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Abstract 

Chimeric antigen receptor (CAR) T-cell therapy has attracted growing interest in the treatment of 

various malignancies and represents the most advanced technology to date. This approach involves 

the use of genetically engineered immune cells expressing a surface receptor, called CAR, that 

specifically detects tumor-associated antigens (TAAs). Here, we generate polyclonal CAR γδ T 

cells, as these cells do not require patient-donor compatibility and are ideal candidates due to their 

natural cytotoxicity. The cells are modified to express a B lymphoma-specific CAR, featuring one 

of the two designs: either 1) an anti-CD19 murine single-chain variable fragment (scFv), a CD28-

hinge domain, a 4-1BB costimulatory domain, and a CD3ζ activation domain; or 2) an anti-CD22 

camelid single-domain antibody (sdAb), a CD8 hinge-domain, a 4-1BB costimulatory domain, 

and a CD3ζ activation domain. Using a recently developed packaging and producer line of 293SF-

PacLV, we have produced and stocked the lentiviral vector (LV) for these CAR constructs. 

Lentiviral titration was performed on HEK 293A cells and validated by flow cytometry. γδ T cells 

were then transduced with the CAR lentivirus at different multiplicities of infection (MOIs). 

Analyses using flow cytometry showed a CAR transduction efficacy of over 30%, surpassing the 

clinical threshold required for therapeutic applications. Importantly, all γδ T cell subsets were 

efficiently transduced. This transduction rate represents a significant milestone in our research, 

and polyclonal CAR γδ T cells could be a promising off-the-shelf immunotherapy platform for 

treating B-cell malignancies. 
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1. Introduction 

1.1 Cancer 

   Cancer is a leading cause of death worldwide, accounting for nearly 10 million deaths and 20 

million new cases in 2022, according to the World Health Organisation (WHO). In 2050, it is 

estimated that there will be almost 19 million cancer related deaths, and more than 35 million 

people worldwide will be diagnosed with cancer. In Canada, nearly half of the population, 45%, 

will develop a cancer, and about one quarter of Canadians are expected to die from the disease1. 

Although the age-standardized incidence rate (ASIR) and age-standardized mortality rate (ASMR) 

are expected to decline for several common cancers, such as lung cancer, colorectal cancer, and 

prostate cancer, these rates are expected to increase for other cancers, including liver and 

intrahepatic bile duct cancer, kidney cancer, melanoma, and non-Hodgkin lymphoma2.  

   Cancer is defined as a complex disease driven by genetic and epigenetic dysregulations, resulting 

in uncontrollable cell growth and proliferation3. In 2000, Douglas Hanahan and Robert Weinberg 

have identified six physiological phenomena happening during the development of human tumors. 

They defined these as hallmarks of cancer, which include sustaining proliferative signaling, 

evading growth suppressors, resisting cell death (apoptosis), enabling replicative potential, 

inducing angiogenesis, and activating invasion and metastasis4. In 2011, two new hallmarks have 

been added to this list: reprogramming of energy metabolism and evading immune destruction5. 

In addition, recruited normal cells contribute to the multistep of cancer progression since they 

acquire the hallmark traits and thus create the ‘’tumor microenvironment’’ (TME)4.
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1.1.1 Cancer metabolism 

   Cancer cells are self-sufficient in growth signals. Indeed, they have an increased amount of 

growth factors that induce two key signaling pathways: the mitogen-activated protein kinase 

(MAPK)/extracellular signal-regulated kinase (ERK) pathway and the phosphoinositide 3-kinase 

(PI3K) pathway6.  

   For instance, the MAPK/ERK and PI3K signaling pathways are amplified in human cancers with 

mutated RAS GTPase. In fact, RAS gene is the most mutated gene in human cancers. One out of 

four cancers have activating mutations in RAS oncogenes. The RAS family encodes small 

GTPases, including KRAS, NRAS and HRAS, that play a central role in cell survival, 

differentiation and proliferation. Approximately 30% of all human cancers are driven by RAS 

oncoproteins, including 40%-50% of colorectal cancers and over 90% of pancreatic cancers7,8. In 

normal RAS pathway, a growth factor binding to receptor tyrosine kinase (RTK), such as the stem 

cell factor receptor KIT, epidermal growth factor receptor (EGFR) or platelet-derived growth 

factor receptor (PDGFR), leads to the autophosphorylation of the receptor and recruitment of the 

adaptor protein growth factor receptor bound 2 (GRB2). In turn, GRB2 recruits the guanine 

exchange factor SOS1/2, activating RAS. RAS can then self-inactivate by cleaving the phosphate 

group on the GTP, which converts it to its inactive state RAS-GDP9. However, mutations in RAS 

genes, like KRAS, favour GTP binding and lead to constitutive activation of RAS.  

   On one hand, a main effector of the RAS pathway is the RAF/MEK/ERK cascade that leads to 

the transcription of different target genes, such as FOS, MYC, MDM2, MITF, implicated in cell 

proliferation, survival and cell cycle progression10. On the other hand, PI3K pathway is known to 

activate the mammalian target of rapamycin (mTOR), a serine/threonine kinase, which stimulates 

cap-dependant mRNA translation and cell growth, while inhibiting catabolic reaction mediated by
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autophagy11. The PI3K-mTOR signaling pathway represents a major regulator of cell proliferation, 

survival and angiogenesis. As well as uncontrolled proliferation, the mutagenic RAS oncogene has 

been implicated in tumor immune resistance by causing upregulation of programmed death ligand 

1 (PD-L1)12. RAS oncogenes are present in high proportions in many cancers: myeloid leukemia 

(~30%), lung carcinoma (~40%), sporadic colorectal (~50%) and pancreatic cancer (~90%)8. 

 

1.1.2 Cancer treatments 

   Three traditional treatments are widely used for treating cancers, which include surgery, 

radiotherapy and chemotherapy. Surgery implies the physical removal of cancerous tissues 

whereas radiotherapy and chemotherapy use high doses of radiation or cytotoxic agents, 

respectively. Radiotherapy aims to damage DNA, while chemotherapy aims to stop cancer cells 

from growing and dividing, which eventually leads to their death13,14,15. Although these methods 

are effective in most cases for early-stage cancer, they suffer from many limitations, such as a lack 

of tumor specificity, toxicity toward healthy tissues, and the development of drug resistance, 

leading to disease recurrence and poor outcomes. As a result, there is an urgent need to develop 

more targeted and less toxic strategies. Immunotherapy, which harnesses the body’s own immune 

system to recognize and eliminate cancer cells, has emerged as a promising fourth pillar of cancer 

treatment. They comprise approaches known to reactivate the host’s immunity, such as myeloid 

depletion, cytokine therapies and checkpoint inhibitors, while others stimulate a direct antitumor 

response and include cancer vaccines, oncolytic viruses, targeted antibodies, gene therapy and 

adoptive cell therapy16. 
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1.2 B-cell non-Hodgkin lymphomas  

   Non-Hodgkin lymphomas (NHLs) are the most common hematological malignancies 

worldwide, accounting for nearly 3% of cancer related deaths. In 2022, there were an estimated 

553,389 new cases of cancer and 250,679 cancer related deaths, according to WHO. NHLs can 

either be derived from T-cell or B-cell. Non-Hodgkin B-cell lymphomas (B-NHLs) constitute a 

heterogeneous group of neoplasms characterized by the uncontrolled proliferation of B 

lymphocytes, which affects the lymphatic system, especially the lymph nodes. They can affect any 

organ and manifest themselves through distinct clinical symptoms, ranging from asymptomatic to 

indolent, or very aggressive cases17. The most common symptom in patients with B-NHL is 

adenopathy, which is the inflammation of the lymph nodes. Swollen lymph nodes usually appear 

in the neck, armpits or groin folds, but can also appear in the mediastinal, area between the lungs, 

and the abdomen. The adenopathy can be either localized or generalized. Localized adenopathy 

refers to a condition affecting continuous groups of lymph nodes, while lymphadenopathy refers 

to a condition affecting two or more non-contiguous areas. The uncontrolled proliferation of B 

lymphocytes in B-NHLs increases the lymph nodes size, which affects their functions. Indeed, 

lymph nodes function as an antigen filter for the body's reticuloendothelial system. They 

sequentially expose B lymphocytes, T lymphocytes and macrophages to an afferent extracellular 

fluid, allowing the immune system to recognize and react to potential foreign antigens18. 

   Among B-NHLs, aggressive subtypes include diffuse large B-cell lymphoma (DLBCL) (31%), 

mantle cell lymphoma (MCL) (6%), Burkitt lymphoma (BL) (2%) and primary mediastinal large 

B-cell lymphoma (PMBCL) (2%). On the other hand, indolent cases comprise follicular lymphoma 

(FL) (22%), marginal zone lymphoma (MZL) (8%), chronic lymphocytic leukemia/small 

lymphocytic lymphoma (CLL/SLL) (6%) and lymphoplasmacytic lymphoma (LPL) (1%)19. The
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causes of B-NHLs are complex, involving genetic and metabolomic factors19. For instance, the 

two subtypes of DLBCL, termed activated B-cell-like (ABC) and germinal center B-cell-like 

(GCB) DLBCL, are characterized by distinct gene expression profile, genetic aberrations and 

outcomes. Most DLBCL cases involve genetic alterations in B-cell receptor’s key components 

(BCR) or its downstream signaling effectors. Consequently, signaling pathways such as PI3K, 

MAPK, NF-κB and/or NFAT pathways are dysregulated20. 

   To date, although several treatment options are available for B-NHLs, these lymphomas often 

become refractory or relapse after chemotherapy. The International Prognostic Index (IPI) has been 

created to evaluate and predict outcome for patients with aggressive subtypes of B-NHL, like 

DLBCL. Poor prognosis factors include age 60 or older, advanced stage disease (stage 3 or 4), an 

aggressive type of B-NHL, and widespread or generalized lymphoma. Nevertheless, numerous 

options exist for treating DLBCL; chemotherapy in combination with targeted therapy using 

rituximab, hematopoietic stem cell transplantation (HSCT), radiotherapy and immunotherapy 21,22.  

   For instance, Rituximab, a humanized glycoengineered anti-CD20 monoclonal antibody (mAb), 

was approved by the Food and Drug Administration (FDA) for relapse/refractory (r/r) indolent B-

NHLs in 1997. Rituximab became the standard of care, in combination with chemotherapy and 

CHOP (cyclophosphamide, doxorubicin, vincristine, prednisone) treatment, for FL, DLBCL and 

CCL23,24,25. Unfortunately, more than 30% of DLBCL will ultimately relapse24. New therapies need 

to be developed to treat DLBCL. Ibrutinib, a B-cell receptor inhibitor, has shown efficacy against 

activated B-cell-like (ABC)-DLBCL as a single agent and in combination with the R-ICE 

(rituximab, ifosfamide, carboplatin and etoposide) chemotherapy treatment26,27. Pembrolizumab, 

an immune checkpoint inhibitor (ICI) binding the programmed cell death protein 1 (PD-l) receptor 

expressed on cancer cells and thus removing the protection from T-cell recognition, has shown 
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efficacy in PMBCL with overall response rates (ORR) of 48% and 45%, in phase I and phase II 

clinical trials, respectively28,29,30. Obinotuzumab, a glycoengineered anti-CD20 mAb enhancing 

Fc-receptor affinity, has shown efficacy in rituximab-sentitive/rituximab-resistant cell lines31. A 

new class of biologic drugs is antibody-drug conjugate (ADC), which consists of small anticancer 

molecule that are attached to an antibody. Inotuzumab, a humanized anti-CD22 antibody 

conjugated with the cytotoxic agent calicheamicin, has shown activity in B-NHLs as a single agent 

and in combination with rituximab32. Moreover, Blinatumomab, a bi-specific T-cell engager 

(BiTE), which engage patient’s own cytotoxic T cells for directed lysis toward cancer cells, has 

proven highly effective in phase II clinical trial with ORR of 43% in DLBCL33,34. Finally, the most 

recent curative option for treating relapse/refractory B-NHL (r/r B-NHL) is immunotherapy using 

adoptive cell transfer (ACT), more specifically chimeric antigen receptor (CAR)-T cell therapy. 

