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A b s t r a c t  
Surgery, chemotherapy, and radiation therapy, alone or in combination, have been the 

mainstay of cancer treatment. Together with newer and more accurate diagnostic tools, 
these approaches have contributed to substantially improved outcomes. However, the 
prognosis of most malignancies remains poor. Given their complexity, most cancers will 
ultimately require a more personalized management to achieve cure or control. Recently, the 
focus of cancer treatment has shifted toward targeted therapies, including immunotherapy. 
Adoptive T-cell therapy is a form of immunotherapy that involves the isolation of 
lymphocytes with the intent to stimulate and expand ex vivo potent antigen-specific T cells 
that are subsequently infused into a patient to treat a disease. T cells can recognize tumor 
cells through their mutated proteins when presented by diseased cells. However, despite 
some recent evidence suggesting a positive correlation between T cell tumor infiltration and 
better prognosis, tumors employ several clinically relevant mechanisms to avoid detection by 
T cells. Chimeric antigen receptors (CARs) were developed to solve some of the challenges 
of adoptive cell therapy. CARs transform T cells into tumor-specific killer cells capable of 
recognizing any molecule associated with particular malignancies. The activity of CAR-T 
cells against B cell malignancies (targeting CD19) was recently demonstrated in several 
clinical trials, in which the majority of patients with refractory or relapsed disease achieved 
complete remissions. Extending the success of CAR-T cells to other types of tumors will only 
be possible by generating and testing CARs against other tumor associated antigens.  

The work described here demonstrates that CD7, a lymphocytic marker, is a potential 
target for the majority of patients with T-cell malignancies and 30% of patients with acute 
myeloid leukemia. Nonetheless, since not only malignant but also normal T cells express 
CD7, use of the gene editing tool CRISPR/cas9 is required for removal of CD7 so as to 
avoid fratricide among CAR-T cells. CD7 CAR-T cells have a protective role in preclinical 
models for both forms of leukemia and limited off targeting of normal T and NK cells. In 
contrast, a CAR generated against CD3, a marker expressed in the majority of patients with 
T-cell lymphomas and leukemias, demonstrated unexpected toxicity because of CD3 CAR-T 
cell elimination by normal T cells. Thus, while CD7 CAR showed promising pre-clinical 
results and will be tested in clinical trials, results with CD3 CAR in vitro were not compelling 
enough for further clinical studies. 

This work also highlights a toxic effect that can be seen with one of the endodomains 
commonly used in clinically available CARs – CD137 or 4-1BB. Although co-stimulatory 
domains are required to achieve optimal in vivo expansion and persistence of CAR-T cells, 
both characteristics associated with better outcomes, their role it is not fully understood. This 
work demonstrates that the inclusion of 4-1BB as an intracellular domain into a variety of 
CARs increases the number of CAR molecules on the cell surface, through a positive 
feedback loop, which leads to undesired constitutive activation and cell death that perturbs 
CAR-T cell expansion and killing activity. Changes in CAR sequence and viral vector can 
restore normal expression of CARs, leading to increased CAR-T cell performance in 
preclinical models. These models ensure 4-1BB-containing CAR are optimized before being 
tested in the future in the clinic. 
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R e s u m o  
Cirurgia, quimioterapia e radioterapia têm sido a base do tratamento oncológico. Estas 

abordagens quando combinadas com novas e precisas formas de diagnostico contribuíram 
para um aumento do seu sucesso. No entanto o prognóstico para a maioria dos cancros é 
ainda desfavorável. Dada a sua complexidade, a maioria dos cancros necessita de uma 
gestão mais personalizada. Recentemente o foco da oncologia tem privilegiado terapias 
dirigidas como por exemplo a imunoterapia. A transferência adoptiva de células T é um tipo 
de imunoterapia que envolve o isolamento de células T com a intenção de as estimular e 
expandir ex vivo, antes de serem administradas no doente. As células T podem eliminar 
células tumorais reconhecendo proteínas mutadas quando estas são apresentadas pelas 
células malignas. No entanto, apesar de evidências mais recentes sugerirem uma 
correlação positiva entre a infiltração de células T nos tumores e um prognóstico mais 
favorável, os tumores têm ao seu dispor mecanismos para evitar serem reconhecidos por 
células T. Receptores quiméricos de antigénio (CARs em inglês) foram desenvolvidos com 
o intuito de solucionar algumas das dificuldades observadas na terapia celular adoptiva. Os 
CAR transformam as células T em células capazes de eliminar especificamente células 
tumorais através do reconhecimento de qualquer molécula cuja expressão se encontre 
associada a um cancro em particular. A actividade de células T com CARs em cancros 
hematologicos de células B (através do reconhecimento do CD19) foi recentemente 
demostrada em ensaios clínicos em que a maioria dos doentes com tumores refractários 
atingiram remissão completa. Estender o sucesso desta terapia a outros tumores só será 
possível através da criação e desenvolvimento de CARs que reconhecem outros antigénios 
associados a tumores. 

O trabalho aqui descrito demostra que o CD7, um marcador linfocítico, é um 
interessante alvo para a maioria dos casos de cancros hematológicos de células T e 30% 
de doentes com leucemia mieloide aguda. No entanto, visto que para além das células 
malignas, também células T normais expressam CD7, o uso de CRISPR é necessário para 
a remoção do CD7 de forma a evitar o fratricídio entre células T com CAR.  Células T CD7 
CAR têm um papel protector em modelos pré-clínicos de ambos os tipos de leucemia e uma 
toxicidade limitada às células NK e T. No entanto, um outro CAR criado para reconhecer a 
proteína CD3- um marcador expresso na maioria dos doentes com linfomas e leucemias de 
células T- demostrou uma inesperada toxicidade visto que células T CD3 CAR são 
eliminadas por células T normais. Assim, enquanto o CD7 CAR demostrou resultados pré-
clínicos promissores de forma a ser testado em ensaios clínicos, os resultados aqui obtidos 
in vitro com o CD3 CAR não são convincentes o suficiente para serem transportados para 
estudos clínicos. 

Este trabalho também realça um efeito tóxico que pode ser observado com um dos 
endodomínios mais usados em CARs já disponíveis clinicamente- CD137 ou 4-1BB. 
Embora domínios co-estimulatórios sejam necessários de forma a permitir a expansão e 
persistência de células T in vivo, o seu papel ainda não é completamente conhecido. Neste 
trabalho a inclusão do 4-1BB como domínio intracelular em vários CARs aumenta o numero 
de moléculas CAR na membrana celular levando a uma ativação constitutiva indesejável e 
à morte celular, afectando a expansão e actividade citotóxica. Alterações na sequencia do 
CAR ou vector viral podem normalizar a sua expressão, levando ao aumento do 
desempenho das células T CAR em modelos pré-clínicos. Estes modelos asseguram que 
CARs com 4-1BB são optimizados antes de serem testados na clinica no futuro.    

Palavras-chave: Imunoterapia; CAR; Cancro; Hematologia; Células T 
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T h e s i s  O u t l i n e  
 

Persistence, expansion, trafficking and strong immune responses are key 

characteristics of T cells. However, use of T cells as a therapy for cancer has until now 

collided with the similarities between tumor and normal cells. Synthetic biology opened the 

adoptive cell therapy field to a new world where T cells are no longer limited to TCR-

recognizable antigens. Self-antigens (that have been used as targets in other forms of 

immunotherapy, such as monoclonal antibodies) are now accessible to T cell response. 

Although far from ideal targeting, because of substantial toxicities, chimeric antigen 

receptors (CARs) have demonstrated superior antitumor effect compared to any standard 

therapies, especially in B-cell malignancies. The approval of the first genetically modified 

cellular product is a breakthrough, but active investigation is underway for the discovery and 

improvement of more candidate antigens. A balance between strong antitumor effect and 

low toxicities needs to be found and each type of tumor will likely be a new challenge. New 

candidate target antigens not only increase the repertoire of different types of cancer that 

can be addressed using CAR-T cells, but also refine the processes targeting those antigens, 

with better recognition of tumor cells without destruction of normal and vital tissues, reducing 

off-tumor toxicity.  

This thesis describes the work developed during the PhD studies and born out of the 

intention to learn and contribute to this exciting medical field that now seems to rapidly be 

reaching its maturity. This work was initially started as collaboration between Instituto 

Português de Oncologia de Lisboa Francisco Gentil and the Stem Cell Engineering 

Research Group of Instituto Superior Técnico, which in the past was essential for the 

development of other types of cellular therapies. The involvement and contribution of the 

Center for Cell and Gene Therapy at Baylor College of Medicine, which has intensive 

research and clinical experience in several different forms of adoptive T cell therapy 

provided access to the state of the art in CAR-T cell therapies.  

The first chapter summarizes the theoretical background important for better 

understanding of the work. The following chapters describe the work developed to generate, 

for the first time, a CD7-specific CAR that can be used to target T-cell malignancies (chapter 

II) and acute myeloid leukemia (Chapter IV), and a CD3-specific CAR for T-cell lymphomas 

(chapter III). CD7 is expressed, although differently, in both types of tumors. The antitumor 

potential of CD7 CAR-T cells is demonstrated but also, due to CD7 expression in normal T 

and NK cells, expected off-tumor effects together with potential solutions for their mitigation 

are presented. CD3 is also expressed in T cells and a potential target in T-cell malignancies 
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but, owing to an undesired effect, CD3 CAR T cells are prematurely eliminated, preventing 

their future use in the clinic. 

Despite a consensual design of second generation CARs currently being used in 

clinical trials, improvements can still be made to increase CAR-T cell potency. Even the 

most used CAR – CD19 CAR – reveals different activation properties and differential 

potency among different clinical trials. This demonstrates that its functionality it is still not 

fully understood. In chapter V, we demonstrate an unexpected toxicity of CD19 CAR with a 

4-1BB endodomain. Changes in CAR design and T cell engineering prove that 

improvements can still be made to produce a CAR-T cell with better properties, including a 

stronger anti-tumor effect. 
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C h a p t e r  I .  T h e o r e t i c a l  B a c k g r o u n d  
 

 

 

 

Immunity – the exemption of disease or immunis – is an old concept whose foundations have 

been unraveled during the last centuries, leading to an important medical field. Understanding 

the immune system and its properties not only allowed comprehending numerous diseases and 

improving their treatments, but also ignited the idea of Immunotherapy – a form of treatment that 

relies on the natural ability the immune system has to recognize foreign antigens and tries to re-

educate it to specifically recognize and fight diseases such as cancer. Immunotherapy is not 

entirely new, neither as a theoretical concept nor in its practical use. Pioneer work in the 19th 

century using bacterial injections with inactivated Streptococcus led to the first observed tumor 

regressions, presumably because it triggered an attack by the immune system. During the 

following two centuries, several immunotherapeutic tools have become available for use in the 

clinic, such as monoclonal antibodies and pharmacological grade cytokines. Nonetheless, it is 

commonly thought that immunotherapy has not yet reached its full potential. An intense interest 

in immune cellular therapeutic approaches has been stedily growing during the last couple of 

decades. The immunotherapeutic approaches that sparkled two centuries ago relied only on the 

innate ability of the immune system to recognize some cancer cells. However, with the 

introduction of genetic engineering and synthetic biology, this limitation has recently changed… 

 

 

 

 

 

Part of this chapter is published as: 

Gomes-Silva D., Ramos C. A.; Cancer Immunotherapy Using CAR-T Cells: From the 

Research Bench to the Assembly Line; Biotechnology Journal, 2018, 13:2. 
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I.1. A	brief	overview	of	the	immune	system	
 

As a response to the rapidly evolving microbial pathogens, evolution endowed 

multicellular organisms with a versatile and complex immune system to protect them. The 

immune system allows a fast and precise response against any microorganism or agent 

capable of inducing disease (from small viral invaders measuring 30 nm to giant parasitic 

worms that can reach 100 cm in length). An immune system must be capable of recognizing 

and killing a diverse array of pathogens while sparing the normal tissues of the host (i.e. 

must be self-tolerant) [1]. The first observation of leukocytes at the site of inflammation was 

performed in 1774 by Silvertein, [2] although it took almost a century until the first 

observation of the engulfment of fungal spores by some cells in invertebrates that preceded 

the publication of Metchnikov’s cellular theory of immunity in 1884 [3]. The notion of 

chemotaxis, that is, the attraction of leukocytes by chemical substances to inflammation 

sites arose a few years later. Step by step, the several types of immune cells and their 

functions were discovered in the last century. Such identification led to a traditional division 

of the immune system into two different but cooperative branches: the innate and the 

adaptive immune systems [4] (Figure I-1) 

 
 

Figure I-1- Classical characterization of immune cells according with their intrinsic characteristics in 
innate and adaptive immunity.  

  



 

 4 

I .1.1.  Innate Immune System 
The innate immune system includes cellular and humoral elements and is 

considered, from an evolutionary perspective, more primitive. Its role is to eliminate invaders 

as fast as possible using common and easily recognized signatures found in most 

pathogens. Most multicellular organisms exclusively depend on this type immune system. 

This response is stereotyped, conferring a broad protection against pathogens and, in a 

second encounter, the response is not different from the first.  

The first line of defense of the innate immune system is any physical barrier (for 

example, the skin in mammals and the exoskeleton in insects) that is capable of prevent 

entry of an infecting agent into an organism. If any of these physical barriers are breached, 

the immune system has humoral and cellular mechanisms capable of starting a response, 

sometimes in a few seconds, using cells that circulate in the blood and traffic through 

tissues, and that in the first hours should contain any pathogen infiltration and spreading, 

preventing significant damage to the host  Most of the innate cellular responses depend on 

the phagocytic capacity of myeloid cells, which can be divided into granulocytes and 

mononuclear myeloid cells although some populations of lymphocytes are also included in 

the innate immune system. 

I .1.1.1.  Granulocytes 

Granulocytes are a diverse category of cells, all of which contain cytoplasmic 

granules containing antimicrobial compounds. Neutrophils are the most frequent type of 

leucocytes in circulation, and one of the first type of immune cells to reach the site of 

infection, where they phagocytose (engulf) bacteria very effectively. They have a multilobed 

nuclei, which explains their alternative designation of polymorphonuclear phagocytes, and 

have a short life span of just a few hours or days. Basophils and mast cells (nonphagocytic 

granulocytes) and eosinophils (essential in the defense against multicellular parasitic 

organisms) are rare in circulation and in tissues (usually less than 5% of total leukocytes), 

but play an important role in the production of molecules that can shape the inflammatory 

milieu [5]. 

I .1.1.2.  Mononuclear Myeloid Cells   

Contrasting with the polymorphonuclear phenotype observed in granulocytes, 

monocytes, macrophages and dendritic cells are myeloid cells with a single round nucleus 

(mononuclear). They have an intense capacity to present antigens to lymphocytes and thus 

are called professional antigen presenting cells (APCs). This APC function acts as a bridge 

between the innate and the adaptive immune system and, although their first step in 

controlling infections consists of phagocytosis of the pathogen, their role goes beyond the 
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simple destruction of the invader. By presenting microbial antigens to lymphocytes, they can 

shape dramatically the continuation and progression of immune response. These types of 

phagocytic cells are more complex and less disposable than granulocytes, having a much 

longer life-span. 

