells, which were identified as PKH26 and 7-AAD double positive in the measured sample.  

 

Real time quantitative PCR. Genomic DNA was extracted using the Qiagen DNeasy Blood & Tissue Kit 

according to the manufacturer’s recommended protocol (Qiagen, Germantown, MD). Oligonucleotide 

primers were designed for a 150bp amplicon of the Rev-response element (RRE). Real-time PCR was 

performed in an Applied Biosystems® StepOne™ System (Thermo Fisher Scientific, Waltham, MA) in 25 

µl reaction volumes using 50 ng of template DNA, using the default thermocycler program for all genes: 

10 minutes of pre-incubation at 95°C followed by 40 cycles of 15 seconds at 95°C and one minute at 60°C.  

 

Transfection of Jurkat T cells and primary T cells. Jurkat T cells and primary T cells were transfected 

using the Lonza Nucleofector 2b Device and the Amaxa Cell Line Nucleofector Kit V or the Amaxa Human 
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T Cell Nucleofector kit, respectively, according to the manufacturer's protocol (Lonza, Switzerland). Cells 

were transfected with 6 µg of a single plasmid CRISPR-Cas9 system encoding both the guide RNA (gRNA) 

and Cas9. By day 5 post-transfection, the CD5 knockout was confirmed using BD LSRII Flow Cytometer 

(BD Biosciences, San Jose, CA). 

 

Tracking of Indels by DEcomposition (TIDE) analysis of genome editing. Genomic DNA was isolated 

using the Qiagen DNeasy Blood & Tissue Kit according to the manufacturer’s recommended protocol 

(Qiagen, Germantown, MD). Naïve Jurkat genomic DNA and CD5-edited Jurkat genomic DNA samples 

were sequenced by GeneWiz (South Plainfield, NJ) using primer sequences that flanked the predicted Cas9 

cut site within the CD5 gene. The sequencing traces were uploaded into the TIDE software as well as the 

guide RNA sequence. Parameters were adjusted to fit the uploaded sequences and indels +/- 10 bp were 

analyzed. Sequencing and analysis of forward and reverse amplifications confirmed the results. 

 

Co-culture assay using CAR-modified effector T cells and naïve target T cells. Naïve and CD5-edited 

Jurkat T cells were transduced by incubating with high titer, recombinant, SIN lentiviral vectors encoding 

eGFP-P2A-CD5-scFv-CAR or eGFP-P2A-CD5-VLR-CAR at MOI 5. After 24 hours, culture medium was 

replaced with fresh medium. On day 5 after transduction, flow cytometry using BD LSRII Flow Cytometer 

(BD Biosciences, San Jose, CA) confirmed eGFP expression. The same day, transduced cells were cultured 

with naïve Jurkat T cells labeled with Violet Proliferation Dye 450 (VPD450) at effector (E) to target (T) 

ratios of 2:1, 1:1 and 1:5. The final concentration of each culture was 5x105 cells/mL. Naïve Jurkat T cells 

were labeled according to the manufacturer’s protocol (BD Biosciences, San Jose, CA). Flow cytometry 

was used to analyze changes in CD5 on the effector and target cells, as well as CD69 expression on effector 

cells at 24 hours after initiation of the co-culture. All experiments were performed in triplicate. 

 

Generation of a T-cell leukemia murine xenograft model and treatment with CD5-CAR expressing NK-

92 cells. NOD/SCID/IL2Rγnull (NSG) mice were purchased from The Jackson Laboratory (Bar Harbor, 
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ME) and were maintained in a specific pathogen-free environment. Mice were cared for according to the 

established principles of the Institutional Animal Care and Use Committee (IACUC) and all animal 

protocols were approved by the IACUC. A luciferase-expressing Jurkat T-cell leukemia cell line was kindly 

provided to us by Dr. Douglas Graham (Atlanta, GA). All intravenous injections were performed using 

retro-orbital injections. To determine the treatment dosing regimen with NK-92 cells, we intravenously 

injected NSG mice with non-irradiated CD5-scFv-CAR NK-92 cells without supplementation of IL-2 and 

followed persistence of the NK-92 cells over time. Mice were evaluated for evidence of NK-92 cells by 

flow cytometry in peripheral blood, bone marrow and spleen 1, 3, and 18 days post injection. Based on 

results from this experiment, a twice-weekly dosing regimen for non-irradiated NK-92 cells without IL-2 

supplementation was established. 

Seven- to nine-week-old NSG mice were then intravenously injected with 2x106 luciferase-

expressing Jurkat T cells on day 0 to establish disease. Cells were re-suspended in 100uL phosphate 

buffered saline (PBS) prior to injection. Treatment was started on day 7 after tumor injection. There were 

four treatment groups; mice either received PBS (control), unmodified naïve NK-92 cells, CD5-VLR-CAR 

NK-92 cells or CD5-scFv-CAR NK-92 cells. For mice receiving cells, each treatment consisted of 107 NK-

92 cells re-suspended in 100 uL PBS administered intravenously. Each mouse received 4 treatments on 

days 7, 11, 14 and 18. Mice underwent in vivo bioluminescence imaging every seven days to monitor tumor 

burden. Animals were monitored frequently and were euthanized upon signs of leukemia progression 

(weight loss >20%, decreased activity, and/or hind limb paralysis).  

 

In vivo bioluminescence imaging. NSG mice were anesthetized with inhaled isoflurane and maintained 

with 2% isofluorane during imaging procedures. Bioluminescence imaging was performed with the IVIS® 

Spectrum imaging system (PerkinElmer, Boston, MA). Each mouse was given an intraperitoneal injection 

of 150 mg/kg D-luciferin (PerkinElmer, Boston, MA) dissolved in PBS. Images were captured 10-15 

minutes after the D-luciferin injection. Bioluminescence intensity was quantified using the Living 
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Image® advanced in vivo imaging software. Total flux values were determined by drawing regions of 

interest (ROI) of identical size over each mouse and are presented in photons/second. 

 

Statistical analysis. Unpaired 2-tailed Student t test and One-way ANOVA were used to determine 

statistical significance. For in vivo survival data, Kaplan–Meier curves were plotted and compared using a 

log-rank test. A p-value of <0.05 is considered statistically significant for all studies unless otherwise stated. 

All statistics were calculated with SigmaPlot, version 13.0 (Systat Software, Chicago, IL).  

 

Results 

Construction of CD5-directed CARs 

The CD5-VLR-CAR (previously described (55)) was generated using a VLR protein sequence 

shown to be specific for the CD5 antigen (270). The sequence for the CD5-scFv was generated using a 

published humanized murine immunoglobulin protein sequence (272), and the cDNA sequence designed 

to express the scFv was codon optimized for human cell expression. The C-terminus of VH was joined with 

the N-terminus of VL using a 15 bp linker encoding a glycine and serine pentapeptide repeat (G4S)3 (273). 

The entire CD5-scFv sequence totaled 720 bp compared to the shorter 570 bp CD5-VLR sequence. The 

two CD5 sequences were cloned into the CAR cassette, which is a second-generation CAR composed of 

an N-terminal IL-2 signal peptide followed by the CD5-VLR or -scFV antigen binding domain, the 

transmembrane and intracellular domains of CD28, and the intracellular signaling domain of CD3ζ (Fig. 

1A). A bicistronic vector co-expressing eGFP and the CD5-CAR via a self-cleaving 2A peptide sequence 

(P2A) was used to enable selection of positively transduced cells by flow sorting (Fig. 1B).  

 

CD5-CAR NK-cell mediated cytotoxicity 

To demonstrate CAR-directed cytotoxicity, the well-characterized cytotoxic human NK cell line, 

NK-92, was used, which is an interleukin-2 (IL-2) dependent immortalized cell line that has maintained its  
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Figure II-1: Schematic of CAR structures containing the CD5-directed variable lymphocyte receptor 

(VLR) or single-chain variable fragment (scFv). 

 

 

 

Figure 1: (A) Second generation CAR structures with CD28 containing a scFv (left) or VLR (right) as the 

antigen recognition domain. (B) Schematics of the bicistronic transgene sequences used for expressing 

enhanced green fluorescent protein (eGFP) and the CD5-CARs using a p2a sequence. It includes a 5’ long 

terminal repeat (LTR), human ubiquitin C promoter (hUBC), eGFP sequence, p2a sequence, an interleukin-

2 signal peptide (IL-2 SP), the CD5-VLR (top) or CD5-scFv (bottom), a myc epitope tag, the CD28 region, 

the CD3ζ intracellular domain and a 3’ LTR.  
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cytotoxic capabilities (121). NK-92 cells do not display CD5 on their surface, and this allows for expression 

of the CD5-CAR without self-activation and fratricidal killing of transduced cells. Generation of the CD5-

VLR-CAR-expressing NK-92 cell line has been previously described (55). To generate CD5-scFv-CAR 

expressing NK-92 cells, they were transduced with the bicistronic construct expressing eGFP and the CD5-

scFv-CAR. As expected, poor transduction efficiency (< 5%) was observed after the initial lentiviral vector 

transduction. As with the CD5-VLR-CAR-expressing NK-92 cells, flow sorting was used to generate a 

CD5-scFv-CAR expressing NK-92 cell line using eGFP as a selection marker for positively transduced 

cells. After two rounds of flow sorting for eGFP, a CD5-scFv-CAR expressing NK-92 population was 

generated with 99% eGFP expression (Fig. 2A). qPCR analysis demonstrated an average of 1.0 transduced 

gene copy/cell in the sorted and expanded cells. To confirm CD5-CAR expression in the flow sorted NK-

92 cell lines, western blot analysis was performed using a CD3ζ antibody. Bands of 48 and 55 kDa were 

visible corresponding to the CD5-VLR-CAR and CD5-scFv-CAR proteins respectively (Fig. 2B). To assess 

their cytotoxic potential, CD5-CAR expressing NK-92 effector (E) cells were cultured with CD5-positive 

Jurkat and MOLT-4 T-cell leukemia target (T) cells at varying E:T ratios. The CD5-negative B-cell 

leukemia cell line 697 was used as a negative control. The target cells were pre-labeled with the membrane 

dye PKH26, which allowed for easy distinction from the non-labeled effector cells using flow cytometry. 

Cytotoxicity was measured via uptake of 7-AAD, a marker for cell death, into target cells (274). A 

significant increase in cytotoxicity was observed with the CD5-CAR expressing NK-92 cells compared to 

naïve NK-92 cells, even at the lowest E:T ratios (p < 0.01 for all cell groups) (Fig. 2C and 2D). Greater 

cytotoxicity was observed in the CD5-scFv-CAR group at the higher E:T ratios, however, the difference in 

cytotoxicity was not significant between the VLR-CAR and scFv-CAR at the lower 1:1 E:T ratio. No 

increase in cytotoxicity was seen when the CD5-CAR NK-92 cells were tested against the CD5-negative 

697 cell line (Fig. 2E). 

 

CD5 CAR-directed T-cell activation 
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Figure II-2: NK-92 cell-mediated cytotoxicity against a CD5-positive T-ALL cell line using CD5-

CARs. 

 

Figure 2: (A) NK-92 cells were transduced with the eGFP-P2A-CD5-scFv-CAR lentiviral vector and 

sorted for GFP-expressing cells. After two rounds of sorting an enriched population of CAR-expressing 

NK-92 cells was generated with 99% eGFP expression. (B) Western blot using anti-CD3ζ antibody on 
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whole cell lysates of NK-92 cells shows the presence of CD5-VLR-CAR and CD5-scFv-CAR protein in 

the sorted and expanded cells. (C & D) Both CD5-CAR expressing NK-92 cells were mixed with CD5-

positive target cells, Jurkat and MOLT-4 cells, at various ratios and the percent cytotoxicity of the Jurkat T 

cells was measured by flow cytometry. CD5-CAR modified NK-92 cells showed a significantly greater 

cytotoxicity (p < 0.01) against the CD5-positive Jurkat and MOLT-4 cells when compared to unmodified 

NK-92 cells in a four-hour assay. (E) No increase in cytotoxicity is seen when CD5-CAR NK-92 cells are 

cultured with CD5-negative 697 cells. Errors bars represent standard deviations. 
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In order to analyze the effect of CD5-CARs on T cells, the CD5-positive Jurkat T-cell leukemia 

line was transduced with the lentiviral vector encoding eGFP and a CD5-CAR at MOIs ranging from 1 to 

20. To measure T-cell activation induced by engagement of CD5-CARs with CD5 on neighboring cells, 

surface expression of the T-cell activation marker, CD69, was measured by flow cytometry 4 and 12 days 

after transduction (Fig. 3A). The degree of activation correlated with the transduction vector amount, with 

increasing activation in a dose-dependent manner. Higher activation was observed in the CD5-VLR-CAR 

expressing Jurkat T cells compared to those expressing the CD5-scFv-CAR, and no activation was observed 

in eGFP negative cells (Fig. 3B and S1). To confirm integration of the CD5-CAR transgene into the Jurkat 

T-cell genome, proviral vector copy number (VCN) was measured using quantitative PCR. Increases in 

VCN were correlated with increases in vector amount and increases in activation (Fig. 3C). The CD5-VLR-

CAR Jurkat T cells had a higher VCN compared to the CD5-scFv-CAR cells at corresponding MOIs (data 

not shown), which is likely the reason for the slightly higher activation observed in the CD5-VLR-CAR 

cells (Fig. 3B). When comparing the activation between the two CD5-CAR-modified cell populations as a 

function of VCN, we found a linear correlation in both groups (R2 = 0.91 for CD5-VLR-CAR, R2 = 0.82 

for CD5-scFv-CAR) and the CD5-scFv-CAR cells exhibited higher activation compared to the CD5-VLR-

CAR cells (Fig. 3C). As a means of measuring CD5-CAR protein expression in the transduced T cells, 

Western blot analysis was performed on whole cell lysates 9 days after transduction. CD5-CAR proteins 

were detected using an anti-CD3ζ antibody. Proteins of approximately 48 and 55 kDa were observed, which 

corresponded to the predicted sizes of the CD5-VLR-CAR and CD5-scFv-CAR respectively, as well as an 

18 kDa band, which corresponded to the molecular weight of the endogenous CD3ζ protein known to be 

expressed in Jurkat T cells (Fig. S2). CAR expression increased in a vector MOI-dependent manner. On 

day 12 post-transduction, activation and VCN were measured again in both CD5-CAR-expressing Jurkat 

T-cell populations. A decrease in VCN from day 4 to day 12 was observed, as was a corresponding decrease 

in CD69 expression (Fig. 3D and S3).  Although this decrease in Jurkat T-cell activation and VCN can, in 

part, be due to pseudo transduction, it also likely results from the faster proliferation rate of non-modified 

cells compared to CD5-CAR expressing cells, as well as from activation-induced cell death resulting from  
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Figure II-3: Initial comparison of VLR- and scFv-based CD5-CARs. 

 

 

Figure 3:  (A) Jurkat T cells were transduced with lentiviral vectors encoding either an scFv- or VLR-based 

CD5-CAR with co-expression of eGFP. Schematic of the Jurkat T-cell activation assay shows time points 

for measurement of T-cell activation and Western blot analysis. (B) Activation measured by surface CD69 

expression four days after transduction increased as the amount of viral vector increased. Greater activation 
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was observed in CD5-VLR-CAR Jurkat cell group. (C) The percentage of activated cells was compared to 

the vector copy number (VCN) obtained for each transduced population of cells. The inset to the figure 

defines each group. (D) CD69 expression was measured 4 and 12 days after transduction, which showed 

activation decreased over time in both CD5-CAR expressing Jurkat cell groups. Errors bars represent 

standard deviations. 
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continuous activation of the transduced cell population through interactions with CD5 antigen on self and 

neighboring cells.  

 

CD5 knockout in Jurkat T cells using CRISPR-Cas9 genome editing 

To increase the effectiveness of anti-CD5-directed CAR T cells, we knocked out CD5 expression 

in Jurkat T cells using CRISPR-Cas9 genome editing. In T cells, only full-length CD5 protein is expressed. 

However, in CD5-positive B cells, alternative splicing of exon 1 results in an alternate exon, termed exon 

1B, that encodes a truncated, cytosolic CD5 protein (275). We reasoned that targeting sequences early in 

the gene, upstream of the splice site, would generate a non-functional protein product and avoid the 

alternative splicing event. Although T cells do not express exon 1B naturally, a balance between the 

expression of exon 1A and exon 1B has been implicated in T cells, which may occur if exons downstream 

to 1A are edited (275). We generated three gRNAs with different targeting sequences within the first 100 

bp of exon 1A to knockout CD5 expression. Each gRNA was expressed in conjunction with Cas9, derived 

from Streptococcus pyogenes, on a single plasmid. Using nucleoporation, we transfected naïve Jurkat T 

cells with each CRISPR-Cas9 construct and determined the percentage of CD5-negative cells five days 

after transfection. CD5-CRISPR gRNA #2 yielded the greatest increase in CD5-negative Jurkat T cells, 

resulting in 48% CD5-negative cells, compared to the mock transfected cells, which is a clone that is 

naturally 15% CD5-negative. gRNA #1 and gRNA #3 resulted in 38% and 24% CD5-negative cells, 

respectively (Fig. 4A). Using COSMID (CRISPR Off-target Sites with Mismatches, Insertions, and 

Deletions), a public webtool, we were able to predict sites within the human genome that had the most 

likelihood of being targeted by our CRISPR system (276). Using the same search parameters, we identified 

potential off-target sites that could result from using gRNAs #1 and #2; gRNA #1 was predicted to have 

likely off-target sites in three genes, with one site being within the CD5 gene (separate location from the 

intended target site), and gRNA #2 was predicted to have likely off-target sites only within the CD5 gene. 

Given the more efficient CD5 knockout and decreased potential for off-target binding, gRNA #2 was used 

in subsequent experiments.  
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Figure II-4: CD5 knockout in Jurkat T cells using CRISPR-Cas9 genome editing. 

 

 

 

Figure 4: (A) CD5 expression, measure by flow cytometry, in Jurkat T cells five days following mock 

transfection or transfection with plasmid encoding Cas9 and one of three different gRNA target sequences. 

Histogram plots for CD5 expression in mock-transfected and transfected Jurkat T cells are shown along a 

single axis. (B) Overlay image of histogram plots of CD5 expression in naïve Jurkat T cells and flow-sorted 

CD5-negative Jurkat T cells that were transfected with the CD5-CRISPR gRNA #2. (C) Representative 

Sanger sequencing traces from naïve (top left) and sorted CD5-edited (top right) Jurkat T-cell genomic 

DNA PCR amplified for CD5. TIDE analysis of the frequency of indels within the CD5 gene after the 

predicted break-site generated by Cas9 (D). Results show 77% CD5-negative cells were edited with 27% 

having a -1 deletion. 
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Flow sorting allowed for the isolation and expansion of the population of CD5-negative Jurkat T 

cells from the mixed population of cells edited with CD5-CRISPR gRNA #2. Only 2.1% of sorted cells 

expressed CD5 (Fig. 4B). To characterize the frequency of mutations within the CD5-edited cells, we 

utilized TIDE (Tracking of Indels by DEcomposition) software. This analysis uses trace sequences 

generated by Sanger sequencing to identify the predominant insertions and deletions (indels) in CD5-edited 

Jurkat T-cell genomic DNA compared to naïve Jurkat T-cell genomic DNA. A representative section of the 

trace sequences is shown in Fig. 4C. Using a decomposition algorithm, the software identifies the frequency 

of indels around the break site (277). TIDE analysis indicated that within our sorted population of CD5-

negative Jurkat T cells, 77% of the population was edited. Within the edited population, 27% have a -1 

deletion, compared to naïve Jurkat T cells, and approximately 17% of the population was not edited (Fig. 

4D). Although by flow cytometry we determined approximately 98% of the cells in this population are 

CD5-negative, some are not CRISPR-edited due to naturally occurring CD5-negative cells within our 

starting Jurkat T-cell population. Therefore, after sorting, approximately 17% of the collected cells, lack 

mutations in the genome but maintain their CD5-negative characteristics.  

 

CD5-edited CAR-modified T cells have reduced self-activation and increased CD5-CAR expression 

Naïve and sorted CD5-CRISPR-edited Jurkat T cells were transduced with the lentiviral vectors 

encoding eGFP and the CD5-CARs. Additionally, a third lentiviral vector encoding eGFP and BCL-VLR-

CAR was used as a negative control. We previously showed the BCL-VLR-CAR expressed in Jurkat T 

cells does not stimulate T-cell activation in the absence of BCL cells (55). It was hypothesized that both 

CD5-CARs would activate naïve Jurkat T cells to a greater degree than CD5-edited Jurkat T cells, whereas 

the BCL-VLR-CAR would stimulate low and equivalent levels of T-cell activation in all Jurkat T cells. 

eGFP expression was used as a marker of transduced Jurkat T cells to identify the CAR-expressing cell 

population, and cells were transduced at MOIs of 1, 10 or 20.  As expected, for all three vectors, there is an 

increase in eGFP-positive cells as the vector titer increases, and this increase is similar and consistent in 

both cell populations (Fig. 5A and S4). As the vector amount of CD5-CAR increased, there is a decrease  
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Figure II-5: CD5-edited CD5-CAR-modified Jurkat T cells have reduced self-activation and 

increased CD5-CAR expression. 

 

Figure 5: Naïve (white) and CD5-edited Jurkat T cells (black) were transduced with eGFP-p2a-CD5-VLR-

CAR, eGFP-p2a-CD5-scFv-CAR or control eGFP-p2a-BCL-VLR-CAR lentiviral vectors at MOIs 1, 10 

and 20. Polybrene was not used during transduction, which provided a greater separation in transduction 

efficiency between MOIs of 1 and 10. Experiments were performed with replicates of three or greater (error 

bars are generated using the standard deviation from the mean) except for CD5-scFv-CAR at MOI 10 and 

20, which were performed in duplicate, providing the difference of the mean. (A) Transduction efficiency, 

measured by eGFP-positive cells, of each CAR vector at MOIs 1, 10 and 20 in both populations of Jurkat 

T cells. (B) CD5 expression in both populations of Jurkat T cells transduced with each CAR vector at each 

MOI. (C) Activation was measured by monitoring CD69 expression and transduction efficiency was 
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measured by eGFP expression. A correlation exists between activation and eGFP expression in CD5-CAR-

transduced Jurkat T cells. Non-edited CD5-CAR-modified cells have increased T-cell activation compared 

to CD5-edited CD5-CAR-modified cells. (D) Western blots on whole cell lysates of non-edited Jurkat T 

cells (left) and CD5-edited Jurkat T cells (right) when transduced with each CAR vector, using a CD3ζ 

antibody. Endogenous CD3ζ is represented by the 18 kDa bands and CD3ζ in the CAR construct is 

represented by the 48, 55, and 47 kDa bands in the CD5-VLR-CAR, CD5-scFv-CAR, and BCL-VLR-CAR 

constructs, respectively. eGFP, CD5 and CD69 surface expression were measured by flow cytometry.  
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in CD5 expression on non-edited Jurkat T cells (Fig. 5B). This decrease is most pronounced in CD5-scFv-

CAR-modified Jurkat T cells. This effect was not observed in BCL-VLR-CAR-modified T cells, showing 

these results are a consequence of CD5-CAR expression, which is consistent with previously published 

results (5). Furthermore, we compared CD69 expression to eGFP expression in all cell groups. A positive 

correlation was observed between eGFP expression and activation in both the scFv- and VLR-based CARs, 

as well as in edited and non-edited cells (Fig. 5C). The increase in activation was dramatically dampened 

in CD5-edited cells expressing either the CD5-VLR-CAR or the CD5-scFv-CAR. The BCL-VLR-CAR 

only stimulated very low levels of T-cell activation.  

Western blot analysis using whole cell lysates collected 9 days after transduction confirmed the 

decrease in CD5 expression in CD5-CAR-modified Jurkat T cells compared to naïve Jurkat T cells and 

BCL-CAR-modified Jurkat T cells (Fig. S5A). As expected, Western blot analysis showed CD5-edited 

Jurkat T cells have lower CD5 expression compared to non-edited cells for both transduced and non-

transduced cells (Fig. S5B).  We hypothesized that if the decrease in CD5 levels is due to interactions 

between the CD5-CAR and the CD5 cell surface protein, then CD5-CAR levels may also be influenced by 

CD5 expression. Therefore, cells with lower CD5 expression levels will have increased CD5-CAR protein 

expression due to reduced interactions with the CD5 antigen. To test this, we ran flow cytometry using a 

CD5-Fc fusion protein consisting of the CD5 antigen fused to the Fc portion of an IgG. Jurkat T cells were 

stained with the CD5-Fc protein and then stained a second time using an anti-IgG Fc antibody conjugated 

to phycoerythrin (PE). As expected, the CD5-scFv-CAR-modified CD5-edited Jurkat T cells bind CD5-Fc 

to a greater degree than do CD5-scFv-CAR-modified non-edited Jurkat T cells. This data also shows 

evidence of potential pseudo-transduction at day 4, however, CD5-Fc binding decreases by day 8 and then 

appears to plateau. (Fig. S6A). Significant differences are observed early after transduction, however they 

become less significant after CD5-CAR expression decreases in non-edited cells and normalizes. On day 8 

post-transduction, 18.6% of non-edited Jurkat T cells were bound to CD5-Fc protein and eGFP, compared 

to 35.7% of CD5-edited Jurkat T cells (Fig. S6B).  
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Our experiments in Jurkat T cells serve as a basis for using primary T cells. We expanded primary 

T cells in media containing IL-2 and IL-7, and using the same CRISPR-Cas9 system used in Jurkat T cells, 

we knocked out CD5 expression in 38.6% of our primary T cells (Fig. S7A and B). We transduced non-

edited and CD5-edited primary T cells with CD5-scFv-CAR lentiviral vector and measured eGFP and CD5-

Fc binding via flow cytometry on day 9 post-transduction. Similar to our Jurkat T cell data, we show 

increased percentage of CD5-edited cells bound to CD5-Fc protein compared to non-edited cells, with 

64.4% CD5-Fc-bound CD5-edited cells, compared to 6.1% CD5-Fc-bound non-edited cells (Fig. S7C and 

D). 