Four CAR-T cell products have been FDA approved for LBCL, FL and MCL: Axicabtagene 

cioleucel (NCT03153462), Tisagenlecleucel (NCT03601442), Brexucabtagene autoleucel 

(NCT05776134) and Lisocabtagene maraleucel (NCT06313996). 

 

1.3 Adoptive cell therapy 

   During past decades, progress has been made in cancer immunotherapies. ACTs have emerged 

as a safer treatment option for cancer than chemotherapy. Among these, CAR-T cell therapy has 

attracted growing interest in the treatment of various malignancies and represents the most 

advanced technology to date. CAR-T cell therapies, in which a patient’s own immune cells are 

genetically engineered ex vivo to express a receptor that binds tumor-associated antigen (TAA), 

have shown efficacy in treating hematologic malignancies35,36. CARs are composed of an 

extracellular antigen-binding domain, a hinge region, a transmembrane domain, and one or more
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intracellular signaling domains37 (Fig.1A). Most CAR constructs are designed from human or 

murine antibodies converted into a single-chain variable fragment (scFv) which is then combined 

with the constant region of the T-cell receptor (TCR), the CD3-ζ domain. The scFv domain has the 

same specificity and affinity as the natural Fab fragment of immunoglobulin G (IgG). This 

approach therefore produces CAR-T cells with antibody-type specificity38. Once the antigen 

binding domain of the CAR binds to the TAA on the surface of the tumor cell, the intracellular 

CD3ζ domain initiates T-cell activation. This leads to downstream signaling cascades that trigger 

cytotoxic functions including the release of perforins and granzymes, as well as the production of 

pro-inflammatory cytokines (Fig.1B). CARs also require at least one costimulatory domain, CD28 

or 4-1BB, to improve the expansion, persistence and activity of CAR-T cells (i.e cytolysis of the 

targeted cell). Both CAR constructs, equipped with CD28 or 4-1BB costimulatory domain, are 

effective for treating DLBCL39,40,41,42.  

   An in vivo study comparing the antitumor effects of CD28 and 4-1BB-based CD19 CAR-T in 

lymphoma-bearing mice has shown that adoptive transfer of both CAR-T cell products resulted in 

complete tumor regression when the administered dose was 3 x 106 CAR-T cells. However, when 

the administered dose was lower, 8 x 105 CAR-T cells, the CD28-based CD19 CAR-T cells had 

lower antitumor activity43. Moreover, analysis of CAR stimulation-induced signaling events 

revealed that stimulation of CD28 CARs activated rapid changes in protein phosphorylation, which 

correlated with an effector T-cell like phenotype, while 4-1BB CARs preferentially expressed T-

cell memory-associated genes and had a more sustained anti-tumor activity against tumors. 4-1BB-

based CD19 CAR-T cells were thus more potent than CD28-based CD19 CAR-T cells at 

eradicating lymphoma in vivo43.
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Figure 1: A second-generation CAR design. (A) CAR are synthetic receptors that are composed of an 

antigen-binding domain, a hinge region, a transmembrane domain, and one or more intracellular signaling 

domains. (B) The antigen binding domain of the CAR recognizes and binds to the tumor-associated antigen 

(TAA) on the tumor cell surface. This binding activates CAR T cell signaling through the CD3ζ domain 

which initiates cytotoxic functions. 

 

   During past decades, alpha-beta (αβ) CAR-T cell therapies targeting CD19 or B-cell maturation 

antigen (BCMA) have shown remarkable success in treating chemotherapy-refractory patients 

with leukemia, lymphoma, or myeloma44. CD19 is a B-cell-restricted antigen that is highly 

expressed on B cells of patients with B-NHL. The recent approval of four CD19 CAR-T cell 

products and two BCMA CAR-T cell products in B-cell malignancies represents a breakthrough 

in CAR-T cell immunotherapy45. Current FDA-approved CAR αβ T cells targeting CD19 comprise 

an anti-CD19 scFv fused to either CD28/CD3 or 4-1BB/CD3 signaling domains40,46,47,48,49.  

   While CAR αβ T-cell therapies have marked a major breakthrough in cancer treatment, their 

clinical application remains limited by key challenges. These include antigen escape, ‘’on-target, 

off-tumor’’ effect, cytokine toxicity that often leads to neurotoxicity, as well as graft versus host

CD19-CAR scFv 

Hinge domain  

CD28 transmembrane domain (TM)  

4-1BB costimulatory domain 

CD3z stimulatory domain 

A) 

B) 
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disease (GvHD)50. Moreover, these therapies have limited tumor trafficking and infiltration due to 

the immunosuppressive TME. Therefore, they remain inconclusive in the context of solid tumors51. 

Furthermore, most cancers have evolved strategies to escape human leukocyte antigen (HLA)-

restricted αβ T cells mediated immune recognition by downregulating the expression of HLA at 

their cell surface52. γδ T cells, another subset of T lymphocytes, have therefore emerged as a 

promising candidate for adoptive immunotherapies since they do not require HLA-recognition to 

be activated and thus, avoid the graft-versus-host effects of HLA-mismatched αβ T cells. γδ T cells 

are known to exert natural anti-tumor responses and have been safely used in haploidentical 

transplants53. 

 

1.4 Discovery of γδ T cells 

   In 1984, Tonegawa’s group identified two classes of cDNA clones with sequence homology to 

immunoglobulin variable and constant region genes. These cDNA sequences, which were 

specifically rearranged and expressed in T cells, encoded the α and β chains of the TCR, thereby 

elucidating the complete primary structure of the αβ TCR54. In 1986, Brenner’s and Bank’s team 

identified a novel population of human lymphocytes that expressed a T3 glycoprotein without the 

α and β TCR chains55,56. Chemical crosslinking experiments revealed that T3-associated 

polypeptides included a product of the γ TCR gene and further analysis suggested the existence of 

a fourth TCR chain that they named the δ TCR chain. In 1987, Weiss’s laboratory successfully 

cloned and sequenced the δ TCR chain57. Since then, γδ T cells have attracted interest of numerous 

researchers. 
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   γδ T cells development is occurring in the thymus of all jawed vertebrates during ontogeny. 

Hematopoietic stem cells first move from the bone marrow to the thymus. Once in the thymus, the 

stem cells differentiate into a common progenitor population called ‘‘early thymic precursors’’ 

(ETPs), which gives rise to both αβ and γδ T cell lineages58. ETPs go through four stages of 

thymocyte development, DN1, DN2, DN3 and DN4, and each stage is distinguished by specific 

surface markers. Indeed, thymocytes in DN1 are double negative (CD4-, CD8-) and characterized 

by the presence of CD44, whereas thymocytes in DN2 are CD117+, CD25+ and CD44+, and 

thymocytes in DN3 are CD117low, CD25+ and CD44low 59,60. During thymocyte transition from 

DN1 and DN2, TCR formation and differentiation are induced by IL2RA gene expression. Then, 

gene rearrangement of individual TCR chains starts between the DN2 and DN3 stages, which 

include the γδ TCR chains and the β chain as well as partially the α chain61. Mechanisms by which 

the lymphocyte differentiation, whether towards αβ or γδ T cells, is orchestrated are still unclear.  

   Nevertheless, two theories have been proposed to explain the choice of lymphocyte 

differentiation: the stochastic model and the instructive model62. The stochastic model relies on 

the idea that each cell belongs to a predetermined group and only the ones that meet their cell fate 

survive. This process would happen by rearranging Tcrg and Tcrd to create γδ TCR or rearranging 

Tcrb to create pre-TCR. The second approach, the instructive model, is rather based on a tightly 

controlled transition of pre-TCR into αβ or γδ receptor. Finally, a recent model, involving signal 

strength, has been suggested. Notch receptor family, known to regulate Il2ra, Gata3, Bcll1b, 

Notch3 and Trca, cooperates with Jagged ligand family. For instance, Jagged2 and Notch1 

combination favors αβ chains whereas Jagged2 and Notch3 combination promotes γδ chains. The 

process determining ETPs fate toward γδ T cells is complex, and despite many studies, further 

research is needed to elucidate the signaling network63.
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1.4.1 γδ T cells 

   γδ T cells play a central role in the immune response against stressed and abnormal cells, such 

as virus-infected cells and cancer cells. Only 0.05-5% of T cells circulating in the blood, lymph 

and secondary tissues are γδ T cells. Like αβ T cells, γδ T cells generate their specific TCRs via 

V(D)J recombination mediated by the recombination-activating gene (RAG), resulting in 

theoretical diversity of up to 1017 possible TCR combinations64. γδ T cells express TCRs, which 

are multimeric transmembrane complexes comprised of a clonotypic heterodimer TCRγ/TCRδ, 

two CD3 dimers (CD3γϵ and/or CD3δϵ) and a CD3ζζ dimer. Based on their TCR δ chain, γδ T 

cells are divided into three subsets: Vδ1, Vδ2 and Vδ1/2neg, with the latter predominantly 

comprising Vδ3 T cells. Most γδ T cells circulating in the blood are Vδ2 T cells, more specifically 

Vγ9Vδ2 T cells, while Vδ1 T cells are mostly found in epithelial and mucosal tissues. Vδ3 T cell 

subsets are enriched in the liver and gut. Combinations of γ and δ chains are characteristic of 

specific tissues. For example, Vδ1 is associated with a greater number of γ chains than Vδ2 and 

represents the most abundant subset in the liver (Vγ4), skin (Vγ4, Vγ5, Vγ6), spleen (Vγ4) and 

epithelium (Vγ7)61. In the peripheral blood, at the embryonic stage, Vδ2 proportions dominate over 

Vδ1 T cell subsets. At birth, a drastic decrease in total γδ T cells occurs. Later, around the age of 

30, Vδ2 T cells become more prevalent than Vδ1 T cells, followed by a second decline in the γδ T 

cell population at about age 45. Finally, in later adulthood, Vδ1 T cells predominate61. It is worth 

noting that the ratio between Vδ1 and Vδ2 varies depending on infections and cancer diseases, as 

well as individual human development.  

   γδ T cells have features of both adaptive and innate immunity, positioning them at the 

intersection of the two systems. It has been shown that they can be activated in both TCR-

dependant and independent manners. Indeed, in addition to their TCRs, they express a variety of
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innate receptors primarily associated with natural killer cells (NK). The innate-like properties of 

γδ T cells mirror those of NK cells. They share activating and inhibitory killer immunoglobulin-

like receptors (KIRs), C-type lectin-like receptors (NKG2s) and natural cytotoxicity receptors 

(NCRs) with NK cells65,66. Moreover, their ability to recognize their target antigens through the 

TCRs, independently of HLA restriction, allows them to recognize a wide range of structurally 

different ligands67.  

   γδ T cells recognize and eliminate cancer cells by engaging their TCRs and/or NK receptors with 

their respective ligands on the surface of cancer cells, triggering their cytotoxic effector functions 

and the production of pro-inflammatory cytokines (Fig.2). These ligands can either be membrane 

proteins, phospholipids, soluble proteins, stress molecules, heat shock proteins or small peptides68. 