Monocytes represent 5-10% of leukocytes in the peripheral blood. Despite having 

phagocytic and APC functions, their role seems to be more directed at constant patrolling of 

the blood stream [1]. Macrophages are professional APCs thought to differentiate from 

monocytes that migrated from the blood into the parenchyma of major organs, and thus 

being tissue-restricted. Macrophages can perform an array of functions that range from initial 

elimination of pathogens in tissues through phagocytosis and removal of cell debris to the 

induction of the initial steps of tissue repair and regeneration [6].  

Dendritic cells are found mostly in lymphoid organs and organ tissues, and rarely in 

peripheral blood, where they can uptake and present antigens more powerfully than any 

other immune cell [7], [8]. The APC function of dendritic cells is not only essential for 

controlling pathogens but, due to the ability to present mutated self proteins found in tumor 

cells, also likely important for antitumor responses, a property that has been exploited for 

cancer therapy[9]. After activation, dendritic cells abandon the peripheral tissue or blood and 

migrate to lymph nodes, where they can activate lymphocytes [10].  

I .1.1.3.  Innate and innate-l ike lymphoid cel ls  

Although lymphocytes are the main cellular effectors of the adaptive immune system, 

several types of lymphocytes participate in an innate type of immune response. 

Natural killer (NK) cells are large granular lymphocytes known for their fast cytotoxic 

activity against virally infected and transformed cells, and their massive ability for cytokine 

(secreted molecules capable of regulating the growth, differentiation and activation of 

immune cells by interaction with their receptors) production, such as interferon-γ (IFN-γ) 

[11], [12]. NK cells rely on a fixed number of inhibitory and activating receptors to detect 

patterns associated with diseased cells. Nonetheless, NK cells, like other myeloid cells, 

efficiently recognize antibody-bound antigens [13]. 

Natural killer T (NKT) cells are a heterogeneous group of T cells that share 

properties of both T and NK cells[14]. Although they are considered a subset of T cells 

because express the same type of antigen receptor as conventional T cells, NKT cells are 

not considered part of the adaptive immune system express the same type of antigen 

receptor as conventional T cells because of the limited diversity their receptors. The most 

common subset of NKT cells recognize self and foreign lipids presented by CD1d, a non-

polymorphic antigen-presenting molecule [15]. Although less frequent than any other 
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lymphocyte in peripheral blood, NKT cells have a protective role in microbial infections, 

some auto-immune and allergic diseases, and cancer [16].  

Other forms of innate T cells, such mucosal-associated invariant T cells and some 

forms of gamma delta (γδ) T cells have been discovered. γδ T cells express a γδ T cell 

receptor (TCR) and, although they have somatic gene rearrangement and can give rise to 

memory-like conventional T cells, their TCR recognition and activation is independent of 

antigen presentation, at least in the most common subsets. Instead, they recognize small 

non-peptidic prenyl-pyrophosphate metabolites of isoprenoid biosynthesis, termed 

phosphoantigens[17]. Because γδ T cells share several characteristics with T cells (adaptive 

system) but rely on a type of response more similar to that of NK cells, although some 

authors classify them as part of the adaptive immune system, the term innate-like has 

emerged to distinguish this type of cells, which are probably positioned as a bridge between 

both types of response [18], [19]. γδ T cells have both innate cytotoxic functions and 

antigen-presenting capabilities [20], [21].   

Although fast and able to recognize a myriad of pathogens, innate immune 

responses are not specific, being incapable of recognizing minor differences in foreign 

antigens, and cannot adapt to different types of invaders. In a second line of defense, 

lymphocytes, adaptive immune cells, arrive and, after proper activation, undergo clonal 

expansion to produce highly specific effectors that allow achievement of a highly effective 

response. 

 

I .1.2.  Adaptive Immune cel ls  
The acquired or adaptive immune response evolved from the older innate system, by 

which it is controlled and assisted. Without the presence and assistance of the innate 

immune system, the acquired immune response offers weak protection.  

B and T cells, due to intrinsic characteristics, are considered immune cells belonging 

to the adaptive immune system. While T cells are important for self/non-self discrimination, B 

cells produce antibodies that recognize antigenic profiles in soluble proteins, carbohydrates 

or nucleic acids [22]. Despite having distinct roles in an immune response, they both express 

antigen-specific receptors, whose genes are rearranged somatically in a random fashion so 

that one organism has innumerable clones in circulation that can virtually recognize any 

foreign molecule. This gives them the ability to recognize minor changes (e.g. mutations) in 

pathogen-associated patterns that innate cells cannot detect. Furthermore, after stimulation, 

adaptive cells can not only expand but also differentiate into memory cells, which in a 

second encounter with the same pathogen trigger a faster immune response [23]. 
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I .1.2.1.  B cel ls   

B cells express in their cell surface the B cell receptor (BCR), a transmembrane form 

of an immunoglobulin (antibody) molecule. Each B cell expresses a BCR with unique 

specificity to a certain antigen. Each host has B cells with a variety of amino acid sequences 

in their BCRs that leads to subtle differences in structure allowing antibodies to bind 

specifically to an equally vast variety of antigens. Upon binding of the BCR to the antigen, B 

cells differentiate into plasma cells and start to synthetize and secrete the antibody [24]. 

Since antibodies are the soluble form of the BCR, the antigen that activates a given B cell 

becomes the target of the antibodies produced by that cell's progeny. These soluble 

molecules, after being released by plasma cells (activated B cells), can bind to pathogens. 

The part of the antibody molecule that is not involved in antigen binding is common to all 

antibodies. These constant portions (referred to as Fc) bind to cells that express Fc 

receptors, such as NK cells and APCs. Upon activation of the Fc receptors, these cells can 

eliminate the antigens bound to antibodies through cytotoxic or phagocytic processes, 

respectively. Antibodies have several other roles in the immune response, such as activation 

of complement, and can by themselves neutralize a pathogen by binding directing to it and 

inhibiting the initial pathogenic steps of infection [25]. Immune responses dependent on 

antibodies are called humoral responses. 

Although there are several types of immunoglobulins, they all share the same 

structure of 4 polypeptide chains consisting of two identical light and heavy chains. Each 

light chain is connected by a disulfide bond to a heavy chain. An antibody molecule is 

commonly illustrated as a Y, with each antigen-specific domain present in each arm (Figure 

I-2). While the variable regions are in the N terminal of both light and heavy chain, the 

constant region is present in the C terminal of the light chain and spans the majority of the 

heavy chain. The variable regions so called because they have diverse sequences that allow 

them to recognize different antigens, while constant regions are important for activation of 

other immune effectors, such as macrophages and NK cells or the complement system, 

when pathogens are coated (opsonized) by antibody molecules [26].  
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Figure I-2- Common structure of an antibody highlighting the two heavy and two light chain and the variable 
regions in the N terminal of both types of chains.  

 

I .1.2.2.  T cel ls  

 

T cells are the other type of cells belonging to the adaptive immune system. Like B 

cells, they express their own antigen-specific receptor (T cell receptor – TCR), the gene for 

which is rearranged somatically during maturation of T cells in the thymus. While B cells are 

responsible for the humoral response, T cells are the key players in the cellular adaptive 

immune response. TCR stimulation leads to T cell activation and release from cytoplasmic 

granules of proteins capable of punching holes in the membrane of the target cell (such as 

perforin) and induce apoptosis (such as via granzyme b, which activates caspase molecules 

in the target cells) [27]. Relegating T cells to their cytotoxic function is, however, giving an 

incomplete view of their role in the overall immune system. While T cells expressing CD8 in 

their cell surface are indeed associated with degranulation and cytotoxicity upon activation, 

T cells expressing CD4 (corresponding to approximately 60% of all T cells in peripheral 

blood) produce cytokines whose primary role is to modulate the entire immune response. 

T cells are subject to clonal selection, similar to B cells. After activation, a T cell 

proliferates to build up a clone of T cells with the same antigen specificity, which allows an 

adaptive immune response to emerge specifically against a particular antigen. While effector 

T cells undergo an exponential proliferation that takes several days, they also differentiate 

into memory cells so that upon a second encounter with the same exact pathogen the 

response is faster and stronger due to immediate activation of memory cells [28]. T cells are 
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usually phenotypically divided into 4 stages of differentiation and activation: Naïve (N), 

central memory (CM), effector memory (EM) and effector memory RA (EMRA), which can be 

characterized according to certain cell surface markers [29]. Naïve cells, the less 

differentiated subset, lose CD45RA while transitioning to the central memory state. Both N 

and CM cells express CCR7. After antigenic re-stimulation, T cells convert to an effector 

phenotype (EM), losing CCR7, and as a last step they reacquire CD45RA (EMRA) becoming 

terminally differentiated. At this point, T cells lose almost all capacity to proliferate but 

become effector killer cells [30]. The canonical perspective is that memory cells are 

responsible for the initiation of a T cell response after antigen stimulation and effector cells 

mediate cytotoxic responses [31]. Other markers, such CD62L, CD45RO and CD95, are 

being used to classify the T-cell differentiation profile, and new subsets such as stem cell 

memory T cells (TSCM) have been described [29], [32]. Regardless of the markers used for 

the classification, it is well established that less differentiated cells are long-lived but that as 

they lose their proliferation abilities, they acquire a stronger capacity to kill target cells and 

produce cytokines. For example, central memory T cells have a long life span and are 

thought to increase engraftment in preclinical trials [28]–[30], [33]. Undoubtedly, this is an 

area of intense research and new findings are expected in the coming years.  

Differentiation of T cells is not only based on memory-effector polarization. T cells 

can also be polarized according to the type of cytokine response that is required. The most 

classical vision splits T cell responses in TH1 (directed towards cytotoxicity and cellular 

immunity capable of responding viral infection and tumor cells) and TH2 (B-cell activation 

and antibody production against parasites). However other phenotypes have already been 

identified, such as TH17 [34]. 

 

I.1.2.2.1. T cell receptor 

Interestingly, although BCR and TCR are distinct in many ways, both possess 

immunoglobulin domains and are hetero-oligomers [35]. A TCR is composed of two 

heterodimer subunits (α and β), each having a constant and a variable region. Both α and β 

chains are rearranged at the DNA level similarly to BCR, efficiently creating an extremely 

broad somatic diversity. This rearrangement of the variable regions of the TCR chains during 

T cell development in the thymus confers specificity to a particular TCR [36]. An it is 

precisely in the thymus that a clonal selection process occurs [37]: T cells whose TCRs have 

good binding to major histocompatibility complex (MHC) molecules are positively selected, 

but if those cells recognize self-antigens, they are removed. This negative selection of self-

reactive T cells is essential to avoid auto-immune diseases [38].  
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 The TCR proteins do not have an endodomain with intrinsic signaling capacity. Each 

TCR is expressed on the cell surface of all T cells in association with three dimers created 

from three different CD3 subunits (γε, δε and ζζ) [39]. Each CD3 subunit has 

immunoreceptor tyrosine-based activation motifs (ITAM), with each ζ subunit having 3 

ITAMs, which upon TCR activation trigger the Src kinase family member Lck to bind to the 

CD3, initiating a signaling cascade [40] that will activate and prime T cells for killing the 

target cell. Phosphorylation of CD3 subunits leads to activation of the Ras-Erk pathway, NF-

kB activation and Ca2+ influx [41]. 

Contrary to the BCR, which can be activated by molecules in solution, the TCR is 

exclusively activated by peptides presented by APCs in association with MHC molecules. 

MHC class I proteins are members of the MHC superfamily and are expressed in all 

nucleated cells. Thus, all cells but red blood cells can in theory present antigens to CD8+ T 

cells. MHC class II proteins are only expressed by specialized APCs (dendritic cells, B cells, 

macrophages, and monocytes among others) and present peptides to CD4+ T cells [42], 

[43]. In APCs, after phagocytosis of targets, the ingested proteins are processed into small 

peptides and loaded into MHC class II molecules, which have a special groove that encloses 

those small peptides. In nucleated cells, cytoplasmic proteins are similarly loaded into MHC 

class I melecules.  The small peptides (8-11 amino acids for MHC class I and 13-17 amino 

acids for class II) are generated by the proteasome and transported to the endoplasmic 

reticulum by the transporter associated with antigen processing (TAP) protein, where they 

associate with the MHC forming a complex (pepMHC). This pepMHC complex is then 

transported to cell surface [44]. On the cell surface, the pepMHC complex can then interact 

with a specific TCR [45], a process known as antigen presentation to T cells. Although the 

activation of TCR via MHC antigens is the main event in antigen recognition, it is not enough 

to ignite a systemic T cell response. T cells in lymph nodes are initially activated through a 

TCR-MHC interaction providing the first, antigen specific, bond between the APC and T 

cells. However, subsequent co-stimulation steps are needed for full T cell activation [46], 

[47]. Antigen presenting cells also express molecules such as B7, 4-1BBL or CD40L on their 

surface, which are required to activate a second signaling event in T cells that is required to 

full activation of T cells. Indeed, TCR stimulation alone with lack of co-stimulation leads to T 

cell unresponsiveness (a state called anergy) [48]. 

 

I .1.2.3.  New visions of the immune system 

Although from a traditional point of view, it is thought that a true adaptive immune 

system is only present in vertebrates, new findings may change this stance. Although more 

recent from an evolutionary perspective, adaptive immunity may not be an exclusive luxury 



 

 11 

of more advanced multicellular organisms, with some unicellular organisms also having their 

own form of adaptive immunity. One example of a rudimental form of adaptive immunity is 

the clustered regularly interspaced short palindromic repeat (CRISPR)/Cas9 complex, which 

protects bacteria from being infected and genetically modified by exogenous nucleic acids. A 

CRISPR system is composed of two guide RNAs (gRNA) – crRNA and trRNA – that in 

combination can guide the nuclease cas9 to cut foreign DNA that is introduced during phage 

DNA injection. This primitive form of immunity can be considered adaptive since each 

created RNA is target-specific and bacteria become resistant to a second encounter with the 

same DNA [49].  

Although innate and adaptive immune responses are most of the time considered two 

independent forms of immune response, in reality both branches work side by side to ensure 

the host’s homeostasis. In fact, new findings have blurred the classical sharp distinction 

between innate and adaptive immunity. For example, new insights into NK [50] and γδ T cell 

[51] biology suggest they are responsible for a response that instead of fitting in one of the 

classical branches seems to occupy an intermediate position, demonstrating a continuum of 

both innate and adaptive immunity. An immune response starts with a set of cells capable of 

reacting against and containing the invading antigens in the first minutes or hours, allowing a 

more robust and specific response to be prepared that requires not only T and B cells but 

also interaction among all cells.  