The difference in CD5-Fc binding to edited compared to non-edited cells could be a result of steric 

hindrance from CD5 binding the CAR on non-edited cells, blocking CD5-Fc from binding the CAR, as 

opposed to reduced CAR expression on these cells. To test this, we performed Western blot analysis on 

Jurkat whole cell lysates using a CD3ζ antibody to detect endogenous CD3ζ (18 kDa) and CD3ζ in the 

CAR constructs (48, 55, and 47 kDa in the CD5-VLR-CAR, CD5-scFv-CAR and BCL-VLR-CAR 

constructs, respectively). Importantly, using endogenous CD3ζ as a reference, the CD5-edited Jurkat T cells 

express both CD5-CARs at greater levels compared to the non-edited Jurkat T cells (Fig. 5D and S6C). 

Furthermore, there is not an effect on BCL-CAR expression when comparing transduced cells with or 

without CD5 editing (Fig. S6C). We can conclude that non-edited Jurkat T cells have down-regulated CD5-

CAR expression.  

 

CD5-edited effector cells are efficiently stimulated by target T cells, which down-regulate CD5  

We hypothesized that culturing CD5-CAR-modified effector cells with naïve Jurkat T cells would 

result in i) an increase in non-edited effector CD5 expression because of competition between CD5 

expressed on the CAR-modified cells and CD5 expressed on the target cells, ii) target cell down-regulation 

of CD5 expression and iii) increased activation of CD5-edited effector cells compared to non-edited cells. 

Non-edited and CD5-edited Jurkat T cells were transduced with lentiviral vector encoding CD5-scFv-CAR 

or CD5-VLR-CAR at an MOI of 5. Flow cytometry five days after transduction confirmed eGFP 
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expression, as well as an expected decrease in CD5 expression on the non-edited Jurkat T cells (as 

previously demonstrated in Fig. S4 and S5). Naïve Jurkat T cells were labeled with Violet Proliferation 

Dye 450 (VPD450) to distinguish target cells from effector cells, and subsequently cultured with the CAR-

modified effector cells at E:T ratios of 2:1, 1:1 and 1:5. After 24 hours, cells were collected and flow 

cytometry was used to measure CD5 expression on the effector and target cells, as well as CD69 expression 

on the effector cells. CD5 expression was low in effector cells in edited and non-edited transduced cells 

when co-cultured with target cells (Fig. S8), showing there is little effect on CD5 expression on the effector 

cells during co-culture. To compare CD5 expression in the target cells, the level of CD5 expression in 

VPD450-labeled naïve Jurkat T cells cultured alone was set as the baseline CD5 expression in the target 

cells. When in culture with CD5-scFv-CAR- (Fig. 6A) and CD5-VLR-CAR-modified effector cells (Fig. 

6B), CD5 expression decreased in the target cells, with a greater decrease observed in target cells cultured 

with the CD5-scFv-CAR-edited cells. At E:T ratios of 2:1 and 1:1, there is a significant difference in target 

cell CD5 expression between the groups cultured with CD5-edited CD5-scFv-CAR-effector cells (Fig. 6A) 

and CD5-edited CD5-VLR-CAR-effector cells (Fig. 6B (2:1: p = 0.001, 1:1: p < 0.001).  Additionally, 

significant differences in target cell CD5 expression were found at all E:T ratios comparing the non-edited 

effector cell group and the CD5-edited effector cell group (p < 0.05). However, at low E:T ratios (high 

percentage of target cells relative to effector cells), the decrease in CD5 expression was less pronounced 

(Fig. 6A and 6B, E:T ratio of 1:5 p = 0.028 and p = 0.045 in CD5-scFv-CAR-effector cell cultures and 

CD5-VLR-CAR-effector cell cultures, respectively). These results show CD5-edited CAR-modified 

effector T cells have increased association with the target cells compared to non-edited, CAR-modified 

effector T cells, which results in the dramatic decrease in CD5 expression on the target cells. To determine 

if there are differences in effector cell activation, CD69 expression was measured. At all E:T ratios, CD5-

edited, CD5-scFv-CAR- (Fig. 6C) and CD5-edited, CD5-VLR-CAR-modified (Fig. 6D) effector T cells 

had a significant increase in activation compared to their activation prior to culture with naïve target cells 

(Fig. 6C and 6D, p < 0.05 for all ratios). A control experiment measuring the same parameters using non-

CAR-modified, CD5-edited effector cells demonstrated the cells alone had no effect (data not shown). This  
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Figure II-6: CD5-edited CD5-CAR-modified effector cells in culture with naïve target T cells 

stimulates effector-cell activation and target cell down-regulation of CD5. 

 

 

Figure 6: Naïve and CD5-edited Jurkat T cells were transduced with eGFP-p2a-CD5-scFv-CAR or eGFP-

p2a-CD5-VLR-CAR lentiviral vectors at MOI 5. Polybrene was not used during transduction. Target naïve 

Jurkat T cells were labeled with VPD450. On day five post-transduction, effector cells were cultured with 

labeled target cells at E:T ratios 2:1, 1:1 and 1:5. The cells were analyzed by flow cytometry 24 hours later. 

White bars signify non-edited effector cells; black bars signify CD5-edited effector cells. Experiments were 

performed with three replicates and error bars represent standard deviation from the mean. (A and 

B) Percent of baseline CD5 expression in target Jurkat T cells cultured with non-edited and CD5-edited 
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effector Jurkat T cells expressing (A) the CD5-scFv-CAR or (B) the CD5-VLR-CAR. CD5 expression in 

target cells cultured alone (gray bar) was used as baseline and set at 100%. (C and D) T-cell activation of 

non-edited and CD5-edited effector Jurkat T cells expressing (C) the CD5-scFv-CAR or (D) the CD5-VLR-

CAR when cultured alone and in culture with target Jurkat T cells.  
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data illustrates CD5-edited effector T cells have increased interactions with target cells compared to non-

edited effector T cells, which results in an increase in effector cell activation. 

 

CD5-scFv-CAR NK-92 cells are superior to CD5-VLR-CAR NK-92 cells in delaying disease progression 

in a xenograft T-cell leukemia mouse model 

To further compare the cytotoxic potential of the two CD5-CAR structures, we tested the efficacy 

of the CD5-CAR expressing NK-92 cells in a T-cell leukemia xenograft mouse model. Luciferase-

expressing Jurkat T cells were used to establish our leukemia model, which allowed for monitoring of tumor 

burden using bioluminescence imaging.  Treatment was started seven days after tumor injection as 

described in the Materials and Methods section. NK-92 cells were injected intravenously twice weekly for 

a total of 4 doses without any supplementation of IL-2. The twice-weekly dosing regimen was based on our 

experiments showing non-irradiated NK-92 cells, in the absence of IL-2, do not persist in the peripheral 

blood beyond three days, and show no evidence of engraftment in the bone marrow (Fig. S9). A significant 

decrease in tumor burden was evident in the CD5-scFv-CAR NK-92 treatment group at Day 21 (p = 0.02 

using one-way ANOVA) (Fig. 7A and 7B). Significance (p < 0.05) for multiple comparisons tests by Holm-

Sidak method was shown for CD5-scFv-CAR vs saline, and CD5-scFv-CAR vs naïve NK-92 groups, but 

not for the CD5-scFv-CAR vs CD5-VLR-CAR group. A similar overall trend was observed at days 14 and 

days 28 in terms of disease burden, however the one-way ANOVA test was underpowered to compare all 

groups. Although only modest effects were observed, as expected due to the cell dose and persistence of 

the NK-92 cells, the scFv-CAR-treated group had a significant advantage in survival compared to all three 

other groups (p = 0.003 by log-rank test, p < 0.05 for all multiple comparisons tests between CD5-scFv-

CAR and other groups by Holm-Sidak method) with a median survival of 49 days compared to 40, 41, and 

42 days for the saline, naïve NK-92 and CD5-VLR-CAR NK-92 groups respectively (Fig. 7C). In contrast, 

the CD5-VLR-CAR-NK-92 mice did not exhibit a significant survival advantage over the saline- and naïve 

NK-92-treated groups. 
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Figure II-7: CD5-scFv-CAR NK-92 cells are superior to CD5-VLR-CAR NK-92 cells in delaying 

disease progression and improving survival in a T-ALL xenograft mouse model. 

 

Figure 7: (A) NSG mice were injected with 2x106 luciferase-expressing Jurkat T cells intravenously on 

day 0. Treatment was started 7 days after tumor injection with each mouse receiving a total of 4 treatments 

on days 7, 11, 14 and 18. Mice were assigned to 4 different treatment groups – saline, naïve NK-92, CD5-

VLR-CAR NK-92 or CD5-scFv-CAR NK-92. A dose of 107 cells per mouse were administered at each 

treatment time. Bioluminescence imaging was performed every seven days to monitor tumor burden. (B) 

Total bioluminescence from Jurkat T cells on days 14, 21, and 28 post tumor injection. A significant 

decrease (p < 0.05) in tumor burden is observed in the CD5-scFv-CAR NK-92 group. Errors bars represent 

standard deviations. (C) Kaplan-Meier survival curves showing overall survival. Mice treated with CD5-

scFv-CAR NK-92 showed significant increased survival (p < 0.05) when compared to all other treatment 

groups. Mice treated with CD5-VLR-CAR NK-92 did not have a significant advantage over saline and 

naïve NK-92 treatment groups.   
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Discussion 

Patients with relapsed T-cell acute lymphoblastic leukemia or lymphoblastic lymphoma (T-ALL/T-

LLy) have dismal outcomes, with mortality rates greater than 80%, when treated with chemotherapy alone 

(11; 12; 278). Allogeneic hematopoietic stem cell transplantation (HSCT) offers the greatest chance of cure 

in these patients. A recent study by the Center for International Blood and Marrow Transplant Research 

showed the 3-year overall survival (OS) with HSCT is 48% for patients able to achieve complete second 

remission (CR2) prior to transplantation (279). For patients with first relapse of T-ALL/LLy, achieving 

CR2 is the most important step prior to HSCT, as disease status at the time of transplantation remains the 

most important factor associated with overall survival (280). However, attaining clinical remission after 

relapse remains the biggest therapeutic challenge in T-cell disease, and most patients are unable to receive 

transplantation given the aggressive nature of relapsed disease (281). Thus, in order to maximize and 

improve upon the benefits of an allogeneic HSCT, there remains a need to develop newer strategies to 

induce remission in these relapsed patients.  CAR-based immunotherapy can play an important role by 

providing a sustained remission post-relapse, thereby acting as a bridge to stem cell transplantation. Unlike 

CAR therapy in B-cell malignancies, where sustained B-cell aplasia due to off-target toxicity can be 

managed with periodic intravenous immunoglobulin infusions, persistent T-cell aplasia caused by T-cell-

directed CAR therapy would result in life threatening severe immunosuppression. Thus, HSCT to allow for 

immune reconstitution following CAR T cell therapy is a reasonable strategy.  

CD5 was first studied as a target tumor antigen using a monoclonal CD5 antibody linked to an 

immunotoxin ricin A chain, and was tested in patients with T-cell leukemia and cutaneous T-cell lymphoma 

(76; 77; 282). A phase 1 clinical trial in patients with cutaneous T-cell lymphoma demonstrated partial 

responses in 4 patients with no significant side effects. Two additional studies have used the CD5-directed 

immunoconjugate to treat graft-versus-host disease by targeting normal T cells (283; 284). Due to the 

success of these studies, the restricted expression of CD5, and the role of CD5 in the suppression of TCR 

signaling (72; 285), we hypothesized CD5 would be a good target for CAR therapy. Two studies have 

previously demonstrated the effectiveness of using CD5 as a target antigen for a CAR construct. Mamonkin 
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et al. showed that CD5-CAR expressing T cells were effective in targeting T-cell disease in an in vivo 

model, however, they also reported evidence of fratricide among the CAR-expressing T-cells (78). A 

clinical trial NCT03081910 has now been initiated based on this approach. Additionally, Chen et al. showed 

that NK-92 cells expressing an anti-CD5 CAR had potent anti-tumor activity against T-cell leukemia (45). 

While we have shown similar cytotoxicity results here using the anti-CD5-scFv-CAR, we have also 

demonstrated cytotoxicity and T-cell activation using an anti-CD5-VLR-CAR and have tested an 

alternative approach to using CD5-CAR T cells by CRISPR-Cas9 genome editing in an effort to prevent 

fratricide.  

Overall, the studies of this report, with our previous studies and reports from others (5, 23), illustrate 

self-activation of CD5-positive CD5-CAR-modified effector cells due to interactions with self and 

neighboring CD5 antigens. We show when using both scFv- and VLR-based CD5-CARs that this effect 

diminished over time as the average number of transgene copies per cell decreased. This is likely due to a 

decreased proliferation rate and activation-induced cell death of the CAR-modified, activated cells (286). 

One approach to prevent effector cell activation in the absence of malignant cells is to use CD5-negative 

NK cells modified to express the anti-CD5 CARs. The use of NK cells as the CAR-expressing effector cells 

has been demonstrated in several previous preclinical CAR studies, in which either primary human NK 

cells or the IL-2 dependent NK cell line, NK-92, have been used as the effector cells (120; 124; 126; 129; 

139; 287-294). Primary human NK cells have been used in CAR-based clinical trials, with mRNA 

electroporation being the means of inducing CAR expression (294-296). Our in vitro and in vivo data show 

that NK-92 cells modified to express CD5-CARs are effective in targeting a CD5-positive T-cell leukemia 

cell line. While we only show a modest effect with NK-92 cells, our results are comparable to the NK-92 

studies by Chen et al (45). The lack of persistence of NK-92 cells in the absence of IL-2, as we have 

demonstrated, is the likely reason for this low effectiveness. This can be overcome by repeated effector cell 

dosing or by transitioning to primary NK CD5-CAR cells to demonstrate enhanced anti-tumor efficacy in 

our T-cell leukemia mouse model. 
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Our second approach was to knock out the target antigen from the effector cells using genome-

editing. The CRISPR-Cas9 system has been widely used since its discovery and characterization in 

prokaryotes and has been engineered for use in eukaryotes (260; 262; 264; 297-299). Genome editing 

technologies are quickly progressing toward clinical uses, and the NIH recently approved the initiation of 

a clinical trial using CRISPR-Cas9 to treat refractory metastatic non-small cell lung cancer (300). We 

demonstrated CD5-edited CD5-CAR-modified Jurkat T cells exhibit decreased self-activation, yet 

increased activation when cultured with target cells. CD5-edited effector cells were significantly more 

activated when in culture with target T cells compared to their initial levels of activation in culture alone. 

We and others (5) have now shown that CD5-CAR expression in T cells results in down-regulation of CD5. 

Interestingly, our data also shows non-edited CAR-modified T cells have decreased CD5-CAR protein 

expression compared to CD5-edited CAR-modified T cells. This data is shown in both Jurkat T cells and 

primary T cells. CAR down-regulation is likely similar to the mechanism of CD5 down-regulation in that 

the interaction between the CAR and CD5 results in processing of both proteins from the cell membrane. 

This result can be important for the expression of other CARs on effector cells that express variable levels 

of the target antigen. Furthermore, in cultures with CD5-edited effector cells and target cells, effector cells 

interact more robustly with CD5 on target cells; whereas CD5-positive, non-edited effector T cells interact 

with CD5 antigen on both effector and target cells, reducing their potency. Overall, the data shows CD5-

negative effector cells are advantageous compared to CD5-positive effector cells due to their decreased 

self-activation and increased CAR expression.  

Interestingly, CD5-edited effector cells have a greater effect on target cell CD5 expression. This 

effect is much stronger with CD5-scFv-CAR effector cells compared to CD5-VLR-CAR effector cells. This 

is the first study comparing a VLR-based CAR to a more traditional scFv-based CAR. The CD5-VLR used 

in the CAR construct is an avidity-based antibody, with the multimeric form of the VLR antibody binding 

to human CD5 with a higher efficiency compared to the monomeric form (270). The scFv was derived from 

the murine H65 anti-human CD5 IgG antibody (272). It cannot be concluded from these in vitro studies 

which CD5-CAR would be most advantageous, as both demonstrate substantial target cell association and 
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effector cell activation. However, our in vivo studies showed the VLR-CAR did not perform as well as the 

scFv-CAR. This result is possibly due to the avidity nature of this particular VLR.  We cannot conclude 

that other VLRs would not provide adequate target cell killing, as our in vitro studies certainly show VLR 

sequences can efficiently activate T cells. There may be particular circumstances in which a VLR may be 

advantageous over an scFv. Previous CAR studies have shown that differing CAR affinities usually do not 

affect the maximum level of T-cell activation seen, however decreased selectivity can be seen with higher 

affinity CARs (301; 302). Since the target cells in our study have high CD5 antigen expression, it is unlikely 

that affinity alone could account for the differences in efficacy between the VLR and scFv-CAR. It is 

possible that the limited persistence of NK-92 cells in the in vivo setting had a significantly higher negative 

effect on the VLR-CAR compared to the scFv-CAR. 

Our results show both approaches, NK-cells as effector cells and CD5 knockout in effector T cells, 

modified with the CD5-CARs have the potential to overcome the barriers of self-activation and fratricide, 

which are issues that are hampering the use of CAR therapies from being applied to the treatment of T-cell 

malignancies. Although our goal is to provide a bridge to allogenic transplantation for relapsed patients, 

strategies using CAR-modified immunocompetent cells also are being developed as therapeutics to attain 

long-term remission in these patients. All approaches will require a functional anti-T-cell CAR construct, 

and this study advances our understanding of this possibility.  
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Supplemental Figure II-S1: Activation of Jurkat T cells expressing a CD5-CAR.  

 

 

 

 

Figure S1: Activation (CD69 expression) in Jurkat T cells transduced with the eGFP-p2a-CD5-CAR 

lentivirus correlates with eGFP expression in both CD5-CAR groups. Data above shows activation in Jurkat 

T cells transduced at a multiplicity of infection (MOI) of 2, four days post-transduction. No activation is 

seen in the eGFP-negative Jurkat T cells.  
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Supplemental Figure II-S2: Western blot analysis of CD5-CAR expression in Jurkat T cells. 

 

 

Figure S2: CD5-CAR expression is demonstrated in Jurkat T cells transduced with the eGFP-p2a-CD5-

CAR lentivirus by a Western blot using a CD3ζ antibody. CD5-CAR expression increased with a 

corresponding increase in MOI. The Western blot was performed nine days post-transduction. 
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Supplemental Figure II-S3: Viral vector copy number (VCN) in CD5-CAR-modified Jurkat T cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3: Transduced viral vector copy number (VCN) in Jurkat T cells transduced with the eGFP-p2a-

CD5-CAR lentivirus decreased over time. The decrease in VCN corresponded with a decrease in activation 

as measured by surface CD69 expression. 
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Supplemental Figure II-S4: Transduction efficiency of non-edited and CD5-edited Jurkat T cells. 

 

 

 

 

Figure S4: Non-edited (A) and CD5-edited Jurkat T cells (B) were transduced with the eGFP-p2a-CD5-

scFv-CAR lentivirus. eGFP expression was measured by flow cytometry. 
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Supplemental Figure II-S5: Western blot analysis of CD5 expression in CD5-CAR-modified Jurkat 

and CD5-edited Jurkat T cells. 

 

 

 

Figure S5: Western blot using anti-CD5 antibody on whole cell lysates from non-edited (A) and CD5-

edited Jurkat T cells (B) transduced with CD5-VLR-CAR, CD5-scFv-CAR or BCL-VLR-CAR lentivirus 

at MOIs 1, 10 and 20.  

  



76 
 

Supplemental Figure II-S6: CD5-CAR expression measured by flow cytometry and Western blot 

analysis in Jurkat and CD5-edited Jurkat T cells. 

 

 

 

Figure S6: (A and B) CD5-scFv CAR-modified CD5-edited Jurkat T cells bind CD5-Fc to a greater degree 

than do CD5-scFv-CAR-modified non-edited Jurkat T cells at similar levels of eGFP expression, as 

measured by flow cytometry. (C) CAR protein expression measured by Western blot using anti-CD3ζ 

antibody on whole cell lysates from non-edited (left) and CD5-edited Jurkat T cells (right) transduced with 

CD5-scFv-CAR lentivirus at MOIs 1, 10 and 20 and BCL-VLR-CAR lentivirus at MOIs 1 and 20. CD5-

scFv-CAR is expressed at higher levels in CD5-edited Jurkat T cells. No change in BCL-VLR-CAR 

expression is seen. 
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Supplemental Figure II-S7: Primary T cell CD5 and CD5-CAR expression measured by flow 

cytometry. 

 

 

 

Figure S7: CD5 expression in non-edited (A) and CD5-edited primary T cells (B). CD5-CAR expression 

measured by CD5-Fc binding in eGFP-positive non-edited (C) and CD5-edited primary T cells (D). 

  



78 
 

Supplemental Figure II-S8: CD5 expression in CD5-scFv-CAR-modified Jurkat T cells when 

cultured with non-modified Jurkat T cells. 

 

 

 

 

 

 

 

 

 

 

 

Figure S8: CD5 surface expression on CD5-scFv-CAR-modified effector Jurkat T cells in culture with 

naïve Jurkat target T cells. Flow cytometry was used to measure CD5 expression on effector cells 

cultured alone or at E:T ratios 2:1, 1:1, 1:5. White bars signify non-edited effector cells; black bars signify 

CD5-edited effector cells. 
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Supplemental Figure II-S9: Persistence of CD5-scFv-CAR-modifed NK-92 cells in the absence of 

IL-2 in NSG mice. 

 

 

Figure S9: Persistence of CD5-CAR expressing NK-92 cells in absence of IL-2. 107 non-irradiated 

eGFP-p2a-CD5-scFv-CAR expressing NK-92 cells were injected into NSG mice. Mice were not given 

IL-2. Peripheral blood, bone marrow and spleen were evaluated for presence of CAR expressing NK-92 

cells using eGFP and human CD45 expression. No evidence of CAR-NK-92 cells were seen by day 3. No 

evidence of engraftment in bone marrow was seen. No evidence of disease from NK-92 cells was seen 

seven weeks post injection. 
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Chapter III 

 

 

 

CRISPR-Cas9 gene delivery and CD5-CAR modification of αβ T cells  
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Abstract 

CD5-editing of T cells prior to CD5-CAR-modification increases the CD5-CAR expression on the 

T-cell surface. We hypothesized greater CAR expression would translate into enhanced CD5-specific 

cytotoxicity. Here, we describe a series of protocols designed and tested to transfect T cells with CRISPR-

Cas9-encoding DNA. Nucleoporation and electroporation techniques were used, and electroporation was 

optimized utilizing a variety of buffers, temperatures and specific parameters such as voltage and pulse 

length. Our data demonstrate, through optimization of these techniques, that we can achieve 20% CD5-

editing. However, upon CD5-CAR-modification of CD5-edited T cells, we did not observe any change in 

cytotoxicity against a CD5-expressing T-ALL cell line compared to the cytotoxicity elicited by non-edited 

CD5-CAR-modified T cells of similar gene modification. Sorting the CD5-edited population of T cells 

prior to CD5-CAR transduction resulted in ~15% CD5-CAR-modified CD5-edited T cells. However, 

despite a pure population of CD5-negative T cells, there was no advantage to CD5-editing regarding anti-

tumor cytotoxicity. Specifically, our data suggest decreased cytotoxicity by CD5-edited, sorted, CD5-CAR-

modified T cells against Jurkat T cells, resulting in ~10% dead Jurkat T cells, compared to that of non-

edited CD5-CAR-modified T cells, killing ~18% Jurkat T cells at a 3:1 E:T ratio. We hypothesize the T 

cells were not healthy following the double modification of electroporation and transduction and therefore 

lost cytotoxic potential. We determined that improving the health of the T cells may result in equivalent, 

high levels of transduction in non-edited and CD5-edited T cells. However, we hypothesize there would 

not be an advantage regarding cytotoxicity due to either high levels of exhaustion markers on the CD5-

edited T cells or high transduction efficiency, resulting in a plateau of CD5-CAR surface expression. 

Therefore, we conclude editing T cells with CRISPR-Cas9 using transfection prior to lentiviral CAR 

transduction is not a practical approach to improving anti-tumor cytotoxicity. 

 

Introduction 

As demonstrated in chapter 2, we can edit  T cells with CRISPR-Cas9 to disrupt the CD5 gene. 

Upon CD5-CAR modification of the CD5-edited T cells, the CD5-CAR is expressed to a higher degree on 
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the cell surface compared to CAR expressed on non-edited T cells, despite equivalent transduction 

efficiency (49). We hypothesize this is due to cis- and trans-interactions between the CD5 antigen and the 

anti-CD5-CAR, resulting in down-regulation of both antigen and CAR. A previously published case study 

demonstrated that modification of a single leukemic blast resulted in masking of the target antigen through 

interactions between the CAR and antigen on the same cell, developing a novel mechanism of resistance. 