Phosphorylated compounds known as phosphoantigens (pAgs) are the best characterized ligands 

for γδ T cells. Their recognition, however, is restricted to the subset expressing the Vγ9Vδ2 TCR, 

referred to as Vγ9Vδ2 T cells. In some cancer cells, the dysregulation of mevalonate pathway leads 

to the accumulation of isopentenyl pyrophosphate (IPP), a type of PAg. IPP binding to the 

intracellular B30.2 domain of BTN3A1 induces conformational changes in its extracellular 

domain, thereby enabling recognition and activation of γδ T cells through the Vγ9Vδ2 TCR69.  

   γδ T cells can induce direct cancer cell killing by the granule exocytosis pathway or by the 

expression of tumor necrosis factors (TNFs), such as the TNF-related apoptosis-inducing ligand 

(TRAIL) and the FAS ligand (FASL) that bind TRAIL R1/R2 and FAS, respectively70-75. In 

addition, γδ T cells can kill tumor cells by the antibody-dependent cellular cytotoxicity (ADCC) 

mechanism, upon treatment with tumor-specific antibodies. Once γδ T cells are activated, they 

increase the expression of their CD16 receptor, also called FcγIII, which can then bind antibodies 

that have been coated on tumor cells beforehand76-79. Moreover, γδ T cells can bind MICA and
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MICB, which are highly polymorphic stress induced molecules for immune cell activation, 

through NKG2D80-83. They can also trigger antitumor responses by antigen-presenting cell (APC) 

functions, through their HLA-DR, CD80/86 and 4-1BB ligand (4-1BBL), as well as by producing 

interferon-y (IFN-γ)84. Alternatively, γδ T cells induce a class switch recombination (CSR), a key 

process where B cells change the type of antibody they produce, which promotes a humoral 

response85. γδ T cells are therefore uniquely equipped with multiple independent recognition 

pathways to sense and kill abnormal cells, which makes them ideal candidates for use in 

immunotherapy.  

  

 

 

 

 

 

 

 

 

 

Figure 2: Antitumor activity of γδ T cells. γδ T cells exhibit remarkable functional plasticity. Their ability 

to recognize their target antigens via TCRs, independently of HLA restriction, enables them to recognize a 

wide range of structurally different ligands and thus ensure direct tumor cell killing. They also induce 

indirect tumor cell destruction through their APC functions, by priming αβ T cells and regulating NK cells. 
Adapted from Silva-Santos B, Mensurado S, Coffelt SB’s review (2019)84.
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1.5 Current perspective of γδ T cell-based therapies 

   γδ T cells expressing Vγ9Vδ2 TCRs are known to respond to pAgs that are overexpressed in 

some cancer cells. Therefore, multiple groups have tested the therapeutic potential of Vγ9Vδ2 T 

cells in human cohorts either by systemic activation, using aminobisphosphonates, or adoptive cell 

transfer following γδ T-cell activation and expansion in vitro with aminobisphosphonates or 

synthetic pAgs. Both methods demonstrated outstanding safety profiles of Vγ9Vδ2 T cells. 

However, γδ T-cell therapies have shown a lower clinical efficacy than expected in many trials85-

90. Multiple reasons could explain these low response rates, including low variability in the 

Vγ9Vδ2 TCR repertoire and the exhaustion and dysfunction of chronically activated γδ T cells. 

The first clinical trial involving γδ T cells was in 2011 (NCT01404702) and studied the effect of 

zoledronic acid (ZOL) combined with interleukin-2 (IL-2) against neuroblastoma. This trial 

showed limited efficacy. Nevertheless, a phase 1 study (NCT05400603) is currently investigating 

the maximum tolerated dose (MTD) of allogeneic expanded γδ T cells, in combination with 

dinutuximab, temozolomide, irinotecan, and zoledronate, by children with neuroblastoma or 

refractory/relapsed osteosarcoma91.  

   New strategies have emerged to overcome these limitations, involving both Vδ1 and Vδ2 γδ T 

cell subsets (Fig.3). They can be categorized into three groups: γδ T cell-stimulating therapies, 

combination therapies with other immune components and cell engineering therapies involving 

genetically modified γδ T cells.  

   γδ T cell-stimulating therapies comprise ACTs and immunotherapies using bisphosphonate, 

NKG2D agonists, or cytokines such as IL-2 and IL-15. This approach consists of activating, 

expanding and enhancing the natural cytotoxic properties of γδ T cells with the goal to improve 

antigen recognition and thus, cancer cell killing. Combination therapies aim to enhance therapeutic 
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efficacy. For example, combining γδ T cells with mAbs such as rituximab to foster ADCC 

response, with toll-like receptor (TLRs) agonists to trigger dendritic cell activation, or with 

immune checkpoint inhibitors (ICIs) targeting PD-1 or cytotoxic T lymphocyte antigen-4 (CTLA-

4).  

   Finally, CAR-T cell therapies are the most advanced technology to date among immunotherapies 

and aim to combine antibody-like high-affinity antigen with TCR signaling, enabling more precise 

and effective recognition of cancer cells92,93. Even though since 2017, some CAR αβ T-cell 

therapies have been approved and have led to durable complete responses for patients with B-cell 

leukemia or lymphoma, many patients have relapsed. γδ T cells are promising candidates for “off-

the-shelf” CAR-T cell therapy, not only because they are HLA-independent and therefore do not 

induce GvHD, but also because they do not induce cytokine storms, a phenomenon that has been 

observed in αβ T cell-based therapies. As of now, there are only 8 active clinical trials on CAR γδ 

T cells, according to ClinicalTrials.gov; (NCT04735471), (NCT06375993), (NCT07100873), 

(NCT06106893), (NCT05302037), (NCT06375993), (NCT06480565) and (NCT06150885). 
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Figure 3: Current γδ T cell-based therapies. Schematic showing novel therapeutic approaches using γδ 

T cells alone or in combination; ACTs, NKG2D agonists, CAR-Ts, mAbs, cytokines, TLRs, ICIs and 

bisphosphonates. Adapted from Biały S, Bogunia-Kubik K’s review (2025)61. 

 

 

1.6 Generating CAR γδ T cells 

   Previous studies have shown that γδ T cells can robustly kill a wide range of tumor cells and that 

their infiltration, into the tumor, is the most positive prognostic marker among 22 different immune 

cell populations in 39 cancer types94. Thus, engineering CAR γδ T cells against a specific surface-

exposed tumor antigen has emerged as a promising therapeutic approach. In 2004, Rossig’s 

laboratory performed the first in vitro study to evaluate the potential of γδ T cells to exert tumor-

specific effector functions by using zoledronate and first generation CAR95. Transduced γδ T cells 

with either 14.GD2 CAR or CD19 CAR efficiently recognized and lysed the cell lines expressing
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their respective antigen. This study thus confirmed that CAR γδ T cells enhance the natural 

antitumor functions of γδ T cells.  

   Moreover, in 2013, Deniger’s laboratory engineered γδ T cells with second generation CAR 

containing CD28 costimulatory domain and successfully expanded CAR γδ T cells in vitro to 

clinically relevant numbers using CD19+ artificial antigen-presenting cells (aAPC)96. In 2020, 

Besser’s laboratory generated a CD19 CAR γδ T-cell product and compared its efficacy in vitro 

and in vivo with standard CAR-T cells (sCAR-T cells). CD19 CAR γδ T cells showed similar 

transduction efficacy and cytotoxicity against Nalm6, a CD19+ target cell line, in vitro, compared 

to the standard CAR-T cells. In vivo, CD19 CAR γδ T cells showed inferior anti-tumor effect and 

persistence, according to the leukemic burden in the bone marrow and the number of CAR γδ T 

cells found in spleen and bone marrow of xenograft NSG mice, in comparison with sCAR-T cells97. 

Nevertheless, Besser's group has demonstrated that CAR γδ T cells are effective effector cells for 

targeting leukemia-specific antigen as well as antigen escape variants in allogeneic settings in 

vivo97.  

   Finally, in 2021, Hayes’ laboratory has initiated Phase 1 clinical trial to test Anti‐CD20 CAR+ 

Vδ1 γδ T cells against B-cell malignancies in 34 patients. The CAR construct consists of a novel 

human anti-CD20 monoclonal antibody (3H7 mAb) linked to CD8α hinge and transmembrane 

domains, as well as the 4‐1BB and CD3ζ signaling domains. The Phase 1 has been successfully 

completed in June of this year. Despite no results have been published as of now, the results of 

their preclinical studies were published in 202298. The CD20 CAR γδ T cells exhibited tumor 

killing, pro-inflammatory cytokine production in vitro and reduced tumor growth of B-cell 

lymphoma xenografts in NSG mice in vivo. Phenotypic analyses revealed that CD20 CAR+ Vδ1 

γδ T cells co-express marker associated with both naïve (CD27, CD45RA, CD62L) and memory
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(CD95, CD45RO) T cell phenotypes. Transcriptomic analyses showed upregulated genes involved 

in T-cell activation, cytotoxic function and innate immunity, which reveal that both innate and 

adaptive immune mechanisms are activated by CD20 CAR+ Vδ1 γδ T cells. Interleukin-15 (IL-15) 

and interleukin-2 (IL-2) potentiate the antitumor features of γδ T cells. It is noteworthy that mice 

lack species-specific homeostatic cytokines such as IL-2 and IL-15, which are required to maintain 

CAR-T cell persistence. Thus, human IL-2 is administered in combination with CD20 CAR+ Vδ1 

γδ T cells to support their expansion and persistence in NSG mice98.  

   Despite the promising properties of γδ T cells, it is still a challenge to understand how to 

potentiate their antitumor cytotoxicity and their persistence. Another challenge is that cancer cells 

have evolved different mechanisms for immune escape and tolerance induction using various 

pathways. These strategies include upregulation of PD1 expression and secretion of inhibitory 

molecules, like TGF-β, IL-10 and arginase-1, as well as reactive oxygen species (ROS), by 

regulatory T (Treg) cells and neutrophils, respectively99,100,101. More research and data are therefore 

necessary to harvest the therapeutic benefits of CAR γδ T cells.  
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1.7 Hypothesis and aims 

   Studies reveal increased tumor-specific toxicity and safety of CAR γδ T cells compared to natural 

γδ T cells against solid and liquid tumors102. In 2023, a study has generated a camelid nanobody-

based CD19 CAR αβ T-cell product and compared it with its murine scFv-based counterpart103. 

The two designs showed comparable expansion rate as well as similar cytolytic reactions against 

CD19+ cell lines. Moreover, both designs, the nanobody-CAR-T and the scFv-CAR-T, secreted 

significantly higher and similar levels of IFN-γ, IL-2 and TNF-α upon stimulation with Ramos and 

Raji cell lines compared to those that were cultured alone or with K562 cell line. 

   Clinical studies to date have demonstrated that CAR-T cell therapies targeting CD22 have safety 

and toxicity profiles similar to those of CD19 CAR-Ts. In 2024, McComb et al. have initiated a 

Phase 1 clinical trial to test αβ T cells expressing a camelid CD22-targeted CAR nanobody against 

B-cell malignancies104. In their preclinical study, they found that constructs with a CD8 

transmembrane (TM) domain had more sustained CAR expression and higher level of activation 

compared to those having a CD28 TM domain104. Among several nanobody-based CD22 CAR-T 

cell designs, they have identified that the 1ug36-CD22sdCAR construct, binding the 6th 

immunoglobulin-like subdomain of the CD22 antigen, represents the most promising candidate. 

Their CD22sdCAR construct surpassed the FMC63-scFv CD19 CAR construct, but not the 

benchmark m971 CD22 CAR construct. These constructs are composed of either an anti-CD19 

(FMC63-scFv) or an anti-CD22 (m971-scFv) linked to a CD8 hinge and transmembrane domains, 

and a 4-1BB and CD3ζ signaling domains. Nevertheless, CD22sdCAR showed higher on-target 

CD22 response activity with lower off-target response compared to the m971 CAR-T104.  