The elimination of pathogens or diseased cells, although considered the main goal of 

the immune system, is a simplified vision of its the role in host homeostasis. For example 

macrophages exhibit critical regulatory activities at all stages of tissue repair and fibrosis 

[52]. The importance of the immune system in neurologic [53], aging, obesity and other 

metabolic diseases [54] is now being elucidated, demonstrating that the role of the immune 

system goes beyond its anti-pathogenic or anti-neoplastic effects. The full integration of the 

roles of the immune system may provide the missing link for understanding particular 

diseases.  

 

I.2. Immune	system	and	cancer:	the	missing	link	
Cancer is a leading cause of death in developed countries. Malignancy arises as a 

consequence of dynamically evolving genomes, which are constantly undergoing mutation in 

somatic cells [55]. Such mutations are usually directly or indirectly associated with loss of 

function or overexpression of genes. Cancers, however, contain not only malignant cells but 

also many healthy (non-transformed) cells like stromal cells [56], vascular cells involved in 

neoangiogenesis [57], and immune cells among others, which surrounding the malignant 
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cells and play an important role in an interconnected crosstalk that is associated with cancer 

progression [58]. The presence of immune cells in the cancer microenvironment has been 

the subject of intense debate and is not completely understood. The link between 

inflammatory state and cancer, although not always consensual, has been known since the 

19th century [59], [60]. Chronic inflammation is considered one of the hallmarks of cancer 

growth [58]. For example, aberrant expression of NF-κB, an important orchestrator of 

inflammation, has already observed in several different types of cancer [61]. 

A variety of immune cells can be found in tumors, including myeloid cells, B cells and 

all subsets of T cells, with the presence of more pro- or anti-inflammatory cells possibly 

dictating different outcomes in patients with the same underlying malignancy. If the immune 

system is able to actively recognize cancer cells, tumor growth may be inhibited [62]. 

However, tumor-associated macrophages and regulatory T cells, among other inhibitory 

immune cells, can facilitate tumor growth through the production of cytokines that influence 

immune responses negatively [63]–[65]. This dual role of immune system in cancer leads to 

a process called immunoediting, which is though to occur in three stages: elimination 

(immune cells mount an immune response against tumor cells); equilibrium (some tumor 

clone variants are not efficiently destroyed and stay in a limited growth state due to 

immunological mechanisms) and escape (tumors become clinically relevant when immune 

cells fail to recognize tumor cells, which can growth by recruting immunosuppressive 

mechanisms) [66]. 

I .2.1.  Immunosurvei l lance  
Immune cells from both innate and adaptive immune system appear to be able to 

recognize aberrant antigenic patterns that occur during malignant transformation and may 

eventually mount an inflammatory response geared towards eliminating cancer cells, a 

concept known as immunological surveillance, initially proposed by Burnet. According to 

Burnet “in large long-lived animals (…), inheritable genetic changes must be common in 

somatic cells and a proportion of these changes will represent a step toward malignancy” 

and “there should be some mechanism for eliminating or inactivating such potentially 

dangerous mutant cells and it is postulated that this mechanism is of immunological 

character” [67]. Indeed, several decades after Burnet’s theory, an intense effort was made 

not only to understand in detail such mechanisms, but also to enlist them for use as a 

therapy. Also noted by Burnet, the lack of a competent immune system – such as in 

immunodeficiency states – is associated with malignancy [68]. For example, patients with a 

defect in humoral immunity have an increased incidence of lymphomas and epithelial tumors 

of the stomach, breast, bladder, cervix [69]–[71]. Similar examples can be found in mice 

strains that lack some components of immune system. Mice that lack both T and B cells are 
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more susceptible to spontaneous and carcinogen-induced carcinomas [12]. Mice with a 

defective FAS gene have frequent B-cell lymphomas [72]. FAS is a member of the tumor-

necrosis-factor family and functions as a death receptor that helps maintaining B-cell and T-

cell homeostasis [73]. Other correlations between cancer and the absence of specific 

immune system effectors have been extensively documented, which collectively reveal a 

consistent association between cancer and defective immune surveillance. 

Another clinically relevant example is the association between transplantation and an 

increased risk of developing cancer. The discovery of immunosuppressive drugs was a 

breakthrough in organ transplantation as a way to prevent organ rejection by the host’s 

immune system. However, these drugs exert a general suppression or reduction of the 

immune function rather than specifically suppress those mechanisms responsible for organ 

rejection. Therefore, there is an association between the use of immunosuppressive drugs 

and increased incidence of cancer in several types of transplant patients, as demonstrated 

by several large cohort studies [74]–[76].  

The complexity of the interaction of the immune system in cancer is further 

demonstrated by a protective effect seen in some tumors – an association between 

increased infiltration of immune cells and tumor cell regression. The role of T cells (and other 

antitumor immune cells) in immunosurveillance has indeed been demonstrated in different 

mouse models of, for example, UV-induced skin cancers [77] or chemically-induced 

carcinomas [78]. More importantly, a correlation between T-cell tumor infiltration and better 

prognosis has been suggested in several types of human cancers, including ovarian [79], 

colorectal [80], non-small cell lung [81], breast [82], and esophageal carcinomas [83], just to 

name a few. 

The ability of T cells to eliminate tumor cells is dependent on the recognition of tumor 

antigens by the TCR. Since malignancy is associated with point mutations in somatic cells 

that range from just 30–60 non-synonymous mutations in protein-coding genes in less 

immunogenic tumors to ~150 in melanomas (a highly immunogenic type of tumor), T-cell 

antitumor response must be capable of recognizing specifically these transformed proteins, 

which are displayed by tumor cells during antigen presentation. Since antigen presentation 

by tumor cells reflects directly their internal mutated proteome, tumor cells can present such 

aberrant peptides originated from mutations to T cells through MHC. Although several 

different events can create a tumor antigen, not all are associated with aberrant function or 

are crucial for tumor survival and most of them have, probably, a more passive role [84]. The 

number of known tumor-specific antigens that arise from mutations is small. Usually, tumor 

cells are weakly immunogenic since most antigens present in tumors are self-antigens 

(tumor-associated antigens) and few are associated specifically to malignancy [85]. Viral 

antigens, mutated antigens, breakpoint peptides or any de novo protein are interesting 
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targets for an anti-tumor response because are not expressed by normal cells [86]. In any 

case, although de novo mutations that are unique to tumor cells, such mutated β-catenin 

gene 3 or BCR-ABL, are ideal targets, most tumor antigens are associated with cancer due 

to an aberrant expression of non-mutated genes, such as NY-ESO-1, [87] which are 

normally only expressed in testes and fetal tissue. Other antigens like MART-1 [88] or gp100 

[89] are also non-mutated but lineage-specific and aberrantly expressed by cancer cells. 

Because these are also expressed by normal cells, they are considered self-antigens by the 

immune system and developing T cells commonly become tolerant due to the negative 

thymic selection. When recognition of those antigens is artificially augmented as, for 

example, in clinical trials directed against MART-1+ tumors, although patients had 30% 

objective response, many developed skin rashes followed by depigmentation and vitiligo 

[90]. In contrast, T cells capable of recognize tumor-specific antigens have been 

documented and are good example of cancer immunosurveillance that is not likely to be 

associated with off-tumor toxic effects [91]–[93]. 

I .2.2.  Tumor escape from T-cel l  recognit ion 
Although the recognition of cancer cells by T cells is achieved through antigen 

presentation by tumor cells, to be effective such event must be preceded by an antigen 

presentation from APCs, usually dendritic cells. The crucial role of dendritic cells in 

immunosurveilance is dictated by their unique property as potent antigen presenting cells 

with strong capacity to differentiate naïve T lymphocytes into active tumor-specific immune 

effectors that ultimately lead to tumor rejection [94]. After naïve T cells are activated by 

APCs and undergo an expansion, effector T cells can then recognize the same tumor 

peptides presented by tumor cells. Nevertheless, as cancer cells are constantly evolving, 

point mutations in key genes of the MHC class I antigen presentation pathway are common 

and are an efficient mechanism to avoid T cell recognition [95]. Mutations in the β2-

microglobulin gene, which is required for MHC class I expression on the cell surface is also 

commonly observed leading to downregulation of MHC/antigen presentation [96], [97]. Many 

other mutations in genes involved in the MHC class I antigen presentation pathway (human 

leucocyte antigen (HLA-A, HLA-B, or TAP1) were also found across 21 cancer types [98]. 

And even the complete or partial loss of chromosome 6, which harbors the MHC class I and 

II genes, was also observed on various tumors [99] (Figure I-3). Notably, such mutations 

most likely do not confer any advantage from a strictly growth perspective but may be 

selected as a result of selective pressure to render these cancer cells invisible to an immune 

system that otherwise could recognize and kill them. Nevertheless, even effects unrelated to 

genetic mutations can change antigen presentation. Most tumors use anaerobic glycolysis 

(Warburg effect), which decreases RNA and protein expression of MHC class I genes [100]. 
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Tumor associated genes, such overexpression of epidermal growth factor receptors [101], 

[102], can also lead to decreased expression of antigen presenting genes. Other 

mechanisms that facilitate tumor escape are the absence of highly avid TCRs recognizing 

proteins that self-antigens, and incomplete T cell activation by tumor cells, which do not 

usually express co-stimulatory ligands. (Figure I-3) 

 

Figure I-3- Common events that can cause lack of proper activation of T cells by tumor cells 

Although cancer initiation can be considered an accumulation of genetic mutations 

leading to an aberrant phenotype, tumor growth cannot occur, however, without its ability to 

escape the immune system. Even when T cell recognition of the malignancy occurs, tumor 

cells and its neighbor cells enlist several mechanisms to create a hostile tumor 

microenvironment for T cells, preventing them from effecting complete tumor elimination. 

Indeed, several different types of cells that, although not genetically mutated, are recruited to 

tumor microenvironment are of extreme importance for the tumor’s biology and can 

dramatically change its fate. Therefore, a tumor should not be perceived as “just” a mass of 

malignant cells but almost as a complex “rogue” organ [103].  

  

I.3. When	the	immune	system	goes	rogue		
Cancers can arise from the hematopoietic compartment (bone marrow, blood, and 

lymphatic system), in which case they are classified as hematological malignancies, or from 

any other tissue, being called solid tumors. Although the initial conceptualization of cancer 

understood tumors as a group of homogenous malignant clonal cells, all with a similar ability 

to initiate cancer, a more recent view considers that tumors are composed of a very 

heterogeneous population of cells, with only a small subset of cells possessing tumor-

initiating abilities. These so-called cancer stem cells, because of their self-renewal properties 
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(similar to normal stem cells), are thought to be able to differentiate into less tumorigenic 

cells [104]. Tumor stem cells were initially demonstrated in the bone marrow for AML [105], 

but other putative cancer stem cells have been isolated from several forms of solid tumors 

[106], [107]. This small but important population of tumor cells is more resistant to 

chemotherapy and radiotherapy due to several mechanisms and is thought to be one of the 

main reasons for tumor recurrence after treatment [108].   

 It is known since the middle of 18th century that blood cells arise from the bone 

marrow [109]. While most blood cells have a finite life-span, a more primitive pool with 

continuous self-renew ability resides in the bone marrow – the hematopoietic stem cells 

[110]. Somatic mutations in any type of hematopoietic cell (from stem to lineage-committed 

cells) can lead to neoplastic transformation. Even though the proliferative capacity of 

hematologic malignancies does not directly depend on the level of differentiation of the 

originally transformed cell, it is believed that the properties of that cell define the type and 

characteristics of the tumor. Depending of the type of cell of origin and the clinical 

presentation, hematological malignancies are classified as lymphomas (Hodgkin or non-

Hodgkin), leukemias, and multiple myeloma.  

Leukemias present clinically with malignant cells in circulation and crowding the bone 

marrow. They are split into myeloid or lymphoid, according to the specific hematopoietic 

lineage affected. A second classification is based on their acute or chronic presentation.  

There is an acute and a chronic myeloid leukemia and an acute and a chronic lymphoid 

leukemia. Several subtypes further defined depending on the type of cell of origin and the 

characteristics of the malignant cells, commonly referred to as blasts. 

B-cell acute lymphoblastic leukemia (ALL) is the most common type of cancer among 

pediatric patients (60% of all cases are in patients with less than 20 years), although it 

occurs also in adults [111], [112]. In these patients, tumors typically arise from a cell in the 

pro-B stage whose development is halted, with tumor cells retaining primitive characteristics 

without further differentiation [113]. Chemotherapy is the first line of therapy and, although 

intensive, when used in combination with radiation therapy and hematopoietic stem cell 

transplantation has dramatically improved overall survival. Nonetheless, long-term health 

problems frequently arise, particularly among children [114], [115]. For example, 

development of myeloid leukemia in pediatric patients in remission from B-ALL is a known 

long-term complication [116]. Incomplete eradication of the primary tumors can result in 

residual disease, leading to emergence of malignancies resistant to conventional therapies 

[114], [117]. Drug-resistant relapses occur in 65% and 20% of adult and pediatric patients, 

respectively, due to residual disease [118]. Relapses are very difficult to treat, even in 

children, with a cure rate of only 25-40% [119]. Apart from secondary cancers, organ 

impairment is also a long-term side-effect that can be observed in patients due to aggressive 
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induction treatments. If a similar malignant transformation occurs in T-cells, a T cell acute 

lymphoblastic leukemia (T-ALL) occurs instead, which accounts for less than 25% of all ALL, 

and is usually associated with worse prognosis relative to B-ALL [120]. Like in B-ALL, 

residual disease is a main reason for relapses. In contrast to the experience with B-ALL, so 

far there is no adoptive cell therapy for T-ALL.  

Chronic lymphocytic leukemia (CLL) occurs at later time in life and is the most 

common type of leukemia in western countries. It is thought to originate from activated or 

memory B cells. CLL progresses slowly and is less aggressive than ALL, although also 

potentially deadly [121]. Few therapies are truly curative, but combination of the 

chemotherapy, monoclonal antibody therapy, and stem cell transplant can extend survival 

several years [122]. 

Acute myeloid leukemia (AML) results in accumulation of abnormal cells that fail to 

differentiate into mature granulocytes or monocytes. Although circulating leukemic blasts in 

blood have limited proliferation ability, a small population of self-renewing, tumor initiating 

cells is responsible for maintaining the continuous growth of the neoplasm [123]. Although 

chemotherapy, radiation and hematopoietic stem cell transplantation have been the 

standard therapies, 5-year overall survival from AML still remains poor over the last three 

decades, particularly in adults and in the elderly, who account for 80% of cases [124]. 

Although the majority of the patients under 60 years reach complete remission after intense 

chemotherapy [125], relapses are common and only 20-40% of adult patients have disease-

free survival greater than 5 years after chemotherapy. Advances in AML treatment have 

improved the outcome in young patients but have not substantially improved the prognosis 

in the elderly [126]. With the approved treatments used today, 70% of patients with more 

than 65 years die within 1 year of diagnosis [127]. 