Proliferation of this cell ultimately caused relapse and death of the patient (43). This study confirms the 

CAR can interact with an antigen that is expressed on the same T cell. Our studies suggest that the two 

proteins can interact in trans as well, with the CD5 antigen on one cell interacting with the CD5-CAR 

expressed on another cell. We have demonstrated that the entire population of cells (Jurkat cells and T cells) 

down-regulates the CD5 antigen, despite the CD5-CAR being expressed on only a proportion of the T cells 

(49). 

We hypothesized that increased CD5-CAR expression on CD5-edited T cells would lead to 

increased interactions among CD5-positive tumor cells, ultimately resulting in enhanced CD5-specific 

cytotoxicity. However, we recognize the increased interactions with tumor cells may in turn increase the 

rate of T-cell exhaustion. T-cell exhaustion is characterized by the upregulation of inhibitory receptors and 

loss of effector-cell function (303). CARs with stronger affinity for an antigen exhibit greater signs of 

exhaustion, likely due to higher levels of activation (304). Additionally, CAR T cells with reduced 

expression, blockade or CRISPR-Cas9 mediated disruption of PD-1 demonstrate increased efficacy in vitro 

as well as prolonged persistence and enhanced anti-tumor activity in vivo (305-308). Numerous CARs have 

been studied extensively, each having different properties related to in vivo persistence, expansion, and 

anti-tumor efficacy. Our CD5-CAR is unique from other CD5-CARs comprising of a CD28 costimulatory 

domain in that it has a myc tag between the scFv and CD28 regions (49). However, we predict the myc tag 

has minimal effect on the function of our CAR, and therefore our CD5-CAR functions similar to that of 

other published CD5-CAR constructs with a CD28 costimulatory domain and a similar length hinge region. 

In order to determine the potential effects of CD5-editing on the functionality of CD5-CAR-

modified T cells, we required methods for both transient expression of CRISPR-Cas9 in the T-cell as well 
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as introduction of the CD5-CAR into the CD5-edited cells. We previously published methods for both 

techniques, however, our T-cell transfection protocol yielded high efficiency coupled with poor viability. 

Therefore, these methods necessitate optimization prior to CD5-CAR transduction in order to yield a 

practical cell product. Upon optimization of CRISPR-Cas9 introduction into T cells, a second modification 

using a CD5-CAR lentiviral vector is required. The cytotoxic capabilities of this final cell product can then 

be assessed by targeting T-ALL cell lines in vitro. 

 

Materials and Methods 

Culture of cell lines: The Jurkat cell line clone E6-1 was purchased from American Type Culture Collection 

(ATCC, Manassas, VA). Jurkat T cells were cultured in complete RPMI medium as previously described 

(49). 

 

Culture of primary cells: Blood was obtained from consented, healthy adults. Ficoll-Paque density gradient 

to isolate PBMCs from 20-40 mL blood was performed using the manufacturer’s protocol. Immediately 

following isolation, PBMCs underwent a Pan T-cell isolation using the MACS human Pan T-cell Isolation 

Kit according to the manufacturer’s protocol (Miltenyi Biotec, Germany). Subsequently, T cells were 

stimulated with CD3/CD28 Dynabeads at a 1:1 ratio for 24 hours. After 24 hours, beads were removed. T 

cells were expanded in X-VIVO 15 medium (Lonza, Switzerland), supplemented with FBS, 

penicillin/streptamycin, IL-2 and IL-7 as previously described (49). 

 

Engineering of CAR constructs: The CD5-CAR containing the myc tag was generated as previously 

described (49). We replaced the myc tag with a CH3 hinge. The CH3 hinge sequence was derived from 

IgG1. Both CD5-CAR constructs contain the scFv extracellular antigen-recognition domain as previously 

described as well as a p2a peptide sequence facilitating dual expression of enhanced green fluorescent 

protein (eGFP) and the CAR (49).  
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Production of lentiviral vector: High-titer rHIV SIN lentiviral vector was produced and titered for all CAR 

constructs as previously described (49).  

 

Transduction of T cells: Transduction using lentiviral particles was performed as previously described with 

6 ug/mL polybrene supplementation (EMD Millipore, Billerica, MA) (49). T cells were transduced 

immediately after 24-hour stimulation with CD3/CD28 Dynabeads. Cells were incubated with lentiviral 

particles for 18-24 hours, at which point the cells were centrifuged and seeded in fresh medium. The 

transduced T cells were cultured for 3-4 days prior to being used in cytotoxicity assays.  

 

Flow cytometry: Analysis was performed using a BD LSRII Flow Cytometer (BD Biosciences, San Jose, 

CA). Data was analyzed using DIVA and FCS Express 6 software. Antibodies used included anti-CD5 

PerCP/Cy5.5 and anti-CD3 BV421. To detect CD5-CAR expression, CD5-Fc fusion protein (G&P 

Biosciences, Santa Clara, CA) and a secondary anti-IgG Fc antibody (Jackson Immunoresearch 

Laboratories, West Grove, PA) were used, as previously described (49). Violet Proliferation Dye 450 

(VPD450) was used to label Jurkat cells to detect them in the cytotoxicity assays with T cells. Cell death 

was assessed using eFluor 780 (Thermo Fisher Scientific, Waltham, MA). Flow sorting of CD5-edited T 

cells was performed using a SH800S Cell Sorter (Sony Biotechnology Inc. U.S., San Jose, CA) as 

previously described (49). 

 

Nucleoporation of T cells: T cells were nucleoporated using the Lonza Nucleofector 2b device and the 

Amaxa Human T-cell Nucleofector kit as previously described (Lonza, Switzerland) (49). Cell counts and 

viability were measured by using a Cellometer (Nexcelom, Lawrence, MA) and Trypan Blue staining 

(Thermo Fisher Scientific, Waltham, MA). On day 4 post-nucleoporation, the percentage of CD5-edited 

cells was determined by flow cytometry (BD LSRII, BD Biosciences, San Jose, CA).  
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Electroporation of T cells: T cells were electroporated using the ECM 830 Square Wave Electroporator 

(BTX, Holliston, MA) in 1 mm gap cuvettes. Buffers used for transfection were Opti-MEM (Thermo Fisher 

Scientific, Waltham, MA) and BTXpress Solution (BTX, Holliston, MA). Cell number per cuvette ranged 

from 2.5x105 cells to 1x106 cells. Cells were electroporated with 40 ug pMAX GFP plasmid (Lonza, 

Switzerland) or CD5-CRISPR-Cas9 plasmid DNA (between 33 ug - 160 ug). DNA (dissolved in molecular 

grade nuclease-free water) was added to the cells at ~13% final volume. Final cuvette volume was 50 uL. 

Cells were incubated at room temperature for 0-10 minutes following electroporation and were 

subsequently plated in culture medium at a final concentration of 1x106 cells/mL. Culture medium was 

replaced 18-24 hours following electroporation. Buffer, temperature, quantity of DNA, and electroporation 

parameters all varied with each protocol. See Table 1. Cell counts and viability were measured by using a 

Cellometer and Trypan Blue staining. 

 

Cytotoxicity assays: Jurkat cells were labeled with VPD450 proliferation dye 24-36 hours prior to flow 

cytometry as per the manufacturer’s protocol. Effector T cells and Jurkat target cells were mixed in 12x75 

mm FACS tubes at effector to target (E:T) ratios of 1:1, 3:1 and/or 5:1. The appropriate number of effector 

cells were added to each tube, followed by 50,000 target cells and additional media up to 250 uL. The cells 

were co-cultured for 12 or 24 hours at 37C in 5% CO2. Following the co-culture, cells were washed in 

PBS and stained with eFluor780 viability dye for 30 minutes, followed by a second PBS wash. Flow 

cytometry was subsequently performed to measure the percentage of dead target cells in each culture 

(double positive VPD450 and eFluor780). 

 

Results 

Transfection of T cells using CRISPR-Cas9 plasmid 

As demonstrated in chapter 2, we can introduce the CRISPR-Cas9 plasmid into T cells to disrupt 

expression of the CD5 antigen by nucleoporation (49). However, these methods routinely resulted in poor 

viability of the cell product. It is difficult to optimize nucleoporation using the Amaxa due to proprietary 
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buffers and the pre-defined programs preventing the adjustment of conditions. Using various pre-loaded 

programs on the Amaxa, we observed poor T-cell viability, poor transfection efficiency, or sometimes both 

(Figure 1). Therefore, we turned our efforts to electroporation using the BTX ECM 830 Square Wave 

Electroporator. In contrast to nucleoporation, electroporation allows for flexibility in user-defined protocols 

to modify a variety of parameters including: cuvette size, quantity of plasmid, temperature, high salt vs low 

salt buffers, voltage, resistance, capacitance, length and number of pulses and intervals between each pulse. 

We tested a number of iterations in order to optimize a protocol maximizing both viability and transfection 

efficiency of T cells, some of which are exemplified in Table 1. The CRISPR-Cas9 plasmid is a bicistronic 

construct expressing eGFP through a p2a sequence; therefore, GFP can be used to detect transduction of 

the T cells. 

Initially, we optimized protocols for the transfection of pMax GFP plasmid into T cells using 

Trypan blue to measure viability and fluorescent microscopy to visualize GFP-positive cells. As seen in 

Table 1, protocols for transfecting pMax GFP maintained cell viability at >85% and resulted in high 

transfection efficiency (Figure 2A). We attempted a similar protocol with a slightly higher voltage using 

both pMax GFP and the CRISPR-Cas9 plasmids. The CRISPR-Cas9 plasmid was transfected with a 

comparatively reduced pulse length (Table 1). This increase in voltage had a great effect on cell viability, 

reducing viability of pMax transfected cells to 40% and CRISPR-Cas9 transfected cells to 30%. However, 

while many GFP-positive cells can be detected in pMax transfected populations, only a few GFP-positive 

cells can be detected among those transfected with CRISPR-Cas9 DNA (Figure 2B). One possible 

explanation is the quality of the pMax DNA is much purer compared to the DNA we isolate in our 

laboratory. The protocols that resulted in the greatest CD5-editing without compromising viability are 

bolded in Table 1. One of these protocols resulted in >20% CD5-editing as measured by flow cytometry, 

however viability was reduced to 65% measured by Trypan blue staining (Figure 3A). A similar protocol 

was then developed that yielded ~15% CD5-editing in T cells while maintaining 85% viability (Figure 

3B). Despite a number of attempts, I was unable to generate a protocol resulting in greater transfection 

efficiency without compromising viability. However, it remained unknown the percentage of gene-editing  
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Figure III-1: Nucleoporation to edit CD5 in T cells using CRISPR-Cas9 DNA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: (A) Flow cytometry plots of CD5 surface expression in naïve (left), mock nucleoporated (middle) 

or CRISPR-Cas9 nucleoporated T cells (right). (B) Viability of T cells following nucleoporation with or 

without CRISPR-Cas9 DNA. Black bars = mock nucleoporated; Gray bars = CD5-CRISPR-Cas9 

nucleoporated. One replicate is depicted. 
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Figure III-Table 1: T-cell electroporation protocols illustrating different parameters tested. 
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Figure III-2: pMax GFP and CRISPR-Cas9 transfection of T cells. 

 

Figure 2: (A) Representative image of fluorescent microscopy of 2.5x105 T cells electroporated with 40 

g pMax GFP DNA using parameters of 300 V and 400 seconds. (B) Representative image of fluorescent 

microscopy of 1x106 T cells electroporated with 40 g pMax GFP DNA (left) and 33 g CRISPR-Cas9 

(right) using parameters of 350 V and 500 seconds or 400 seconds, respectively.  
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Figure III-3: CD5-editing of T cells using electroporation delivery of CRISPR-Cas9 DNA. 

 

Figure 3: (A) Representative fluorescent microscopy of T cells electroporated with CRISPR-Cas9 DNA 

using a protocol that yielded ~65% viability (left). Flow cytometry plots indicate CD5-negative cells in a 

population of naïve T cells (middle) compared to that of CD5-edited T cells (right). (B) Representative 

fluorescent microscopy of T cells electroporated with CRISPR-Cas9 DNA using a protocol that yielded 

~85% viability (left). Flow cytometry plots indicate CD5-negative cells in a population of naïve T cells 

(middle) compared to that of CD5-edited T cells (right). 
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 that would be required to result in increased CAR expression and enhanced cytotoxicity.   

 

Determining the cytotoxicity of CD5-edited CD5-CAR modified T cells against Jurkat T cells 

To determine if moderate levels of CD5-editing of T cells would enhance their cytotoxicity, 

PBMCs were isolated from blood on day 0 from consented, healthy adult donors and underwent a Pan T-

cell isolation immediately followed by stimulation using 1:1 ratio of cells to CD3/CD28 Dynabeads. Using 

the optimized electroporation protocol yielding 15% CD5-edited T cells, cells were electroporated on day 

2 post-isolation. On day 4 post-transfection (day 6 of culture), flow cytometry was used to confirm CD5 

gene-editing (Figure 3B). The CD5-edited T cells were stimulated the same day with CD3/CD28 

Dynabeads for 24 hours as described previously. Upon removal of the beads, non-edited and CD5-edited T 

cells were transduced with the bicistronic eGFP-p2a-CD5-CAR at MOI 34. Flow cytometry confirmed GFP 

expression demonstrating transduction of the CD5-CAR-modified cells (Figure 4A & 4B). 

We hypothesized that increased CD5-CAR on the surface of transduced cells could be achieved by 

inhibiting CD5 through genome editing, and the increase in CAR expression would translate to increased 

target cell killing. To test this, on day 4 post-transduction, we performed a 24-hour cytotoxicity assay using 

CD5-edited, CD5-CAR-modified T cells and Jurkat target cells. Jurkat cells were previously labeled with 

VPD450 proliferation dye to distinguish them from the effector cells by flow cytometry. Upon completion 

of the 24-hour incubation (day 5 post-transduction), cells were collected and stained with eFluor 780 

viability dye and flow cytometry was performed to detect the percentage of dead target cells. There was no 

difference in cytotoxicity against Jurkat T cells by non-edited CD5-CAR modified T cells compared to that 

by CD5-edited CD5-CAR modified T cells (Figure 4C). We hypothesized that this finding was attributable 

to the low editing efficiency of the cells resulting in only 15% CD5-editing prior to CAR-modification. 

This degree of editing may not be sufficient to result in enhanced CD5-directed cytotoxicity. We used this 

data to guide additional testing to determine if greater CD5-editing would affect CD5-directed cytotoxicity.  
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Figure III-4: CD5-edited CD5-CAR-modified T-cell cytotoxicity against CD5-positive Jurkat cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: (A) GFP expression in non-transduced non-edited (left) and CD5-edited  T cells (right). (B) 

Transduction efficiency of non-edited (left) and CD5-edited (right) T cells with the CD5-CAR as measured 

by flow cytometry. (C) Percent dead Jurkat T cells as measured by double positive eFluor 780 and VPD450 

cells cultured at 1:1 and 5:1 E:T ratios with  T cells. The data represents one replicate.  
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Assessing the effect of greater CD5-editing of T cells prior to CD5-CAR modification on T-cell  

cytotoxicity 

To determine if 15% CD5-editing is insufficient to enhance CD5-directed cytotoxicity, we isolated, 

stimulated and electroporated T cells from blood as described above and on day 2 post-electroporation, 

performed flow cytometry to determine the efficiency of CD5-editing (Figure 5A). We used FACS to 

isolate the CD5-negative and CD5-positive populations of T cells. These cells were expanded for three 

days, after which they were stimulated again for 24 hours with CD3/CD28 Dynabeads and subsequently 

transduced with the CD5-CAR at MOI 100, which is a viral dose similar to what has been developed to 

transduce HSCs in a clinical trial designed by our group. Flow cytometry on day 3 post-transduction 

confirmed non-edited and CD5-edited T cells were transduced similarly (Figure 5B). That same day, a 12-

hour cytotoxicity assay was established with Jurkat target cells. A 24-hour cytotoxicity assay was described 

previously, however we chose a shorter duration for this flow-based assay to avoid losing detection of dead 

cells that, over time, are broken down into debris, which is undetectable using flow cytometry. We did not 

observe an advantage to using sorted CD5-edited CD5-CAR-modified T cells compared to non-edited 

CAR-modified T cells in terms of cytotoxicity against Jurkat T cells (Figure 5C). Therefore, we conclude 

CD5-editing of T cells does not enhance cytotoxic activity against Jurkat T cells in vitro.  

 

Discussion 

We previously demonstrated that CD5-editing of T cells is advantageous by increasing the CAR 

expression on the cell surface (49), however, we hypothesize the health of these cells is impaired by the 

multiple modifications and cell sorting, ultimately reducing cytotoxic potential. Therefore, despite 

comparable transduction of CD5-edited T cells and non-edited T cells, our cytotoxicity assays demonstrate 

equivalent CD5-specific cytotoxicity against Jurkat T cells. While we see variability among donors 

regarding baseline cytotoxicity against Jurkat target cells, the CD5-edited CD5-CAR-modified T cells do 

not demonstrate an advantage over the non-edited CD5-CAR-modified T cells in either assay. This suggests  
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Figure III-5: CD5-edited, FACS sorted, CD5-CAR-modified  T-cell cytotoxicity against CD5-

positive Jurkat cells 
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Figure 5: (A) CD5-editing efficiency as measured by CD5-negative cells detected by flow cytometry. 

Naïve cells are depicted on the left. Cells were electroporated in two cuvettes (middle, right) and later 

combined into a single population. (B) GFP expression as measured by flow cytometry to depict the 

percentage of transduced cells. Top row: non-transduced mock electroporated (left) and CD5-positive 

electroporated, sorted  T cells (right). Bottom row: CD5-CAR modified  T cells: naïve (far left), 

mock-electroporated (left center), CD5-positive, sorted (right center) and CD5-negative, sorted (far right). 

(C)  T-cell cytotoxicity against CD5-positive Jurkat cells at 1:1 and 3:1 E:T ratios. Percent dead Jurkat 

T cells were considered double positive eFluor780 and VPD450 events. One replicate was performed. 
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that either CD5-editing does not enhance CD5-specific cytotoxicity, or the health of the CD5-edited T cells 

was impaired and needs to be remedied in order to consider this strategy for enhancing antigen-specific  

cytotoxicity. One approach is to improve the quality of DNA for transfection. We isolate DNA using Qiagen 

Plasmid DNA Purification Maxi kit (Qiagen, Germany) and resuspend the DNA in Molecular Biology 

Grade water (Thomas Scientific, Swedesboro, NJ). The DNA was concentrated using a high-speed 

centrifuge in order to increase the quantity of DNA utilized for each transfection. DNA quality was further 

confirmed by agarose gel electrophoresis (data not shown). The size of the plasmid is an additional factor 

in efficiency of gene delivery, therefore we could remove eGFP from the CRISPR-Cas9 plasmid to reduce 

the size. Another approach is to introduce CRISPR-Cas9 mRNA by electroporation as opposed to DNA. 

Studies have demonstrated the ease of mRNA transfections compared to DNA transfections, resulting in 

higher post-transfection viability and expression (309-311). Milder parameters can be used to transfect T 

cells to preserve the health of the cells while still yielding high transfection efficiency. Additionally, 

extending the length of time the cells are in culture could result in better evaluation of the cytotoxicity of 

CD5-edited T cells. It is plausible that additional time to recover following electroporation prior to 

transduction will be sufficient to restore their capability to kill target cells. However, we demonstrate that 

the sorted CD5-positive fraction of electroporated cells modified with the CD5-CAR kill to the same degree 

as the non-edited T cells. This suggests that electroporation itself and the length of time the cells recovered 

in culture did not hinder the overall cytotoxic capabilities of T cells. Therefore, although we’ve previously 

demonstrated CD5-editing of T cells prior to CD5-CAR modification increases CD5-CAR surface 

expression on T cells (49), this property is not sufficient to enhance CD5-directed cytotoxicity against 

Jurkat T cells.  

It is possible the health of the cells has not been affected by the double modification, but at the high 

MOI used to transduce the T cells, there is no longer an advantage to using CD5-edited cells as opposed to 

non-edited cells. Our studies using Jurkat T cells suggest that as the MOI increases, the need for CD5-

editing decreases. At lower MOIs there is a clear advantage in terms of CD5-CAR detection on the cell 

surface, however, this gap closes as the MOI increases (data not shown). Furthermore, as the MOI increases, 
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the number of integrated transgene copies per cell is likely to increase. Since lentiviral vectors integrate 

randomly into the genome, increased numbers of integration sites increases the potential for unfavorable 

integration.  

Another consideration is the exhaustion of the T cells. As the amount of CAR expressed on the cell 

surface increases, the cells will have increased interactions with the CD5 antigen leading to increased 

activation of the cells. This can result in activation-induced cell death and/or T-cell exhaustion. If T-cell 

exhaustion is in fact hindering the cytotoxic capabilities, a different CAR construct can be used. CARs 

containing 4-1BB typically exhibit greater persistence, while CD28 inclusion yields rapid tumor clearance 

(37; 312; 313). However, the costimulatory domain(s) that make up the most superior CAR in terms of 

overall anti-tumor efficacy in vivo has yet to be determined (37). Therefore, one approach to reduce 

exhaustion, would be to utilize a 41BB-CAR as an alternative to the CD28-CAR used in this model.  

To determine if CD5-editing of T cells prior to CAR modification is a viable strategy under more 

optimal conditions, we utilized a lentiviral vector for CRISPR-Cas9 delivery as a proof-of-concept study. 

This is an alternative approach to determine if CD5-editing prior to CAR modification should be optimized 

further. Using a lentiviral vector encoding Cas9 and our designed gRNA to transduce Jurkat T cells, we 

achieved considerable CD5-editing in Jurkat T cells. However, the efficiency of CD5-editing plateaus at 

~70% edited cells and this plateau begins at MOI 3 (Figure 6). These promising preliminary results will 

facilitate future studies testing the effects of lentiviral CD5-editing in primary T cells.  

An additional modality to assess the advantages of CRISPR-Cas9 genome editing in T cells is to 

use AAV delivery. While most viral vectors insert the transgene into the host cell genome, transgenes 

delivered through AAV are primarily expressed episomally. Therefore, the Cas9 would not persist in the 

cells, which is advantageous due to the potential for off-target cleavage upon prolonged expression (314-

316). Therefore, while lentiviral vector delivery of Cas9 can only be considered as a “proof-of-concept” 

strategy, AAV delivery is a more practical method. Preliminary data from our laboratory suggest T cells 

are easily modified using an AAV vector and this modification does not considerably affect cell viability. 

Additionally, our preliminary data suggests high transgene expression in 60% of the T cells upon AAV  



98 
 

Figure III-6: Lentiviral vector delivery of CRISPR-Cas9 DNA to Jurkat T cells 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Lentiviral transduction of Jurkat T cells sing MOIs ranging from 0.25 to 12.8. Flow cytometry 

was used to measure CD5-expression on Jurkat T cells on day 5 post transduction. 
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delivery (unpublished). As a result, we can introduce the CRISPR-Cas9 into the T cells using AAV,  

followed by lentiviral transduction to incorporate the CAR construct. This strategy is likely to produce a 

healthier cell product compared to strategies that include DNA electroporation, and we can therefore use 

these techniques to determine if there is an advantage to CD5-editing prior to CD5-CAR modification of T 

cells. 

Our future focus is moving in the direction of utilizing  T cells as an alternative to  T cells.  

T cells represent a novel platform for CAR T-cell therapy and can be especially advantageous for the 

treatment of T-cell malignancies. While  T cells may exhibit fratricide to the same degree as  T cells, 

there is limited risk of T-cell aplasia as V9V2 expanded T cells are unlikely to form a memory response 

against the T-cell antigen. Additionally, because  T cells are non-alloreactive, third-party donor cells can 

be utilized. They are short-lived and require multiple infusions for treatment, therefore T-cell exhaustion is 

not of primary concern. Utilizing  T cells for CAR therapy can overcome some of the limitations to 

conventional CAR T-cell therapy, particularly in the setting of T-cell malignancies. 
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Chapter IV 

 

 

 

γδ T cells as an alternative effector cell type for CAR T-cell therapy 
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Abstract 

Conventional CAR therapy equips  T cells to attack malignant cells expressing a specific antigen, 

which can be strategically selected. However, there are limitations to utilizing  T cells and many of these 

limitations can be addressed through the use of  T cells.  T cells bridge the innate and adaptive immune 

systems. Unlike  T cells,  T cells do not require priming, or MHC-presentation. They express 

endogenous mechanisms of cytotoxicity that provide inherent anti-tumor activity through recognition of 

stress antigens, heat shock proteins and chemokines. We have previously demonstrated  T cells are 

consistently expanded up to 80-fold in serum-free conditions with IL-2 and zoledronic acid 

supplementation. However, as described herein,  T cells are difficult to modify using two different 

transfection modalities. While recombinant HIV lentiviral vector modifies  T cells to a greater degree 

than does transfection, we can only achieve moderate levels (<30% modified  T cells). Using AAV 

serotype 6, we can achieve greater than 50% transduced  T cells, which has not been achievable even 

with high MOIs of lentiviral vector. We demonstrate with AAV6, by day 6 post-transduction, the 

percentage of modified  T cells is reduced by half. This is due to both dilution of the transgene as the 

cells divide as well as degradation of the transgene as a result of transient stability. Typically, CAR T-cell 

therapy is thought to require prolonged CAR T-cell expression in order to successfully eliminate the tumor, 

which would make AAV transduction a less optimal approach. However,  T-cell therapy requires 

numerous infusions, as  T cells do not persist for long in vivo. Therefore, episomal expression of the 

transgene is not a primary concern. We hypothesized a greater percentage of CAR-modified  T cells will 

result in higher cytotoxic potential. Therefore, we predict we can achieve more rapid tumor control using 

AAV-modified cells compared to lentiviral vector-modified cells. Multiple infusions would be required to 

sustain the response until hematopoietic stem cell transplantation (HSCT). 