   Recent studies have highlighted the critical role of γδ T cell diversity and polyspecificity in 

mediating robust immune responses against a broad spectrum of antigens and immune 
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challenges105. Thus, our lab has developed a protocol for the in vitro expansion of polyclonal γδ T 

cells for preclinical cancer immunotherapy studies. This protocol achieves a high expansion rate, 

generating millions of cells from just a few thousands, and the resulting cells exhibit exceptionally 

long in vivo persistence in mice. Building on this platform, the primary objective of my research 

is to develop, as a proof of concept, two engineered human γδ T-cell products against B-

lymphomas: one expressing a CD19 scFv-CAR and the other a CD22 sdAb-CAR, in collaboration 

with the McComb group (Fig.4). The CD19 CAR construct comprises a murine anti-CD19 scFv 

with a CD28-hinge domain, a 4-1BB costimulatory domain, and a CD3ζ activation domain. The 

CD22 CAR construct incorporates a camelid anti-CD22 sdAb, also called nanobody, with a CD8 

hinge-domain, a 4-1BB costimulatory domain, and a CD3ζ activation domain. My hypothesis is 

that polyclonal human γδ T cells can be successfully engineered to express CAR constructs 

targeting B-cell antigens (CD19 or CD22), providing a platform for the development of novel γδ 

T cell-based immunotherapies for B-lymphomas. I tested this hypothesis through the two 

following aims: 

Aim 1: Production of CD19 scFv-CAR and CD22 sdAb-CAR lentiviruses in HEK 293SF-PacLV. 

1A) Production of CD19 and CD22 CAR lentiviruses. 

1B) Titration of CD19 CAR and CD22 CAR lentiviruses with HEK 293A cells. 

Aim 2: Transduction of γδ T cells with CD19 or CD22 CAR lentivirus. 

2A) Generating CD19 CAR γδ T cells. 

2B) Comparing different protocols of transduction to numerically transduce and expand CAR γδ 

T-cell products. 

2C) Identification of the optimal MOI. 

2D) Generating CD19 CAR and CD22 CAR γδ T cells.
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Figure 4: The second-generation CAR constructs. (A) The antigen binding domain of each CAR 

recognizes and binds to the TAA, which is either CD19 or CD22, on the tumor cell surface. This binding 

activates CAR T cell signaling through the CD3ζ domain which elicits cytotoxic functions including the 

release of perforins and granzymes, as well as the production of pro-inflammatory cytokines. (B) The 

CD19-CAR was synthesized using the murine scFv, while the CD22-CAR was constructed using the 

camelid sdAb, also known as nanobody.

A) 

B) 
CD19-CAR scFv 

Hinge domain  

CD28 transmembrane domain (TM)  

4-1BB costimulatory domain 

CD3z stimulatory domain 

CD22-CAR sdAb 

Hinge domain  

CD8 TM 

4-1BB costimulatory domain 

CD3z stimulatory domain 



 

22 
 

2. Materials and Methods 

      We have elaborated an optimized protocol allowing an in vitro expansion of polyclonal γδ T 

cells. This protocol was used to expand γδ T cells expressing CD19 or CD22 CAR. We have 

generated CD19 CAR γδ T cells and CD22 CAR γδ T cells, in collaboration with Dr. Scott 

McComb, a researcher at the National Research Council (NRC). His research mainly focuses on 

αβ T cells. Dr. Scott McComb provided us with these four standard operating procedures (SOPs):  

1. SOP 00.P.65 - Thawing, Subculturing, Counting and Banking of HEK Packaging and 

Producer Cell Lines. 

2. SOPs 00.P.068 - Small-scale LV production in HEK293SF-PacLV. 

3. SOP 00.D.035 - 34 mL of Lentivirus or Virus Like Particle Concentration by 

Ultracentrifugation.  

4. SOP 00.T.28 - Lentiviral vector-based gene transfer into human T lymphocytes. 

 

2.1 Cell Culture 

   LB broth medium (GibcoTM) is used to culture E. coli DH5α. 293SF-PacLV, the lentiviral 

packaging cell line, is cultivated in Hycell-Transfx-H medium (Hyclone). 293A cells used for the 

lentivirus’ titration are cultured in DMEM high glucose medium (GibcoTM) supplemented with 

10% fetal bovine serum (FBS) (MilliporeSigma), 2 mM L-Glutamate, 100 U/mL penicillin and 

100 μg/mL streptomycin. Immortalized cancer cell line K562 is grown in standard culture 

conditions, using RPMI 1640 medium (Cytiva) supplemented with 10% FBS, 2 mM L-Glutamate, 

100 U/mL penicillin and 100 μg/mL streptomycin. Peripheral blood mononuclear cells (PBMCs) 

are thawed and incubated overnight in RPMI 1640 medium supplemented with 10% FBS, 2 mM
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L-Glutamate, 100 U/mL penicillin and 100 μg/mL streptomycin. For the growth and expansion of 

isolated γδ T cells, cells are cultured in OpTmizer™ CTS™ medium (GibcoTM) supplemented with 

10% FBS, 2 mM L-Glu, 100 U/mL penicillin, 100 μg/mL streptomycin, 200 IU/ml human 

interleukin-2 (IL-2) (Novartis) and 70 ng/mL human interleulin-15 (IL-15) (PeproTech®). 

 

2.2 Flow cytometry  

      For all flow cytometry experiments assessing CAR-GFP expression by γδ T cells, γδ T cells 

were stained with Zombie Aqua viability dye for 15 minutes in the dark at room temperature. The 

cells were washed with PBS and then fixed in 1% paraformaldehyde (PFA) solution for one hour 

in the dark at 4 ̊C. Flow cytometry was performed on the Northern Lights (©Cytek) at the CHEO 

RI II, affiliated with the Flow Cytometry & Virometry Core Facility of the University of Ottawa. 

Data were analyzed using the 10.10.0 version of FlowJo software (FlowJoTM 10). For the 

phenotypic analysis regarding the proportion of each γδ T cell subset within CAR-GFP+ expressing 

cells, γδ T cells were stained using these following mouse anti-human mAbs: anti-TCR Vẟ1-

VioBlue (REA173; Miltenyi Biotec), anti-TCR Vẟ2-PE (123R3; Miltenyi Biotec) and anti-TCR 

Vγ9-FITC (B3; BioLegend). It was either Vẟ1 and Vẟ2 or Vẟ1 and Vγ9. 

 

2.3 PMBC isolation 

   PBMCs were isolated from the blood of 62 healthy adult volunteers by gradient centrifugation 

on Ficoll-Paque (Fig.5A). All blood donors were recruited from Dr. Jonathan Angel Laboratory at 

the Ottawa Hospital Research Institute (OHRI) and informed consent was obtained from all 

individuals. 
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   The heparinized blood was diluted to one-third in RPMI 1640 medium. In a separate tube, one 

volume unit of Ficoll solution (Sigma-Aldrich) was first transferred into 50 mL falcon tube and 

then two volume units of diluted blood were slowly added through the sides of the tube so that the 

blood overlaid the Ficoll solution. The tubes were then centrifuged at 1250 rcf with minimum 

acceleration and deceleration speed for 30 minutes at room temperature. Then, the ring of PBMCs, 

located between the Ficoll and the plasma/RPMI layer, was harvested and resuspended in one 

volume of RPMI into a new tube. The tube was spun down at 600 rcf for 10 minutes to remove 

any remaining platelets. Finally, the cells were washed twice with one volume of RPMI and 

counted using a trypan blue solution (GibcoTM) on a hemocytometer. Isolated PBMCs were stored 

in cryogenic vials at -70°C in FBS supplemented with 10% dimethyl sulfoxide (DMSO) (Sigma-

Aldrich). The PBMCs were transferred into the liquid nitrogen tank within 24-48 hours. 

 

2.4 Maxipreparation of CD19 CAR and CD22 CAR plasmids  

   To increase the amount of the CD19 CAR construct (pQC4-CD19hCAR-BB-3z c1) and the 

CD22 CAR construct (pQC5-CD22-1ug36-CD8TM-BBz cG1), a maxipreparation of both 

plasmids was performed (Fig.5B). E. coli DH5α strain was submitted to a heat chock 

transformation, which allowed the CD19 CAR or the CD22 CAR to enter the bacterial cells. 

Following overnight incubation on agar plate (pre-poured LB agar plates with 100 μg/ml 

ampicillin), 5 colonies were selected for minipreparations. DNA isolation and purification were 

performed using the Quick-DNATM Fungal/Bacterial Miniprep Kit (Zymo Research) and an 

electrophoresis gel was run, confirming the presence of CD19 CAR plasmid in DH5α cells. Then, 

DNA plasmid was isolated and purified from maxipreparation using the PureLink™ HiPure 

Plasmid Maxiprep Kit (Life Technologies). To further confirm the plasmid identity, following the 
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maxipreparation, the isolated CD19 CAR plasmid was sent at the OHRI, more specifically at the 

StemCore Laboratories Genomics Core Facility, for Sanger sequencing. 

 

2.5 Lentivirus production in HEK 293SF-PacLV 

   I used a third-generation lentivirus packaging cell line, generated by Broussau et al.106, for 

producing lentiviral vectors (LVs) expressing either CD19 CAR or CD22 CAR (Fig.5C). The cell 

line, HEK 293SF-3F6, derives from human embryonic kidney cells (HEK cells), which were 

transfected with Gag-Pol and Rev genes from human immunodeficiency virus-1 (HIV-1) and VSV-

G, the glycoprotein of vesicular stomatitis virus106. These HEK 293SF-PacLV are equipped with 

cumate- and coumermycin-inducible systems, enabling tight control of the expression of cytotoxic 

LV elements. In order to produce CD19 CAR and CD22 CAR lentiviruses, 19 million 293SF- 

PacLV were transfected with 8 µg of CAR plasmid and 16 µg of the polyethylenimine (PEI) 

transfection reagent (PEIpro® from Polyplus), in Hycell-Transfx-H medium. To induce lentivirus 

production, 10 nM of coumermycin (Enzo Life Sciences) and 80 µg of cumate (Sigma-Aldrich) 

were added 4h post-transfection and 7 mM of sodium butyrate (Sigma-Aldrich) was added 16h 

post-transfection to enhance transcription and thus, increase LV production. Then, to confirm 

whether the CD19 CAR or CD22 CAR plasmids were well integrated, GFP expression in HEK 

293SF-PacLV cells was assessed using EVOS M5000 imaging system, since the plasmids encode 

GFP.  The virus particles in the supernatants were ultracentrifuged at 4°C for 3 hours at 11,800 

rpm using the Optima L-100 XP Ultracentrifuge (Beckam Coulter). 
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2.6 Titration of CD19 and CD22 CAR lentiviruses  

   The transduction units’ titer (TU/mL) of the generated CD19 CAR and CD22 CAR lentiviruses 

was performed with HEK 293A cells (InvitrogenTM) (Fig.5D). To do so, HEK 293A cells were 

transduced with serial dilutions of either CD19 CAR or CD22 CAR lentivirus in 8 µg/mL 

polybrene solution (made from hexadimethrine bromide) (Sigma Aldrich). At day 4 post-

transduction, the cells were analysed for transduction efficiency by GFP expression using ©Cytek 

Northern Lights Flow Cytometry System. Finally, the infectious titer (TU/mL) was determined 

using data between 2% and 20% GFP-positive cells and the first formula shown below. Following 

the production of the CD19 CAR and CD22 CAR lentiviruses and knowing their infectious titer 

(TU/mL), it was possible to calculate the volume of LV, i.e volume from CAR lentivirus stock, 

required to test different multiplicities of infection (MOIs) by using the second formula shown 

below. 