Chronic myeloid leukemia (CML) is associated with a unique chromosomal 

rearrangement that leads to the emergence of an aberrant chromosome, the Philadelphia 

chromosome [128]. Since an abnormal kinase encoded by a BCR-ABL fusion gene is a 

signature feature in these patients, specific tyrosine kinase inhibitors were a breakthrough 

therapy not only in CML treatment, but also introduced a new era of genomic-driven 

therapies for cancer. Nonetheless, CML is an incurable form of cancer since treatment must 

be given continuously for several years, and its discontinuation almost always results in a 

rapid reappearance of large numbers of leukemic cells. Moreover, even with treatment, 10–

20% of patients in early chronic phase and up to 40% with advanced phase disease will fail 

to achieve an initial response [129]. 

Lymphomas are more common that leukemias and comprise a heterogeneous group 

of hematologic tumors, with more than 35 subtypes, that arise from lymphocytes residing in 

lymph nodes or the thymus, although they can also develop in extranodal tissues. The cells 
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involved in the malignant transformation can be either B cells or T cells in varying stages of 

differentiation, but 90% of the lymphomas are of B-cell origin [130] Lymphomas differ from 

leukemias due to lack or minimal evidence of peripheral blood or bone marrow involvement 

(<25% blasts). While several subtypes are curable, relapsed forms have poor prognosis 

[131]. 

Multiple myeloma results from the expansion of dysfunctional plasma cells (activated B 

cell) in the bone marrow. Due to increased number of plasma cells, patients with myeloma 

have high levels of monoclonal immunoglobulins. Multiple myeloma is associated with 

hypercalcemia, renal failure, anemia and bone lesions [132]. Immunosuppressive and 

immunomodulatory drugs, proteasome inhibitors, and antibodies such as daratumumab 

(anti-CD38) are among the most active therapeutic options [133], [134]. However, despite 

progress in treatment, this form of cancer is still incurable owing to the development of drug 

resistance clones.  

The cornerstone of treatment for hematological malignancies consists of intensive 

chemotherapy, which in some patients may be followed by stem cell transplantation. Better 

diagnostic tools have demonstrated that a small number of cancer cells can still frequently 

be detected in the bone marrow of patients that are considered to be in remission. This 

minimal residual disease (MRD) state often precedes leukemia relapses, and there are no 

fully effective therapeutic modalities to eliminate it. Relapses can lead to the use of 

hematopoietic stem cell transplantation (HSCT) [135], which can be curative for some 

patients but is often quite toxic. HSCT can also be used as a first-line therapy usually 

alongside with chemotherapy for patients with high-risk disease [136]. However no effective 

conventional treatment options exist for recipients who relapse after HSCT. As an example, 

the 5-year overall survival for adults with ALL who relapse after stem cell transplantation is 

less than 20% [137].  

For several types of hematological malignancies, standard treatments, apart from not 

being very effective, are also not cell specific and can cause many side effects, 

demonstrating the need for new therapeutic modalities. Recently, the focus of cancer 

treatment has shifted toward targeted therapies, including immunotherapy, which allow 

better individualization of care and are hoped to increase the probability of success for 

patients. 

I.4. Immunotherapy	
 

In the last decades, accumulating preclinical and clinical data using many different 

forms of immunotherapy, ranging from antibodies and cancer vaccines to adoptive cell 
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therapy, suggest that these approaches have the potential to treat cancer. William Coley 

was the first to propose and test the concept of using the immune system to treat cancer 

patients, in the 19th century [138]. While observing that tumors could shrink in patients who 

developed bacterial infections, he hypothesized that the type of immune response against 

these infections could also be directed against tumors. To test this, Coley formulated a 

streptococcus derived vaccine (a preparation known today as Coley’s toxins) that he 

administered to cancer patients, some of whom experienced remission of their sarcomas. 

Although such procedure is no longer used, its principle is still being exploited. For example, 

intravesical instillation of Bacillus Calmette-Guérin (BCG) is used to treat bladder cancer 

[139]. However, the focus of immunotherapy field is to induce a specific immune response 

against tumor antigens. Although there have been developed several diiferent types of 

immunotherapy immune checkpoint inhibitors, monoclonal antibodies and more recently 

adoptive cell therapy demonstrated more impressive results in clinical trials. 

Monoclonal antibodies are probably the most common and widespread form of 

immunotherapy. Antibodies with specificity to tumor-associated antigens can be injected in 

patients to redirect the immune system against tumor cells. Nonetheless, the use of 

monoclonal antibodies has some drawbacks. Low, heterogenous expression of the targeted 

antigen or binding of the antibody in a suboptimal fashion can lead to failed recruitment of 

effector cells to kill opsonized cells. A second limitation is their limited half-life and, more 

importantly, physical barriers such endothelial cells and extracellular matrix can prevent 

adequate biodistribution to different tumor sites [140], [141]. This limitation seems to be 

more relevant in solid tumors, where a very small fraction of the intravenously infused 

antibody (<0.1% per gram of tissue) can be detected within the tumor [142]. In contrast, T 

cells and other leukocytes can, when activated, migrate into tumors due to their ability to 

extravasate through epithelial barriers [143] following a chemokine gradient [144] and reach 

the tumor sites, where they can mount an anti-tumor response. The detection of virus-

specific T cells infused in patients with Epstein-Barr-virus-related post-transplant lymphomas 

for 9 years after adoptive transfer [145] demonstrates that, after injection, tumor-specific T 

cells can be useful for several months or years, as opposed to the half-lives of antibodies of 

just a few days. 

I .4.1.  Adoptive Cel l  Therapy 
The first form of adoptive cell therapy still being used today with extreme success is 

hematopoietic stem transplantation. Although initially unappreciated, T cells co-transplanted 

with stem cells are, in some cases, able to recognize antigens present in leukemic cells and 

thus elicit a graft versus tumor effect , which together with the high dose chemotherapy used 

as conditioning regimen is one of the main reasons for its success as a cancer treatment. 
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Since 1965, when the first patient with ALL was successfully treated with this form of cell 

therapy [146] that allogeneic stem cell transplantation has been perfected and is, in some 

instances, the last possible curative option for several hematologic malignancies. However, 

the toxicity that this type of transplantation carries, including the risk for severe graft versus 

host disease (GVHD) and opportunistic infections, has provided the impetus to push the 

immunotherapeutic field towards even more specific approaches.  

The recognition of the anti-tumor role of T cells co-infused with stem cells in 

hematopoietic stem cell transplants [147] together with data obtained in experimental 

therapeutic approaches, has put these cells in the spotlight of cellular immunotherapy. 

Adoptive T-cell therapy is a form of immunotherapy that involves the isolation of 

lymphocytes with the intent to stimulate and expand ex vivo potent antigen-specific T cells 

that are subsequently infused into a patient to treat a disease. This form of immunotherapy 

has become very attractive due to its high specificity and the possibility of long-term 

protection. Adoptively transferred T cells are a “living” drug that has potential advantages 

over conventional therapies: T cells recognize tumor antigens through the TCR allowing 

them to mount a strong specific immune response potentially capable of eliminating tumors 

in a short period of time and, in addition, are able to proliferate and survive in vivo for several 

month or even years [148].  

Since the presence of tumor infiltrating lymphocytes (TILs) has been associated with a 

better prognosis [149], [150], one of the first attempts to induce a specific and controlled 

antitumor response using T cells was the isolation and in vitro expansion of these 

lymphocytes naturally present in tumors [151]. The rationale for this approach was that T 

cells isolated from tumor biopsies should have been naturally “selected” to recognize tumor 

antigens through their TCRs. Since the TCR mediates antigen-specific recognition and 

activation of T cells, expansion of TILs allowed the reinjection into the patient of a high 

number of potentially tumor-reactive lymphocytes. TILs were initially isolated from 

transplantable mouse sarcomas and cultured in high levels of IL-2. These lymphocytes 

demonstrated specific lytic activity against tumor cells in vitro and also mediated tumor 

regression when transferred into tumor-bearing mice [152]. Human TILs were first tested in 

melanoma [153], with tumor regressions being demonstrated in some patients. Although 

clinical trials using TILs have been tested mostly in melanoma patients [153]–[155], some 

trials also explored this therapeutic approach in renal cell carcinoma [156] and glioma [157].  

The isolation of TILs can be problematic, as seen since the first clinical trials, not only 

in patients affected by melanoma but especially other tumor types. Indeed, not all patients 

have tumors that can be resected. But even in those with resectable tumors, not all can be 

used to expand lymphocytes. Melanoma lesions, due to increased immunogenicity and 

relative ease of for T cell collection, seem particularly suited for this approach. Nonetheless, 
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even after lymphocyte collection and expansion in vitro not all TILs have anti-tumor effect 

after re-injection into the patient; moreover, patients may not survive the 2-3 months that are 

usually required to expand enough cells to induce an anti-tumor response. 

Although the process is laborious and time consuming, recent refinements in methods 

for isolation and growing of TILs have resulted in the generation of autologous tumor-

reactive lymphocytes in nearly 80% of patients (36 patients) in a recent trial [158]. The 

success of this form of immunotherapy has been limited. Despite near 30-50% objective 

clinical responses in some human trials [159], [160] some are transient and there is limited 

persistence of the transferred cells. More recent clinical trials employing this form of adoptive 

cell therapy have demonstrated an objective clinical response of up to 70% [161], [162]. Use 

of preconditioning regimens with lymphocyte-depleting chemotherapy or whole body 

irradiation seems to be one of the reason for this improved efficacy [163]. One of the most 

exciting results using TILs was recently published in a report from an ongoing phase 2 

clinical trial demonstrating a durable (2 years) complete remission of a patient with 

chemorefractory late-stage breast cancer after several multiple failed treatments using 

conventional therapies [164]. Although slow, continuous research and development of TILs 

as a therapy has reached an international phase 3 randomized human trial treating patients 

with metastatic melanoma (NCT02278887), and biotech and pharmaceutical companies like 

Iovance Biotherapeutics are now interested in this technology for commercial use.  

The limitations observed in the first clinical trials using TILs led to the search for new 

forms of adoptive T-cell therapy using lymphocytes that, although collected from easier but 

tumor-unrelated sources such as peripheral blood, could be redirected in vitro to recognize 

tumor antigens. The observation that TILs from different patients show high responses 

against MAGE, MART-1 or gp100 [165], [166], together with advances in genetic 

engineering tools, led to the development of TCR-transduced T cells. When the individual 

TCRs responsible for tumor recognition are known, T cells can be engineered to express 

those TCRs, making T-cell therapy more widely applicable. T cells expressing transgenic 

TCRs are usually autologous T cells collected from peripheral blood and modified with a 

gene encoding a TCR specific for an antigen present in certain cancers (mostly tumor 

associated antigens) such as ErbB2/HER2 [167], MAGE [168], NY-ESO-1 [169], gp100 and 

MART-1 [90]. Using this approach, T cells can in theory be redirected to any type of tumor 

with the appropriate TCR, provided an adequate tumor antigen exists, and expanded in vitro. 

For instance, T cells expressing a TCR that recognizes MART-1, a melanoma associated 

antigen, demonstrated tumor regression in some patients and T-cell persistence for at least 

1 year [168]. Other clinical trials for other tumors besides melanoma were conducted using 

for example NY-ESO-1 TCR-engineered T cells in patients with synovial cell sarcoma with 

61% objective responses in 18 patients [170]. Although much easier to produce than TILs, 
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manufacture of transgenic-TCR engineered T cells is still complex and their clinical use has 

several limitations.  

First, because the endogenous (native) TCR continues to be expressed by the T cells 

and because TCRs are composed of 2 independent polypeptide chains, mispairing between 

endogenous and transgenic TCR chains can occur and lead to failure of antigen recognition 

or, worse, unwanted reactivity against non-tumor antigens. Indeed, lethal GvHD has been 

already documented in mice due to the formation of self-antigen-reactive mixed TCR dimers 

between the endogenous and introduced TCRs [171]. The GvHD was manifested as 

cachexia, anemia, loss of hematopoietic reconstitution, pancreatitis, and colitis, leading to 

death. However, it is worth to mention that this toxicity was never observed in human trials. 

A potential solution for this problem is the creation of hybrid TCR genes where the human 

constant region is replaced by its murine counterpart to prevent undesired pairing of 

endogenous and introduced TCRs. This has already been tested [172], although the 

immunogenicity of transferred cells may increase due to the presence of mouse sequences. 

Another solution is the knockout of endogenous TCR α or β genes using any gene editing 

tool available.  

Second, antigen recognition by the TCR requires that a portion of that antigen be 

presented by a specific major histocompatibility complex (MHC) molecule that is only 

present in individuals that share the same human leucocyte antigen (HLA) type; thus, a 

particular T cell product can only be used in a select group of patients.  

Third, as stated before, downregulation of MHC in tumor cells is a commonly observed 

mechanism of immune evasion, so malignant cells can rapidly become invisible to the TCR-

engineered T cells. Therefore, the efficacy of adoptively transferred tumor-reactive T cells 

can decrease upon the loss of antigen expression by malignant cells, which occurs 

frequently in response to the selective pressure of therapy itself. 

Finally, sole stimulation through the TCR is not enough for full activation of T cells, 

which requires not only the engagement of the TCR complex (signal 1) but also a second 

stimulatory signal (signal 2) arising from a co-stimulatory receptor (e.g. CD28, CD80, CD86 

or 4-1BB) engaging with its ligand [173]. While professional antigen presenting cells express 

a plethora of these co-stimulatory ligands, tumor cells do not. Therefore, transgenic-TCR 

engineered T cells may fail to provide antitumor effect due to the lack of required molecules 

(MHC and/or co-stimulatory ligands) on the surface of tumor cells [174], [175].  

I .4.2.  Chimeric antigen receptors 
Adoptive cell therapy has recently entered a new phase in which genetic transfer of 

tumor-specific receptors into T cells can convert them into effective cancer cell killers. Some 

of the limitations seen with earlier types of adoptive T cell therapy can be overcome by 
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redirecting T-cell activity towards any antigen using a recognition system that relies on the 

antigen binding abilities of an antibody molecule. A chimeric antigen receptor (CAR) is a 

synthetic molecule that fuses an extracellular, antibody-derived antigen recognition domain 

with an intracellular TCR/CD3-derived, activating domain [151] (this chimeric molecule was 

initially called a T-body – part T-cell receptor, part antibody) (Figure I-4). The extracellular 

binding moiety provides the antigen specificity and is commonly a single-chain fragment 

variable (scFv) originated from a monoclonal antibody. The use of scFvs takes advantage of 

the high specificity of antibodies. Another benefit of using of scFvs is that several therapeutic 

monoclonal antibodies for tumor-associated molecules already exist and have been tested in 

the clinic. Separating the scFv and the endodomain, a CAR has usually a spacer domain, 

which provides flexibility and optimizes T cell and target cell engagement, and a 

transmembrane domain. 