 

Introduction 



102 
 

The majority of CAR therapies under investigation utilize  T cells. T cells are approximately 60-

70% of peripheral blood mononuclear cells (PBMCs) and can easily be expanded from healthy donors ex 

vivo (317; 318). However, expanding  T cells from cancer patients can be difficult as they are often 

heavily pretreated with chemotherapeutics resulting in poorly expanding cells and/or deficits in cytotoxic 

potential (319).  T cells cannot be isolated and expanded from a third-party donor for CAR T-cell therapy 

due to MHC-restrictions unless modifications are made to prevent GvHD reactions (319; 320). However, 

 T cells, which make up 1-5% of PBMCs, are non-alloreactive and can therefore be used in an allogeneic 

setting (163; 318; 321). V9V2 T cells, the most commonly studied subset for  T-cell therapy, can be 

expanded ex vivo in serum-free conditions from healthy donors (163). These cells can be cryopreserved and 

stored until they are required in an allogeneic setting (173). Furthermore, while  T cells do not require 

priming and can interact with antigen independently of MHC-recognition (321; 322), they can act as 

antigen-presenting cells to prime  T cells (322; 323). Additionally,  T cells trigger dendritic-cell 

maturation (318; 322; 324; 325), induce B cells to produce immunoglobulin (322), secrete proinflammatory 

cytokines (318; 326; 327), and recognize stress antigens (318; 321; 328; 329), heat shock proteins (330), 

phosphoantigens (321; 322; 329) and chemokines from tumor cells (181). Moreover, a 2015 Nature 

Medicine publication acknowledged  T-cell infiltration into a variety of tumors was correlated with a 

more favorable prognosis (331).  

The administration of  T cells to cancer patients supplemented with zoledronic acid as well as 

administration of zoledronic acid to stimulate  T cells in vivo have been assessed. However, while these 

clinical trials illustrate the natural anti-tumor activity of  T cells, they have not been entirely successful, 

as the  T cells did not exhibit tumor control (191; 332; 333). We hypothesize that expression of a CAR 

on  T cells can enhance their cytotoxic activity against tumor cells. Our group focuses on the treatment 

of T-cell malignancies using CAR T-cell therapy. A major limitation to CAR T-cell therapy for the 

treatment of T-cell malignancies is T-cell aplasia resulting from memory-cell formation of CAR T cells 

targeting a T-cell antigen. Unfortunately, to date, very few tumor-specific antigens have been identified 
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that could address this problem (CD30, CD37 and TRBC1 as described in chapter 1) and those few antigens 

are only expressed on a small subset of cancers. To overcome this limitation, we propose utilizing V9V2 

T cells. While V9V2 T cells express a similar antigen repertoire as T-cell malignancies, ex vivo expanded 

cells are predicted to persist for up to a few weeks in vivo and are unlikely to form memory cells targeting 

the T-cell antigen (321). Additionally, their reduced expansion in vivo can decrease the development of 

adverse reactions such as CRS, which is correlated with rapid proliferation of CAR T cells and tumor 

burden (40). Taken together,  T cells are good candidates for effector cells for CAR T-cell therapies 

targeting T-cell malignancies. However,  T cells are likely susceptible to fratricide, similar to  T cells. 

As a result, only tumor-specific antigens can confer tumor-specificity (examples described in chapter 1) or 

rapid down-regulation of the antigen from the cell surface (results in only transient fratricide) (78). 

Alternatively, genome editing using CRISPR-Cas9 can be utilized to disrupt expression of the antigen on 

 T cells to prevent fratricide. This chapter discusses our studies in  T cells using CRISPR-Cas9 to edit 

the CD5 locus and using viral vector to express a CD5-CAR to generate a superior CAR product.  

Unlike  T cells,  T cells have been well characterized in regards to CAR therapy and their 

transfection and transduction potential understood. Very few groups have recognized  T cells for their 

potential in CAR therapy. As discussed in chapter 3, transfection techniques as opposed to viral transduction 

are commonly used to introduce Cas9 into primary cells to avoid long-term expression of the Cas9. Herein, 

we utilize both nucleoporation and electroporation, as previously described in chapter 3, to transfect  T 

cells to disrupt CD5 gene expression using CRISPR-Cas9. Furthermore, as CD5 has previously been 

described to rapidly down-regulate from the T-cell surface (49; 78), genome editing may not be required 

for expansion of CD5-CAR-modified  T cells. Therefore, in this chapter, we evaluate lentiviral and AAV 

transduction of  T cells to determine if genome editing is required to produce an effective product. Our 

results demonstrate that while  T cells are difficult to transfect with plasmid DNA using either 

nucleoporation or electroporation techniques, and the transduction efficiency of  T cells is low using 

recombinant HIV lentiviral vector, we can achieve high levels of transduction (50% modified cells) using 
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AAV serotype 6. High levels of transduction are likely to result in high surface CD5-CAR expression 

despite anticipated down-regulation resulting from antigen/CAR interactions. Therefore, genome editing 

may not be a prerequisite for CD5-CAR T-cell therapy. 

 

Methods and Materials 

γδ T-cell expansion.  T cells were expanded from cryopreserved PBMCs purchased from AllCells 

(Alameda, California) or from fresh PBMCs isolated from 30-50 mL consented, healthy adult blood. 

PBMCs were isolated from blood using Ficoll-Paque density gradient and centrifugation according to the 

manufacturer’s protocol.  T cells were expanded in serum-free conditions in OpTmizer media (Thermo 

Fisher Scientific, Waltham, MA) for two weeks supplemented with 5 μM zoledronic acid (Sigma Aldrich, 

ST Louis, MO) and 500-1000 IU/mL IL-2 (PeproTech, Rocky Hill, NJ). Cells are cultured with zoledronic 

acid until day 6 of expansion.  T cells are cultured at 1.5x106 cells/mL. Cell viability was measured by 

staining cells with a 1:1 dilution of 0.2% Trypan blue (Thermo Fisher Scientific, Waltham, MA) in PBS 

and using the Nexcelom Auto T4 Cellometer (Nexcelom, Lawrence, MA) to calculate the percent cell 

viability within a sample.  

 

Nucleoporation of γδ T cells. PBMCs were nucleoporated on different days of expansion using the Lonza 

Nucleofector 2b Device and the Amaxa Human T-Cell Nucleofector kit (Lonza, Switzerland).  T cells 

were nucleoporated using programs T-020 and U-014 with 2.5 µg of CRISPR-Cas9 plasmid DNA. U-014 

is programmed with milder parameters compared to those of T-020, however the specific parameters 

involved in program design are proprietary. Transfection efficiency was observed using eGFP. CD5-editing 

was determined using flow cytometry. 

  

Electroporation of γδ T cells.  T cells were electroporated using the BTX ECM830 Square Wave 

Electroporator and BTXpress Solution (BTX, Holliston, MA) as described in chapter 3.  T cells were 
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electroporated using a variety of protocols that varied in parameters including buffer, cell number, day of 

expansion, voltage, pulse length, number of pulses, and interval between pulses. Cell viability was assessed 

on day 1 following transfection using Trypan blue as described above. Flow cytometry was used to measure 

CD5 expression. 

 

Flow cytometry. Flow cytometry was performed using a BD LSRII Flow Cytometer (BD Biosciences, San 

Jose, CA). Data was analyzed using BD FACSDiva and FCS Express 6 software. Antibodies used included 

anti-CD5 PerCP/Cy5.5, anti-CD3 BV421 and anti-γδ TCR (BD Biosciences, San Jose, CA). eFluor 780 

fixable viability dye (Thermo Fisher Scientific, Waltham, MA) was used to quantify dead cells. CD5-Fc 

fusion protein (G&P Biosciences, Santa Clara, CA) was used to detect CD5-CAR with a secondary anti-

IgG Fc antibody (Jackson Immunoresearch Laboratories, West Grove, PA), as previously described (49). 

For the cytotoxicity assays, Violet Proliferation Dye 450 (VPD450) was used to label the target cells, and 

cell death was assessed using eFluor 780 (described below).  

 

Lentiviral vector production. High-titer recombinant SIN lentiviral vector was produced and titered as 

previously described (49). 

 

Lentiviral vector transduction of γδ T cells.  T cells were transduced with lentiviral vector between days 

7 and 10 of expansion. Cells were incubated with viral vector at MOIs ranging from 12-72 at 50-100% 

vector. Culture medium was supplemented with 6 μg/mL polybrene to facilitate transduction and was 

replaced with fresh medium after 18-24 hours. The transduced cells were cultured up to day 14 of 

expansion. 

 

Culture of Jurkat T-cell line. Jurkat T cells were cultured in complete RPMI as previously described (49). 
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Cytotoxicity assay. Cytotoxicity assays were performed on day 12 of γδ T-cell expansion. Jurkat target cells 

were labeled with VPD450 according to the manufacturer’s protocol (BD Biosciences, San Jose, CA), 24-

36 hours prior to flow cytometry. Effector (E) and target (T) cells were cultured for four hours in 12x75 

mm FACS tubes at E:T ratios of 1:1, 3:1 and/or 5:1 in a total volume of 250 μL at 37C in 5% CO2. The 

cells were subsequently stained with eFluor 780 (Thermo Fisher Scientific, Waltham, MA). eFluor 780 and 

VPD450 double-positive cells were quantified using flow cytometry. 

 

AAV production. Plasmids encoding pAAV-GFP, pHelper, pAAV-Rep2Cap2, pAAV-Rep2Cap3, and 

pAAV-Rep2Cap6 were purchased from Cell Biolabs (San Diego, CAs). The three different RepCap 

plasmids with different tissue tropism were purchased to confirm the serotype that provides the greatest 

transduction of T cells. A second pAAV-Rep2Cap3 was produced in our laboratory and included in our 

studies. The AAV-GFP control vector is expressed using the CMV promoter and contains ITR sequences 

from AAV serotype 2. The CD5-CAR construct was cloned into an AAV backbone and the UBC promoter 

was replaced by the MND promoter. The AAV-CD5-CAR plasmid also contains the ITRs from AAV2 and 

was made with pAAV-Rep2Cap6 and pHelper plasmids. 293T cells were transfected with pAAV-GFP or 

pAAV-CD5-CAR, pHelper and the appropriate RepCap plasmid. Cells were harvested on day 3 post-

transfection and supernatants and cells were separated. Supernatants were incubated in a PEG solution at a 

final concentration of 8% PEG 8000-0.5 M NaCl overnight on ice. The following day, the supernatants 

were centrifuged for 30 minutes at 7,000g. Cell pellets were frozen in lysis buffer, and upon thawing, 

sodium deoxycholate was added at a final concentration of 0.5% and Pierce Universal Nuclease for Cell 

Lysis (Thermo Fisher Scientific, Waltham MA) at 0.1 μL/mL. Cell lysates were incubated for 30 minutes 

at 37C. MgCl2 was added to cell lysates along with NaCl and salt active nuclease (SAN). Cell lysates were 

incubated for 30 minutes at 37C. The pellet formed from centrifugation of supernatants incubated in PEG 

and NaCl was then resuspended in lysis buffer and combined with the crude lysate. Following a 15-minute 

incubation at 37C, lysates were centrifuged for 15 minutes at 4°C at 3,000g and aliquoted into Type 70 Ti 
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centrifuge tubes (Beckman Coulter, Indianapolis, IN). The tubes were layered with 15% iodixanol buffered 

by 1M NaCl and 1X PBS-MK (PBS supplemented with MgCl2 and KCl), followed by 25%, 40% and 54% 

iodixanol buffered by 1x PBS-MK. Tubes were centrifuged for 90 minutes at 58,500 RPM at 18C. The 

54%-40% interphase was isolated and diluted with an equal volume of 1x PBS-MK. The diluted iodixanol 

was loaded into a second centrifuge tube underlaid with 30% iodixanol followed by 40% and 54% 

iodixanol. A second centrifugation was performed for 90 minutes at 58,500 RPM at 10C. The 54%-40% 

interphase was isolated and stored at 4°C. Buffer exchange and concentration was performed using 2x PBS-

MK with 0.01% Puronic-F68. Vectors were stored at -80C.   

 

AAV6 functional titering. A functional titer was calculated to standardize AAV6 transductions using vector 

from different production lots. Jurkat T cells (100,000 cells) were transduced in culture medium as 

previously described with 5 or 10 μL viral vector in duplicate. On day 3 post-transduction, flow cytometry 

was performed to quantify the percentage of GFP-expressing cells. Functional titer was calculated as (cell 

number) x (% GFP-modified cells) / (volume of viral vector (mL)).  

 

AAV6 transduction of γδ T cells. γδ T cells were transduced between days 7-11 of expansion. Cells were 

incubated with 10-50% viral vector for 18-24 hours. Culture medium was subsequently replaced with fresh 

medium.  

 

γδ T-cell persistence in NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice. Mice were purchased from Jackson 

Laboratory (Bar Harbor, ME) and maintained in a pathogen-free environment. Mice were cared for 

according to the established principles of the Institutional Animal Care and Use Committee (IACUC), and 

all animal protocols were approved by the IACUC as previously described (49). γδ T cells were expanded 

for twelve days ex vivo according to our expansion protocol and determined to be 70% pan- γδ T cells by 

flow cytometry. NSG mice were randomized to four groups, with three mice per group. Mice were injected 
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with 5.0x106, 1.0x107 or 1.5x107 cells. The fourth group did not receive γδ T cells. Cells were re-suspended 

in 100 μL phosphate buffered saline (PBS) for injection. Eight-week-old mice were intravenously injected 

via tail-vein with γδ T cells. On days 1, 3, 6 and 8 post-γδ T-cell injection, blood samples were collected 

from each mouse and analyzed by flow cytometry using BD LSRII Flow Cytometer (BD Biosciences, San 

Jose, CA). Antibodies used included anti-human CD45 FITC, anti-mouse CD45.1 APC and anti-human 

TCR γ/δ PE (BD Biosciences, San Jose, CA).  

 

Statistics. Statistical significance was determined using one-way ANOVA. -values were calculated with 

SigmaPlot, version 14.0 (Systat Software, Chicago, IL), and <0.05 is considered statistically significant. 

 

Results 

Expansion of γδ T cells in serum-free conditions 

 We previously published a serum-free expansion protocol for γδ T-cell expansion from PBMCs 

(163). PBMCs were either purchased as a cryopreserved product from AllCells (Alameda, California), or 

isolated from consented, healthy adult donor blood. While γδ T cells exist as 1-5% of human PBMCs, we 

can expand them to, on average, 80% of the population within two weeks (Figure 1A & 1B). As 

exemplified in Figure 1, there is donor variability regarding γδ T-cell expansion, and some donors will only 

expand to ~50% γδ T cells. However, γδ T-cell expansion does not differ between cells expanded from 

PBMCs purchased from AllCells and those from PBMCs isolated from fresh blood in our laboratory 

(Figure 1A). We previously published that total γδ T-cell yield is correlated with the starting number of γδ 

T cells and we can expand γδ T cells 80-fold in fourteen days (163). Furthermore, we used flow cytometry 

to measure CD5 expression in γδ T cells and observed a high percentage of CD5-expressing cells 

throughout expansion (Figure 1C). 

 

Transfection of γδ T cells using nucleoporation to introduce CRISPR-Cas9  
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Figure IV-1: Expansion of γδ T cells from PBMCs.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: (A)  T cells were expanded from PBMCs obtained from AllCells (Donors 1, 2, 3 and 4) or 

isolated from fresh blood (Donors A, B and C). (B) Representative flow cytometry plots illustrating the 

percentage of  T cells on days 0, 6 and 14 of expansion. (C) CD5 expression in  T cells at various time 

points within a two-week expansion. 
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γδ T cells were expanded from PBMCs purchased from AllCells as described. On days 0, 6, 8 and 

12 of γδ T-cell expansion, cells were removed from culture and flow cytometry was performed to evaluate 

the CD5 expression on the cells. High expression of CD5 on  T cells (>70% by day 6) (Figure 1C) can 

result in fratricide upon CD5-CAR-modification. To prevent fratricide, we used CRISPR-Cas9 targeting 

the CD5 locus to disrupt CD5 expression on  T cells prior to CD5-CAR-modification.  

On days 3, 6, 9 and 12 of  T-cell expansion, the cells were nucleoporated to introduce CRISPR-

Cas9 plasmid DNA as a means of disrupting the CD5 gene. DNA was not added to the mock nucleoporation 

cuvettes, however they were otherwise treated under identical conditions as those for the experimental 

samples. Cell viability was assessed the following day when the media was changed. On day five post-

nucleoporation, CD5-expression was evaluated by flow cytometry and compared to its expression measured 

immediately prior to nucleoporation. The data suggests this program results in inefficient CD5-editing as 

there is no difference in CD5-expression in the cells after nucleoporation, compared to the expression 

measured before nucleoporation, regardless of the day of expansion on which the cells were nucleoporated 

(Figure 2A). We have demonstrated in both Jurkat T cells and primary  T cells that our plasmid 

containing the gRNA and Cas9 are efficient at disrupting the CD5 gene (49). Therefore, we hypothesized 

the lack of editing was due to inefficient gene delivery, rather than poor functionality of the construct. 

Additionally, the cell viability was reduced to ~40% on average following nucleoporation. However, there 

was no difference in the viability between cells nucleoporated with or without DNA (with the exception of 

cells nucleoporated on day 12 of expansion) suggesting the nucleoporation conditions were too harsh for 

 T cells (Figure 2B). Our data demonstrating poor editing efficiency and reduction in viability, was used 

to guide additional testing using an alternative method of transfection, as described below.  

 

Transfection of γδ T cells using electroporation techniques to introduce CRISPR-Cas9 

 As discussed in chapter 3, a wide variety of parameters can be regulated to optimize the transfection 

efficiency and cell viability of primary T cells. However, nucleoporation using the Amaxa prevents such  
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Figure IV-2: Nucleoporation of γδ T cells 

 

 

Figure 2: (A) CD5 expression on days 3, 6, 9 and 12 prior to nucleoporation (black) and five-days following 

nucleoporation (white). (B) Viability of cells was measured by Trypan blue on day 1 post-nucleoporation. 

Mock nucleoporated cells are depicted by black bars; cells nucleoporated with CD5 CRISPR-Cas9 are 

depicted by white bars. 
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optimization as the parameters are pre-programmed and specific, proprietary buffers are required. Our  

previous studies suggest primary cells may be more easily transfected using electroporation techniques as 

opposed to nucleoporation. Therefore, we assessed a variety of parameters to optimize electroporation of 

 T cells similarly to our optimization of  T-cell electroporation. Using two different donor  T cells 

from AllCells, and one fresh blood donor expansion, we assessed electroporation parameters on days 7-9 

of expansion. Before day 7, the percentage of  T cells is too low to obtain efficient modification of  T 

cells. Due to the ex vivo expansion of  T cells (Figure 1A & 1B), our current protocol involves infusion 

of  T cells on day 12. Therefore, all modifications must be completed prior to day 12. As a result, we 

focus on modification of  T cells between days 7 and 9 of expansion using numerous protocols (Table 

1).  

We first tested a program on day 7 of expansion that is similar to the program used to electroporate 

 T cells, albeit designed to be milder to preserve  T-cell viability (2 pulses of 100V, each lasting 400 

seconds, delivered with a 100 millisecond interval between pulses). However, while these parameters did 

not dramatically affect cell viability (65% cell viability), we did not observe any change in CD5 expression 

in the cells five days post-electroporation compared to expression detected in naïve  T cells (Figure 3A 

& 3B). A harsher program on day 8 (300V delivered in 700 seconds) resulted in poor viability (19% cell 

viability), whereas a set of parameters on day 9 milder than the second attempt but harsher than the first did 

not have as large an effect on viability (3 pulses of 100V, each lasting 550 seconds delivered with 100 

millisecond intervals; 48% cell viability), however none of these programs resulted in CD5-editing (Figure 

3C & 3D). Using a second donor, we attempted to optimize electroporation of  T cells using BTXpress 

Solution. However, all four of our protocols dramatically reduced the cellular viability ( 30%) and no GFP 

expression was observed (used as a measure of CRISPR-Cas9 transgene expression) (Figure 3E & Table 

1). Additional parameters were tested on  T cells obtained from a third donor. These protocols were 

milder, with lower voltages and increased pulse number and length (day 7 protocols: 3 pulses of 70V or 

50V, each lasting 1 or 2 milliseconds, respectively, delivered with 100 millisecond intervals; day 8  
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Figure IV- Table 1: Electroporation parameters for introducing CRISPR-Cas9 plasmid DNA into γδ 

T cells. 

 

 

 

Table 1: Trypan blue was used to measure viability on day 1 post-electroporation. Flow cytometry on day 

12 of expansion was performed to assess CD5-expression on  T cells, if GFP was observed by fluorescent 

microscopy. 
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Figure IV-3: CD5 expression and viability in γδ T cells following CD5-editing by electroporation. 

 

 

Figure 3: (A, B, C, D) Percentage of  T cells (top) and CD5-expression (bottom) in each cell population. 

CD5 was evaluated by flow cytometry on day 12 of expansion. (A) Naïve  T-cell population. (B, C and 

D) Cells edited on (B) day 7, (C) day 8 and (D) day 9. (E) Cell viability from two donors were measured 

on day 1 post-electroporation by Trypan blue staining.  
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protocols: 5 pulses of 80V, each lasting 2 milliseconds, delivered with 100 millisecond interval). While 

they preserved viability, no GFP was observed under any of these conditions (Table 1), despite usage of 

200 μg DNA in one of the protocols performed on day 8. 

 T cells have proven to be difficult to transfect using either nucleoporation or electroporation 

techniques. This greatly reduces the likelihood of achieving two modifications, i.e. CD5-editing followed 

by gene addition for CAR expression. However, it is unclear whether genome editing to disrupt expression 

of CD5 is required to achieve sufficient CD5-CAR expression and expansion of the modified  T cells.  

 

Lentiviral transduction of γδ T cells to introduce a CD5-CAR 

To determine if disruption of the CD5 locus is required to produce functional CD5-CAR-modified 

 T cells, we transduced non-edited  T cells with CD5-CAR lentiviral vector, with the hypothesis that 

CAR expression will sufficiently downregulate endogenous CD5 expression. Previous studies published 

by our laboratory demonstrate LDL-R expression peaks in  T cells on day 6 of expansion, however, it 

remains high until day 9 (163). As LDL-R is the receptor by which VSVG-enveloped lentiviral vector 

infects a cell, we hypothesize high transduction efficiency can be achieved by transducing cells between 

days 6-9 of expansion. By day 7 or 8, the percentage of  T cells in donor PBMC populations typically 

exceeds 60%, at which point  T cells are transduced with lentiviral vector. We transduced  T cells with 

CD5-CAR lentiviral vector at MOI 12-72, ranging from 50-100% vector. On days 12 or 13, trypan blue 

was used to assess cell viability and flow cytometry was performed to determine the transduction efficiency.   

AllCells donors 1 and 2 were transduced with the CD5-CAR lentiviral vector at MOIs 12-17, with 

50-75% vector ranging from single to triple transductions. Donor 1 was expanded two times and transduced 

either with MOI 14 on days 8 and 9, separately, or with MOI 12 on days 8, 9, and 10. Our data suggest at 

these low MOIs, a single transduction can yield as few as 3% GFP-modified cells. Multiple transductions 

on both days 8 and 9 or days 8, 9 and 10 resulted in 6% and 11% modified cells, respectively (Figure 4A 

& 4B). Donor 2 was transduced at MOI 17 and again at MOI 5 on days 8 and 10 of expansion. Cells were  
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Figure IV-4: γδ T cells transduced with CD5-CAR lentiviral vector. 
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Figure IV-4 continued: γδ T cells transduced with CD5-CAR lentiviral vector.  
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Figure 4: GFP and CD5 expression in  T cells was assessed by flow cytometry as a measure of 

transduction. (A) AllCells donor 1 cells were transduced on day 8 (left) or day 9 (right) with CD5-CAR 

lentiviral vector at MOI 14. (B) AllCells donor 1 cells were transduced only on day 8 (left), double 

transduced on day 8 and 9 (middle) or triple transduced on days 8, 9 and 10 (right). Each transduction was 

at MOI 12. (C) AllCells donor 2 cells were transduced twice – on day 8 and again on day 10. The 

transduction on day 8 was at MOI 17, and MOI 5 on day 10. (D)  T cells expanded from donor A fresh 

PBMCs were transduced twice on day 8 with CD5-CAR lentiviral vector at MOI 50 each time. (E)  T 

cells expanded from donor B fresh PBMCs were transduced with CD5-CAR either on day 7 (left) or day 8 

(right), each at MOI 72. (F)  T cells expanded from donor C fresh PBMCs were transduced on day 8 of 

expansion with either 75% (left) or 100% (right) of lentiviral vector. 75% vector corresponds to MOI 43 

and 100% vector corresponds to MOI 58. (G) Graphical representation of CD5 expression (black bars) in 

each donor  T cells following CD5-CAR-modification and its relation to transduction as measured by 

GFP (green bars). (H) On day 12 or 13 of expansion, flow cytometry was performed and cell viability 

assessed. Cell viability of each donor was measured by Trypan blue staining (black bars). Flow cytometry 

was subsequently performed to assess GFP-expression as a measure of transduction (green bars), with the 

exception of donor B, in which flow cytometry was performed two days post-transduction. (I) Correlation 

between GFP expression as a measure of CD5-CAR transduction and CD5 antigen expression measured 

by flow cytometry.  
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transduced with 75% virus on day 8 for six hours, at which time additional media was added to dilute the 

vector. The following day, the media was replaced. On day 10, the cells were transduced again with 30% 

virus. Flow cytometry on day 12 of expansion revealed 19% GFP-positive cells (Figure 4C). 