1. Formula to determine the infectious titer (TU/mL): 

% 𝐺𝐹𝑃 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝐶𝑒𝑙𝑙𝑠

100
 ×  #𝐶𝑒𝑙𝑙𝑠/𝑤𝑒𝑙𝑙 ×  𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐿𝑒𝑛𝑡𝑖𝑣𝑖𝑟𝑢𝑠 𝑢𝑠𝑒𝑑 𝑡𝑜 𝑡𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑒 𝑐𝑒𝑙𝑙𝑠 (𝑚𝐿) 

 
 

2. Formula to test different multiplicities of infection (MOIs): 

 #𝐶𝑒𝑙𝑙𝑠

𝑉𝑖𝑟𝑎𝑙 𝑡𝑖𝑡𝑒𝑟 (
𝑇𝑈
𝑚𝐿)

 ×  𝑀𝑂𝐼 

 

  

TU/mL = 

Volume of viral vector = 
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2.7 Isolation of γδ T cells  

   Given that γδ T cells represent only 5% of T cells, γδ T cells must be isolated from PBMCs prior 

to expansion (Fig.6A-B). To do so, a day before γδ T cells isolation (Day 0), 10 million PBMCs 

were thawed and incubated at 37°C overnight in RPMI 1640 medium supplemented with 10% 

FBS, 2 mM L-Glutamate, 100 U/mL penicillin and 100 μg/mL streptomycin. In addition, 5 µg/mL 

anti-human CD3 antibody (OKT3) (BioLegend®) was plated on a U-bottom 96-well-plate, 

protected from light and incubated at 4°C overnight. The next day (Day 1), γδ T cells were sorted 

from PBMCs using the EasySep™ Human Gamma/Delta T Cell Isolation Kit (STEMCELLTM), 

as per the manufacturer’s instructions. Then, isolated γδ T cells were resuspended in OpTmizer™ 

CTS™ medium containing 10% FBS with 200IU/mL IL-2 and 70 ng/mL human IL-15 on the 

OKT3 pre-plated U-bottom 96-well-plate. 

 

2.8 Production of CAR γδ T cells 

   Two protocols were tested to identify the best protocol to transduce and expand the final product, 

expressing either CD19 CAR or CD22 CAR. In the first protocol (Fig.6A-B), γδ T cells were 

expanded after isolation and cocultured with 150,000 feeder cells and 5 µg/mL OKT3 per well on 

a U-bottom 96-well-plate. Feeder cells are a mix of K562 and allogeneic PBMCs in a 1:1 ratio that 

were irradiated at 30 gray (Gy) using the X-ray irradiator (Precision X-Rad320) at the Pre-Clinical 

Imaging Core Facility (PCIC). At day 7 post-expansion, γδ T cells were transduced with different 

volumes corresponding to specific MOIs of CAR CD19 lentivirus or CD22 CAR lentivirus. To do 

so, γδ T cells were resuspended in TexMacs medium and transferred in a 15 mL tube, in which 

CD19 CAR or CD22 CAR lentivirus is added. A tube containing only expanded γδ T cells, without
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CAR lentivirus, served as a negative control. The 15 mL tubes were centrifugated for 2 hours at 

800 rcf at 32°C. The transduced γδ T cells were resuspended in OpTmizer medium and transferred 

on a U-bottom 96-well-plate. The plate was monitored daily and fresh OpTmizer medium was 

added if needed. At day 7 post-transduction, the CAR transduction efficiency was evaluated by 

GFP expression using ©Cytek Northern Lights Flow Cytometry System. 

   A second protocol was tested in order to produce CAR γδ T cells (Fig.7A-B). PBMCs were 

thawed and incubated overnight at 37°C. A U-bottom 96-well-plate was coated with 5 µg/mL of 

OKT3 and incubated overnight at 4°C. As in the previous protocol, the next day (Day 1), γδ T cells 

were sorted from PBMCs using the EasySep™ Human Gamma/Delta T Cell Isolation Kit. Isolated 

γδ T cells were then resuspended in OpTmizer medium containing 10% FBS with 200IU/mL IL-

2, 70 ng/mL human IL-15 and transferred on the pre-coated OKT3 U-bottom 96-well-plate for an 

overnight incubation. Following the overnight incubation, γδ T cells were immediately 

resuspended in TexMacs and transduced with either CD19 CAR or CD22 CAR lentivirus, at 

different MOIs, on a flat-bottom 96 well-plate. The plate containing the γδ T cells and the CAR 

lentivirus was centrifugated for 2 hours at 800 rcf at 32°C. The plate was then incubated overnight 

at 37°C. The next day, the transduced γδ T cells were resuspended in OpTmizer medium and 

transferred on a U-bottom 96-well-plate, in which 150,000 irradiated feeder cells were added per 

well. At day 6 and day 10 post-transduction, the CAR transduction efficiency was evaluated by 

GFP expression on the ©Cytek Northern Lights Flow Cytometry System. The main difference 

between this protocol and the previous one lies in the time of transduction, as in this protocol, γδ 

T cells were transduced before expansion. 
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A) Harvest peripheral blood mononuclear cells (PBMCs) 

B) Maxipreparation of both plasmids 

C) Transfection of HEK 293SF-PacLV with CD19 or CD22 CAR plasmid 

C) Titration of CD19 and CD22 CAR lentiviruses with HEK 293A cells 
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Figure 5: Production of CD19 scFv-CAR or CD22 sdAb-CAR lentivirus in HEK 293SF-PacLV and 

titration with HEK 293A cells. (A) Peripheral blood mononuclear cells (PBMCs) were collected from the 

blood of healthy adult volunteers. (B) E.coli DH5α was transformed with the CD19 CAR BB-3z plasmid 

or the CD22 CAR 1ug36 plasmid that was then isolated and purified. (C) HEK 293SF-PacLV, a lentivirus 

packaging cell line, were transfected with the isolated CD19 CAR or CD22 CAR plasmid. (D) HEK 293A 

cells were transduced with CAR Lentivirus and were analysed for the expression of GFP to determine the 

viral titer.  
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A) First protocol of transduction 

 

 

 

 

 

 

 

B) First schedule of transduction 

 

 

 

 

 

 

 

 

 

 

Figure 6: First protocol for generating CD19 CAR and CD22 CAR γδ T cells. (A) Schematic and (B) 

schedule of transduction followed for the first protocol. γδ T cells were isolated from PBMCs, expanded in 

the presence of IL-2, IL-15, anti-CD3 and feeder cells at Day 1, and transduced at Day 8 with either CD19 

or CD22 CAR lentivirus. Feeder cells are PBMCs from another donor and K562 that have been irradiated 

at 30 Gy. Cells were assessed for the expression of CAR-GFP at Day 7 post-transduction. The control 

condition was expanded γδ T cells that were not transduced.

- IL-2 + IL-15 + OKT3 

- Irradiated PBMC 

and K562 
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A) Second protocol of transduction 

 

 

 

 

 

 

 

 

 

 

 

 

 

B) Second schedule of transduction 

 

 

 

 

 

 

 

 

Figure 7: Second protocol for generating CD19 CAR and CD22 CAR γδ T cells. (A) Schematic and 

(B) schedule of transduction followed for the second protocol. γδ T cells were isolated from PBMCs, 

resuspended in the presence of IL-2, IL-15 and anti-CD3 at Day 1, and transduced at Day 2 with either 

CD19 or CD22 CAR lentivirus. Feeder cells were added at Day 3. These are PBMCs from another donor 

and K562 that have been irradiated at 30 Gy. Cells were assessed for the expression of CAR-GFP at Day 6 

post-transduction. The control condition was expanded γδ T cells that were not transduced.  

- IL-2 + IL-15 + OKT3  
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3. Results 

3.1 Production of CD19 scFv-CAR and CD22 sdAb-CAR lentiviruses in HEK 293SF-PacLV 

3.1.1 Both plasmids maintained their integrity upon maxipreparation 

   Following the heat-shock step of E. coli DH5α strain with one of the CAR plasmids and the 

overnight incubation of the petri dish, 5 colonies were selected and inoculated for 

minipreparations. To confirm the presence of the CAR plasmid in E. coli prior to the 

maxipreparation, DNA was isolated from these five individual minipreparations and 

electrophoresis gel analysis was performed (Fig.8). The agarose gel showed five similar bands 

corresponding to approximately 9,000 base pairs (bp), which corresponds to the 8,872 bp CD19 

CAR plasmid. The fact that there is only one band in each column indicates that plasmids were 

well isolated and retained their integrity, confirming the presence of the CD19 CAR plasmid in the 

DH5α cells. Furthermore, DNA concentrations, measured at a wavelength of 260 nm using a 

NanoDrop spectrophotometer, were all similar, further confirming the identity of the CAR CD19 

plasmids. 
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Figure 8: CD19 CAR plasmids isolated from minipreparations. The agarose gel shows 5 bands at 

approximately 9,000 bp corresponding to CD19 CAR plasmids that were isolated and purified from 5 

minipreparations. The 1 kb plus ladder is in the first column whereas an aliquot of each pCD19 is in the 

second to the 6th column of the 1% agarose gel. 

    

   To ensure that the plasmid maintained its integrity upon maxipreparation, the CD19 CAR 

plasmid has been sent to the OHRI for Sanger sequencing. A forward and reverse primers were 

used to obtain the DNA sequence. Two primers, EFS-UTR-Test-F and EGFP-Seq-R, were used 

for sequencing: forward (5’ CGC CAG AAC ACA GGT GTC GTG AC 3’) and reverse (5’ GGT 

GGC ATC GCC CTC GC 3’). Sanger sequencing results showed that primers cut two DNA 

sequences that aligned perfectly to the reference pSLCAR-CD19-BBz plasmid (pCD19) 

(Addgene: 135992), one sequence begins at the 2754th bp and ends at the 3590th bp, which is 838

bp 

2000  ̶  

100  ̶  

500  ̶  

5000  ̶  
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bp in length, and the other one starts at the 3634th bp and finishes at the 4455th bp, which is 821 bp 

in length. These DNA sequences encode for CAR construct components: the FMC63-scFv domain, 

the CD28-hinge domain and the CD3ζ activation domain (Fig.9), confirming that the CD19 CAR 

plasmid maintained its integrity and identity during the maxipreparation process. The 

concentration of the CD19 CAR and CD22 CAR plasmids, measured at 260 nm by a Nanodrop 

spectrophotometer, were 2.487 µg/µL and 1.074 µg/µL, respectively. To obtain an even more 

accurate concentration of CD19 CAR plasmid before sending it for Sanger sequencing, the DNA 

concentration was measured using the Qubit dsDNA kit. Plasmids were then preserved at -20 ̊C 

until further use.  

 

Figure 9: DNA sequence of the CD19 CAR plasmid. Plasmids were maxi-prepped to produce high yield 

transfection-grade plasmids. The identity of the isolated and purified CD19 CAR plasmids was confirmed 

by Sanger sequencing. (A) The plasmid map shows the two pCD19 DNA sequences, obtained from 

sequencing analysis, (in brown) aligned with the reference pSLCAR-CD19-BBz plasmid that can be found 

on Addgene (accession number 135992). A forward, 5’ CGC CAG AAC ACA GGT GTC GTG AC 3’, 
and reverse, 5’ GGT GGC ATC GCC CTC GC 3’, primers were used (in pink), allowing to cut two DNA 

sequences. The forward primer cut a DNA sequence of 838 whereas the reverse primer cut a DNA sequence 

of 821 bp. 
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3.1.2 Transfection of HEK 293SF-PacLV with the CD19 CAR plasmid showed higher levels 

of GFP-expressing cells than with the CD22 CAR plasmid 

   A third-generation lentivirus packaging system, the safest generation due to its self-inactivating 

(SIN) sequence, was used for producing lentivirus encoding either CD19 CAR or CD22 CAR. To 

do so, HEK 293SF-PacLV, a lentivirus packaging cell line equipped with cumate and coumermycin 

inducible systems, were transfected with the isolated CD19 CAR or CD22 CAR plasmid92. More 

specifically, 19 million of HEK 293SF-PacLV were transfected with a PEI: DNA ratio of 2:1 since 

this ratio has been proven ideal for optimal transfection rate90. Cumate, a nontoxic inducible 

element, and coumermycin, an aminocoumarin that inhibits bacterial DNA gyrase, are added to 

induce the transfection. Cumate and coumermycin are acting together to tightly control the 

transcription of cytotoxic packaging elements, such as the protease encoded by the VSV-G gene.  