 
Figure I-4- Schematic representation of a Chimeric Antigen Receptor (CAR). Most CARs use an 

extracellular antigen recognition domain (here represented by an antibody-derived single-chain variable 
fragment, scFv). To activate T cells a CAR must have the CD3 subunit zeta from TCR/CD3 complex.  

This concept was developed in the 1980’s, when several groups designed a synthetic 

receptor fusing an scFv and the endodomain of TCR/CD3, more specifically the CD3 zeta 

endodomain [151], [176]. After demonstrating in vitro that T cells can be engineered with a 

primitive form of a CAR, Gross, Waks, and Eshhar wrote: “chimeric T cell receptors with 

anti-tumor specificity will enable testing of the feasibility of this approach in combating 
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human tumors.” A few decades later, clinical trials proved the feasibility of this approach for 

the first time.  

When T cells are engineered to express a CAR, after binding the target antigen via the 

scFv, they get activated through the signaling components included in the CAR. Since CARs 

provide MHC-independent antigen recognition, some of the mechanisms used by tumor cells 

for immune escape, such as downregulation of MHC molecules, can be mitigated; in 

addition, a CAR specific for a certain antigen could be used in patients regardless of their 

specific HLA type (a common limitation of other engineered T cells). Another advantage of 

CAR-mediated antigen recognition is that antigens other than proteins, such as 

carbohydrates and lipids, can be recognized [177], [178].  

Nonetheless, CAR-T cells have some drawbacks. Whereas traditional T cell responses 

through TCR and MHC interaction can recognize intracellular proteins (which account for 

more than 90% of potential tumor-associated antigens) that are processed and presented by 

the MHC molecule, binding of the CAR is limited to molecules that are present on the 

surface of tumor cells. This is actually not completely accurate since scFvs have been 

developed that can recognize intracellular peptides in the context of HLA molecule, making 

them targetable by antibodies and antibody derived immunotherapies like CARs. However, 

such scFvs are so far uncommon. For example, a CAR against Wilms Tumor 1 (WT1) using 

TCR-mimic (TCRm) antibody has been created and shown to be able to lyse tumor cells 

[179]. This recognition is in the context of HLA-A*02:01 and thus not MHC-independent, in 

contrast to most other CARs. Nonetheless, in spite of being unable to target intracellular 

proteins, since in principle any cell surface molecule can be targeted, conventional CARs 

can expand the repertoire of T-cells reactivity and override tolerance to self-antigens. 

 Another potential disadvantage of current CARs is that, because scFv sequences are 

usually derived from murine proteins, humoral and cellular immune responses can occur 

against this portion of the molecule and lead to elimination of CAR-T cells from circulation 

[180]. This problem, which has been previously documented in some patients, may be 

minimized by using scFv whose amino acid sequences have been fully humanized [181]. 

The first clinical trials with T cells expressing CARs targeted folate receptor for ovarian 

cancer patients [182], carbonic anhydrase IX (CAIX) in patients with renal cancer [183] and 

CD171/L1-CAM in pediatric patients with neuroblastoma [184] and were associated with lack 

of T-cell persistence and minimal to no antitumor effect. These early CARs contained only 

one activating domain (usually a portion of the ζ chain in the TCR/CD3 complex) and thus 

emulated only TCR activation (signal 1). A similar lack of antitumor effect was observed in 

clinical trials using CARs for hematologic tumors targeting CD20 [185]. Despite the use of 

lymphodepletion to deplete endogenous anti-inflammatory regulatory T cells and in some 

cases concomitant IL-2 administration, T cell persistence was no longer than a few weeks in 
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circulation in some patients. This first generation of CARs, even though capable of activating 

T cells to eliminate tumor cells in vitro, failed to induce a strong anti-tumor response in vivo, 

probably due to lack of long-term T-cell activation and expansion. Although able to initiate 

phospatidyl-inositol and tyrosine kinase pathways and calcium influx similar to TCR/CD3 

activation [186]–[188], first generation CARs are prone to undergo anergy, as demonstrated 

in mouse models [189]. This seems to be due to defective cytokine production, such as IL-2, 

and lack of proper T cell expansion after continuous exposure to the same antigen. Since 

tumors do not generally express ligands to activate costimulatory receptors, addition of 

costimulatory domain to the CAR molecule increases the strength of the signal and leads to 

higher T cell persistence when compared with first generation CARs in human trials [190]. 

The costimulatory domains most commonly included are CD28, 4-1BB (CD137) or OX-40 

(Figure I-5). These second (with one additional activating domain) and third (with two or 

more additional domains) generation CARs are associated with increased CAR-T cell 

proliferation and cytokine production both in preclinical models and in clinical trials [190]–

[193]. After infusion, CAR-T cells with co-stimulatory domains can expand by 100- to 1000- 

fold [194]. 

 
Figure I-5- Improved CAR design with two endodomains to provide signal 1 and signal 2 (second 

generation) and with one extracellular domain used in most successful clinical trials. 

 

So far, clinical trials using second generation CAR-T cells to treat patients with B-cell 

malignancies have demonstrated the most exciting results. While CAR-T cells can in theory 

be redirected against any surface-expressed target of choice, most clinical trials so far have 

been directed at CD19, an antigen that is expressed in B-cell malignancies [195], [196]. 

CD19 is a transmembrane glycoprotein which is expressed on cells of the B-cell lineage, 

from early pro-B-cells in the bone marrow to mature B-cells in blood and tissues, but not on 

hematopoietic stem cells. CD19 increases pre-B cell receptor signaling thereby promoting 
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the proliferation and differentiation of late pro-B cells [197], [198]. CD19 is a good target 

since, although is not tumor specific it is shared between tumor, and non-crucial cells (B 

cells only). Individuals with congenital absence of B cells have been described and can live 

normal lives if prophylactic infusions of gamma-globulin are accessible [199].  

In 2010, the first reports of clinical trials using CD19 as a target were released. Steve 

Rosenberg’s group published initial results using a second generation (CD28) CAR, updated 

in 2012, describing 6/8 patients experiencing clinical remission and 4/8 developing long term 

B-cell aplasia [200], [201]. In 2011, Carl June and colleagues from the University of 

Pennsylvania published the outcome of three patients with chronic lymphocytic leukemia 

(CLL) treated with CD19 CAR-T cells containing 4-1BB as second endodomain, and 

demonstrated for the first time a complete remission in this disease [202]. It was the 

beginning of several phase 1 and 2 clinical trials in which an increasing number of patients 

was infused with CD19 CAR-T cells. These have consistently shown high antitumor efficacy, 

with complete response rates of 70–90% in pediatric and adult patients with relapsed or 

refractory, chemotherapy-resistant B-cell malignancies [181], [203]–[206].  

It is difficult to accurately calculate the number of recipients of these cells, but is 

estimated that a few hundred patients have received some form of CAR-T cells. These 

numbers will dramatically increase now that these encouraging results attracted the interest 

of pharmaceutical and biotech companies and resulted in the approval of CD19 CAR-T cell 

products by the FDA for commercial use outside clinical trials. More companies are likely to 

see their products approved in the next years. Different institutes have different approaches, 

which makes the comparison and attempts at findinding the best protocol impracticable. 

However, all clinical data clearly demonstrates that patients should receive lymphodepletion, 

at least two activating endodomains are required in the CAR construct, patients often 

develop significant side effects such as the cytokine release syndrome, and there are no 

clear correlations between the number of infused T cells and the final outcome as well as 

between initial disease burden and the likelihood of the response [207]. 

 Meanwhile, the success of CD19 CAR-T cells started paving the way for clinical trials 

targeting other diseases, both hematological malignancies (such as using BCMA [208] for 

Multiple Myeloma; CD20 [209] for B-cell malignancies; CD33 [210] or CD123 [211] both for 

acute myeloid leukemia) and solid tumors (such EGFRvIII [212] for gliobastoma/glioma; GD2 

[177] for neuroblastoma; PSMA [213] for prostate cancer; and HER2 [214] for several types 

of cancer such as breast, ovarian, lung cancers and gliobastoma). Targeting solid tumors 

with CAR-T cells has shown less encouraging data so far. For example in a clinical trial 

conducted at Baylor College of Medicine using a GD2 CAR (first generation), 3 out of 13 

pediatric patients with neuroblastoma achieved complete remission [177], demonstrating the 
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feasibility of using this technology against such tumors. Clinical trials using second and third 

generation CAR-T cells against solid tumors are under way. 

I .4.2.1.  Clinical  data beyond CD19 CAR 

Although CD19 is not expressed by plasma cells, CD19 CAR-T cells are also being 

used to treat multiple myeloma and an initial report demonstrated a complete response in 

one patient [215]. However, for this type of tumor, CD138 and BCMA seem to be the most 

promising targets. Initial reports of the use of CD138 CAR-T cells demonstrated 4 out of 5 

patients achieving stable disease [216]. Because BCMA is only expressed by plasma cells, 

both malignant and normal, it is considered a good target for multiple myeloma. Clinical trials 

using CAR-T cells to target BCMA have shown very promising results, with 100% overall 

response rate at higher T cell doses and 89% in all eligible patients treated [217].   

Although CD20 CAR-T cells could in theory also be used to treat some cases of 

Hodgkin lymphoma, because of the almost universal expression of CD30 in Hodgkin 

lymphoma cells, this target has also been explored in CAR-T cell therapy. Results from a 

phase 1 dose escalation study of CD30 CAR-T cell trial for refractory/relapsed EBV-negative 

CD30+ lymphoma were recently released and a few more clinical trials have now started. No 

toxicities were observed and in 7 treated relapsed HL and 2 T-cell lymphoma patients, two 

entered complete remission (one with HL and one with T-cell lymphoma), and 3 achieved 

stable disease [218]. The authors mention that, although CD30 is expressed by endogenous 

T cells, no impaired virus-specific immunity was detected. Expression of the target molecule 

in T cells could lead not only to elimination of endogenous T cells but also to self-elimination 

of CAR-T cells during their ex vivo coculture, since they do not discriminate between normal 

and malignant cells, a phenomenon called fratricide. Notably, this did not occur. 

Interestingly, similar results were seen in a preclinical study using CD5-specific CAR-T cells, 

being developed for T-cell malignancies [219]. In these case, the authors reported transient 

toxicity due to fratricide immediately after the CD5 CAR was introduced but, later, due to 

complete downregulation of CD5 in the transduced cells, they grew well, and anti-tumor 

effect was observed in a xenograft mouse model. Results from a CD5 CAR-T cells clinical 

trial that was recently launched (NCT03081910) will inform if these cells have a low toxic 

profile similar to that observed in the CD30 CAR trials, or if endogenous T cells will be 

indiscriminately targeted leading to T-cell aplasia.  Regardless, extending the success of 

CAR-T cells to T-cell malignancies can be a challenge due to shared target antigens 

expressed by malignant and normal T cells, which may preclude their normal expansion and 

limit their anti-tumor effect. This problem will be discussed in Chapters II and III. 

Other types of hematologic cancers can be more difficult to target, especially myeloid 

malignances due to their complexity and variability of phenotype and cell of origin of 
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malignancy. Clinical trials of CAR-T cells targeting CD33, CD123 and Lewis Y antigen are in 

progress. CD33 is a target that, although expressed by malignant cells, is also found in  

hematopoietic stem cells, leading to potential prolonged cytopenias and delayed 

hematologic recovery [220]. Targeting of CD33 can also cause liver toxicity since is also 

expressed in Kupffer cells in this organ [221]. Because of the toxicity observed in the first 

report using CD33 CAR-T cells, their use is now being proposed as a tumor debulking 

strategy before hematopoietic stem cell transplantation [220]. CD123 is also expressed in 

malignant myeloid cells as well in normal myeloid cells and endothelial cells. Toxicity using 

CD123 is not yet fully established although some initial reports show safe profile and anti-

tumor effect [211], [222]. Interestingly, both therapeutic monoclonal antibodies targeting 

CD33 and CD123 demonstrate a favorable safety profile [223], [224]. Lewis Y antigen is 

expressed on a portion of AML cells but also on gastrointestinal and pancreatic cells. Initial 

studies demonstrated migration of Lewis Y CAR-T cells to the bone marrow and some 

observed antitumor effects, but all four patients ultimately relapsed [178]. Although safe, the 

authors concluded that single therapeutic targeting of Lewis Y is not ideal since it is only 

expressed by a proportion of AML blasts. Development of a novel CAR for AML will be the 

subject of chapter IV.  

I .4.2.2.  CAR design 

Despite encouraging clinical results with CD19 CAR-T cells, there is considerable 

heterogeneity in the structure of CARs [225] used across trials in different institutions. Yet, it 

is unclear whether one type of CAR has advantages over another, even when targeting the 

same antigen. CARs have been designed empirically; distinct backbones, types and number 

of signaling endodomains, and methods of CAR delivery into T cells likely affect antitumor 

activity. For instance, the spatial interaction between a cancer cell and a T cell depends on 

the exact location of the epitope being recognized on the target molecule and the structure 

of the extracellular domain of the CAR. Differences in T cell physiology and activation owing 

to the use of distinct scFvs recognizing the same antigen, different co-stimulatory 

endodomains [226] or different lengths and sequences of the CAR extracellular domain 

[227] have been documented.  

Little is known about the best properties or best way to choose an scFv. The position 

of the epitope or the distance to the cell surface are important aspects that will influence 

CAR binding and formation of an immune synapse [228]. It has been demonstrated that a 

CD22 CAR built with an scFv that recognizes an epitope proximal to cell surface has higher 

anti-tumor effect than with an scFv that binds to a membrane-distal epitope [229]. Although 

data about the best characteristics are scarce, it has also been demonstrated that a higher 

affinity scFv in a CAR against ROR1 conferred superior antitumor effect than an scFv 
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against the same molecule but with lower affinity [230]. However, such observations cannot 

be construed as a rule applying to all CARs. 

Although most of the CARs created so far use an scFv as exodomain, other molecules 

can be used as ligands/receptors that can interact with compatible molecules in tumor cells, 

such as  IL13Rα2 [231] interleukin-13 receptor subunit alpha 2 that can be bound by a 

modified form of IL13 expressed on T cells, or  NKG2D, a NK receptor that when fused with 

CD3ζ allows activation of T cells by ligands overexpressed by tumor cells [232]. The search 

for new and better targets is under intense research, which may lead to new CAR designs 

that may require new exodomains beyond scFvs and antibody-related structures. Because 

these alternative exodomains are usually derived from human sequences, they avoid 

production of anti-idiotype antibodies against the CAR. However, their reduced ability to 

modulate affinity, avidity and synapse formation such as that observed scFv-containing 

CARs may hinder further optimization. Nonetheless, it is indisputable than new targets and 

CARs will emerge in the next years. 