Donor cells derived from fresh blood were transduced as well with CD5-CAR lentiviral vector. 

Given the data we obtained using cells acquired from AllCells, we transduced Donor A cells on day 8 at 

MOI 50. Four hours later, supernatant was removed and replaced with additional media and fresh viral 

vector at MOI 50. Media was changed the following day. Despite the high MOI and double transduction, 

this protocol only resulted in 11% GFP-positive cells (Figure 4D). Donor B and C cells were transduced at 

higher MOIs, with donor B cells transduced on days 7 and 8 separately, while donor C cells were transduced 

on day 8. Donor B cells were transduced at MOI 72 resulting in about 30% and 22% GFP-positive cells on 

days 7 and 8, respectively, as measured by flow cytometry two days post-transduction (Figure 4E). Donor 

C cells were transduced at either MOI 43 or 58 on day 8, resulting in ~3% and 2% modified cells, 

respectively, as measured by flow cytometry on day 5 post-transduction (Figure 4F).  

Despite low levels of CD5-CAR transduction, CD5-expression in  T cells is down-regulated 

substantially (Figure 4G). Additionally, cell viability measured on day 12 or 13 of expansion is reduced 

following CD5-CAR-modification (Figure 4H), although overall the cells remain relatively healthy and 

the viability of the culture is restored over time (data not shown). The continued expansion of the cells and 

recovery following transduction suggests fratricide is not overwhelming in these cultures. This could 

potentially be due to low expression of the CD5-CAR due to poor transduction, or it could be due to the 

rapid down-regulation of the CD5 antigen, as previously evidenced (49; 78). We measured a weak negative 

correlation between transduction of  T cells with CD5-CAR and CD5 antigen expression (r2=0.17), with 

low levels of detectable CD5 at all ranges of gene modification. However, we predict a stronger correlation 

can be detected upon the addition of samples with a greater range of CD5-CAR expression (Figure 4I).  

 

Cytotoxicity of CD5-CAR-modified γδ T cells against a T-ALL cell line 



120 
 

Due to our observation of substantial CD5 down-regulation following CD5-CAR transduction of 

 T cells, we hypothesize there might be sufficient interactions with CD5 antigen on target cells to result 

in enhanced cytotoxic activity. To test the cytotoxic potential of CD5-CAR-modified  T cells, we cultured 

naïve or CD5-CAR-modified  T cells with CD5-positive Jurkat T cells at various effector (E) to target 

(T) cell ratios for four hours at 37°C on day 12 of expansion. The cytotoxicity assay was performed using 

three donors and we observe donor variability in baseline cytotoxicity against Jurkat T cells by naïve  T 

cells. Donor 1 CD5-CAR-modified  T cells demonstrate enhanced cytotoxicity at a 5:1 E:T ratio (48.24% 

vs 74.9% dead Jurkat target cells) (Figure 5A), whereas Donor 2 and Donor B CD5-CAR-modified  T 

cells do not. At the 5:1 E:T ratio, Donor 2 naïve and CD5-CAR-modified  T cells killed 37.19% and 

42.63% Jurkat T cells, respectively (Figure 5B). There were not enough cells to assess Donor B  T-cell 

cytotoxicity at a 5:1 ratio, however, at a 3:1 ratio with Jurkat T cells, naïve and CD5-CAR-modified  T 

cells resulted in 29.53% and 22.22% dead targets, respectively (Figure 5C). A graphical representation of 

the percent increase in cytotoxicity over baseline (naïve  T-cell cytotoxicity against Jurkat T cells) 

suggests it remains undetermined whether transduction of <15% can yield a potential advantage to CD5-

CAR-modification regarding cytotoxic activity against a T-ALL cell line (Figure 5D). However, if there is 

an advantage, it is unlikely to be clinically significant at this level of transduction. We hypothesize that 

greater CAR expression on  T cells would result a significant advantage to CAR T-cell therapy using  

T cells against T-cell malignancies.  

 

AAV6 results in greater transduction of γδ T cells compared to that by lentiviral vector 

 We produced AAV vectors serotypes 2, 3 and 6, each encoding GFP. On day 11 of expansion,  

T cells expanded from fresh PBMCs were transduced with 25, 50 and 100 L of each vector and flow 

cytometry three days post-transduction was used to assess GFP expression. There is a correlation between 

the amount of viral vector used for the transduction and the amount of GFP measured in the cells. 

Furthermore, 100 L of AAV6 transduced  T cells to a greater degree compared to the other serotypes.  
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Figure IV-5: Cytotoxicity of CD5-CAR-modified γδ T cells against a T-ALL cell line. 

Figure 5: Cytotoxicity assays were performed on day 12 of expansion with Jurkat target cells for four 

hours. Black points represent naïve  T-cell cytotoxicity and red points represent CD5-CAR-modified  

T-cell cytotoxicity. (A) Donor 1 naïve and CD5-CAR-modified  T-cell cytotoxicity against Jurkat T cells 

at 1:1 and 5:1 E:T ratios. CD5-CAR-modified  T-cell assays were performed in duplicate, as represented 

by two red points at each E:T ratio. Regression lines were drawn through the points. (B) Donor 2 naïve and 

CD5-CAR-modified  T-cell cytotoxicity against Jurkat T cells at 1:1, 3:1 and 5:1 E:T ratios. (C) Donor 

B naïve and CD5-CAR-modified  T-cell cytotoxicity against Jurkat T cells at 1:1 and 3:1 E:T ratios. (D) 

Percent increase in cytotoxicity by CD5-CAR-modified  T cells over baseline. Baseline is measured as 

the percent cytotoxicity against Jurkat T cells by naïve  T cells for each individual donor. CD5-CAR-

modified  T-cell cytotoxicity is compared to naïve  T-cell cytotoxicity for each donor individually.  
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From 100 L AAV6,  T cells were 22% modified, compared to <2% modified by the other serotypes 

(Figure 6A). However, we cannot conclude from this data that AAV6 transduces  T cells more efficiently 

as the titers for each vector are likely to vary and had not been calculated. On day 8 post-transduction (day 

19 of expansion),  T cells remained GFP-positive, however the percentage decreased to 9% as the 

transgene is diluted in a dividing population (data not shown). By the time the  T cells were transduced, 

they had been in culture for almost two weeks, at which point  T-cell proliferation is substantially slowed. 

Therefore, it will take longer for the transgene to become undetectable in the population. Nonetheless, our 

data showing high transduction of  T cells by AAV6 supports previous findings that demonstrated AAV6 

transduces hematopoietic stem and progenitor cells more effectively than can other serotypes (227; 228). 

As a result, we moved forward with AAV6 as a means of transducing  T cells (Figure 6B).  

 To more accurately predict the effectiveness and reproducibility of AAV vector transduction, a 

functional titering method was developed. The functional titer of AAV6-GFP was measured by Jurkat T-

cell transduction. Cells were transduced in duplicate with 5 or 10 L vector and GFP was assessed on day 

3 post-transduction. Using the cell number, volume of viral vector, and percent-modified  T cells, we 

calculated a functional titer of 1.23x107 TU/mL (data not shown). We then transduced  T cells on day 7 

with different percentages viral vector to determine the amount of vector the cells can tolerate, as our 

preparation of AAV6 is in a high-salt PBS solution. Flow cytometry was performed on day 2 post-

transduction. We observed similar viabilities following transduction at the variety of quantities tested with 

minimal reductions at the higher percentages (Figure 6C). Furthermore, we assessed the addition of 10% 

FBS to the culture in combination with viral vector. Our data suggests the addition of FBS protected the 

cellular viability in both naïve and transduced conditions (Figure 6C), however, this did not have a 

substantial impact on total number of live cells in the population (Figure 6D). The viability measurement 

is sensitive to noise and debris; therefore, the addition of replicates would more accurately report changes 

in viability. Unexpectedly, GFP expression is not influenced by the percentage of viral vector. Despite a 

higher MOI,  T cells transduced with 40% viral vector display the same percentage of GFP-expressing  
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Figure IV-6: Transduction of γδ T cells with AAV encoding GFP. 

Figure 6: (A) GFP expression in  T cells modified with AAV2, two different AAV3 vectors, or AAV6. 

All vectors encode GFP. Cells were transduced with 25 (black bar), 50 (gray bar) or 100 L (white bar) 

viral vector. (B) Schematic of the AAV6-GFP construct expressing eGFP under the control of the CMV 

promoter. This construct contains a globin intron and the ITRs are from AAV serotype 2. (C) Viability 

(measured by Trypan blue staining) and transduction efficiency (measured by GFP expression quantified 

by flow cytometry) of  T cells at numerous viral vector doses. Some conditions were repeated to compare 

the addition of 10% FBS on cell viability and transduction efficiency. Flow cytometry was performed three 

days following transduction. (D) Total live cell number measured by Trypan blue staining and counting 

using the Nexalom Cellometer. AAV6-GFP transduction conditions with (white bars) and without FBS 

(black bars). 
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Figure IV-6 continued: Transduction of γδ T cells with AAV encoding GFP. 

 

Figure 6 continued: (E) CD5 expression on  T cells modified with AAV6-GFP. Flow cytometry was 

performed three days following transduction. (F, H and I) Cells were transduced with 22% viral vector on 

days 7 (black curve), 9 (red curve) or 11 (blue curve) of expansion. Flow cytometry was performed every 

two days. (F) GFP expression was measured in  T cells transduced on different days with AAV6 encoding 

GFP (left). A representative flow cytometry plot of GFP expression day 2 post-transduction in  T cells 

transduced on day 7 (right). (G) A second donor was transduced with 50% AAV6-GFP on both days 10 

and 11 of expansion. Flow cytometry was performed on day 13 to assess GFP expression. (H)  T-cell 

viability following transduction with AAV6. Viability was measured by Trypan blue staining. (I) Stability 

of GFP expression in AAV6-GFP-modified  T cells over time. Median GFP was measured in GFP-

positive  T cells. The arrow from the flow cytometry plot in (F) indicates the gate utilized to measure 

median GFP over time.  
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cells compared to those transduced with only 20% vector (Figure 6C). However, there is a trend towards 

decreased total number of live cells as the dose of viral vector increases, suggesting a disadvantage towards 

using higher quantities of vector. This is expected due to the shift in osmolarity as the volume of vector 

increases, resulting in less optimal culture conditions (Figure 6D). Additionally, the percentage of CD5-

expressing cells is not affected by GFP-modification of  T cells (Figure 6E).  

In order to determine if  T-cell transduction is variable by day of transduction, we expanded  

T cells from fresh PBMCs and transduced them on days 7, 9 and 11. All transductions were identical, using 

50 L vector at 22% of the final volume to transduce 3.5e5 cells. A new aliquot was used for each 

transduction. GFP expression was measured by flow cytometry every two days. By day 14 of expansion, 

 T cells transduced on day 7 were 17% GFP-positive, compared to 50% modified cells on day 2 post-

transduction, suggesting the transgene is diluted as the cells expand. Furthermore, we observed a difference 

in GFP-expression two days post-transduction in each population of  T cells transduced at different time 

points.  T cells transduced earlier in expansion revealed a greater degree of modification compared to 

cells transduced towards the end of expansion (day 7 transduction: 50% GFP; day 9 transduction: 32% 

GFP; day 11 transduction: 12% GFP). However, by day 14 of expansion, the gap in transgene expression 

had narrowed (Figure 6F). We transduced  T cells expanded from a different donor twice with 50% 

AAV6-GFP on both days 10 and 11 and measured 36% GFP-positive cells on day 12 of expansion. Despite 

the larger dose of vector and second transduction, the percentage of GFP-modified cells matched that of  

T cells transduced on day 9 with 22% vector. However, the percent of GFP-positive cells was more than 

triple that observed when  T cells were transduced on day 11 with 22% vector (Figure 6G). Cell viability 

did not differ between the  T-cell populations transduced at different days of expansion. The cells had 

reduced viability immediately following transduction, however the viability plateaued and remained 

constant for the duration of the expansion. By day 14, the viability of  T cells transduced on day 7, 9 or 

11 was comparable, averaging 58% (Figure 6H). To determine the stability of the GFP transgene in  T 

cells, we used flow cytometry to assess the median intensity of GFP expression within modified cells by 
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gating on GFP-positive  T cells. Over time, there is a decrease in the median intensity of GFP within this 

population, suggesting the transgene is degraded or expression regulated within the cells.  T cells 

transduced on day 11 demonstrate an increase in median intensity of GFP between days 2 and 3 post-

transduction, which can likely be explained by peak transgene expression occurring between 48-72 hours 

post-transduction. Slight increases seen on day 14 regarding median intensity of GFP in  T cells 

transduced on days 7 and 9 are likely due to experimental variation (Figure 6I). 

 

AAV6 delivery of CD5-CAR to γδ T cells is impeded by low viral titer 

 We demonstrated AAV6-GFP transduces  T cells effectively, therefore, we engineered an AAV6 

construct encoding the CD5-CAR (Figure 7A). This construct differs from the AAV6-GFP in that it 

contains the MND promoter instead of the CMV promoter, since the MND promoter is constitutively 

expressed in hematopoietic cells and is not susceptible to transcriptional silencing (334). The AAV6-CD5-

CAR was titered on Jurkat T cells similar to the AAV6-GFP vector. The percentage of GFP-modified cells 

measured by flow cytometry was used to calculate the functional titer. The AAV6-CD5-CAR had a 

functional titer of 1.97x106 TU/mL, which was lower than that of the AAV6-GFP vector (Figure 7B). 

Nonetheless, we transduced two different donor  T cells with AAV6-CD5-CAR. The first donor was 

transduced once on day 9 of expansion with 18% vector, which corresponded to MOI 0.23, calculated 

utilizing the functional titer. On day 12, flow cytometry revealed only 6% of the cells expressed GFP 

(Figure 7C). The second donor  T cells were transduced twice with 20% vector, corresponding to MOI 

0.25 on days 10 and 11. On day 13 of expansion, the cells were measured to be 6.5% GFP-modified (Figure 

7D). Previous data using AAV6-GFP suggests we can add up to 50% vector to the  T cells without 

significantly reducing viability. However, given the low transduction efficiency with 20% vector, we do 

not anticipate 50% vector will yield high transduction, particularly since previous data demonstrated no 

change in transduction efficiency when using 50% vector compared to 20%. In order to continue these 

studies, we need to produce higher titer AAV encoding the CD5-CAR to allow for greater CD5-CAR- 
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Figure IV-7: Transduction of γδ T cells using an AAV6-CD5-CAR vector. 

 

 

 

 

 

 

 

 

Figure 7: (A) Schematic of the AAV6-CD5-CAR bicistronic construct expressing eGFP and the transgene 

through a p2a sequence using the MND promoter. The ITRs are from AAV serotype 2. (B) Jurkat T cells 

were transduced with AAV6-CD5-CAR with 5 L or 10 L viral vector; n=2. Flow cytometry was 

performed on day 3 post-transduction to measure GFP expression. The functional titer of the vector was 

calculated from this experiment to be 5.02e5 TU/mL. (C & D) GFP expression in  T cells transduced 

with AAV6-CD5-CAR as a measure of transduction. Two different donors are represented. Flow cytometry 

was performed on day 2 (B) or 3 (C) post-transduction.  
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modification of  T cells.  

Two advantages to using  T cells for the treatment of T-cell malignancies is that they are predicted 

to have markedly reduced expansion compared to  T cells and to persist for only a few weeks in vivo 

(321). As a result, there is reduced risk of cytokine release syndrome, minimal risk of T-cell aplasia, and in 

the event of adverse effects from the therapy, the cells will not expand and exacerbate the condition, nor 

will a safety mechanism be required to eliminate the cells.  

 

Naïve γδ T cells persist for 1-2 weeks in NOD scid IL2R-chain knockout (NSG) mice 

To determine the persistence and confirm the lack of expansion of  T cells in an in vivo mouse 

model, we injected NSG mice with one dose of naïve  T cells. Four groups of mice consisting of three 

mice per group were followed. Each group received a different dose of  T cells: 5x106 cells, 1x107 cells 

or 1.5x107 cells. One mouse from each group was sacrificed on days 1, 3 and 8.  

Blood was collected on days 1, 3, 6 and 8 and analyzed by flow cytometry to determine the 

percentage of human T cells remaining. One mouse per group was sacrificed on days 1, 3 and 8, therefore 

peripheral blood was collected from all mice on day 1, two mice per group on day 3, and one mouse per 

group on days 6 and 8. There is a dose-dependent presence of  T cells detected in mouse peripheral blood 

(data not shown). On day 1 post-injection, up to 3.4%  T cells were detected in the peripheral blood. Each 

subsequent bleed is presented as a percentage of the cells detected on day 1. We observed a decrease in the 

percentage of  T cells measured in the peripheral blood of mice over time, with fewer than 0.6% human 

cells detected by day 8 in the group that received the largest initial dose of cells (Figure 8A). Regardless 

of the treatment group, we demonstrated this decrease in  T-cell detection over time with approximately 

half the cells remaining on day 6. By day 8 post-injection, there is a statistically significant decrease in  

T cells in the peripheral blood (=0.03) (Figure 8B). Furthermore, on days 1, 3 and 8, one mouse from 

each group was sacrificed and cells isolated from the bone marrow and spleen. Flow cytometry was 

performed to analyze the human T-cell presence in each of these organs. While we measured human T cells 
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Figure IV-8: Persistence of naïve γδ T cells in NSG mice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8:  T cells were injected into NSG mice. There were three mice per group: 5x106 cells (red curve), 

1x107 cells (green curve), or 1.5x107 cells (blue curve). One mouse per group was sacrificed on days 1, 3 

and 8. (A) The percentage of human T cells remaining in the peripheral blood as a percent of the cells 

detected on day 1. Mice were bled on days 1, 3, 6 and 8 post-injection. Day 3 data points represent averages 

from two mice. Inset is a representative flow cytometry plot illustrating detection of human T cells in mouse 

peripheral blood. (B) The T cells detected in the peripheral blood on each day as an average from all 

treatment groups. There is a statistically significant decline in peripheral blood human  T cells by day 8 

compared to day 1 post-injection (=0.03). (C) The percentage of total human T cells detected in the bone 

marrow of NSG mice on days 1, 3 and 8 following  T-cell injection. (D) The percentage of human T cells 

measured in the spleen of NSG mice after  T-cell injection.   
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in the bone marrow on day 1 post injection, very few cells were detectable. The percentage of human cells 

in the bone marrow did not change considerably from day 1 to day 3, however, by day 8 post-injection, we 

were unable to detect human T cells in the bone marrow (Figure 8C). Similarly, a small percentage of 

human T cells were observed in the spleens (albeit more so than was found in the bone marrow). In each 

treatment group, however, the percentage of human cells had increased between days 1 and 3 (1.54% to 

3.17%). By day 8, low levels of human cells remained in the spleens of mice from each group. Less than 

1% human cells in mice treated with 5x106 or 1.5x107 cells remained by day 8, however in the mouse treated 

with 1x107 cells, ~1.3% of the cells were of human origin on day 8 post-injection (Figure 8D).  

 

Discussion 

  T cells can be advantageous to  T cells for CAR T-cell therapy under certain conditions. As 

described above, utilizing CAR therapy for the treatment of T-cell malignancies can be challenging due to 

poor expansion or cytotoxicity of patient cells, fratricide, T-cell aplasia, and product contamination. The 

use of allogeneic donors as opposed to autologous donors for CAR therapy can reduce cost of production 

and time to treatment as donor cells can be cryopreserved and stored until they are needed. This reduction 

in time to treatment is highly beneficial as many patients relapse or develop co-morbidities during the time 

it takes for their cells to be processed ex vivo (319). 

 However, one limitation to utilizing  T cells for CAR T-cell therapy is difficulty modifying the 

cells. Furthermore, the antigen targeted by the CAR is likely to be expressed on the  T cells as well, 

potentially requiring two modifications. In this chapter we demonstrate the complications of transfecting 

 T cells using either nucleoporation or electroporation techniques. However, one limitation to our 

nucleoporation data is that only one donor was used to test nucleoporation of  T cells. While this one 

donor was assessed on various days of expansion, it is possible there is high donor variability in 

transfectability. Alternatively, additional programs could be tested using the Amaxa. However, typically, 

milder programs that preserve cell viability are correlated with reduced gene transfer. The programs used 
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herein did not result in editing of the  T cells and therefore it is likely milder programs would not enhance 

editing. However, this data is unsurprising as  T cells were difficult to nucleoporate as well, as 

demonstrated in chapter 3. The majority of the cells had died, and of the surviving cells, ~40% were CD5-

edited (49).  

Unfortunately, electroporation techniques (assessed using three different donors on different days 

of expansion) were not effective at editing  T cells either. As mentioned in chapter 3, we produced 

lentiviral vector encoding Cas9 and our gRNA sequence for editing CD5, under the control of two separate 

promoters. Jurkat T cells transduced with this CRISPR-Cas9 lentiviral vector demonstrated high efficiency 

of CD5-editing. However, as described herein, lentiviral vectors transduce  T cells with very low 

efficiency. As a result, we predict we would not achieve sufficient CD5-editing in  T cells using a 

lentiviral vector to deliver Cas9. Furthermore, use of a lentiviral vector to introduce Cas9 into the cell’s 

genome is not a practical approach for a cellular product as constitutive expression of Cas9 is likely to result 

in off-target gene editing. Therefore, this approach represents a proof-of-principle strategy. 

To date, fratricide has not been shown to occur in  T cells, limiting the expansion and anti-tumor 

activity of the CAR-modified cells. Using  T cells, a trial has been initiated based on data collected with 

CD5-CAR-modification that suggests CD5 internalization is rapid and complete, resulting in only limited 

and transient fratricide (MAGENTA trial, NCT03081910). The preclinical results suggest CRISPR-Cas9 

genome editing of CD5 is not required to produce a functional CAR T-cell product. While we’ve previously 

demonstrated there are additional benefits to disrupting CD5 expression on the effector  T cells, we may 

be able to produce a high-quality CD5-CAR T-cell product using  T cells (49). The data in this chapter 

demonstrates internalization of CD5 occurs in  T cells, similarly to that in  T cells. As a result, we 

utilized lentiviral vector and AAV techniques to introduce the CD5-CAR into  T cells in order to 

characterize the CAR-modified cells and to determine if CRISPR-Cas9 editing of the CD5 gene is required. 

Using a lentiviral vector we were unable to achieve sufficient transduction efficiency with a CD5-CAR in 

order to accurately assess this. To achieve higher levels of transduction, we adjusted the transduction 
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conditions as described, including the day of expansion, the MOI and the number of transductions. 

However, donor variability complicates determination of the most favorable conditions to achieve high 

efficiency. Using  T cells derived from PBMCs from AllCells, we observed at MOI 12 on days 8 and 10 

there were ~20% transduced cells, however at MOI 50 twice on day 8, with 4 hours lapse, we observed 

only 11% modified cells. As demonstrated, we cannot consistently achieve high transduction efficiency of 

 T cells using lentiviral vector, despite high titer (>5e7 TU/mL). 

Using AAV serotype 6 we have demonstrated consistent levels of 50% transduction when  T 

cells are transduced on day 7 of expansion using high titer vector (>1e7 TU/mL). However, transduction of 

 T cells earlier in expansion is not optimal as AAV delivered transgenes are expressed episomally and 

therefore are diluted as the cells expand. An AAV  T-cell-based therapy optimally involves transduction 

followed by infusion into a patient on the subsequent day. Therefore, based on our established protocol, 

day 11 is the optimal day for transduction with AAV. As  T cells do not expand substantially past day 

11, the transduction observed on day 11 would persist until degradation or regulation of the transgene. 

Therefore, the lower efficiency observed from transducing  T cells on day 11 may not be relevant because 

on day 14, they exhibit similar levels of transduction compared to cells transduced on day 7 (transduced on 

day 7 versus 11: 17% modified and 12% modified, respectively). Upon addition of further replicates, this 

gap in percent-modified cells on day 14 between cells transduced on day 7 and day 11 may narrow. This 

experiment was only performed once as we are changing the promoter from CMV to MND. The CMV 

promoter can be silenced in certain cell types and this silencing can skew our data (335-337), whereas the 

MND promoter is resistant to transcriptional silencing (338). Using the CMV promoter, it is unclear 

whether the transgene is being silenced or diluted and degraded. Therefore, these experiments will be 

repeated with vector that contains the MND promoter. 