   A preliminary step prior to verifying the integration of CD19 CAR or CD22 CAR plasmid into 

the lentivirus packaging cell line is to evaluate the level of GFP expression in transfected HEK 

293SF-PacLV cells using a fluorescence microscope. EVOS pictures were taken 72 hours post-

transfection (Fig.10). Given that both CAR plasmids encode GFP, verifying the GFP expression 

level is necessary prior to confirm that CAR plasmids are well integrated to the lentiviral genome, 

under the third-generation lentivirus system. The same amount of CD19 or CD22 CAR plasmid 

was used to transfect HEK 293SF-PacLV. Indeed, for a flask containing 19 million of 293SF- 

PacLV, 8 µg of either CD19 or CD22 CAR plasmid were added with 16 µg of PEI so that the total 

DNA concentration in the production culture was 0.4 µg/mL. According to the EVOS pictures, the 

CD19 CAR plasmid was easier to transfect into HEK 293SF-PacLV than the CD22 CAR plasmid, 

as the transfection of CD19 CAR plasmid showed higher levels of GFP-expressing cells. 
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Figure 10: GFP expression of HEK 293SF-PacLV. (A) Evos pictures show the HEK 293SF-PacLV, a lentivirus packaging cell line, that has been 

transfected with the CD19 CAR plasmid (pCD19CAR-GFP). The two first pictures were taken from the same experiment. The first one shows the 

control, which no pCD19CAR-GFP was added to the flask, whereas the second one shows the HEK 293SF-PacLV transfected with pCD19CAR-

GFP. The last picture at the right was taken from an independent transfection experiment. (B) Evos pictures show the HEK 293SF-PacLV transfected 

with the CD22 CAR plasmid (pCD22CAR-GFP). The first picture shows the control and the second shows the HEK 293SF-PacLV transfected with 

pCD22CAR-GFP. The last picture at the right was taken from an independent transfection experiment. All pictures were taken 72h post-transfection.
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B) 

pCD22CAR-GFP  750µm 750µm 

 300µm 
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3.1.3 Titration of CD19 and CD22 CAR lentiviruses with HEK 293A cells 

   Following the production of CD19 and CD22 CAR lentiviruses, it is important to determine the 

infectious titer, which is measured as Transduction Unit per mL (TU/mL) and refers to the number 

of integration events in target cells. To do so, 20,000 HEK 293A cells were transduced with 

different volumes of viral stock corresponding to specific serial dilutions: 1/10, 1/100, 1/1000 and 

1/30, 1/300, 1/3000. The volumes of viral stock were diluted in polybrene, a cationic polymer 

known to enhance the efficiency of lentiviral infection to mammalian cells. At day 4 post-

transduction, GFP expression in transduced cells was assessed by flow cytometry. The infectious 

titer of the two CAR lentivirus stocks was calculated once the transduction efficiency was obtained 

from the percentages of HEK 293A cells expressing GFP. Only data between 2% and 20% GFP-

positive cells (GFP+) were considered to calculate the infectious titer. The number of integrations 

is approximatively equal to the number of transduced cells when the percentage of GFP+ cells is 

lower than 20%, while the fraction of transduced cells with multiple integrations increases at 

transduction levels above 20%. 

   Regarding the CD19 CAR lentiviral titer, three results of transduction showed percentages of 

GFP+ cells between 2 and 20%: 2.33%, 4.38% and 9.52%, which corresponded to dilutions 1/300, 

1/1000 and 1/3000, respectively (Fig.11A and C). Concerning the CD22 CAR lentiviral titer, there 

were also three results of transduction that showed GFP+ cells above 2% and under 20%: 3.08%, 

4.30% and 14.30%, corresponding to 1/1000, 1/300 and 1/100, respectively (Fig.11B and C). 

Using the formula below and averaging the infectious titers obtained from the three percentages, 

we calculated infectious titers of 51,080,000 TU/mL for CD19 CAR lentivirus and 32,933,333 

TU/mL for CD22 CAR lentivirus. Several batches of CD19 and CD22 CAR lentiviruses were 

produced during this project, all having different infectious titers (Table 1-2).
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Formula to determine the infectious titer: 

% 𝐺𝐹𝑃 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝐶𝑒𝑙𝑙𝑠

100
 ×  #𝐶𝑒𝑙𝑙𝑠/𝑤𝑒𝑙𝑙 ×  𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝐹𝑎𝑐𝑡𝑜𝑟 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝐿𝑒𝑛𝑡𝑖𝑣𝑖𝑟𝑢𝑠 𝑢𝑠𝑒𝑑 𝑡𝑜 𝑡𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑒 𝑐𝑒𝑙𝑙𝑠 (𝑚𝐿) 

 

 

Figure 11: CD19 and CD22 CAR lentiviruses titration on HEK 293A cells. (A) Plots and (C) histogram 

(on the left) show the percentages of HEK 293A cells expressing GFP that have been transduced with CD19 

CAR lentivirus according to its dilution. From the lentivirus stock, two series of dilution were tested and 

were as follows: 1/10, 1/100, 1/1000 and 1/30, 1/300, 1/3000. (B) Plots and (C) histogram (on the right) 

show the CD22 CAR lentivirus’ titration using 293A cells. Serial dilutions of the lentivirus stock were 

tested to infect the HEK 293A cells. The infectious titer (TU/mL) of lentivirus was calculated from data in 

which GFP+ cells ranged from 2 to 20%. The infectious titers were 51,080,000 TU/mL for CD19 CAR 

lentivirus and 32,933,333 TU/mL for CD22 CAR lentivirus.

Infectious titer = 51,080,000 TU/mL 
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Table 1. Titrations of CD19 lentivirus stocks. 

*Percentage of GFP expression that seemed wrong and is therefore not considered in calculating the average infectious titer. 

Numbers in magenta were taking into account to calculate the mean and thus obtain the infectious titer (TU/mL). 

 

Table 2. Titrations of CD22 lentivirus stocks.                                        Calculation example: 

9.52
100

 ×
 20,000

𝑤𝑒𝑙𝑙 
×

 1
300

0,03𝑚𝐿
= 19,040,000 TU/mL 

4.38
100

 ×
 20,000

𝑤𝑒𝑙𝑙 
×

 1
1000

0,01𝑚𝐿
= 87,000,000 TU/mL 

2.33
100

 ×
 20,000

𝑤𝑒𝑙𝑙 
×

 1
3000

0,03𝑚𝐿
= 46,600,000 TU/mL 

 

19,040,000 + 87,000,000 + 46,600,000

3
= 51,080,000 TU/mL 

 

 

  1   2   3   4   5   

Dilution  GFP% TU/mL GFP% TU/mL GFP% TU/mL GFP% TU/mL GFP% TU/mL 

1/10 74.6 14,920,000 78.0 15,600,000 98.6 19,600,000 90.1 18,020,000 84.3 16,860,000 

1/30 45.0 27,000,000 54.0 32,400,000 89.8 53,880,000 89.5 53,700,000 78.1 46,860,000 

1/100  32.5 65,000,000 27.5 55,000,000 81.2 162,400,000 73.4 146,800,000 71.1 142,200,000 

1/300  13.7 27,400,000 9.52 19,040,000 36.3 72,600,000 *1.22 24,400,000 *22.4 44,800,000 

1/1000  *17.4 348,000,000 4.38 87,600,000 *45.6 912,000,000 35.0 700,000,000 33.1 662,000,000 

1/3000 7.43 148,600,000 2.33 46,600,000 13.0 260,000,000 0.12 2,400,000 3.80 76,000,000 

Mean 

(TU/mL)   88,000,000   51,080,000   260,000,000   2,400,000   76,000,000 

  1   2   

Dilution  GFP% TU/mL GFP% TU/mL 

1/10 48.4 96,800 45.4 9,080,000 

1/30 22.5 13,500,000 42.2 25,320,000 

1/100  7.35 14,700,000 14.3 28,600,000 

1/300  *1.66 36,52 4.30 8,600,000 

1/1000  *0.87 17.4 3.08 61,600,000 

1/3000 *0.51 114,44 *21.6 432,000,000 

Mean 

(TU/mL)   14,100,000   32,933,333 

1/300 

1/1000 

1/3000 

Infectious titer = 51,080,000 TU/mL 

Dilution 
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3.2 Aim 2: Transduction of γδ T cells with CD19 or CD22 CAR lentivirus 

3.2.1 Generating CD19 CAR γδ T cells 

   Knowing the infectious titer of the CD19 CAR lentivirus determined using HEK 293A cells, 

different MOIs were tested to infect γδ T cells. Calculating the required volume of the CAR 

lentivirus stock for a given number of γδ T cells allows us to identify the MOI that yielded the 

highest transduction efficiency. First, γδ T cells were isolated from PBMCs, then expanded using 

IL-2, IL-15, and anti-CD3 (OKT3). Depending on the protocol of transduction followed (first or 

second), feeder cells were added to the OpTmizer medium at day 1 or day 3, respectively (Fig.6B 

and 7B). 

   Then, different MOIs were evaluated using the original CD19 lentiviral stock, provided by our 

collaborators, and based on the first protocol of transduction (Fig.6). Following γδ T cells isolation, 

expansion, transduction and a second expansion, CAR transduction rate was assessed by flow 

cytometry by analyzing the GFP expression at day 15. The original CD19 lentiviral stock had an 

infectious titer of 20,000,000 TU/mL. Therefore, to test MOI 4, 40 µL of the CD19 lentivirus were 

used to infect 200,000 γδ T cells, as shown below. 

Calculation example:  

#𝐶𝑒𝑙𝑙𝑠

𝑉𝑖𝑟𝑎𝑙 𝑡𝑖𝑡𝑒𝑟 (
𝑇𝑈
𝑚𝐿

)
 ×  𝑀𝑂𝐼 

200,000

(
20,000,000

𝑚𝐿
)

 ×  4 = 0.04 𝑚𝐿 

𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑣𝑖𝑟𝑎𝑙 𝑡𝑖𝑡𝑒𝑟 = 40 µ𝐿 

 

Volume required for MOI 4 
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   Flow cytometry analysis showed a CAR transduction rate of 35.7% at an MOI of 4, which 

exceeded our expectation (Fig.12A). Therefore, from the same experiment, a phenotypic analysis 

was performed to determine whether Vδ1, Vδ2 and Vδ1/2 neg γδ T cell subsets were efficiently 

transduced. As nearly all Vδ2 T cells express the Vγ9 TCR chain, an anti-Vγ9 TCR antibody was 

selected as a better fit for the panel design. The results show GFP expression across all subsets, 

confirming effective transduction (Fig.12B). Vδ1 γδ T cell subsets (50.2%) were more abundant 

than Vδ2 (27.8%) and Vδ1/2 neg (17.5%) γδ T cell subsets. These results were surprising since 

Vδ2 T cell subsets are usually more present in the peripheral blood compared to Vδ1 T cell subsets. 