Spacer sequences (the part of CAR molecules that links the scFv and the 

transmembrane domain) vary in length and composition and can be derived from IgG, CD28 

or CD8α genes, among others. This part of the CAR was until recently considered inert or 

less important, but increasing preclinical and clinical data suggest it is an important aspect of 

CAR design. The importance of the spacer characteristics in CAR design was recently 

demonstrated by several groups who studied the effector function of CAR-T cells [233]–

[235]. Comparison of different CARs (CEA, NCAM, 5T4 and CD19) using different spacer 

sizes (derived from the IgG1 sequence) demonstrated interesting, albeit conflicting, results. 

While 5T4 and CD19 CAR showed stronger anti-tumor effect with a longer spacer, CEA and 

NCAM demonstrated to be superior when no spacer was used [236]. A similar result 

comparing three different lengths of spacers derived from the IgG1 sequence demonstrated 

that ROR1 CAR-T cells have superior antitumor effect when the shortest sequence is used 

in the CAR [230]. The reason for this discrepancy seems to be related to the specific 

properties of the scFv, targeted epitope and spacer, and of their interaction during formation 

of an immune synapse. While it is conceivable that there is an optimal distance and angle of 

interaction between CAR-T cells and target cells for proper T cell activation, these properties 

are often impossible to predict. So far, due to lack of enough data, an algorithm or even 

some general predictable rules have not emerged and construction of an optimized CAR has 

been done empirically.  

Which co-stimulatory endodomain is the best is also still unclear and it is possible that 

different domains need to be used in different clinical contexts. In vitro and preclinical data 

have failed so far to predict the best endodomain. The most successful CARs used in the 

clinic rely on CD28 or 4-1BB as co-stimulatory domains. CD28 is expressed in 95% of 
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human CD4+ T cells and 50% of CD8+ T cells and is a member of the immunoglobulin super 

family of co-stimulatory and inhibitory receptors, which also includes among others ICOS, 

which is used in some CAR constructs as well [237]. CD28 is recruited to the immune 

synapse that is formed between T cells and APCs after pepMHC recognition by the TCR. 

The main function of CD28 is to augment TCR signaling [238], [239], resulting in increased 

cytokine production [238], [240], clonal proliferation [241], differentiation and survival [242]. 

Activation of CD28 leads to activation of (PI3K)–AKT pathway, which is important for cell 

proliferation, as well as the activation of the kinases PKCθ, LCK and RAS [243]. LCK and 

PKCθ recruitment induces Ca2+ influx and activation of the transcription factor NFAT, 

resulting in upregulation of T-bet, a transcription factor that induces cytokine production 

[240].  

4-1BB belongs to a different family of receptors that are part of the TNF receptor 

superfamily, together with OX40, CD27, and CD30 among others [244]. 4-1BB is expressed 

only in activated T cells and its expression is transient [245]. When activated, 4-1BB 

enhances T cell proliferation, cell cycle progression, cytokine secretion and cytolytic 

potential as well as prevention of clonal deletion and activation-induced cell death [246], 

[247]. Like CD28, it enhances TCR signaling, in this case through tyrosine phosphorylation 

of the adaptor protein SLP76, the TCR signaling subunits CD3ε, CD3ζ and the tyrosine 

kinase LCK, as well as through the recruitment of PKCθ and an increase in intracellular Ca2+ 

levels [246]. Additionally, it enhances the NF-κB pathway [248]. TRAF2 binds to 4-1BB 

endodomain and is essential for the activation of p38 mitogen-activated protein kinase (p38 

MAPK) and induction of NF-κB-dependent activation of the anti-apoptotic mediators BCL-XL 

and BFL-1. Interestingly, although 4-1BB stimulation can rescue T cells from anergy and 

exhaustion, early activation after viral infection can have a detrimental effect by induction of 

activation-induced cell death through prolonged upregulation of TNF and FAS [249]. A 

similar deleterious effect was observed in a CD19 CAR containing 4-1BB, and its 

optimization will be described in chapter V. 

Despite clear evidence of the activating effect of both endodomains in T-cell biology, it 

would be a mistake to directly extrapolate the physiological functions of these natural 

receptors to CARs. Indeed, when CARs employing CD28, 4-1BB or combinations thereof 

were compared, the outcome depended of the type of tumor and target, and the mouse 

strains that were used [192], [193]. Nonetheless, there are clinically relevant differences 

between CARs containing either co-stimulatory domain. While both endodomains augment 

cytokine secretion, mostly of TH1 type (such as IL-2, IFNγ, TNF, and GM-CSF), CD28 elicits 

higher IL-2 production [250], [251]. Preclinical and clinical data with CD19 CAR suggest that, 

while anti-tumor effects of CD19 CARs bearing CD28 or 4-1BB are similar, CD19 CAR-T 
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cells with 4-1BB accumulate over time, possibly even by antigen-independent activation 

[192]. Although inclusion of a secondary domain increases T cell survival in general, CD28 

induces stronger effector functions whereas 4-1BB directs greater longevity. A lower level of 

telomerase activity after activation of CD28 CARs may be responsible for lower survival 

when compared with CARs with 4-1BB [192], [252]. Thus, CARs with CD28 can be used 

when long persistence of T cells is not be desired, and 4-1BB can be a preferable choice if 

side effects are manageable. However, which endodomain should be used in a given CAR 

may need to be decided by performing human trials. Clinical trials comparing the anti-tumor 

effect and fate of two CAR-T cell populations bearing different endodomains that are injected 

simultaneously in the same patient are now being reported but more data are required [190].  

Although CARs with 3 endodomains (CD3ζ plus two co-stimulatory endodomains) are 

also possible to generate and already tested, an increased anti-tumor effect compared with 

second generation CARs was not clearly demonstrated, despite a suggestion of potential 

synergistic effect [253]–[255]. Preliminary data from a clinical trial comparing 2nd and 3rd 

generation CD19 CAR-T cells demonstrated increased persistence of the 3rd generation, 

although this may be due to the inclusion of 4-1BB specifically and not just to the presence 

of an extra endodomain [256]. Superiority of 3rd versus 2nd generation CAR-T cells was, 

however, never clearly demonstrated. Nevertheless, it is clear that the success of CAR-T 

cells in the clinic is intimately correlated with the ability of one molecule to induce at least 

two independent but related signal pathways for full T cell activation [257] 

In summary, although the backbone of the CAR and the number and type of its 

endodomains are an absolute determinant of the overall antitumor effect observed in 

patients, their optimization is currently a laborious and trial-and-error procedure, with 

multiple iterations of “bench to bedside and back again” approaches. This process makes 

translation to the clinic difficult and time consuming. It is clear, however, that the CAR design 

process does not follow a “one size fits all” model and that each CAR must be designed, 

optimized, and tested for the specific target molecule in order to generate the ideal CAR for 

a particular tumor 

I .4.2.3.  CAR-T cel ls  generation 

After a CAR is designed, its gene needs to be permanently introduced into T cells. The 

most commonly used vectors for this purpose are replication-defective retroviruses of two 

types: γ-retrovirus and lentivirus. Both have an RNA genome that is reverse-transcribed into 

DNA after T cell transduction, which then gets integrated into the host genome. Despite the 

lack of any documented tumorigenic event caused by viral transduction in T cells [258], 

[259], because this has been observed in engineered hematopoietic stem cells used in 

clinical gene therapy trials for X-linked severe combined immune deficiency [260], chronic 
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granulomatous disease [261], and Wiskott–Aldrich syndrome [262], the concern for this has 

not completely vanished. Partial deletion of the U3 region of the 3 long terminal repeat (3’ 

LTR) combined with the use of any other promoter to replace the truncated viral promoter (5’ 

LTR) has been introduced in lentiviral vectors to increase safety. Although this approach can 

also be explored in γ-retrovirus [263], so far the original retroviral 3’ LTR it is still used as a 

promoter in clinical trials, even despite the apparent worse safety profile of γ-retrovirus when 

compared to lentivirus [264]. Factors such as the transgene and its promoter, and the cell 

type being transduced seem to influence the risk of mutagenesis. Another disadvantage of 

using viral vectors is their high price compared with other methods.  

Instead of viral vectors, which require extensive and expensive biosafety testing, 

transposon/transposase systems, which are usually delivered into T cells by electroporation 

with plasmids, can be used [265]. These systems have lower costs, simpler manufacturing 

procedures, and are potentially safer since insertions have a nearly random distribution [266] 

While viral vectors prefer highly expressing regions of the genome, non-viral vectors like 

Sleeping Beauty can integrate outside the intragenic regions of the genome avoiding 

interference with endogenous gene expression of modified cells [267]. However, these 

systems have disadvantages, including lower transduction efficiency, which may require 

prolonged periods of CAR-T cell expansion (sometimes twice the expansion time of viral 

vectors) that may potentially reduce their potential to expand and persist, and their antitumor 

effect in vivo. The efficacy of CAR-T cells generated using non-viral systems remains to be 

demonstrated, as there has been only a small number of clinical trials using them, but 

modest antitumor activity was observed in a clinical trial using CD19 CAR-T cells transfected 

with a Sleeping Beauty (the most common form of transposon/transposase) system [267].  

Another option for T cell transduction is the electroporation of mRNA encoding the 

CAR into their cytoplasm [268], [269]. With this strategy, there is no integration of an 

exogenous gene into the genome, mitigating concerns regarding genotoxicity. This system 

has already been tested in preclinical models [270] and CAR expression was detected on 

the T cell surface only for up to 1 week in a xenograft mouse model of ovarian cancer. Since 

expression of the CAR is transient, this method may be optimal in instances where 

persistent targeting of an antigen may be associated with life-threatening toxicities. Clinical 

trials of mesothelin-specific CAR-T cells transduced using this method demonstrated 

transient persistence and clinical evidence of anti-tumor response [271]. A more recent 

report demonstrates that 2 out 6 patients with pancreatic ductal adenocarcinoma had stable 

disease [272]. However, a clinical trial, also from university of Pennsylvania, using mRNA as 

delivery system of a CD123 CAR for AML (NCT02623582) was terminated due to lack of 

persistence of T cells and no observable anti-tumor effect despite cytokine production and 

fever [273]. Therefore, more clinical trials will be needed to investigate if CAR expression 
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using mRNA will persist long enough to elicit antitumor effects but short enough to prevent 

side effects. A potential drawback of this approach is that repeated infusions of CAR-T cells 

may be necessary to achieve optimal antitumor effects and this can result in increased IgE 

antibody production against the murine-derived scFv and lead to anaphylaxis [180]. 

The most recent approach to genetically modify T cells uses gene editing tools such as 

CRISPR or TALEN to create a double break in a particular DNA site, with the CAR gene 

being provided as a DNA template that is introduced into that selected genomic site. This 

system minimizes the risk of unrestrained genomic integration and has demonstrated good 

antitumor effect in a preclinical model [274]. It is, however, more complex and expensive 

than other approaches. Nonetheless, the use of this engineering system is under intense 

study.  

Regardless of the actual method used for T cell transduction, from a biotechnology 

point of view, all these vectors can be made in large quantities and frozen for several years. 

When T cells are available for transduction, an aliquot can be thawed and used as needed.  

The first step in the generation of autologous CAR-T cells is the collection of peripheral 

blood mononuclear cells (PBMC) from a patient, usually through leukapheresis, whereby 

blood is removed from the donor and separated into different components, with the immune 

cells being collected while all other components returned to the donor’s circulation. T cells 

are then cultured in the presence of a nonspecific T cell stimulus, which is required not only 

for ex vivo expansion but also for efficient genetic modification, since most of the 

transduction/transfection systems require actively dividing cells. T cells are then transduced 

or electroporated to introduce the CAR gene and expanded in culture for days to weeks. The 

primary goal of this step is to generate sufficient cells (up to 1011) to inject back into the 

patient to produce adequate responses (Figure I-6).  

During expansion, T cells are exposed to a combination of proinflammatory cytokines 

that promote their growth but can also prevent their full differentiation, improving their 

persistence, and reactivity when injected back into patients [275], [276]. Different institutions 

use a combination of different cytokines such as IL-2, IL-7 and IL-15, or IL-15 and IL-21, but 

whether any particular cocktail has advantages over the others is an area of ongoing 

research. Some studies, for example, point to the idea that a combination of IL-7 and IL-15 

leads to higher percentage of TCM [270].  

Although T cells expand well in vitro, a balance is also required between maximizing T 

cell numbers during expansion and preventing their differentiation and exhaustion, because 

the latter leads to T cell senescence and limited persistence in vivo [277]. Effector T cells 

had been considered the ideal subset to use in adoptive cell therapy since they have potent 

anti-tumor effect [278]. However, more recent data from clinical trials using adoptive T cells 

therapy have reshaped this vision. Effector T cells, although potent killers, have limited 
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proliferation capability and ultimately in vivo persistence. Thus, interest has shifted to 

memory T cells, which can upon injection expand substantially, are long-lived and can 

effectively and rapidly control pathogens over prolonged period of time, even after repeated 

exposures [279].  

 

I .4.2.4.  Observed side effects in CAR-T cel l  tr ials 

In many clinical trials, killing of tumor cells by CAR-T cells is accompanied by a 

cytokine release syndrome (CRS) in 30% of the patients, usually in the first days or weeks 

after infusion [280], [281]. Increase in peripheral blood of several inflammatory cytokines, 

such as TNF-α, IFN-γ and IL-2, is detected [280], [282]. IL-6 seems to be the most 

prominent cytokine and is associated with a macrophage activation syndrome and 

hemophagocytosis, the manifestations of which can be resolved with the administration of 

an IL-6 antibody (siltuximab) or IL-6 receptor antibody (tocilizumab) and supportive care 

[283]. CRS can in some patients be life-threatening with high fever, hypotension requiring 

intravenous fluid and pressors, transient neurologic dysfunction, severe shock and 

compromised respiratory function, eventually leading to multi-system organ failure; but it can 

also be mild, with only flu-like symptoms including fever, nausea, and chills [284].  

Figure I-6- Schematic representation of the manufacture process of CAR-T cells used in clinical trials. T 
cells are collected from the patient usually through leukapheresis (1) and then activated (2) and transduced 
with a retroviral vector (3). CAR-T cells are then expanded (4) to obtain sufficient numbers to infuse back 
into the patient a few days or weeks later (5).  
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Interestingly, the etiology of the neurological dysfunction is not clear since the targeted 

antigen is not known to be present in the CNS and CAR-T cells are not always found in the 

CNS at the time of CRS [285]. Although some authors did detect the presence of CD19 

CAR-T cells in the cerebral spinal fluid of those patients with neurologic side-effects, 

blocking IL-6 with tocilizumab did not resolve the symptoms [286]. Nevertheless, all these 

toxicities are in most of the cases transient. 