We have demonstrated high titer AAV6 transduces  T cells, however, the functional titer 

achieved for the AAV6-CD5-CAR vector is much lower than that for the GFP vector (5e5 TU/mL). At the 

low titer, we were unable to achieve even moderate transduction of  T cells. However, despite low levels 
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of transduction, we consistently observed substantial CD5-downregulation using a lentiviral vector. This is 

not the case with AAV6-CD5-CAR-modified  T cells. We hypothesize the lack of CD5 downregulation 

results from low density CD5-CAR expression on the  T cells when the transgene is delivered using 

AAV. This hypothesis is supported by a reduced shift in MFI of GFP upon transduction with AAV-CD5-

CAR compared to the shift observed upon transduction with lentiviral vector (Figure 9). The data suggests 

there are fewer CAR molecules on the cell surface, and therefore there are fewer interactions between the 

CD5 antigen and CD5-CAR resulting in substantial down-regulation of CD5 only in cells transduced with 

lentiviral vector. 

One question that remains is why can we produce high titer GFP vector but not high titer CD5-

CAR vector? Some hypotheses include recombination of the ITRs and difficulty packaging a larger vector. 

Prior to vector production the ITRs are evaluated using restriction enzyme digests as well as Sanger 

sequencing (data not shown). Furthermore, the plasmid was evaluated by transfecting 293T cells, an easily 

transfectable cell line, to confirm the plasmid correctly encodes both eGFP and the CD5-CAR (data not 

shown). Therefore, we conclude the transgene and ITRs are correct and the question remains. This plasmid 

was previously utilized for viral production by Cincinnati Children’s Hospital Medical Center and high titer 

was achieved. We demonstrated the ability to introduce the CD5-CAR into NK-92 cells using AAV6 

acquired from Cincinnati (unpublished). We will remove eGFP from the construct to reduce the cargo size 

with the hypothesis that the reduced transgene size will improve packaging. CD5-Fc can be used as a marker 

of CD5-CAR expression and therefore eGFP is not required. 

Once we achieve high transduction efficiency with the AAV6-CD5-CAR in  T cells, we can 

assess cell surface expression of the CAR and fratricide to determine if genome editing would be 

advantageous. If genome editing is required for a functional product, we predict we can modify  T cells 

with two AAV constructs. This will require optimization of the timing for delivery, with the Cas9 construct 

being delivered 2-3 days prior to the CAR. Given episomal expression of AAV-delivered transgene, 

delivery of the CAR later in expansion is optimal to allow for infusion on day 12 as per our current protocol.  
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Figure IV-9: GFP intensity correlates with CD5 expression in γδ T cells transduced with CD5-CAR 

vectors. 

 

 

 

 

 

 

 

 

 

Figure 9:  T cells modified with lentiviral vector or AAV6 encoding the CD5-CAR. Median intensity of 

GFP and CD5 expression were measured by flow cytometry. Lentiviral vector delivery and AAV6 delivery: 

n=2. Means and standard deviations are represented. 
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Once CD5 expression is disrupted, the  T cells can be modified with a CD5-CAR with minimal fratricidal 

effects.  

Upon substantial modification of  T cells with the CD5-CAR, we will assess the CAR expression 

and CD5 downregulation on the  T cells as well as their in vitro and in vivo cytotoxicity against T-ALL 

cell lines and primary tumor cells. Our in vivo data supports the limited lifespan of  T cells and minimal 

in vivo expansion. As previously discussed, this is advantageous to reduce the secretion of cytokines upon 

antigen stimulation in vivo that is correlated to the massive expansion of CAR T cells resulting in life-

threatening CRS. However,  T-cell trafficking needs to be evaluated in a T-ALL mouse model as our 

studies demonstrate there is minimal  T-cell trafficking to the bone marrow of healthy NSG mice. We 

hypothesize that chemokine secretion by the tumor cells will facilitate chemotaxis of  T cells expressing 

the corresponding chemokine receptors, resulting in sufficient trafficking to the bone marrow. The in vivo 

data presented in this chapter will be used to design a strategic dosing regimen for CAR-modified  T cells 

in a T-ALL mouse model. 
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Chapter V 
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Abstract 

Chimeric antigen receptor (CAR)-modified T cells have demonstrated efficacy against B-cell 

leukemias/lymphomas. However, redirecting CAR T cells to malignant T cells is more challenging due to 

product-specific cis- and trans-activation causing fratricide. Other challenges include the potential for 

product contamination and T-cell aplasia. We expressed non-signaling CARs (NSCARs) in γδ T cells since 

donor-derived γδ T cells can be used to prevent product contamination, and NSCARs lack 

signaling/activation domains, but retain antigen-specific tumor cell-targeting capability. As a result, 

NSCAR targeting requires an alternative cytotoxic mechanism, which can be achieved through utilization 

of γδ T cells that possess MHC-independent cytotoxicity. We designed two distinct NSCARs and 

demonstrated that they do not enhance tumor-killing by αβ T cells, as predicted. However, both CD5-

NSCAR- and CD19-NSCAR-modified γδ T cells enhanced cytotoxicity against T-ALL and B-ALL cell 

lines, respectively. CD5-NSCAR expression in γδ T cells resulted in a 60% increase in cytotoxicity of CD5-

expressing T-ALL cell lines. CD19-NSCAR-modified γδ T cells exhibited a 350% increase in cytotoxicity 

against a CD19-expressing B-ALL cell line compared to the cytotoxicity of naïve cells. NSCARs may 

provide a mechanism to enhance antigen-directed anti-tumor cytotoxicity of γδ T cells through the 

introduction of a high-affinity interaction while avoiding self-activation.  

 

Introduction 

Currently, the FDA has approved the use of two CAR T-cell therapies, Kymriah (339) and Yescarta 

(340). These therapies are approved to treat adult diffuse large B-cell lymphoma (341; 342) and Kymriah 

is also approved for pediatric B-cell acute lymphoblastic leukemia (B-ALL) (343). While these therapies 

have been successful in treating B-cell malignancies, there are additional challenges to translating CAR 

therapy for the treatment of T-cell malignancies. Many pre-clinical studies have developed strategies to 

treat T-cell malignancies, including CARs targeting antigens such as CD5 (45; 49; 55; 78; 80), CD7 (50; 

53; 89), CD4 (58; 92) and CD3 (56; 112). However, shared expression of these antigens on the CAR T cells 

as well as cancer cells can result in fratricide, or CAR T cells killing other CAR T cells (49; 50; 52; 78; 
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112). Additionally, a recent report demonstrated evidence of product contamination resulting in clonal 

expansion of a single leukemic blast that had been modified with the CD19-CAR. The CD19-CAR masked 

the CD19 antigen from CAR T cells, causing resistance to the therapy (43).  Furthermore, a memory 

response against T-cell antigens resulting in T-cell aplasia is lethal and is therefore not an option. While 

therapies targeting B-cell malignancies, such as Kymriah and Yescarta, result in potentially lifelong B-cell 

aplasia due to a memory response against the targeted antigen (40; 344), these patients can be treated with 

intravenous immunoglobulin (IVIG) to overcome this condition (345). However, due to increased demand 

for IVIG over recent years, the United States is currently experiencing a shortage of immunoglobulin.  

Many groups have developed solutions to overcome these challenges to treating T-cell 

malignancies using CAR therapy. The simplest option is targeting an antigen that is absent or expressed at 

low levels on normal T cells such as CD30 (60; 102-104; 106), CD37 (61) or TRBC1 (109). Unfortunately, 

the majority of T-cell malignancies do not have high expression of these antigens, which limits their 

usefulness. An alternative strategy is to utilize donor-derived cells, which eliminates the risk of product 

contamination, as isolating normal T cells from malignant T cells is a significant obstacle. NK cells and γδ 

T cells are non-alloreactive and can be used in an allogeneic setting without additional modifications. 

Additionally, the NK-derived lymphoma cell line, NK-92 cells, can be used as an alternative to T cells for 

CAR therapy (45; 49; 55; 56; 58; 80). However, the expansion of NK or NK-92 cells is time-consuming, 

genetic engineering can be challenging, and they are particularly sensitive to cryopreservation (153). 

Strategies to avoid T-cell aplasia have included incorporation of suicide genes and switches into CAR 

constructs to regulate their expression, provide control over robust responses and prevent memory cell 

formation (242; 245; 247; 248; 252-254), but they are not uniformly effective, and escape of a modified 

cancer clone could be problematic.  

Few strategies that address all three challenges have been evaluated. Therefore, we generated non-

signaling CARs (NSCARs) that, when introduced into γδ T cells, enhance target cell killing while sparing 

the healthy, engineered cells. NSCARs lack the intracellular signaling domains typically present in a CAR 

(Figure 1A). As a result, NSCARs are non-activating. While expression of a non-signaling CAR is not  



139 
 

Figure V–1: Schematic of CD5-based and CD19-based NSCAR constructs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. (A) NSCAR structure with CD28 transmembrane domain, truncated after two amino acids on the 

intracellular tail. (B & C) Bicistronic NSCAR transgenes in lentiviral vectors expressing enhanced green 

fluorescent protein (eGFP) and the NSCARs through the inclusion of a p2a sequence. Expression of both 

sequences are driven by the human ubiquitin C promoter (hUBC) with an interleukin-2 signal peptide. The 

CD5-NSCAR (B) includes a myc epitope tag, whereas the CD19-NSCAR (C) includes the CD8 hinge.  
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expected to affect αβ T-cell cytotoxicity against tumor cells, we hypothesize NSCARs can enhance γδ T-

cell cytotoxicity because, in contrast to αβ T cells, γδ T cells possess alternative mechanisms of cytotoxicity 

and do not require stimulation through CD3ζ in order to initiate target cell killing (160; 176-179). In 

addition, ex vivo expanded γδ T cells are relatively short-lived with little expansion in vivo, which can help 

control cytokine release syndrome (CRS) and other adverse events resulting from CAR T-cell therapy. 

Furthermore, γδ T cells are unlikely to cause GvHD as they interact with antigen independent of MHC-

recognition, permitting use in an allogeneic setting (346; 347). We hypothesize NSCARs can act as anchors 

to tether the γδ T cells to tumor cells expressing the targeted antigen. While the cells are in close proximity, 

the cytotoxic mechanisms endogenous to γδ T cells can engage, ultimately resulting in tumor cell death. 

Herein, we design two distinct NSCARs: CD5-NSCAR (Figure 1B) and CD19-NSCAR (Figure 

1C). We compare γδ T-cell expansion in naïve and NSCAR-modified populations and assess the 

cytotoxicity of NSCAR-modified γδ T cells against T-ALL and B-ALL cell lines. Additionally, we evaluate 

the effect of CD5-NSCAR expression on the cytotoxicity of αβ T cells. We further compared the CD19-

NSCAR to the more traditional CD19-CAR. The results described herein demonstrate proof-of-concept 

that NSCAR expression in γδ T cells enhances antigen-directed killing, and the mechanisms involved are 

fundamentally and biologically different in αβ T cells.  

 

Materials and Methods 

 

Cell lines. The Jurkat cell line clone E6-1 was purchased from American Type Culture Collection (ATCC, 

Manassas, VA). As previously described, the Molt-4 and 697 cell lines were gifted by Dr. Douglas Graham 

(Emory University) (49). CD5-edited Jurkat T cells were generated as previously described (49). All cell 

lines were cultured in RPMI (Corning, Manassas, VA) supplemented with 10% fetal bovine serum (FBS) 

and 1% penicillin/streptomycin.  
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Engineering the NSCAR sequences. The CD5-CAR sequence, as previously described (49), was truncated 

to remove the CD3ζ signaling domain as well as the intracellular portion of CD28. The entire 

transmembrane domain of CD28 as well as two intracellular amino acids remain. Additionally, we included 

a unique 21 base-pair sequence on the cytoplasmic end of the truncated CD28 for genetic determination of 

the proviral sequence. The vector is a bicistronic lentiviral construct, facilitating dual expression of 

enhanced green fluorescent protein (eGFP) and the NSCAR transgene using a p2a peptide sequence. The 

CD19-NSCAR was similarly generated by truncation of the CD19-CAR (unpublished) after the first two 

intracellular amino acids of CD28. Similar to the CD5-NSCAR, this vector is a bicistronic lentiviral 

construct, expressing eGFP and the NSCAR transgene using a p2a peptide sequence. However, the CD19-

NSCAR has the CD8 hinge where the CD5-NSCAR has the myc tag. The CD19-scFv sequence was 

generated from codon optimization of a published CD19-scFv sequence produced in a mouse hybridoma 

cell line (348).  

 

Generation of CAR- and NSCAR-encoding lentiviral vectors. HIV-1-based recombinant lentiviral vectors 

for all CAR and NSCAR constructs were produced and titered, as previously described (49).  

 

Lentiviral vector transduction of cell lines. Lentiviral vector transduction was carried out as previously 

described using 6 μg/mL polybrene (EMD Millipore, Billerica, MA) (49). The transduced cells were 

cultured for at least five days prior to being used for downstream applications. Jurkat T cells were 

transduced at multiplicity of infection (MOI) of 0.5 or 1. 

 

Expansion of γδ T cells from healthy donor blood. Blood was obtained from consented, healthy adults 

with the assistance of the Emory Children’s Clinical and Translational Discovery Core. PBMCs were 

isolated from 30-50 mL healthy donor blood using Ficoll-Paque density gradient and centrifugation 

following the manufacturer’s protocol. PBMCs were expanded in serum-free conditions as previously 

described (163) for up to 13 days in vitro. On days 0 and 3, 5 ug/mL zoledronic acid and 500 IU/mL IL-2 
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was added to the culture. Beginning on day 6, 1000 IU/mL IL-2 was added to the culture medium. Cells 

were cultured at 1.5x106 cells/mL. 

 

Expansion of αβ T cells from healthy donor blood. PBMCs were isolated from healthy donor blood as 

described above. A Pan T-cell isolation was performed using Miltenyi’s Pan T-cell Isolation kit (Miltenyi 

Biotech, Germany) and the T cells were expanded in X-VIVO 15 media (Lonza, Switzerland) supplemented 

with 10% FBS, 1% penicillin/streptomycin, 50 ng/mL IL-2 and 5 ng/mL IL-7. Following T-cell isolation, 

cells were stimulated with CD3/CD28 Dynabeads at a 1:1 ratio for 24 hours (Thermo Fisher Scientific, 

Waltham, MA). Cells were cultured at 1x106 cells/mL. 

 

Lentiviral vector transduction of γδ T cells. Lentiviral vector transduction was carried out between days 7 

and 9 of expansion. Cells were incubated with 60% vector in culture medium supplemented with 6 μg/mL 

polybrene for 18-24 hours, at which point culture medium was replaced with fresh medium. The transduced 

cells were cultured for 3-5 days before being used for downstream applications.  

 

Lentiviral vector transduction of αβ T cells. Lentiviral vector transduction was carried out immediately 

upon removal of the CD3/CD28 Dynabeads. Cells were incubated with 60% vector in culture medium 

supplemented with 6 μg/mL polybrene for 18-24 hours, at which point culture medium was replaced with 

fresh medium. The transduced cells were cultured for 6 days before being used for downstream applications.  

 

Flow cytometry analysis. Analysis was performed using a BD LSRII Flow Cytometer (BD Biosciences, 

San Jose, CA). Data was analyzed using FCS Express 6 software. Antibodies used included anti-CD5 

PerCP/Cy5.5, anti-CD3 BV421, anti-γδ TCR PE and anti-CD69 APC-Cy7 (BD Biosciences, San Jose, CA). 

CD5-Fc fusion protein (G&P Biosciences, Santa Clara, CA) and CD19-Fc fusion protein 

(ACROBiosystems, Newark, DE) were used to detect anti-CD5 constructs and anti-CD19 constructs, 

respectively, with a secondary anti-IgG Fc antibody (Jackson Immunoresearch Laboratories, West Grove, 



143 
 

PA), as previously described (49). Violet Proliferation Dye 450 (VPD450) was used to label the target cells 

in the cytotoxicity and co-culture studies, and cell death was assessed using eFluor 780 (described below). 

Degranulation of γδ T cells was detected using anti-CD107a APC (BD Biosciences, San Jose, CA). 

 

Western blotting. Jurkat T cells were lysed using RIPA buffer (Sigma-Aldrich, St. Louis, MO) and a 

protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO). Quantification of protein, separation by SDS-

PAGE, and transfer to a nitrocellulose membrane were performed as previously described (49). The blocked 

membrane was incubated with an anti-CD5 mAb and HRP-labeled secondary antibody as previously 

described (49). Densitometry was performed using ImageJ. 

 

Co-culture assay using NSCAR-modified Jurkat T cells and CD5-edited Jurkat T cells. Naïve and CD5-

edited Jurkat T cells were transduced with the bicistronic lentiviral vector encoding CD5-NSCAR at MOI 

1. After 18-24 hours, culture medium was replaced with fresh medium and on day 5, flow cytometry using 

BD LSRII Flow Cytometer (BD Biosciences, San Jose, CA) confirmed transduction by both eGFP and 

CD5-Fc binding. Transduced cells were cultured with naïve or CD5-edited Jurkat T cells previously labeled 

with VPD450 at modified to non-modified ratios of 1:1 and 1:3. Non-modified cells were labeled according 

to the manufacturer’s protocol (BD Biosciences, San Jose, CA). The cells were cultured for 14 hours at 

final concentrations of 5x105 cells/mL. Changes in NSCAR expression on modified cells and CD5 

expression on non-modified cells were assessed by flow cytometry.  

 

Cytotoxicity assay. Cytotoxicity assays were performed on days 12 or 13 of γδ T-cell expansion, or on day 

6 post-αβ T-cell transduction. Target cells were labeled with VPD450 using the manufacturer’s protocol 

(BD Biosciences, San Jose, CA). Effector cells remained unstained. Effector (E) and target (T) cells were 

mixed in 12x75 mm FACS tubes at E:T ratios of 3:1 and 5:1 in a total volume of 250 uL. γδ T-cell 

cytotoxicity assays were incubated for 4 hours at 37°C in 5% CO2 and αβ T-cell cytotoxicity assays were 

incubated for 12 hours at 37°C in 5% CO2. Following incubation, the cells were washed and stained with 
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eFluor 780 (Thermo Fisher Scientific, Waltham, MA). The double positive eFluor 780 and VPD450 cells 

were assessed using flow cytometry.  

 

Protein shedding assay. On day 1 post-transduction, culture medium was changed on γδ T cells and they 

were cultured for 48 hours under standard conditions as described above. After 48 hours, the supernatants 

were collected and filtered through a 0.22 micron, low-protein binding PVDF filter (MilliporeSigma, 

Burlington, MA). Jurkat T cells or 697 cells were then cultured for four hours in the filtered γδ T-cell 

supernatants. Conditions involving incubation of Jurkat T cells and 697 cells in complete RPMI were 

included. Additional experiments were performed pre-incubating the γδ T-cell supernatant with CD5-Fc or 

CD19-Fc for thirty minutes prior to using it to culture the cell lines. Following four hours, Jurkat T cells 

and 697 cells were washed to remove free proteins and stained with anti-CD5 or anti-CD19 antibodies, 

respectively, for flow cytometry. 

 

Degranulation assay. CD19-CAR- and CD19-NSCAR-modified γδ T cells were cultured with 697 cells in 

12x75 mm FACS tubes at an E:T ratio of 5:1 in a total volume of 250 uL and incubated for 12 hours at 

37°C in 5% CO2. 697 cells were labeled with VPD450 using the manufacturer’s protocol prior to co-culture. 

Following the incubation, cells were stained for flow cytometry to analyze cell surface expression of 

CD107a using antibodies including anti-CD3 BV421, anti-γδ TCR PE, anti-CD107a APC (BD Biosciences, 

San Jose, CA) and viability dye eFluor 780 (Thermo Fisher Scientific, Waltham, MA). 

 

IFNγ ELISA. CD19-NSCAR-modified γδ T cells were cultured with 697 cells as described above for the 

degranulation assay. Following the 12-hour incubation, cell culture supernatants were collected and stored 

at -80C for 48 hours. IFNγ secretion was quantified by ELISA (Thermo Fisher Scientific, Waltham, MA) 

according to the manufacturer’s protocol. 

 



145 
 

Statistical analysis. Statistical significance was determined using unpaired 2-tailed Student’s t test and One-

way ANOVA. All -values were calculated with SigmaPlot, version 14.0 (Systat Software, Chicago, IL), 

and <0.05 was considered statistically significant.  

 

Results 

CD5 antigen and CD5-NSCAR are down-regulated in CD5-NSCAR-modified Jurkat T cells without 

altering activation  

We and others have previously shown CD5-CAR expression on CD5-positive cells results in the 

down-regulation of the CD5 antigen from the cell surface (49; 78). To determine if CD5 down-regulation 

occurs upon CD5-NSCAR expression, Jurkat T cells were transduced with the CD5-NSCAR at MOIs 0.5 

and 1 and CD5 expression was measured by flow cytometry. We detected a significant reduction in the 

percentage of CD5-positive Jurkat T cells, likely due to interactions with CD5-NSCAR on self and 

neighboring cells. As NSCARs do not contain a signaling cytoplasmic tail, we determined that these 

interactions causing CD5 down-regulation were not coupled with intracellular signaling. Even at low MOIs, 

detection of CD5 expression was reduced in transduced cells (MOI 0.5 and MOI 1: ρ<0.001). At MOI 1, 

<5% of the cells remained CD5-positive (Figure 2A).  

We previously demonstrated CD5-CAR expression on CD5-positive Jurkat T cells results in 

increased activation, as measured by CD69, due to interactions between the CAR and the CD5 antigen (49). 

However, we hypothesized the CD5-NSCAR would not affect the activation levels of the cells since the 

NSCAR lacks the intracellular signaling domains typically found in a CAR construct. By flow cytometry, 

we determined there is no change in CD69 expression in CD5-NSCAR-modified Jurkat T cells compared 

to the levels of CD69 in naïve Jurkat T cells (Figure 2B).  

We performed similar experiments with CD19-CAR- and CD19-NSCAR-modified Jurkat T cells. 

Jurkat T cells modified with the CD19-CAR or CD19-NSCAR did not demonstrate any change in detection 

of CD5 expression, with 95% of the cells expressing CD5, suggesting the down-regulation observed in  
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Figure V–2: CD5 expression and activation of NSCAR-modified Jurkat T cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Flow cytometry was performed to measure CD5 and CD69 expression on Jurkat T cells five to 

six days post-transduction. In all figures, a representative flow cytometry overlay is illustrated on the right. 

Black curve: naïve; gray curve: MOI 0.5; light gray curve: MOI 1. (A) CD5 expression in naïve and CD5-

NSCAR-modified Jurkat T cells. Naïve and MOI 1: n=4; MOI 0.5: n=3. (B) CD69 expression in naïve and 

CD5-NSCAR-modified Jurkat T cells. Naïve and MOI 1: n=5; MOI 0.5: n=3. (C) CD5 expression in naïve, 

CD19-CAR- and CD19-NSCAR-modified Jurkat T cells; n=3. (D) CD69 expression in naïve, CD19-CAR- 

and CD19-NSCAR-modified Jurkat T cells; n=3. Statistics were performed using a one-way ANOVA with 

Dunnett’s method to compare to the naïve control group. 
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CD5-NSCAR-modified Jurkat T cells is due to interactions between the NSCAR and cognate antigen 

(Figure 2C). Jurkat T cells do not express CD19 and, as expected, there is no change in Jurkat T-cell 

activation, as measured by CD69 by flow cytometry, when modified with either a CD19-CAR or CD19-

NSCAR (Figure 2D). 

The CD5-NSCAR-modified Jurkat T cells and CD5-edited Jurkat T cells were analyzed for CD5-

Fc surface expression using flow cytometry. CD5-edited Jurkat T cells were developed in our laboratory 

using CRISPR-Cas9 genome editing. The CD5-negative fraction of cells were isolated using FACS with 

>98% purity and expanded under standard Jurkat T-cell culture conditions, as described previously (49). 

Jurkat T cells transduced at an MOI 0.5 were, on average, 25% NSCAR-positive, whereas Jurkat T cells 

transduced at an MOI 1 were, on average, 70% NSCAR-positive. However, CD5-edited Jurkat T cells have 

a much higher percentage of NSCAR-expressing cells detected by flow cytometry when transduced with 

the CD5-NSCAR at the same MOIs. At MOIs 0.5 and 1, ~65% and ~90%, respectively, of CD5-edited 

Jurkat T cells were NSCAR-positive (Figure 3A). We see the emergence of a population of GFP-positive, 

CD5-NSCAR-negative Jurkat T cells following transduction of CD5-expressing cells, however, this 

population is substantially reduced in CD5-NSCAR-modified, CD5-edited Jurkat T cells (Supplemental 

Figure 1A). This suggests that CD5 expression on Jurkat T cells blocks or reduces expression of the CD5-

NSCAR. These results are consistent with our previous findings using CD5-CAR-modified Jurkat T cells 

(49).  

To determine if the expression of the CD5-NSCAR and CD5 antigen in Jurkat T cells vary over 

time, we measured NSCAR and CD5 expression on non-edited and CD5-edited Jurkat T cells by flow 

cytometry on days 5 and 15 post-transduction. On day 5, we observed approximately 20% NSCAR-positive 

cells at MOI 0.5 and approximately 50% NSCAR-positive cells at MOI 1, as previously noted. However, 

by day 15, the percentage of NSCAR-expressing Jurkat T cells was reduced to ~5% (MOI 0.5) and ~20% 

(MOI 1) (Supplemental Figure 1B). Nevertheless, the percentage of GFP-positive cells remained 

unchanged, suggesting the transduced cells were not dying or diluted in the culture (data not shown). 