In our records, this donor was positive for the cytomegalovirus (CMV) ELISA test. Several studies 

showed that CMV might influence and shape the γδ T cells repertoire107,108. The CMV+ status 

could therefore explain this observation. 
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A)  

 

 

 

 

 

B)  

 

  

 

 

 

Figure 12: Transduction of γδ T cells using the original CD19 CAR lentivirus stock and the first 

protocol of transduction. γδ T cells were infected with CD19 CAR lentivirus at MOI 4. The infectious 

titer of the original CD19 CAR lentivirus stock was 20,000,000 TU/mL. Knowing the infectious titer, the 

number of γδ T cells and MOI, the volume of CD19 CAR lentiviral vector required was calculated. (A) 

Representative plots show the percentages of lymphocytes (left column) and the proportion of CAR+ γδ T 

cells (middle column), while histograms compare the proportion of CAR-expressing γδ T cells to the control 

(left column) at day 7 post-transduction. (B) Flow cytometry plots show the proportion of CAR+ γδ T cells 

from the experiment shown above and the percentage of the three main subsets, Vδ1, Vδ2 and Vδ1/2 neg, 

within CAR+ γδ T cells (right panel).
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3.2.2 Comparing different protocols of transduction to numerically transduce and expand 

CAR γδ T-cell products 

   Although the first transduction protocol yielded high transduction rates, γδ T cells viability was 

suboptimal, with the majority of cells dead by day 10 post-transduction, which corresponds to day 

18 of the experiment. To circumvent this issue, a second protocol of transduction has been 

elaborated (Fig.7). This time, γδ T cells were infected with the original CD19 CAR lentivirus 

stock, at higher MOIs, and the second protocol of transduction was followed (Fig.13). CAR 

transduction efficiency was assessed at day 6 post-transduction. To test MOIs 25 and 90, 12,000 

of γδ T cells were infected with 15 µL and 50 µL of the original CD19 CAR lentivirus stock, 

respectively. Flow cytometry plots showed that at an MOI of 25, 29.9% of γδ T cells were CAR-

GFP+, whereas at an MOI of 90, 50.7% of γδ T cells were CAR-GFP+. Although these MOIs appear 

exceedingly high, they were calculated based on titration in HEK 293A cells and thus likely 

overestimate the effective MOIs for γδ T cells. The viability rates were better than the ones 

obtained with the first protocol based on the number of experiments performed. Therefore, the 

second procedure was selected as the optimized protocol for the transduction in this study. 
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Figure 13: Transduction of γδ T cells using the original CD19 CAR lentivirus stock and the second 

protocol of transduction. γδ T cells were infected with CD19 CAR lentivirus at MOI 25 and 90. The 

infectious titer of the original CD19 CAR lentivirus stock was 20,000,000 TU/mL. The volume of CD19 

CAR lentiviral vector required was calculated for each transduction, which were 15 µL and 50 µL, based 

on the infectious titer, the number of γδ T cells and MOI. (A) Representative plots show, from left to right, 

the percentages of lymphocytes, the proportion of CAR+ γδ T cells, and histograms compare the proportion 

of CAR-expressing γδ T cells to the control, γδ T cells that were only expanded.  

    

3.2.3 Identification of the optimal MOI    

    Next, from a CD19 CAR lentivirus stock that I generated, different MOIs were considered to 

evaluate their effect on the viability and transduction rate of γδ T cells. The infectious titer, 

obtained from titration with HEK293A cells, was 76,000,000 TU/mL for this specific CD19 CAR 

lentiviral stock. Thus, 1.3 µL, 3.3 µL and 6.6 µL were used to transduce 10,000 γδ T cells to test 

MOIs 10, 25 and 50, respectively. The transduction rates were assessed by GFP expression 6 days 

post-transduction. Flow cytometry analysis showed similar proportions of live cells for the three
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MOIs tested. Among these three MOIs, the MOI of 25 was optimal since it resulted in 31.5% of 

γδ T cells expressing CD19 CAR-GFP (Fig.14A), which represents a significant milestone in our 

research. CAR transduction efficacy of over 30% exceeds the clinical threshold for CAR therapy 

(about 20%)109,  

   From this same experiment, a phenotypic analysis was performed to compare the proportions of 

Vδ1, Vδ2 and Vδ1/2 neg T cells subsets within CAR-GFP- γδ T cells and CAR-GFP+ γδ T cells. 

Flow cytometry analysis shows that the proportion of Vδ1 γδ T cell subsets (19.0%) are lower in 

CAR-GFP- γδ T cells than that of Vδ2 γδ T cell subsets (54.0%), in the bottom right panel 

(Fig.14B). Consequently, as shown in the upper right panel, the proportion of Vδ1 γδ T cell subsets 

(5.09%) are also lower in CAR-GFP+ γδ T cells, while Vδ2 γδ T cell subsets are much higher 

(88.9%). These results align with the literature; Vδ2 γδ T cell subsets are more abundant compared 

to Vδ1 γδ T cell subsets in the peripheral blood. It should be noted that the transduction rate 

depends on the blood donor and the lentivirus stock.  

   Figure 14C shows the CAR transduction rates average for three experiments performed under 

the same conditions, where an MOI of 25 again yielded the highest transduction rate. Finally, to 

evaluate the transduction rate over time, for these three experiments, the GFP expression was 

assessed at day 8, 11 and 12 post-transductions (Fig.15). Unfortunately, all transduction rates 

decreased over time.
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Figure 14: Effects of different MOIs by using CD19 CAR lentivirus on the viability and transduction rate of γδ T cells. γδ T cells were 

infected with CD19 CAR lentivirus at MOI 10, 25 and 50. The infectious titer of the CD19 CAR lentivirus was 76,000,000 TU/mL. (A) 

Representative plots show, from left to right, the percentage of lymphocytes, the single cells proportion, the percentage of live cells and the percentage 

of GFP+ γδ T cells. The transduction rates were assessed by GFP expression and were compared to the control (top row), γδ T cells that were isolated 

from PBMCs and expanded. (B) Flow cytometry plots show the proportion of Vδ1, Vδ2 and Vδ1/2 neg γδ T cell subsets within CAR+ γδ T cells. 

(C) Diagram showing the mean of transduction rate for three individual experiments conducted under the same conditions. 
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Figure 15: Transduction rate assessed by GFP expression over time. The bar graphs represent three 

experiments performed under the same conditions (i.e second protocol of transduction, blood donor and 

CD19 lentivirus stock). The infectious titer for the CD19 lentiviruses stock was 76,000,000 TU/mL. The 

volume of lentiviral vector used to transduce 10,000 γδ T cells was 1.3 µL, 3.3 µL and 6.6 µL to test MOIs 

10, 25 and 50, respectively. GFP expression was assessed using flow cytometry at day 6 as well as day 8, 

11 or 12 post-transduction, respectively.  
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3.2.4 Generating CD22 CAR γδ T cells  

   The infectious titer of one of the two CD22 CAR lentivirus stocks that I generated was 

14,100,000 TU/mL. Using this stock, I tested MOIs 10, 15 and 20. To infect 5,000 γδ T cells at 

these MOIs, I used 3.6 µL, 5.3 µL and 7.1 µL of CAR lentivirus, respectively. The transduction 

rates were evaluated at day 6 post-transduction. The proportions of live cells of all tested MOIs 

were similar to the control, γδ T cells that were not transduced (Fig.16). Flow cytometry plots on 

the right column show that the optimal MOI was 15, which corresponded to 5.18% γδ T cells 

CAR-GFP+. Similar transduction rates were obtained with the first protocol of transduction. 

   To exclude the possibility that some of the GFP+ cells are feeder cells, wells of a 96-well plate 

containing only feeder cells were supplemented with OpTmizer as needed over 7 days. The feeder 

cells consisted of irradiated allogeneic PBMC and K562. At day 7 post-irradiation, the proportion 

of live cells was assessed to determine viability. Flow cytometry confirmed that the majority of 

feeder cells were dead by day 7, indicating they had been effectively cleared from the GFP+ 

population (Fig.S1). 

   While transduction with the CD22 CAR lentivirus could be improved through further 

optimization, our results indicate that both protocols perform better with the CD19 construct, 

making CD19 CAR construct the more suitable candidate. 



 

52 
 

 

FSC-H 

FSC-H FSC-H 

FSC-H FSC-H FSC-H 

FSC-H FSC-H FSC-H FSC-H 

C
A

R
-G

FP
 

FS
C

-A
 

SS
C

-H
 

C
A

R
-G

FP
 

FS
C

-A
 

SS
C

-H
 

Zo
m

b
ie

 A
q

u
a 

Zo
m

b
ie

 A
q

u
a 

__
_M

O
I 1
5

_
_

_ 
__

_M
O

I 2
0

_
_

_ 

Single cells 

Single cells Live cells 

 

Live cells 

 

CAR+ 

5.18% 

CAR+ 

3.70% 

Lymphocytes 

39.7% 

Lymphocytes 

30.6% 

FS
C

-A
 

FSC-H FSC-H FSC-H FSC-H 

FSC-H FSC-H 

C
A

R
-G

FP
 

SS
C

-H
 

C
A

R
-G

FP
 

FS
C

-A
 

SS
C

-H
 

Zo
m

b
ie

 A
q

u
a 

Zo
m

b
ie

 A
q

u
a 

Lymphocytes 

28.9% 

_
_

_M
O

I 1
0_

_
_ 

CAR+ 

1.73% 
Single cells Live cells 

 

__
_C

o
n

tr
o

l_
__

 

Single cells Live cells 

 

Lymphocytes 

41.0% 

CAR+ 

4.50% 



 

53 
 

Figure 16: Effects of different MOIs by using CD22 CAR lentivirus on the viability and transduction rate of γδ T cells. γδ T cells were 

infected with CD22 CAR lentiviruses at MOI 10, 15 and 20. The infectious titer of the CD22 CAR lentivirus was 32,933,333 TU/mL. (A) 

Representative plots show, from left to right, the percentage of lymphocytes, the single cells proportion, the percentage of live cells and the percentage 

of GFP+ γδ T cells. The transduction rates were assessed by GFP expression and were compared to the control (top row), γδ T cells that were isolated 

from PBMCs and expanded.  
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4. Discussion 

 

   CAR-T cell therapy, which is the combination of ACT with sophisticated engineering, is a new 

cancer treatment modality that has revolutionized the way to treat hematological malignancies 

including DLBCL, FL, MCL, B-cell acute lymphoblastic leukemia (B-ALL) and multiple 

myeloma (MM). In this study, we generated polyclonal CAR γδ T cells, as γδ T cells possess innate 

and adaptive immune properties and do not require HLA compatibility between patient and donor, 

making them ideal candidates for allogeneic CAR-T cell therapies. We decided to generate two 

CAR γδ T-cell products from two second-generation CAR constructs: 1) a CD19 murine scFv 

linked to a CD28-hinge domain, a 4-1BB costimulatory domain, and a CD3ζ activation domain; 

and 2) a CD22 camelid sdAb linked to a CD8 hinge-domain, a 4-1BB costimulatory domain, and 

a CD3ζ activation domain.  

   Our best infectious titers were 51,080,000 TU/mL and 32,933,333 TU/mL for CD19 and CD22 

CAR LVs, respectively. Furthermore, EVOS microscope images of GFP expression, taken 72 

hours after HEK293SF-PacLV cells were transfected with either CD19 or CD22 CAR plasmids, 

showed higher fluorescence in the cells transfected with the CD19 CAR. These results indicate 

that the HEK293SF-PacLV cells are easier to transfect with the CD19 CAR than with the CD22 

CAR. Further experiments are needed to investigate the underlying cause. One possibility is that 

the CD19 CAR construct is more compatible with this third-generation lentiviral system than the 

CD22 CAR construct. 