 The inability of CAR-T cells to distinguish normal and tumor cells due to shared similar 

expression of the target molecule leads to potential side effects, a finding called on-

target/off-tumor effect, which depends on the type of tissue destroyed by CAR-T cells and 

seems to be potentially worse in solid tumor than leukemias, since most of hematopoietic 

and immune cells can rapidly be regenerated. One patient has already died in a HER2 CAR-

T cell trial probably to the expression of HER2 on lung epithelial cells [287]. This patient 

experienced respiratory distress within 15 minutes of CAR-T cell infusion and died a few 

days later. This tragedy was a harsh lesson but demonstrated how potent CAR-T cells can 

be and the importance of defining better and safer targets, so that clinical responses may be 

observed without endangering a patient. A similar toxicity was observed in CARs targeting 

carbonic anhydrase IX, which is overexpressed in renal cell cancer, but also present in low 

levels in the biliary tract, against which toxicity was detected [183]. Finding good targets for 

solid tumors is a bigger challenge than for hematological tumors since blood cancers are 

routinely classified based on expression of cell surface markers, which can then be used as 

target molecules to CAR-T cells. Characterization of solid tumors depends on the 

combination of histological and immunohistochemical tools, many of them highlighting 

intracellular proteins or signaling molecules associated with cancer metabolism that, 

although of extreme value for diagnostic proposes, are not useful as targets for CAR-T cells.  

Considering the good tolerability of trastuzumab (Herceptin) while targeting HER-2 or 

lintuzumab while targeting CD33, it seems that CAR-T cells have a stronger antitumor effect 

but may also have stronger off-tumor effects than the antibodies from which the CAR is 

derived. These off-tumor effects, especially in trials using CAR-T cells for solid tumors, are 

difficult to predict using the most common preclinical models, especially considering that 

there had been no dose-limiting toxicity demonstrated in 17 patients treated with a HER-2 

CAR-T cells in a different clinical trial [214]. This particular HER2 CAR was designed based 

on a different scFv, which can explain the differences in toxicity and illustrates the point that 

toxicities depend not only on the target molecule but also on the properties of the antibody 

used to create the CAR. However, other discrepancies between these two clinical trials 

cannot be discarded, such as differences in lymphodepletion, cell dose and use of IL-2.  

While increased affinity of CARs can promote a stronger antitumor effect, specially in 

target molecules with lower expression, it can also increase the rate and severity of side 
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effects. Since some tumor-associated antigens can have higher expression in tumor cells, a 

perfect balance in affinity can be reached so that cells with lower expression (healthy) are 

spared and those with higher expression (tumor) are eliminated. Modifications in EGFR and 

HER2-specific scFvs to reach the affinity value that allow CAR-T cells to eliminate tumor but 

spare normal cells due to differential expression of the target molecule on cell surface has 

already been demonstrated in preclinical models [288], [289].   

Other clinical trials, mostly in hematologic tumors, have been haunted by fatalities. 

Furthermore, despite the success of all CD19 CAR trials, patients tend to have prolonged B 

cell aplasia and hypogammaglobulinemia owing to the persistence of CAR T cells [203], 

[204], [285]. For B cell malignancies, the possibility of targeting one of the light chains of the 

BCR can be useful in mature B cell malignances as a strategy to spare a fraction of healthy 

B cells. Results from a clinical trial using a CAR targeting the kappa light chain, which is 

expressed on average in two thirds of B cells (the other third expressing lambda light chains) 

have been reported, [290] with 2 complete remissions and 4 stable diseases in 9 patients 

with minimal toxicities. Although difficult to assess in these patients, the majority of whom 

had been exposed to rituximab, lambda B cells were spared as expected. While B-cell 

aplasia is manageable with intravenous immunoglobulin therapy to prevent infections, this 

issue would be much more problematic in cells whose regeneration is not possible or whose 

immediate tissue destruction is life threatening.  

The inclusion of a suicide or safety switch to interrupt CAR-T cell activity if the side 

effects threaten a patient’s life is now under research. This approach requires the 

modification of T cells with a second gene (besides the CAR) that can specifically induce 

CAR-T cell elimination if desired. One of the most promising systems is the inducible 

caspase 9 suicide gene. In this system, a modified form of caspase 9 is only activated after 

injection of a small molecule (rimiducid) that induces its dimerization, activating caspase-

mediated apoptosis in modified T cells only [291]. Another, less convenient, way to deal with 

toxicities relies on the use of immunosuppressant therapies, such corticosteroid drugs, 

which abrogate not only CAR-T cell functionality but also the overall immune system 

responses [292]. This approach is far from ideal, not only because it fails to discriminate 

between transferred and endogenous cells, but more importantly is accompanied by several 

important side effects, such as susceptibility to infections, and cardiac, kidney, and 

neurological damage [293]. 

I .4.2.5.  How tumor cel ls  avoid CAR-T cel ls  

Despite the success of CD19 CAR-T cells in human trials, with up to 90% complete 

remission, relapses can occur at later time points, with only a little more than 50% of the 

patients being disease free after 1 year. Two reasons have been put forward for these 
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relapses: loss of CD19 expression by leukemic cells or poor T cell persistence/performance. 

Loss of CD19 was not a common finding until the use of CD19-directed immunotherapies. 

CD19 loss by B-cell blasts has been observed in several clinical trials of CD19 CAR-T cells 

in up to 31% of the patients [203], [294] and a similar effect was observed in clinical trials of 

blinatumomab [295]. Due to clear differences in all these clinical trials, it can be concluded 

that this event seems to be independent of the type of CAR (scFv, backbone or 

costimulatory domain) or clinical protocol used. Instead, this demonstrates that targeting 

CD19 imposes a pressure on tumor cells to lose the target molecule, or that there is 

selection of a CD19 negative clone. Several reasons have been proposed for the 

disappearance of CD19. One, is alternative splicing excluding not the entire molecule but 

only the segment with the epitope that is recognized by the scFv. Lack of exon 2 has already 

been seen some of these relapsed patients [296]. Another mechanism is leukemia lineage 

switch from lymphoid to myeloid, which has already been observed in 2 patients in a clinical 

trial and seems to be correlated with pre-treatment disease characteristics [297]. A similar 

mechanism was described in mice treated with murine CD19 CAR-T cells [298] and in one 

patient treated with blinatumomab [299]. Lineage switch occurs in 30% of patients and is 

associated with other targeted therapies, and thus not an exclusive phenomenon of CAR-T 

cell therapies. These events are, however, rare and need to be analyzed with caution, as 

they may reflect the existence of a CD19– clone that is selected during treatment. 

Nonetheless, other targets will probably experience the same difficulties, with antigen 

escape phenomenon already having been observed in patients who received rituximab (anti-

CD20) [300]. 

Although antigen loss can occur in solid tumors, the less impressive results seen in 

initial clinical trials for this type of tumors are more likely due to the difficulty of T cells to 

penetrate and perform an anti-tumor response in an aggressive and immunosuppressive 

environment. As in any other types of T-cell therapies, CAR-T cells behave similarly to non-

modified T cells regarding the limitations that the tumor microenvironment imposes. These 

include the inhibitory effects of tumor derived cytokines; impaired metabolism due to lack 

arginine or tryptophan, hypoxia or low pH; and the presence of immune suppressor cells in 

the tumor microenvironment [301]–[303]. These factors affect equally nonmodified and CAR-

T cells in vivo [304], [305]. Premature loss of CAR-T cells in vivo is also a reason for relapse 

and can be potentially be resolved by further injections, which in some patients were enough 

to achieve complete remission [296].   

Since many of these limitations are associated with any form of target therapy, future 

clinical trials will need to take into account the possibility of target-negative relapses. The 

inclusion of more than one CAR, targeting different epitopes, may prevent or mitigate this 

problem. 
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I .4.2.6.  Multiple targeting by CAR-T cel ls  

Due to the genetic instability of most tumor cells, therapies that rely on the recognition 

of one single antigen can be associated with relapses due to antigen loss, which is one of 

the major limitations of CAR-T cell therapy. These “escape mechanisms” that allow tumor 

cells to evade immunotherapies are, however, also the limitation of any form of monovalent 

target therapies.  

Co-targeting of multiple markers is one of the possibilities to bypass this limitation. As 

an example, the combination of CD19 with CD20 or CD22 is currently being tested. Clinical 

trials targeting CD20 or CD22 are already ongoing (NCT03277729, NCT03244306) with 

81.4% objective response and 54% complete responses for the CD20 CAR [306]. 

Combining different targets is an even more attractive approach for solid tumor, such as co-

targeting HER2 and IL13Rα2 [307]. This may be especially important in this setting since 

effectively targeting one single lineage specific antigen may not be a feasible approach in 

non-hematopoietic tissues due to extensive toxicity. These CARs can be generated by 

infecting a T cell with two different viruses, each one bearing a different CAR, or creating a 

TanCAR (two scFvs in the same molecule linked by a small sequence) [308]. Combined 

targeting of MUC1 and PSCA for prostate cancer has been shown to avoid tumor escape by 

antigen downregulation [309]. Clinical trials with these bi-specifc CAR-T cells against CD19 

and CD20 or CD22 (NCT03271515, NCT03463928) have been recently launched. Targeting 

three molecules with one CAR is also possible an triple targeting of CD19, CD20 and CD22 

is being developed [296]. This approach has however some limitations. On one hand, 

increase the number of targeted molecules will most likely lead to increased cumulative side 

effects. If this may not be a problem with the CD19/CD20/CD22 combination since they are 

all exclusively expressed in B cells and may only lead to B-cell aplasia, targeting two or 

more tumor-associated targets may cause more normal tissues to be targeted, since all cells 

that express one of the targets will also be a potential target for the CAR-T cells. On the 

other hand, although less probable, the possibility of antigen-escape of all antigens or the 

presence of a double- or triple-negative tumor clone still exists. Indeed, mathematical 

analysis demonstrated comparable odds of capturing the bulk of tumor cells targeting just 

two antigens simultaneously versus targeting three antigens [310]. Thus, targeting more 

targets may not improve the anti-tumor effect of CAR-T cells. Targeting of more stably 

expressed antigens, such as fibroblast activation protein (FAP) in tumor-associated 

fibroblasts [311] and vascular endothelial growth factor receptor (VEGFR) [312] in the 

endothelial cells of the tumor vasculature, at the same time as tumor associated antigens 
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has already been explored in preclinical models for solid tumors and may offset some of 

these problems.  
More complex “commands” or “instructions” can be given to T cells. While two 

conventional CARs allow killing by T cells if a target cell expresses one target OR another, 

(e.g. CD19 or CD20), changes in CAR design create the possibility of engineering T cells 

that follow more complicated rules. For instance, they may kill if target A AND target B are 

both expressed, or if target A but NOT target B is expressed, following a Boolean logic 

model (Figure I-7). 

Figure I-7- Multiple strategies for multiple targeting using different endodomains in CARs. 

 

If two CARs are introduced in T cells but only one has the CD3ζ endodomain and the 

other the secondary domain, full activation will only occur when both CARs bind to cells that 

express both target molecules. Thus, this approach can be used when both target molecules 

are expressed by tumor cells but normal cells only express one of them, in which case the 

latter will be spared [313]. Although one of the CARs is a first generation CAR, even if in vivo 

expansion is not large, toxicity can still occur, as it has already been demonstrated. To make 

a NOT command, the activating domain of one CAR is replaced by an inhibitory domain that 

blocks the TCR/CD3 signaling cascade and consequent T cell activation, such as portions of 

the PD-1 or CTLA4 molecules. In this setting, CAR-T cells can only kill a certain cell if that 

cell does not express a molecule that is expressed by vital cells. As an example, if a target is 
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expressed by leukemic blasts but also in hematopoietic stem cells, a CAR-T cell can be 

engineered to spare CD34+ cells stem cells even if they express the target molecule. So far, 

this approach was only validated in PSMA CAR-T cells in a preclinical study [314] and its 

use has not been reported elsewhere. 

 

I .4.2.7.  Towards an al logeneic approach  

Ideally, any commercial cellular therapy product should allow prefabrication, be 

collected from a healthy third party, be easy to store, and be quickly delivered as an off-the-

shelf product. Right now, CAR-T cell manufacturing fails to meet some of these criteria since 

due to the presence of TCR, T cells must be used in the autologous setting and produced for 

a given patient on a case-by-case basis. Several solutions are already being tested to 

overcome the limitations of using autologous T cells. One approach is to insert the CAR into 

other types of cells that can also be adoptively transferred. NK, NK-T, and γδ T cells 

collected from a healthy donor may be able to replace autologous conventional T cells for 

CAR-cell generation and be used in cancer patients without causing graft-versus-host 

disease (GvHD). The generation of allogeneic “universal,” off-the-shelf T cells are also under 

intense investigation. Off-the-shelf T cells can be generated in advance, in a centralized 

manufacturing facility, regardless of the patient’s HLA and infused as needed, rather than 

after waiting for the T-cell product to be ready. These platforms use genome editing tools to 

inactivate the endogenous TCR, preventing modified T cells from producing GvHD [315], 

[316]. Disrupting the TCR at the same time that the CAR is introduced allows the T cell to be 

activated only through the CAR. Off-the-shelf CAR-T cells have shown efficacy in lymphoma 

xenograft models and in two infant patients who were treated for B-cell leukemia with CD19 

CAR-T cells that had their endogenous TCRs ablated by TALEN technology and were 

magnetically depleted of TCR+ cells (<1% TCR+ T cells remaining) [317]. Of note, GvHD was 

still observed in these patients, although mild and limited only to skin, in contrast to the more 

widespread manifestations observed in typical GvHD; and there was evidence of 

alloreactivity in the marrow. In any case, this experience demonstrates that sorting of any 

particular subset may not be enough to totally prevent potential complications from 

allogeneic T cell injection. A clinical trial using these universal T cells targeting CD123 

(NCT03190278) is in progress. 
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The impressive results obtained by CD19 CAR-T cells in different clinical trials have 

changed the paradigm of cell therapy. Never before has a genetically modified cell 

product been approved by a governmental regulatory agency. The road it still ahead 

and although it is undeniable that improvements can still be made, one of the next 

goals is to extend the success of this technology to different tumors. While for some it 

seems that the difficulty resides in find good markers, others will demonstrate to be a 

bigger challenge. Although our knowledge of pan-T cell markers is comparable to that 

of pan-B cell markers, generating CAR T cells to eliminate T cell malignancies requires 

innovative approaches to avoid CAR-T cell elimination even before they are infused 

back into patients… 
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II.1. Introduction	
 

Many patients with refractory or relapsed B-cell malignancies have achieved complete 

remission after receiving T cells that are redirected with chimeric antigen receptors (CARs) 

targeting the pan-B-cell antigen CD19 [204], [294], [318]. A number of factors have 

contributed to the clinical success of CAR T cells in this patient cohort, including the relative 

accessibility of malignant B cells, the presence of costimulatory molecules on normal and 

malignant CD19+ B cells, and the ability to effectively manage the loss of normal B cells—a 

common “on-target/ off-tumor” side effect.  