Furthermore, while the CD5 expression levels on Jurkat T cells five days post-transduction were very low,  
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Figure V–3: CD5-NSCAR-modified Jurkat T cells cultured with non-modified Jurkat T cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: (A) CD5-NSCAR expression in non-edited (left) or CD5-edited (right) Jurkat T cells five days 

post-transduction. MOI 0.5: n=3; naïve and MOI 1: n=6 (non-edited Jurkat T cells), n=5 (CD5-edited Jurkat 

T cells). (B & C) CD5-NSCAR-modified Jurkat T cells were cultured with naïve (black curve) or CD5-

edited (gray curve) Jurkat T cells at 1:1 or 1:3 modified to non-modified ratios. (B) CD5-NSCAR 

expression at each ratio. (C) CD5 expression in non-modified Jurkat T cells following co-culture with CD5-

NSCAR-modified Jurkat T cells at each ratio. Flow cytometry was performed to measure CD5-Fc and CD5 

antigen expression on Jurkat T cells. Statistics were performed using a 2-tailed Student’s t test and one-way 

ANOVA with Dunnett’s method to compare to the naïve group. 
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such a drastic down-regulation was not observed ten days later, suggesting the balance between CD5 

expression and CD5-NSCAR expression shifts over time (Supplemental Figure 1C). The increase in CD5 

antigen expression correlates with a decrease in CD5-NSCAR expression. In contrast, CD5-NSCAR 

expression on CD5-edited Jurkat T cells was much less variable between days 5 and 15, decreasing from 

65% and 80% to 60% and 77%, at MOIs 0.5 and 1, respectively. To confirm the flow cytometry data, we 

performed Western blot analysis using an anti-CD5 antibody with whole cell lysates from Jurkat T cells or 

CD5-edited Jurkat T cells modified with the CD5-NSCAR. Whole cell lysates were collected on day 15 

post-transduction. Western blot and densitometry revealed only slightly lower levels of CD5 protein in 

whole cell lysates of CD5-NSCAR-modified Jurkat T cells compared to CD5 protein levels in naïve Jurkat 

T cells (Supplemental Figure 1D). Non-modified and CD5-NSCAR-modified, CD5-edited Jurkat T cells 

displayed no signs of CD5 protein expression, as expected (data not shown). 

 

 Co-culture of CD5-NSCAR-modified Jurkat T cells with non-modified Jurkat T cells leads to CD5 

antigen down-regulation in non-modified cells and CD5-NSCAR down-regulation in modified cells 

 We hypothesize that the CD5-NSCAR expressed on Jurkat T cells can interact with the CD5 

antigen on self and neighboring cells, resulting in down-regulation of both proteins. To explore this further, 

we established a 14-hour co-culture to observe changes in CD5-NSCAR expression in Jurkat T cells when 

cultured with non-modified Jurkat T cells, as well as changes in CD5 antigen expression in the non-

modified Jurkat T cells. We cultured CD5-NSCAR-modified and non-modified Jurkat T cells at 1:1 and 

1:3 modified to non-modified ratios. After 14 hours, we observed a significant down-regulation in CD5-

NSCAR expression when the cells were cultured at a low ratio of 1:3 with Jurkat T cells (ρ<0.001). Despite 

a lack of statistical significance at the 1:1 ratio, the same trend was observed (ρ=0.078). However, when 

CD5-NSCAR modified cells were cultured with non-modified, CD5-edited Jurkat T cells, there was no 

change in CD5-NSCAR expression at either ratio (Figure 3B). We conclude the CD5 antigens on non-

modified Jurkat T cells can interact with the CD5-NSCAR on the modified Jurkat T cells, resulting in 

NSCAR-down-regulation. Therefore, there is a greater reduction in CD5-NSCAR expression in cultures 
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with a higher percentage of non-modified, CD5-expressing cells. Transduction of CD5-edited Jurkat T cells 

with the CD5-NSCAR produced similar results to those described above when cultured with non-edited 

Jurkat T cells or CD5-edited Jurkat T cells (At 1:3, ρ<0.001; at 1:1, ρ=0.058) (Supplemental Figure 2A).  

Additionally, we measured the CD5 expression on the non-modified Jurkat T cells in the co-culture. 

The data demonstrated a significant decline in CD5 expression as the percentage of CD5-NSCAR-modified 

Jurkat T cells in the culture increased (at 1:3, ρ=0.097; at 1:1, ρ<0.001), with fewer than 20% of the cells 

expressing CD5 on the cell surface at the 1:1 ratio (Figure 3C). This suggests that when there are more 

CD5-NSCAR-expressing Jurkat T cells in the culture, there is an overall increase in the interactions 

between the CD5-NSCAR and CD5 antigen, resulting in greater down-regulation of the CD5 antigen on 

non-modified cells. Similar results were obtained when culturing CD5-edited, CD5-NSCAR-modified 

Jurkat T cells with non-modified Jurkat T cells. However, the CD5 on the non-modified Jurkat T cells 

down-regulated to a greater degree when they were cultured with CD5-edited, CD5-NSCAR-modified 

Jurkat T cells (95% reduction at the 1:1 ratio) compared to when they were in culture with non-edited, CD5-

NSCAR-modified Jurkat T cells (80% reduction at the 1:1 ratio) (Supplemental Figure 2B). 

 

NSCAR modification does not impede γδ T-cell expansion and, contrary to CD19-NSCAR expression, 

CD5-NSCAR expression down-regulates CD5 antigen expression 

 γδ T cells were expanded in serum-free conditions from healthy donor blood using IL-2 and 

zoledronate. On days 7-9 of expansion, flow cytometry was performed to determine the percentage of γδ T 

cells and CD5 expression within the γδ T-cell population. For each expansion, γδ T cells were plated for 

lentiviral vector transduction and a non-transduced well was plated simultaneously. The expansion of naïve 

and NSCAR-modified γδ T cells was monitored through day 12. The percentage of γδ T cells in the 

population expanded consistently in both the naïve and CD5-NSCAR-modified cultures, with no significant 

differences in expansion (ρ=0.353) (Figure 4A & 4B). Both populations of cells expanded ~2.5-fold in the 

4-5 days post-transduction suggesting expression of the CD5-NSCAR does not hinder γδ T-cell expansion 

nor overall proliferation of the culture, despite the presence of CD5 antigen (Figure 4C). Similarly,  
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Figure V–4: NSCAR-modified γδ T-cell expansion and CD5 down-regulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: (A) Representative flow cytometry plots of γδ T-cell expansion. The percentage of γδ T cells on 

day 7 (left) is compared to the percentage of γδ T cells on day 12 in naïve cells (middle) and CD5-NSCAR-

modified γδ T cells (right). (B) Percentage of γδ T cells in a population of naïve (black curve) and CD5-

NSCAR-modified γδ T cells (gray curve) between day of transduction (7-9) and day of cytotoxicity assay 

(12-13); n=3. (C) Fold expansion of naïve, GFP-modified, CD5-NSCAR-modified and CD19-NSCAR-

modified γδ T cells. Naïve: n=5; GFP and CD5-NSCAR: n=3; CD19-NSCAR: n=2. (D) Representative 
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flow cytometry plots of CD5 expression in CD5-NSCAR-modified (left) and CD19-NSCAR-modified γδ 

T cells (right). Black curve: naïve; gray curve: NSCAR-modified. (E) Graphical representation of CD5 

expression in naïve and modified γδ T cells. Naïve: n=8; GFP and CD19-NSCAR: n=2; CD5-NSCAR: n=5. 

Statistics were performed using 2-tailed Student’s t test and one-way ANOVA with Dunnett’s method to 

compare to the naïve control group. Each replicate represents an independent donor. 
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expansion of γδ T cells modified with the CD19-NSCAR or GFP control lentiviral vectors on days 7-9 was 

evaluated for 4-5 days post-transduction. The control lentiviral vector encodes eGFP driven by the EF1α 

promoter, as previously described (349). CD19-NSCAR- and GFP-modified γδ T cells expanded 

comparable to naïve γδ T cells (~2-fold) (Figure 4C). While γδ T cells do not express CD19, these data 

provide evidence for the hypothesis that transduction alone does not affect γδ T-cell expansion. 

 As the studies in Jurkat T cells indicate, interactions between CD5 antigen and CD5-NSCAR results 

in the apparent down-regulation of CD5. To determine if this occurs in γδ T cells, CD5 expression on the 

cell surface of naïve and CD5-NSCAR-modified γδ T cells was measured by flow cytometry. A significant 

decrease in the detection of CD5-expressing, CD5-NSCAR-modified γδ T cells was observed compared to 

the detection of CD5-positive naïve γδ T cells, with fewer than 10% of the cells expressing CD5 on the cell 

surface; ρ<0.001. However, there was no significant down-regulation of CD5 expression in γδ T cells 

modified with the CD19-NSCAR or GFP lentiviral vectors (ρ>0.05) (Figures 4D & 4E).  

 

NSCAR-modified γδ T cells exhibit enhanced antigen-directed cytotoxicity  

 To determine if the CD5-NSCAR enhances the cytotoxicity of γδ T cells, we prepared a 

cytotoxicity assay with Jurkat T cells and Molt-4 T cells, two CD5-positive/CD19-negative T-cell lines. 

Cytotoxicity assays were also performed using CD19-NSCAR-modified cells and 697 target cells, which 

is a CD19-positive/CD5-negative B-ALL cell line. Co-cultures were established at 3:1 or 5:1 effector to 

target (E:T) ratios and incubated for 4 hours at 37C. The percent increase in cytotoxicity compared to non-

modified γδ T cells is shown in Figure 5. There was an increase in the cytotoxicity by CD5-NSCAR-

modified γδ T cells against both CD5-positive target cell lines compared to non-modified cells (Figure 5A 

and 5B). Additionally, we measured the cytotoxicity of GFP-modified γδ T cells against Jurkat T cells. The 

data demonstrated donor variability, resulting in cells from half the donors exhibiting a decrease or no 

change in cytotoxicity upon GFP-modification, while the other half exhibited enhanced cytotoxicity. The 

greatest change in cytotoxicity was a 75% increase, however, the percentage of dead Jurkats only increased 

from 6% to 10.5% (data not shown). On average, at the 5:1 E:T ratio, the CD5-NSCAR-modified γδ T cells  



154 
 

Figure V–5: NSCAR-modified γδ T-cell cytotoxicity against T-ALL and B-ALL cell lines. 
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Figure 5: Effector cells and target cells were cultured at 3:1 (black bars) and 5:1 (white bars) effector to 

target (E:T) ratios for four hours. The percent increase in cytotoxicity by modified γδ T cells compared to 

that of naïve γδ T cells is graphed to account for donor variability in baseline cytotoxicity. The baseline is 

represented as the cytotoxicity of naive γδ T cells. Flow cytometry was used to measure eFluor780, VPD450 

and GFP. (A) γδ T-cell cytotoxicity against CD5-positive Jurkat cells. Three different donors modified with 

the CD5-NSCAR are shown separately, including the overall average cytotoxicity. One donor was repeated. 

(B) γδ T-cell cytotoxicity against CD5-positive Molt-4 cells. Cells from two donors were modified with 

CD5-NSCAR lentiviral vector. (C) CD19-NSCAR-modified γδ T-cell cytotoxicity against CD19-positive 

697 cells. Cells from two donors were assessed. One donor was repeated. (D) 12-hour co-culture of CD19-

NSCAR-modified γδ T cells with 697 cells. CD107a expression was measured by flow cytometry six days 

post-transduction (left). ELISA was used to quantify IFNγ secretion by CD19-CAR- and CD19-NSCAR-

modified γδ T cells six days post-transduction (right). This experiment was performed in triplicate. Statistics 

were performed using a 2-tailed Student’s t test to compare CD19-NSCAR degranulation or IFNγ secretion 

in co-culture with 697 cells compared to that of naïve cells cultured with 697 cells. 
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cultured with Jurkat T cells or Molt-4 cells resulted in 40% and 35% dead target cells, respectively, both of 

which correspond to a 50-60% increase in cytotoxicity compared to that of naïve γδ T cells. Furthermore, 

the CD19-NSCAR enhanced cytotoxicity against 697 cells compared to that of naive γδ T cells, killing on 

average 32% of the target cells at the 5:1 E:T ratio, which was a 450% increase in killing compared to that 

of non-modified cells (Figure 5C). This data validates two NSCARs targeting different tumor-cell antigens 

demonstrating they can increase γδ T-cell anti-tumor cytotoxicity in vitro. Moreover, the CD19-NSCAR 

expressed on γδ T cells demonstrates similar cytotoxicity against 697 cells as compared to CD19-CAR-

modified γδ T cells (ρ=0.905 and ρ=0.857 at 3:1 and 5:1 E:T ratios, respectively) (Supplemental Figure 

3). There was a high degree of donor variability in baseline cytotoxicity, consistent with previous findings 

(32; 350; 351), however an increase in cytotoxicity by NSCAR-modified γδ T cells was routinely observed.  

 We hypothesized the NSCAR-modified γδ T cells exhibit their cytotoxic activity through 

mechanisms endogenous to the γδ T cell, specifically through the release of perforin and granzyme B as 

well as IFNγ. To evaluate this further, we cultured CD19-NSCAR-modified γδ T cells with 697 target cells 

at a 5:1 E:T ratio and incubated the cells for 12 hours at 37C. Following the incubation period, cells were 

evaluated for degranulation and supernatants were collected and analyzed for IFNγ secretion by ELISA. 

Upon co-culture with CD19-expressing target cells, there is significantly greater degranulation of CD19-

NSCAR-modified γδ T cells compared to degranulation of naïve γδ T cells (ρ=0.0182). The IFNγ ELISA 

demonstrates a trend towards increased IFNγ secretion by CD19-NSCAR-modified γδ T cells in co-culture 

with 697 cells compared to secretion by control cells, however, this data was not statistically significant 

(ρ=0.101) (Figure 5D). 

 

NSCAR-modified αβ T cells do not have enhanced anti-tumor cytotoxicity 

 To test our hypothesis that NSCAR expression requires MHC-independent mechanisms of 

cytotoxicity in order to affect cellular killing in an antigen-specific manner, we performed a cytotoxicity 

assay culturing CD5-NSCAR-modified αβ T cells with Jurkat target cells at 3:1 and 5:1 E:T ratios. We 

predicted the CD5-NSCAR would not affect αβ T-cell cytotoxicity. Others have previously published 
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studies using constructs similar to the NSCAR and demonstrated the truncated CAR does not increase T-

cell activation as measured by CD25 (352), nor does it affect cellular proliferation or viability (50). Our 

data demonstrate there was no difference in naïve αβ T-cell cytotoxicity against Jurkat T cells compared to 

the cytotoxicity of CD5-NSCAR-modified αβ T cells against Jurkat T cells, with both resulting in 40-45% 

dead targets at each E:T ratio (3:1 E:T ratio: ρ=0.618; 5:1 E:T ratio: ρ=0.639) (Figure 6). Both donors were 

transduced equally by the CD5-NSCAR lentiviral vector and one donor was additionally modified with the 

CD5-CAR (Supplemental Figure 4A). CD5-CAR-modified αβ T cells killed 80% of the Jurkat target cells 

(Supplemental Figure 4B), a 78% increase in cytotoxicity compared to that of naïve αβ T cells. 

 

NSCAR shed from the cell surface into the supernatant can interact with target cells 

 We hypothesized the apparent down-regulation of the NSCAR may be due, in part, to protein 

shedding from modified γδ T cells resulting in lower NSCAR on the cell surface. To determine if shedding 

was occurring, γδ T cells were cultured in fresh media on day 1 post-transduction. Non-modified cells were 

cultured under the same conditions and 48 hours later, the supernatants were collected and filtered. Jurkat 

T cells were cultured in the γδ T-cell supernatant for four hours. Flow cytometry was performed to 

determine the CD5 expression levels on Jurkat T cells following culture in γδ T-cell supernatant. Jurkat T 

cells cultured in their own media, or supernatant from naive γδ T cells, GFP-transduced γδ T cells, or CD19-

CAR-transduced γδ T cells all expressed high levels of CD5 as measured by flow cytometry. However, 

Jurkat T cells cultured in the supernatant of CD5-CAR- or CD5-NSCAR-modified γδ T cells demonstrated 

a significant reduction in CD5 antigen detection to ~25%. This suggests there was a factor in the supernatant 

of both CD5-CAR- and CD5-NSCAR-modified γδ T cells that interacted with the Jurkat T cells, resulting 

in CD5 down-regulation or blocking of anti-CD5 antibody from binding CD5 on the T-cell surface (CAR 

and NSCAR: ρ<0.001) (Figure 7A). We hypothesized the extracellular portion of the CAR/NSCAR was 

cleaved from the cell surface and interacting with its cognate antigen. To test this, we pre-incubated the γδ 

T-cell supernatant for thirty minutes with CD5-Fc, which is a soluble CD5 fused to the Fc portion of an 

IgG, prior to culturing the Jurkat T cells in the supernatants. Jurkat T cells cultured in the pre-incubated  
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Figure V–6: CD5-NSCAR-modified αβ T-cell cytotoxicity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: Effector cells and target cells were cultured at 3:1 (black bars) and 5:1 (white bars) effector to 

target (E:T) ratios for 12 hours. Cytotoxicity of naïve and CD5-NSCAR-modified αβ T cells in culture with 

Jurkat T cells was determined by flow cytometry measuring eFluor780, VPD450 and GFP. Solid bars 

represent donor 1 and slashed bars represent donor 2. Statistics were performed using a 2-tailed Student’s 

t test to compare cytotoxicity at each E:T ratio among donors. 
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Figure V–7: CD5 expression on Jurkat T cells when cultured in γδ T-cell supernatant. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: γδ T cells were cultured for 48 hours prior to supernatant collection. Jurkat T cells were 

subsequently cultured in γδ T-cell supernatant for four hours. (A) CD5 expression on Jurkat T cells cultured 

in γδ T-cell supernatant. Sample size of groups: none and naïve: n=5; GFP and CD5-NSCAR: n=4; CD19-

CAR and CD5-CAR: n=2. (B) CD5 expression on Jurkat T cells when γδ T-cell supernatant was pre-

incubated with CD5-Fc prior to Jurkat T-cell culture in the supernatant. This experiment was performed 

using cells from two donors. One-way ANOVA was performed using the Holm-Sidak method to compare 

to the naïve control group (A) or pairwise (B). Each replicate represents an independent donor. 
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CD5-CAR- or CD5-NSCAR-modified γδ T-cell supernatant no longer exhibited decreased detection of 

CD5 (ρ=0.240 and ρ=0.402, respectively). CD5 expression was measured at 60% and 70% of the 

population, respectively. Additionally, the pre-incubation did not affect the percentage of CD5-positive 

Jurkat T cells cultured in naïve γδ T-cell supernatant (ρ=0.956). Furthermore, upon CD5-Fc pre-incubation, 

the percentage of CD5-expressing Jurkat T cells cultured in supernatants of CD5-CAR- or CD5-NSCAR-

modified γδ T cells did not significantly differ from that of cells cultured in pre-incubated naïve γδ T-cell 

supernatants (ρ=0.407 and ρ=0.584, respectively) (Figure 7B). 

Similar experiments were performed to determine if this effect was CD5-NSCAR-specific or if the 

CD19-NSCAR behaved similarly. γδ T cells transduced with a CD19-NSCAR were cultured for 24-48 

hours and the supernatants were then used to culture 697 cells for four hours as previously described. 

Following the four-hour incubation, CD19-positive 697 cells were measured by flow cytometry. 697 cells 

cultured in their own media or supernatant from naïve or GFP-modified γδ T cells demonstrated no change 

in CD19 detection. However, there was a significant decrease in CD19 detection when 697 cells were 

cultured in supernatant from CD19-NSCAR-modified γδ T cells (ρ=0.048), suggesting this effect is not 

specific to the CD5-NSCAR, nor to T-cell antigens (Supplemental Figure 5A). As described, reduction in 

CD19 detection could be due to down-regulation or blockade of antibody-binding due to CD19-NSCAR 

interactions with the CD19 antigen. CD19 expression had been reduced to 40% of 697 cells cultured in 

supernatant from CD19-NSCAR-modfied γδ T cells. Furthermore, pre-incubation of γδ T-cell supernatant 

with soluble CD19-Fc under the conditions previously described prevented this reduction in CD19-

expressing 697 cells. CD19 was detected in ~80% of the cells cultured in CD19-Fc pre-incubated 

supernatant from CD19-NSCAR-modified γδ T cells. There is no difference between the percentage of 

CD19-expressing 697 cells cultured in the pre-incubated naïve γδ T-cell supernatant compared to that of 

697 cells cultured in the pre-incubated CD19-NSCAR-modified γδ T-cell supernatant (Supplemental 

Figure 5B). 

 

Discussion 
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γδ T-cell therapy provides an alternative cellular vehicle for CAR therapy that may prove 

advantageous in particular settings, such as for the treatment of T-cell malignancies. We have developed a 

serum-free protocol for ex vivo expansion of Vγ9Vδ2 T cells (163; 173) and are testing the effectiveness of 

CAR-modified cells. During these studies, we found that CARs lacking a stimulating domain (i.e. 

NSCARs) retained their ability to enhance γδ T-cell-directed killing, and that NSCARs can be valuable in 

a γδ T-cell setting due to their non-stimulating properties. NSCARs prevent strong activation of γδ T cells 

upon antigen stimulation and act as an anchor to tether the γδ T cells to the tumor cells. We hypothesize 

this high-affinity interaction facilitates the engagement of natural, MHC-independent mechanisms of 

cytotoxicity. We demonstrated expression of a NSCAR targeting a T-cell antigen in γδ T cells does not 

hinder their expansion, whereas a functional, signaling CAR targeting a T-cell antigen results in fratricide 

and hinders proliferation (50), with the exception being antigens that down-regulate rapidly (78). 

Additionally, we’ve shown CD5 antigen down-regulation in γδ T cells modified with the CD5-NSCAR and 

that CD5 down-regulation is specific to expression of the CD5-NSCAR, as it is not observed in CD19-

NSCAR-modified γδ T cells. These results are similar to those we and others have shown using anti-CD5 

CARs (49; 78). 

We observed donor variability in both naïve αβ and γδ T-cell cytotoxicity against various cancer 

cell lines. However, despite the variability, NSCARs consistently enhanced γδ T-cell cytotoxicity against 

cells expressing the targeted antigen. In contrast, NSCAR-modification of αβ T cells did not affect antigen-

directed cytotoxicity. We hypothesize this observed anti-cancer activity is due to the engagement of 

receptors on the γδ T cells with their ligands on the leukemia cell lines. We predict the predominant 

mechanisms of action include NKG2D engagement. It was shown that the release of perforin and granzyme 

may facilitate NSCAR-mediated γδ T-cell cytotoxicity and the release of these factors is likely downstream 

of NKG2D signaling. However, it is possible that additional γδ T-cell mechanisms of cytotoxicity, such as 

Fas-FasL interactions, are involved. Future studies could clarify whether this mechanism is important to 

NSCAR-mediated γδ T-cell cytotoxicity.  
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A primary advantage to γδ T-cell therapy is the inherent anti-tumor cytotoxicity of γδ T cells. We 

demonstrate NSCAR interactions with the cognate antigen enhance γδ T-cell cytotoxicity. However, target 

antigen down-regulation is a known mechanism of tumor-cell escape from CAR-directed killing, and we 

show similar resistance mechanisms may occur with NSCARs. Unlike αβ T cells, γδ T cells have 

endogenous pathways leading to multiple potential mechanisms of cytotoxicity, which are independent of 

CAR expression. Therefore, in the event of antigen-down-regulation in subjects treated with NSCAR-

modified γδ T cells, these natural mechanisms of anti-tumor cytotoxicity can prevail, with continued killing 

of tumor cells. Many groups using CAR T-cell therapy for the treatment of B-cell malignancies have 

reported numerous cases of antigen-negative relapse (41). The tumor cells down-regulate the targeted 

antigen as a mechanism of escaping CAR T-cell killing. Naïve γδ T-cell infusion into patients has 

demonstrated some anti-tumor activity (188-190) and therefore we hypothesize in the event of antigen 

down-regulation rendering NSCARs ineffective, γδ T cells may still demonstrate anti-tumor activity. 

Furthermore, NSCAR transgenes are substantially shorter than CAR transgenes and multiple NSCARs can 

be expressed from a single vector, thereby reducing the possibility of antigen escape.  

Additionally, we showed NSCARs were shed from the surface of γδ T cells into the supernatant, 

and that shedding is not unique to NSCARs, as the results are consistent with those using a similar CD5-

CAR sequence. Decreased expression of the NSCAR on the cell surface can result in decreased observed 

cytotoxicity. The mechanism of shedding is not well understood, but it is noteworthy that we engineered 

the CD5-NSCAR and CD19-NSCAR with different hinge regions. The CD5-NSCAR includes a myc tag 

while the CD19-NSCAR contains the CD8 hinge, however, NSCAR-shedding is observed with both. 