   Flow cytometry analyses revealed that the optimal MOIs were 25 and 15 for CD19 CAR and 

CD22 CAR LVs, respectively. Despite the difficulty of comparing infectious titers obtained from 

different laboratories, a study of 2023 that generated a camelid nanobody-based CD19 CAR αβ T-
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cell product and compared it with its murine scFv-based counterpart reported an optimal MOI of 

10103. The discrepancy between their results and ours may be due to γδ T cells being inherently 

more resistant to lentiviral transduction than αβ T cells. Unfortunately, transduction rates for the 

CD22 CAR did not achieve expected results, with 5,18% being the highest transduction rate 

obtained. Nevertheless, flow cytometry analysis of CD19 CAR γδ T cell product showed a CAR 

transduction efficacy of over 30%, which surpasses the clinical threshold required for therapeutic 

applications. Notably, all γδ T cell subsets, Vδ1, Vδ2 and Vδ1/2 neg, were efficiently transduced. 

This high transduction rate represents a significant milestone in our research, as it confirms the 

feasibility of our approach. 

   Regarding the choice of target antigen for our CARs, we chose CD19 and CD22 as they are both 

antigens highly expressed in B-NHLs and have shown efficacy in several preclinical studies and 

clinical trials40,46,49,110-111. There are currently six CAR αβ T-cell therapies that were granted 

approval by the FDA, four of which targeting CD19 for the treatment of B-cell leukemia and 

lymphoma and two targeting BCMA for the treatment of MM. Axicabtagene ciloleucel (2017)40,110, 

Tisagenlecleucel (2017)48, Brexucabtagene autoleucel (2020)46,49 and Lisocabtagene maraleucel 

(2021)111 are all CD19 CAR αβ T-cell therapies that have been approved for DLBCL, FL and MCL. 

They have led to high rates of durable complete remission (CR) for patients with r/r DLBCL that 

had few other treatment options40,46,48,49,110-117. From three pivotal trials evaluating the safety and 

efficacy of CD19 CAR αβ T-cell therapies using axi-cel, tisagenlecleucel or liso-cel for the 

treatment of r/r DLBCL, the overall response rate (ORR) was 83%, 53% and 73% while the CR 

was 58%, 39% and 53%, respectively40,48,110,117. Despite the promising results, approximately 60% 

of patients do not respond or relapse within 2 years of treatment with CD19 αβ CAR-T cell 
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therapies, mostly due to CD19 antigen expression loss on the surface of cancer cells, which 

accounts for up to 30% of reported relapse119,120,121.  

   Studies trying to elucidate relapse mechanisms in patients with axi-cel-treated DLBCL, 

evaluated protein and transcription levels of the CD19 antigen from biopsy samples collected 

before treatment and after relapse. These studies identified two differential relapse mechanisms: 

1) target-related through evasion with CD19 antigen expression loss; and 2) suboptimal in vivo 

CAR-T expansion that can be attributed to premature exhaustion, impaired trafficking or 

immunosuppressive mechanisms occurring in the TME119,121. Moreover, CD19 CAR αβ T-cell 

therapies have been associated with cytokine release syndrome (CRS), immune effector cell-

associated neurotoxicity syndrome (ICANS), as well as GvHD caused by the primary population 

of αβ T cells in the end product122-125. One way to overcome these challenges and avoid serious 

adverse events such as GvHD is to use another primary cell population to generate CAR-T cells, 

such as γδ T cells. Polyclonal CAR γδ T cells are HLA-independent and their natural diverse TCR 

repertoire could help compensate for CD19 loss by mediating intrinsic cytotoxicity. γδ T cells are 

implicated in both tumor surveillance and antitumor immunity, and among all immune cells, γδ T 

cells are the immune cell population whose tumor infiltration is the most significantly correlated 

with survival94.  

   Second generation CAR constructs are used because the addition of a co-stimulatory molecule 

enhances proliferation, activation and persistence of CAR-T cells compared to the first-generation 

of CARs126.127. All CAR-T cell products approved by the FDA are second generation. Even though 

a third generation, equipped with two co-stimulatory molecules, a fourth generation, having a 

cytokine inducer, and a fifth generation, supplied with a truncated cytokine receptor with STAT3 

inducer, have been developed, they do not show better results than the second generation. Though
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innovative and exciting, not all new constructs lead to better outcomes, as these generations 

showed CAR-T cell exhaustion or severe toxicity.  

   Furthermore, we selected CAR constructs composed of a 4-1BB costimulatory domain instead 

of CD28-based CAR constructs because studies support that 4-1BB-based CAR-T cells had a 

memory-like phenotype, which could help for in vivo persistence. Indeed, it has been shown that 

CAR-T cells with a CD28 costimulatory domain usually undergo high proliferation within 7 days 

of cell transfer but only persist for about 60 days after infusion39,40. In contrast, 4-1BB-based CAR-

T cells take about 7 to 14 days to reach their peak number after ACT and can persist for several 

months 41,42. For instance, in 2020, a preclinical study regarding an allogeneic CD123 CAR-Delta 

One T (DOT) cells for the treatment of acute myeloid leukemia (AML) showed higher persistence 

and cytotoxicity of second generation 4-1BB-based CAR-T cells compared to second generation 

CD28-based CAR-T cells in preclinical AML models125. It is worth mentioning that the recently 

approved allogeneic CD20 Vδ1 CAR γδ T-cell product for treating B-cell malignancies is a second 

generation 4-1BB-based CAR-T therapy (NCT04735471)98. In their preclinical study, the CD20 

Vδ1 CAR γδ T-cell product showed significant tumor growth inhibition in B-cell lymphoma 

xenograft models. The mean volume tumor, observed at day 14 post-treatment in Raji-bearing 

mice (~250 mm3) and at day 30 post-treatment in JVM-2 mantle cell lymphoma-bearing mice 

(~150 mm3) was significantly smaller compared to control mice (~2 000 mm3)98. Thus, we opted 

for second generation CARs composed of a costimulatory domain that could persist longer 

throughout the body. 

   It is well known that LVs derived from lentivirus can efficiently deliver their genetic material 

into dividing cells and non-dividing cells, resulting in stable integration of the genes they carry 

into the host’s genome. The HEK 293SF-PacLV that was used in this project contains all elements
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necessary for LV assembly106. These elements include two packaging plasmids, one containing the 

gag/pol gene, which encodes for the capsid and three enzymes (the reverse transcriptase, integrase 

and transcriptase) and another plasmid containing the rev gene that encodes for the Rev protein. It 

also includes a plasmid carrying the Env gene, which in this case encodes VSV-G protein, enabling 

the infection of a broad range of cell types. These three plasmids were transfected simultaneously 

in HEK 293SF-3F6 cells that were previously engineered with the cumate and coumermycin 

inducible systems, in order to produce the HEK 293SF-PacLV and producer clones for self-

inactivating (SIN) LV pseudotyped with VSV-G128,129,130. We specifically used the 3D4 clone 

derived from the HEK 293SF-PackLVIIIb stock106.  

   A great advantage of using a packaging cell line is that it allowed us to do one transfection with 

only one plasmid, the transgene of interest (TOI) (i.e CD19 or CD22 CARs), instead of with four 

plasmids, which represents the most straightforward method to produce LVs. Moreover, we chose 

this cell line because it has been shown that the third-generation system is safer to produce LVs 

compared to the second-generation system, largely due to the separation of gag/pol and rev genes 

split into two plasmids131,132. Additional safety features are in the transfer plasmid, which includes 

the chimeric 5’LTR fused to a CMV promoter, eliminating the need for HIV Tat to drive 

transcription. Most importantly, a deletion in 3’LTR enables its transfer to the 5’LTR after one 

round of reverse transcription, inhibiting transcription of the LV genome after integration into the 

host genome. We therefore used the safest generation system to produce our SIN LVs, equipped 

with the cumate and coumermycin inducible system, which ensures a tight control of the 

expression of genes required for LV assembly. 

   Clinical studies employing CAR γδ T cells are currently in early clinical stages, with only a few 

studies providing preliminary data. There are only eight active clinical trials on CAR γδ T cells,
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according to ClinicalTrials.gov, which shows how new this field of study is. In 2021, the first-in-

class allogeneic CAR Vδ1+ γδ T-cell therapy aiming to target the B-cell antigen CD20 in patients 

with r/r advanced B-cell lymphoma has initiated a Phase 1 clinical trial, which was completed in 

June 2025 (NCT04735471)97. This CAR-T therapy is also currently tested for autoimmune 

diseases (NCT06375993) and has just started, in August, another Phase 1 clinical trial for treating 

rheumatoid arthritis (RA) (NCT07100873). The recent approval of this allogeneic CD20 CAR γδ 

T-cell product has led to the elaboration of others CAR-T cell based on γδ T cells. Five CAR γδ T-

cell therapies were registered and entered Phase 1 clinical trials in 2024. One targets CD19 and is 

intended for treating patients with systemic lupus erythematosus (SLE) (NCT06106893), while 

another focuses on advanced solid tumors or hematological malignancies 

(NCT05302037)122,123,133-136 and targets NKG2DL ligands. A third therapy is intended for treating 

autoimmune diseases such as lupus nephritis (NCT06375993) and targets CD20, whereas the 

fourth focuses on clear cell renal cell carcinoma (ccRCC) (NCT06480565)137 and targets CD70. 

Finally, the last one is an HLA-G-CAR.BiTE allogeneic γδ T-cell product tested in r/r solid cancers 

such as non-small cell lung cancer (NSCLC), triple negative breast cancer (TNBC), colorectal 

cancer (CRC) and glioblastoma multiforme (GBM) (NCT06150885)138. All these therapies are 

based on Vδ1 or Vδ2 T cells. The novelty of our product is that it encompasses all Vδ1, Vδ2 and 

Vδ1/2 neg γδ T cell subsets, aiming to target a broad range of antigens through the cells’ inherent 

antigen-recognition capabilities and to compensate for potential antigen loss.
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4.1 Conclusion and future directions 

   In conclusion, I have generated a first polyclonal CD19 CAR γδ T-cell product, achieving a CAR 

transduction efficiency of 30% and encompassing all γδ T cell subsets. The protocol used supports 

the expansion of the transduced cells, demonstrating feasibility of our approach and enabling 

future preclinical studies in our lab. The protocol for CD22 CAR γδ T cells is still being optimized. 

Of note, the transduction rates were variable across individuals and in the phenotypic analyses, 

one blood donor was CMV+, while all other blood donors were CMV-, which may have had an 

impact on the proportions of γδ T cell subset in their peripheral blood.  

   The future directions of this research include further phenotyping of the generated CAR γδ T 

cells using spectral flow cytometry with a large antibody panel that targets surface proteins, 

intracellular cytokines and transcriptional factors. Additionally, in vitro killing assays against both 

wild-type and CD19-negative Ramos and Raji B cell lines should be performed to assess 

specificity to B lymphoma. Finally, following in vitro studies, the CD19 CAR γδ T cells should be 

evaluated for in vivo efficacy using mouse models.
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4.3 Supplementary materials 

 

 

 

 

 

 

 

 

 

Figure S1. Feeder cells viability at day 7 post-irradiation. Feeder cells were resuspended in OpTmizer 

supplemented with IL-2, IL-15 and 10% FBS, and plated in wells of a 96-well plate. Cellular viability was 

assessed at day 7 post-irradiation by using the viability die zombie aqua. Flow cytometry plots, from left to 

right, show the feeder cells’ population (i.e PBMC/K562), the proportions of single cells and the dead cells.  
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