Each NSCAR contains a 29 amino acid extracellular CD28 sequence, which may play a role in shedding, 

as CD28 shedding has been reported (353). There is an observed correlation between the CAR/NSCAR 

shedding and the transduction efficiency. Donors that yielded a greater percentage of cells expressing the 

transgene demonstrated a greater reduction in CD5 or CD19 detection on the target cells following culture 

in the γδ T-cell supernatant. Studies to determine the mechanism of shedding and to characterize the protein 

in the supernatant are required to fully comprehend these observations. Identification of the mechanisms 
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involved can lead to the redesign of CARs and prevention of shedding, which can potentially result in 

greater antigen-directed cytotoxicity. 

NSCARs have the potential to represent an alternative to CAR therapy, particularly in settings of 

T-cell malignancies using donor-derived cells, due to their ability to enhance γδ T-cell cytotoxicity in an 

antigen-directed manner, without self-activating and hindering cellular proliferation. Understanding the 

mechanism of NSCAR shedding could result in a second generation of NSCARs that are resistant to 

shedding, a characteristic likely to enhance NSCAR-mediated cytotoxicity. Furthermore, studies assessing 

the role of NSCARs in additional aspects of γδ T-cell tumor killing, such as trafficking to the tumor 

microenvironment, can influence the generation of another class of NSCARs that are superior to CARs in 

γδ T cells. In the appropriate clinical setting, NSCARs have the potential to surpass CARs as a viable 

therapy, increasing anti-tumor efficacy and minimizing off-tumor cytotoxicity. 
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Supplemental Figure V-1: Variable expression of CD5-NSCAR and CD5 antigen expression in 

Jurkat T cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



165 
 

Supplemental Figure 1: Flow cytometry was performed on day 5 (black bars) and day 15 (white bars) to 

measure anti-CD5 and CD5-Fc binding. (A) Representative flow cytometry plots of CD5-NSCAR-

modified Jurkat T cells (left) and CD5-edited Jurkat T cells (right). (B) The percentage of Jurkat T cells 

expressing the CD5-NSCAR on the cell surface on days 5 and 15 post-transduction. Experiments were 

performed in duplicate. Means and standard deviations are represented. (C) CD5 expression on Jurkat T 

cells on days 5 and 15 post- CD5-NSCAR transduction. Experiments were performed in duplicate. Means 

and standard deviations are represented. (D) Western blot analysis of naïve and CD5-NSCAR-modified 

Jurkat T-cell whole cell lysates on day 15 post-transduction. Membrane was blotted with anti-CD5 

antibody. CD5 is detected at 54 kDa. Densitometry was performed using ImageJ. 
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Supplemental Figure V-2: CD5-NSCAR-modified CD5-edited Jurkat T cells cultured with non-

modified Jurkat T cells. 

 

 

 

 

 

 

 

 

 

Supplemental Figure 2: Cells were cultured for 14 hours at 0:1, 1:3 and 1:1 ratios of modified to non-

modified cells. Flow cytometry was used to detect CD5-NSCAR and CD5 antigen expression. (A) CD5-

NSCAR expression on CD5-edited Jurkat T cells cultured with either naïve Jurkat T cells (black curve) or 

CD5-edited Jurkat T cells (gray curve). (B) CD5 expression on non-modified Jurkat T cells when cultured 

with CD5-NSCAR-modified, CD5-edited Jurkat T cells. Data represent means and standard deviations of 

four independent replicates.   
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Supplemental Figure V-3: CD19-NSCAR- and CD19-CAR-modified γδ T-cell cytotoxicity against 

697 cells. 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure 3: Cells were cultured at 3:1 (black bars) and 5:1 (white bars) E:T ratios. Means and 

standard deviations are represented. N=3 for CAR-modified cells, however one donor was also assessed in 

duplicate at 5:1 ratio. N=2 for NSCAR-modified cells, however, at the 5:1 ratio, one donor was also 

assessed in duplicate. Statistics were performed using a 2-tailed Student’s t test. 

 

 

 

  



168 
 

Supplemental Figure V-4: CD5-NSCAR- and CD5-CAR-modified αβ T cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure 4: (A) GFP expression in CD5-NSCAR-modified αβ T cells from donor 1 (left) and 

donor 2 (middle) and in CD5-CAR-modified αβ T cells from donor 1 (right) on day 6 post-transduction. 

(B) CD5-CAR-modified αβ T-cell cytotoxicity assay against Jurkat T cells at a 3:1 E:T ratio. 
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Supplemental Figure V-5: CD19 expression on 697 cells when cultured in γδ T-cell supernatant. 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure 5: γδ T cells were cultured for 48 hours prior to supernatant collection. 697 cells 

were subsequently cultured in γδ T-cell supernatant for four hours. Flow cytometry was used to measure 

CD19 expression. (A) CD19 expression on 697 cells cultured in γδ T-cell supernatant; n=2. (B) CD19 

expression on 697 cells when γδ T-cell supernatant was pre-incubated with CD19-Fc prior to 697 cell 

culture in the supernatant; n=2. One-way ANOVA with Dunnett’s method was used to compare to the naïve 

control group. Each replicate represents an independent donor. 
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Discussion and Conclusions 

CAR T-cell therapy for the treatment of T-cell malignancies is impeded by the difficulty of using 

a T cell to target and kill another T cell. The greatest challenges in this field include fratricide, T-cell aplasia 

and product contamination. As discussed, many solutions have been developed to address these challenges, 

including genome editing, PEBLs, Tet-OFF expression system, alternative effector cell types, transient 

CAR expression, and safety switches. Our laboratory specifically focuses on a few of these aspects, such 

as genome editing, alternative effector cell types, and transient CAR expression. We utilized CAR-modified 

NK-92 cells to avoid fratricide, T-cell aplasia, and reduce the risk of product contamination. Furthermore, 

we developed a CRISPR-Cas9 genome editing system to disrupt CD5 expression in T cells in order to limit 

fratricide and increase surface CAR expression. We explored the use of  T cells as an alternative to  T 

cells, which would result in T-cell aplasia, and NK-92 cells, which are difficult to expand in vitro and 

require irradiation prior to infusion into a patient. Our serum-free expansion protocol consistently expands 

 T cells at least 80-fold to ~80% of the population (163). Furthermore, we developed a novel class of 

chimeric antigen receptors, referred to as NSCARs, that enhanced cytotoxic activity in  T cells, however 

due to biological differences, do not have a cytotoxic effect in  T cells. 

The canonical CAR construct utilizes an scFv as the extracellular antigen recognition domain. Our 

goal was to identify a novel antigen recognition domain that could be utilized on a CAR scaffold to increase 

the repertoire of targetable antigens and epitopes. VLRs are great candidates for alternative antigen 

recognition domains. They represent the adaptive immune system of jawless vertebrates, such as lampreys 

and hagfish (354). VLRs are geometrically distinct from scFvs, a property that has potential to facilitate 

distinct interactions between each VLR and its antigen (355; 356). This difference in binding could allow 

the VLR to interact with epitopes that are not available to scFv-recognition. Furthermore, VLRs naturally 

exist as single-chain structures and do not require engineering to obtain a structure that can be used in a 

CAR construct (55; 357). On the contrary, scFvs are derived from immunoglobulin and necessitate further 

engineering into a single-chain fragment. It has been shown that VLRs can recognize as diverse an array of 
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antigens and epitopes with high specificity compared to that of immunoglobulins (267). Complete overlap 

between the repertoire of targetable antigens and epitopes by scFvs and VLRs is unlikely and therefore the 

ability to use VLRs in place of scFvs reveals a wider array of antigens that can be targeted. This can result 

in more opportunities to find a targetable tumor-specific antigen. The identification of tumor-specific 

antigens on T-cell malignancies would eliminate the risk of fratricide and T-cell aplasia without additional 

modifications to the construct or utilizing alternative effector cell types. The use of  T cells would help 

to reduce the risk of relapse due to memory cells against the tumor target antigen. 

However, utilizing VLRs in a CAR construct can result in immunogenicity in humans. As 

previously mentioned, VLRs consist of LRR cassettes. Similarly, toll-like receptors (TLRs), part of the 

human innate immune system, and VLRs have conserved LRR motifs (358; 359). Therefore, we 

hypothesize VLRs can be modified to mask the foreign protein from human immune recognition by altering 

VLR sequences to resemble those of human TLRs. This task requires a greater understanding of specific 

VLR sequences that are immunogenic so they can be strategically humanized. 

While fratricide hinders the development of CAR T-cell therapeutics for the treatment of T-cell 

malignancies, the field has demonstrated that genome editing using TALENs or CRISPR-Cas9 can greatly 

reduce the effect of fratricide among CAR-modified T cells (49-51). Specifically, we utilized CRISPR-

Cas9 to disrupt expression of CD5 in order to modify T cells with a CD5-CAR (49). Our laboratory has 

focused on targeting the CD5 antigen as it acts as a negative regulator for TCR signaling, and has previously 

been successful targeting CD5 using immunotoxin-conjugated monoclonal antibodies (68; 72; 76; 77; 258). 

As demonstrated herein, expression of the CD5 antigen is indirectly related to the expression of the CD5-

CAR. Therefore, we propose that target antigen deletion from the CAR-modified cells has multiple benefits: 

limiting fratricide and increasing CAR surface expression. Our data was produced using nucleoporation of 

T cells with CRISPR-Cas9 plasmid DNA, however, this method resulted in poor viability of the T cells, 

rendering it a poor product despite cellular recovery (49). Through means of electroporation, we preserved 

cellular viability, however we were only able to achieve moderate levels of editing. Therefore, we used 
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FACS sorting to obtain a population consisting entirely of CD5-edited cells. However, this study did not 

demonstrate enhanced cytotoxicity by CD5-edited, CD5-CAR-modified T cells.  

We hypothesized that electroporation followed by sorting and transduction diminished the health 

of the T cells, reducing cytotoxic activity. The percentage of cells expressing GFP as a measure of CD5-

CAR expression is comparable, though reduced in the CD5-negative sorted fraction of cells. When 

modified with the CD5-CAR, cytotoxicity among naïve and the sorted fractions of CD5-positive and CD5-

negative T cells are similar, however, as we’ve previously demonstrated, the CD5-edited cells express 

higher levels of CD5-CAR on the cell surface, therefore we would still expect to see higher levels of 

cytotoxic activity despite slightly lower transduction. An alternative hypothesis is that CD5-editing results 

in a hyperactive TCR as well as high CD5-CAR expression, which can in turn, increase exhaustion marker 

expression and result in activation-induced cell death (AICD). As a result, the transduced CD5-edited, CD5-

CAR-modified T cells will preferentially undergo apoptosis. To test this hypothesis, we can measure the 

CD5-CAR-modified cells over time using the percent modified as well as total number of cells. If the cells 

expand and the percentage of CD5-CAR-modified cells decrease over time, we can determine the CD5-

CAR-modified cells preferentially undergo apoptosis. Additionally, we can measure exhaustion markers 

on CD5-edited, CD5-CAR modified T cells to test the hypothesis that there are increased levels of 

exhaustion markers on these cells, resulting in apoptosis and decreased cytotoxic activity. 

It has been shown that CD5 is down-regulated rapidly from the cell surface upon interaction with 

the CD5-CAR, therefore, only transient and limited fratricide is observed (78). Furthermore, a clinical trial 

has been initiated using CD5-CAR modified T cells that have not undergone additional modifications 

(MAGENTA trial, NCT03081910). However, this trial can only be successful if overexpression of the CD5-

CAR is achieved, as only levels above endogenous CD5 antigen will result in surface expression of the 

CAR. While targeting CD5 may overcome the issue of fratricide, the concern regarding T-cell aplasia has 

not been addressed. Adjusting the effector cell type to NK-92 cells or  T cells limits the risk of memory 

cell formation against a T-cell antigen. Our studies demonstrated NK-92 cells can be modified and sorted 

for CD5-CAR expression to exhibit anti-tumor cytotoxicity in vitro and in a T-ALL xenograft mouse model 
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(49). While NK-92 cells are an NK-derived lymphoma cell line, they have demonstrated safety in clinical 

trials. However, they require irradiation prior to infusion to prevent expansion of lymphoma cells in a 

patient (132; 133). As stated, no safety concerns have arisen from trials involving irradiated NK-92 cells, 

however, therapeutic effect of NK-92 CAR therapy has not been demonstrated (255). While NK-92 CAR 

therapy has potential that should continue to be investigated and optimized, particularly for the treatment 

of T-cell malignancies, we proposed evaluating the use of  T cells as an alternative, less studied approach.  

 T cells are innate primary T cells that can be removed from a patient or donor upon leukapheresis 

and expanded ex vivo in serum-free conditions to clinically relevant numbers and as others have shown, 

can be used in an allogeneic setting as they are non-alloreactive (163; 321). We evaluated the ability to 

engineer the  T cells with CRISPR-Cas9 in order to disrupt CD5 gene expression to prevent fratricide, a 

potential concern of  T-cell CAR therapy targeting a T-cell antigen, although fratricide has not previously 

been considered in this population. Through transfection techniques including both nucleoporation and 

electroporation, we were unable to edit CD5 in  T cells. However, our nucleoporation protocols were 

performed with cells from a single donor. Therefore, if we were to repeat these nucleoporation experiments 

in additional donors, we may obtain different results. Nonetheless, if there is high donor variability in 

transfectability using nucleoporation, it is not a good technique for modifying  T cells as it would 

eliminate certain donors in a potentially unpredictable manner, thereby wasting resources in the expansion 

and nucleoporation processes. There are additional options for optimizing nucleoporation using the Amaxa 

that we hadn’t assessed. We utilized two programs, one program that was recommended by Lonza for T-

cell nucleoporation, and another program designed to preserve cell viability to a greater degree.  While the 

parameters for each program cannot be adjusted, additional programs that are designed to preserve cell 

viability could be evaluated. Other options include using alternative buffers adjusting the salt concentrations 

as needed. Additionally, we could vary the cell number and quantity of DNA.  

These parameters are among those that were varied in protocols assessing electroporation of  T 

cells. Unfortunately, despite control over electroporation parameters, we did not reveal any advantages to 
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these techniques regarding CD5-editing in  T cells using numerous protocols. One additional aspect of 

transfection that is likely to affect editing efficiency and viability is the quality of DNA transfected into the 

cells. We utilized a Qiagen Plasmid DNA Purification Maxi kit (Qiagen, Germany) to isolate high quality, 

endonuclease free DNA dissolved in Molecular Biology Grade DNAse free, RNAse free and endonuclease 

free water (Thomas Scientific, Swedesboro, NJ). The DNA was subsequently concentrated using a high-

speed centrifuge in order to transfect cells with large quantities of DNA. DNA integrity was then confirmed 

by agarose gel electrophoresis (data not shown).  

However, as previously discussed, rapid down-regulation of the CD5-antigen limits fratricide (78). 

If we can achieve high levels of CD5-CAR modification in  T cells, we predict we will achieve sufficient 

surface expression of CD5-CAR to exhibit a strong anti-tumor response. Without CD5-editing of the  T 

cells, a proportion of the CD5-CAR will be down-regulated, however, while this is likely to reduce the 

initial response against CD5-positive cells, it may also control exhaustion of the T cells, allowing for a 

greater degree of serial killing. Given the information that we and others in the field have collected, the 

benefits of CD5-CRISPR-Cas9 genome editing in T cells for the purpose of targeting CD5-positive T-cell 

malignancies using CAR T-cell therapy remains to be elucidated. Therefore, given the difficultly of 

transfecting  T cells, we have focused our efforts on the transduction of these cells. Optimization using a 

lentiviral vector has resulted in 20-25% transduction of  T cells when using a very high titer vector (>3e8 

TU/mL). As mentioned in chapter 3, we have a lentiviral vector encoding Cas9 and a CD5-specific gRNA, 

however, at these levels of transduction, CD5-editing is unlikely to have an impact. Furthermore, only a 

small percentage of the CD5-edited cells will be transduced with the CD5-CAR, resulting in an even smaller 

effect on fratricide and CAR expression. Therefore, we propose CD5-editing in  T cells is not a feasible 

approach using transfection or lentiviral transduction techniques. 

To overcome these challenges to  T-cell CAR therapy, we designed NSCARs. Due to the 

exclusion of the signaling domains, NSCARs will not result in fratricide. Therefore,  T-cell NSCAR 

therapy has the potential to address all of the major challenges to current CAR therapy strategies: limited 
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fratricide due to lack of signaling, reduced risk of T-cell aplasia due to restricted persistence in vivo, and 

prevention of product contamination as  T cells can be obtained from 3rd party donors. We demonstrate 

enhanced cytotoxicity exhibited by NSCAR-modified  T cells in vitro against cancer cell lines expressing 

the targeted antigen. However, we demonstrate shedding of the NSCAR from the cell surface. The 

mechanism by which this occurs is currently under investigation in our laboratory, however, we hypothesize 

proteases are responsible for the NSCAR shedding. This decrease in NSCAR density on the cell surface is 

likely hindering the cytotoxic potential of NSCAR-modified  T cells. We propose prevention of shedding 

can result in a further improvement in anti-tumor cytotoxicity. Furthermore, we observe shedding of our 

CD5-CAR as well, suggesting this mechanism or a similar mechanism occurs in CARs in addition to 

NSCARs. This phenomenon should be considered in current CAR constructs under investigation in clinical 

settings. Understanding this mechanism has the potential to dramatically affect the impact of CAR T-cell 

therapy. 

Furthermore, transduction using a lentiviral vector results in only moderate transduction, which can 

be achieved only with a viral titer >3e8 TU/mL. Our preliminary data using AAV6 suggests we can greatly 

increase the transduction of  T cells. Delivery of the NSCAR using AAV6 can therefore result in much 

higher expression of NSCAR on  T cells. The higher NSCAR expression is likely to yield increased 

interactions between the NSCAR-modified  T cells and tumor cells, facilitating tumor-cell death. As a 

result, we hypothesize the impact of  T-cell NSCAR therapy will be enhanced upon optimization of 

transduction using AAV6 and prevention of NSCAR-shedding. We hypothesize that with sufficient levels 

of transduction, we can demonstrate there is a minimal effect on proliferation of our NSCAR-modified  

T cells compared to that of naïve  T cells, suggesting there is only limited and transient fratricide. 

Furthermore, NSCARs are smaller than CARs, and therefore we can deliver two NSCARs targeting 

different antigens using a single AAV6 vector. This would help overcome an additional potential barrier of 

antigen-escape, commonly seen in patients treated with CD19-CAR T-cell therapy (19; 31; 38; 40). 
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Given the episomal expression of AAV-delivered transgene, we propose AAV6 can also be used 

to deliver the CD5 CRISPR-Cas9, if our studies suggest this therapy will be greatly enhanced by the 

addition of genome editing.  T cells are modified more efficiently using our AAV6 transduction protocols 

compared to using our transfection protocols. Moreover, cell viability is much less affected when using 

AAV6, comparatively. Therefore, we hypothesize that we can modify  T cells with two transgenes 

sequentially using AAV. Optimization regarding the quantity and MOI of AAV6 CRISPR-Cas9 is required 

to maximize CD5 disruption while avoiding off-target effects. This will require a greater understanding of 

the delay between AAV delivery and alteration of CD5 expression. Using this information, we can 

determine the optimal timing for both CRISPR-Cas9 and CAR delivery. However, Cas9 is a large protein, 

<4.0kb, therefore after removal of the eGFP reporter gene, the transgene will remain oversized for an AAV 

capsid (5.5 kb). Overstuffing an AAV capsid results in decreased packaging efficiency, which will in turn 

affect the transduction efficiency (360; 361).  

The reduced persistence of  T cells can be advantageous in conditions of severe side effects and 

toxicities to facilitate control over CAR expression. Additionally, as  T cells are non-alloreactive, they 

can be used in an allogeneic setting, permitting greater control over dosing and ability to titrate the dose of 

cells, as well as permitting repeated dosing. As  T cells do not persist for more than a couple of weeks in 

vivo, numerous injections will be required to fully combat the tumor. Allogeneic therapy is typically 

achieved at a substantially lower cost than autologous therapy as many doses can be produced and banked 

from each donor (362). However, the cost of additional viral vector required to transduce a greater number 

of cells for multiple infusions may offset the cost-effectiveness of allogeneic therapy. The in vivo data 

presented here will be used to design a strategic dosing regimen for CAR- or NSCAR-modified  T cells 

in a T-ALL mouse model. 

 

Future Directions and Implications 
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While we propose  T cells are advantageous for using CAR therapy to treat T-cell malignancies, 

there are settings in which  T cells are the favorable effector cells. The most studied malignancies for 

CAR T-cell therapy are B-ALL, CLL and DLBCL. CAR T-cell therapies targeting these diseases have 

utilized  T cells, resulting in B-cell aplasia. However, thus far, B-cell aplasia in these patients has been 

managed through intravenous immunoglobulin (19; 363). Therefore, the consequence of B-cell aplasia is 

favorable to the higher risk of relapse that would exist if the patients did not have memory cells against a 

B-cell antigen. Additionally, when using a strategy targeting a tumor-specific antigen,  T cells are 

valuable as effector cells. There would be minimal risk of off-tumor cytotoxicity and memory cells would 

help prevent antigen-positive relapse. However, few antigens have been identified with such tumor-

specificity. Utilizing VLRs increases the potential of identifying a tumor-specific epitope that can be used 

for CAR therapy. For the treatment of T-cell malignancies, many adverse events are related to  T-cell 

targeting of T-cell antigens, as described. Utilizing  T cells as an alternative effector cell type for CAR 

therapy overcomes many of these negative side effects, resulting in a safer product that can be delivered to 

patients without delay.  

As mentioned, numerous advantages for using  T cells exist; however, there are a few limitations 

to  T-cell CAR therapy as previously mentioned. Healthy donor blood samples can be processed for 

PBMC isolation and  T cells expanded in serum-free conditions. We’ve demonstrated donor-dependent 

expansion, with some donors only expanding to ~50%  T cells, with the remaining half consisting of  

T cells and NK cells. It is currently unknown what donor characteristics are optimal for achieving 

substantial expansion of  T cells (>80%  T cells). Preliminary data from our laboratory suggests donors 

who exercise at least three times a week are more likely to have greater  T-cell expansions compared to 

those who exercise fewer than two times a week. However, as there are many confounding variables 

involved in this correlation, it remains to be elucidated i) whether the type of exercise is critical, ii) if the 

correlation is related to diet instead or overall lifestyle, or rather iii) if expansion is related to BMI and 
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percentage of body fat. If these variables can be narrowed, we can determine criteria for healthy donors to 

increase the likelihood of a successful expansion with each donor PBMCs. 

However, donors that have been expanded to 95%  T cells in culture still have 5% other cells 

remaining, likely a percentage of these are  T cells. If a single  T cell with a memory phenotype is 

modified with a CD5-CAR, it can expand in vivo upon antigen recognition and cause T-cell aplasia. The 

NK cells remaining in culture are not of concern, as they will not persist in vivo, are non-alloreactive and 

have inherent cytotoxicity mechanisms, similar to  T cells.  T-cell negative selection can be used during 

the expansion to remove  T cells from the population, preventing the transduction of  T cells with a 

CAR targeting a T-cell antigen. This both increases the overall percentage of  T cells as well as removes 

the  T cells, which are responsible for GvHD when used in an allogeneic setting and memory against the 

targeted antigen. Our laboratory has optimized the timing of the selection to investigate the superiority of 

a selected  T-cell product. The data consistently demonstrated >95%  T cells by day 12 of expansion. 

Moreover, the data suggests selection does not negatively impact cytotoxic potential of  T cells. Selective 

depletion of  T cells from our cell culture prior to modification will improve the impact of this therapy 

by reducing the risk of adverse events. 

Further studies are required to determine the mechanism of cytotoxicity by NSCAR-modified  T 

cells. We demonstrate enhanced anti-tumor cytotoxicity by NSCAR-modified  T cells resulting from 4-

hour co-cultures with target cells. However, it is possible that extending the cytotoxicity assay beyond 4 

hours, will result in greater target cell death as a result of  T-cell serial killing. One limitation to extending 

the cytotoxicity assay is that in a flow-based assay such as this, only intact cells can be detected and 

quantified. A longer co-culture can result in dead cells turning into debris and preventing their detection. 

Furthermore, future studies can include Annexin V staining for flow cytometry to measure the percentage 

of pre-apoptotic target cells to complement eFluor 780 staining, which measures the percentage of target 

cells that have already died.  
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Harnessing the potential of  T cells for CAR or NSCAR therapy can have a vast impact on the 

field. The ability to utilize third party donors will greatly improve the consistency of the therapy, eliminate 

risk of product contamination, reduce variability from pre-treatment and decrease the time between 

determination of patient eligibility and treatment initiation. Utilizing AAV,  T cells can potentially be 

modified with both CRISPR-Cas9 as well as a CAR to prevent fratricide. Alternatively, NSCAR-modified 

 T cells can be used. We demonstrated the cytotoxicity against a B-ALL cell line is comparable between 

the CD19-NSCAR and CD19-CAR. However, in settings of T-cell targeting, the NSCAR is unlikely to 

result in fratricide due to the lack of signaling domains. As exemplified using  T cells, NSCAR-mediated 

cytotoxicity has specific biological requirements to enhance T-cell cytotoxicity. Furthermore, two different 

NSCARs can be expressed in a single transgene, using a 2a sequence, further improving the therapy.  T-

cell CAR and NSCAR therapy have the potential to revolutionize this field by overcoming many of the 

challenges facing CAR therapy for the treatment of T-cell malignancies. 
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