Broadening the success of CAR T cells to treat T-cell malignancies has proven 

challenging because of the shared expression of many targetable antigens between normal 

and malignant T cells. This shared antigenicity can cause fratricide in CAR-transduced T 

cells, inhibiting their proliferation and viability, and in the clinic may result in eradication of 

normal peripheral T cells. Such an on-target/off-tumor effect would be more profound and 

less treatable than is found after depletion of normal B cells with CD19 CAR T cells.  

It was previously reported that the fratricide in T cells expressing a CD5-specific CAR 

is limited and does not impair their expansion [219]. This phenomenon was attributed to the 

rapid downregulation of CD5 from the cell surface of CAR T cells, reflecting the property of 

CD5 to internalize upon binding to a specific antibody [319]. CD5, however, is not expressed 

by many T-cell tumors, and even when present, expression is often dim, emphasizing the 

need to broaden the range of target antigens. Moreover, it is now clear that tumor immune 

editing leads to frequent antigen-escape relapses following CAR T-cell and other 

immunotherapies [204], [296], [320]. Hence, the ability to target more than one T-cell- 

associated antigen may be critical for the effective long-term treatment of malignancies 

arising from these cells. CD7 is a transmembrane glycoprotein expressed by T cells and 

natural killer (NK) cells and their precursors [321], [322]; it is also expressed in >95% of 

lymphoblastic T-cell leukemias and lymphomas and in a subset of peripheral T-cell 

lymphomas [323], [324] CD7 plays a costimulatory role in T-cell activation upon binding to its 

ligand K12/SECTM1 [325]–[327]. However, it appears not to make a pivotal contribution to 

T-cell development or function because genomic disruption of CD7 in murine T-cell 

progenitors permits normal T-cell development and homeostasis and only minor alterations 

in T-cell effector function [328], [329].  Notably, CD7 is internalized on ligation [330] and was 

previously evaluated as a target for immunotoxin-loaded antibodies in patients with T-cell 

malignancies [331]. Although there were no severe CD7 antibody-related permanent 

adverse reactions, tumor responses were limited [331]. We hypothesized that enhancing the 
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potency of CD7-directed cytotoxicity by substituting autologous CAR T cells for a 

monoclonal antibody would augment the efficacy of CD7-targeted therapy in patients with T- 

cell malignancies.  

Here, we investigated the feasibility of targeting T-lineage malignancies by using CD7 

CAR T cells. We found that unlike CD5, the internalization of CD7 from the T-cell surface 

following CAR expression is incomplete and leads to extensive fratricide of CD7 CAR T 

cells. We therefore developed a means to permit the generation of functional CAR T cells 

using genome editing to eliminate persisting self-target antigens in T cells. In this study, we 

demonstrate that targeted disruption of the CD7 gene using CRISPR/Cas9 prior to CAR 

expression minimizes fratricide in T cells and allows the expansion of the CD7-knockout 

(CD7KO) CD7 CAR T cells with robust antitumor activity for preclinical and potential clinical 

application.  

II.2. Material	and	Methods		

I I .2.1.  CAR design and transduction  
Three CD7-specific single-chain variable fragments derived from 3A1e, 3A1f, [332] 

and TH-69 [333] clones of CD7-specific antibodies were created using commercial gene 

synthesis (Bio Basic, Inc) and cloned into a second-generation backbone CAR containing 

CD28 and CD3z endodomains and the CH3 domain from IgG1 Fc as a spacer region. A 

truncated CD7 CAR lacking signaling endodomains was used as a control. After initial 

efficacy studies, the best-performing clone (3A1e) was used for the remaining experiments 

presented here. T cells were activated by plate-bound OKT3 and anti-CD28 antibodies, 

transduced with gammaretroviral vectors, and expanded in the presence of interleukin-7 (IL-

7) and IL-15 in cytotoxic T-lymphocyte (CTL) media, as has been described before [219].  

 

I I .2.2.  Genomic disruption of CD7 in T cel ls   
Two guide RNAs (gRNAs) for the CD7 gene (gRNA-85: GGAGCAGGT- 

GATGTTGACGG and gRNA-72: GGGGTCAATGTCTACGGCTC) were designed using 

CRISPRscan and COSMID algorithms [334], [335]. The CD7 gene was genomically 

disrupted in T cells according to the published protocol [336]. Briefly, the 20-nt sequence 

complementary to the specific gene locus was incorporated into an oligonucleotide primer 

and used to amplify the gRNA scaffold from PX458 plasmid (a gift from Feng Zhang; 

Addgene 48138). gRNAs were generated through in vitro transcription with High-Yield RNA 

Synthesis Kit (NEB Bio Labs) from the DNA template, following the manufacturer’s 
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instructions, and purified using the RNA Clean & Concentrator-25 kit (Zymo Research). We 

electroporated 0.4 µg of gRNA and 1 µg of cas9 protein (PNA Bio) with 0.25x106 of activated 

T cells by using the Neon Transfection System (Thermo Fisher Scientific) in 10 µL of buffer 

T and using 3x 1600-V 10-ms pulses. Following electroporation, T cells were incubated in 

CTL media supplemented with 20% fetal bovine serum in the presence of IL-7 and IL-15 

overnight after electroporation. T cells were then expanded in normal media. 

  

I I .2.3.  DNA analysis  
Genomic DNA was harvested 72 hours posttransfection using a Qiagen DNeasy Blood 

and Tissue kit, according to the manufacturer’s instructions. For T7EI assays, polymerase 

chain reaction (PCR) was used to amplify the gRNA target sites in CD7 using Accuprime 

High Fidelity Taq polymerase (Life Technologies), and the resulting products were purified 

using magnetic beads, as has been previously described [337]. T7EI digestion was 

performed according to the manufacturer’s instructions, and the resulting cleavage products 

were analyzed by agarose gel electrophoresis.  

 

I I .2.4.  GUIDE-Seq  
For GUIDE-Seq experiments, gRNAs were generated by cloning annealed oligos 

containing the target sequence into pX330 (gift from Feng Zhang, Addgene 42230) [338]. 

U2OS cells (American Type Culture Collection [ATCC] HTB-96) were maintained in McCoy’s 

5a Medium Modified; ATCC), supplemented with 10% fetal bovine serum and 2 mM of L-

glutamine. Cells were cultured at 37°C in a 5% CO2 incubator. We nucleofected 200.000 

U2OS cells with 1 µg of pX330 Cas9 and gRNA plasmid and with 100 pmol of dsODN by 

using SE cell line nucleofection solution and the CA-138 program on a Lonza 4D-

nucleofector. The nucleofected cells were seeded in 500 µL of media in a 24- well plate, and 

gDNA was extracted 72 hours postnucleofection using a Qiagen DNeasy Blood and Tissue 

kit. dsODN integration at the target site was confirmed by restriction fragment length 

polymorphism assay with NdeI. gDNA was quantified using a qubit high-sensitivity dsDNA 

assay kit. We sheared 400 ng of gDNA using a Covaris LE220 Ultrasonicator to an average 

length of 500bp. The sheared DNA was processed as previously described [339] and 

sequenced on the Illumina Miseq. We analyzed GUIDE-Seq data using the standard pipeline 

[339] with a reduced-gap penalty for better detection of off-target sites containing DNA or 

RNA bulges.  
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I I .2.5.  Bioinformatic off-target identif ication  
Potential off-target sites for the CD7 gRNAs in the human genome (hg38) were 

identified using the Webtool COSMID [335] with up to 3 mismatches allowed in the 19 PAM 

proximal bases. After off-target site ranking, 17 sites for gRNA-72 and 20 sites for gRNA-85 

were selected for off-target screening.  

 

I I .2.6.  Off-target val idation  
T cells were electroporated with recombinant Cas9 and CD7-specific gRNA, as 

indicated above. gDNA was extracted 7 days after ribonucleoprotein delivery, and locus-

specific PCRs were performed to amplify off-target sites identified by COSMID and GUIDE-

Seq. PCR primers contained adapter sequences to facilitate amplicon barcoding via a 

second round of PCR, as has been previously described [340]. All amplicons were pooled at 

an equimolar ratio and sequenced on the Illumina Miseq according to the manufacturer’s 

instructions, except that custom sequencing primers were used for Read 2 and Read Index. 

Sequencing data were analyzed using a custom indel quantification pipeline [341]. 

 

I I .2.7.  Flow cytometry  
Anti-human CD7 and CCR7 (Biolegend); CD4, CD8, CD45RA, and CD56 (BD 

Biosciences); and CD3, CD19, and CD45 (Beckman Coulter) were used to stain cells in 

phosphate-buffered saline or CTL medium. Anti-IgG Fc (Jackson ImmunoResearch) was 

used for CAR detection in all assays. All flow cytometry data were obtained in BD 

fluorescence-activated cell sorter (FACS) Canto II (BD Biosciences) and Gallios (Beckman 

Coulter) and analyzed with FlowJo software (FlowJo, LLC).  

 

I I .2.8.  Intracel lular staining assay  
Tumor cells were stained with eFluor670 (Thermo Fisher Scientific), according to the 

manufacturer’s instructions. CD7KO CD7 CAR T cells were cultured with stained tumor cells 

for 5 hours at a 1:4 effector:target ratio. Brefeldin A (BD GolgiPlug) and monensin (BD 

GolgiStop) were added 1 hour after plating. At the end of coculture, cells were incubated 

with antibodies for surface antigens and permeabilized for 10 minutes using BD FACS 

Permeabilizing Solution 2, followed by incubation with anti-tumor necrosis factor-α (anti-TNF 

α) and anti-interferon-γ (IFNγ) antibodies.  
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I I .2.9.  Cytotoxicity assay  
Cell lines Jurkat (ATCC TIB-152), CCRF-CEM (ATCC CCL-119), MOLT-4 (ATCC 

CRL-1582), Hut 78 (ATCC TIB-161), SupT1 (ATCC CRL-1942), and Raji (ATCC CCL-86) 

were purchased from ATCC. NALM6 cells were a gift from Stephen Gottschalk. The cells 

were expanded according to ATCC recommendations. Tumor cells were stained with 

eFluor670 and incubated with CD7KO CD7 CAR T cells for 3 days without exogenous 

cytokines, unless stated otherwise. Cells from individual wells were collected at indicated 

time points. We added 7-AAD to discriminate dead cells, and we obtained absolute cell 

counts with CountBright Absolute Counting Beads (Thermo Fisher Scientific). In some 

experiments, autologous peripheral blood mononuclear cells (PBMCs) were labeled with 

eFluor670 and incubated with CD7KO CD7 CAR T cells in the presence of IL-2 (100 U/mL), 

IL-7, and IL-15. Cells were collected 24 hours later and stained with specific antibodies for 

subsequent flow cytometric analysis of eFluor670+ cells.  

 

I I .2.10.  Primary T-ALL blasts 
Deidentified fresh or frozen peripheral blood samples from acute T-cell leukemia (T-

ALL) patients were thawed and used immediately for analysis. Fresh cells only were used in 

cytotoxicity assays because of the lower viability of frozen cells on thawing. The protocol for 

collection of peripheral blood from T-ALL patients was approved by the institutional review 

board at Baylor College of Medicine.  

 

I I .2.11.  ELISPOT 

T cells (2x105 cells in triplicates) were plated in 96-well MultiScreen HTS IP plates 

(EMD Millipore, MA) previously coated with anti-human IFN-γ mAb 1-D1K (Mabtech, 

Cincinnati, OH), and kept overnight at 4°C. The cells were stimulated with pepmixes 

(15mers overlapping by 11 aa peptide libraries; JPT Technology) spanning EBV-EBNA-1, 

LMP-1, LMP-2, BARF-1, EBNA- 3a,3b,3c., BZLF1; Adv-Hexon, Penton; and CMV-pp65, IE-

1, and with staphylococcal enterotoxin B (Sigma-Aldrich Corporation) as a positive control. 

After 20 hours at 37°C, the cells were incubated with anti-human IFN-γ mAb 7-B6-1-biotin 

(Mabtech) for 2 hours at 37°C, and avidin-peroxidase-complex (Vector Laboratories, 

Burlingame, CA) was added for 1 hour at room temperature. The plates were then 

developed with 3-amino-9-ethylcarbazole (Sigma, St. Louis, MO) substrate, dried, and sent 

to Zellnet Consulting (Fort Lee, NJ) for quantification. The spots formed were counted as 
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spot-forming cells per 105 cells as a measure of the number of cells releasing IFN-γ in 

response to viral antigen pepmixes.  

I I .2.12.  T-ALL mouse xenograft model  
Five- to 7-week-old nonobese diabetic (NOD)–Cg-Prkdcscid Il2rg /SzJtm1Wjl (NSG) male 

and female mice (Jackson Laboratory) were engrafted with CCRF-CEM GFP-FFLuc+ cells 

by IV injection, and 2x106 of CD7 CAR T cells were injected IV 3 or 6 days later. To measure 

luminescence, we injected mice with 150 mg/kg of D-luciferin intraperitoneally, and tumor 

burden was monitored by recording luminesce in an IVIS Imaging system (Caliper Life 

Sciences) at indicated time points. Living Image software (PerkinElmer) was used to 

visualize and calculate total luminescence. For analysis of tumor and CAR T cells in 

peripheral blood of the mice, 100 µL of blood was collected by tail-vein bleeding. After red 

blood cell lysis, cells were incubated with anti-human CD45, CD4, CD7, and CD8 antibodies 

for subsequent flow cytometric analysis. All procedures were done in compliance with the 

Institutional Animal Care and Usage Committee of Baylor College of Medicine.  

 

I I .2.13.  Statist ical  analysis   
Data points from individual donors are shown in all figures. Statistical significance in 

pairwise comparisons was determined by an unpaired two- tailed Student t test and in 

multiple comparisons by a one-way analysis of variance with posttest Bonferroni correction. 

Statistical significance in Kaplan-Meier survival curves was assessed with the Mantel-Cox 

log-rank test. All P values were calculated using Prism 6 software (GraphPad).  

 

II.3. Results	

I I .3.1.  Expression of CD7 CAR precludes T-cel l  expansion  
 

To test whether normal T cells can be redirected to recognize malignant T cells with a 

CD7-specific CAR, we created a CAR construct with the CD7-specific single-chain variable 

fragment derived from the antibody clone 3A1e (antigen-binding affinity 8.1 nM) [342] fused 

to a second-generation CAR backbone containing an IgG1 CH3 spacer and cytoplasmic 

endodomains from CD28 and CD3ζ genes [219] (Figure II- 1A). The CD7 CAR lacking 

intracellular signaling domains (ΔCAR) was used as a control. Transduction of activated 

human T cells with the gammaretroviral vectors resulted in efficient expression of the CD7 

CAR constructs in T cells (Figure II-1B). 
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Figure II-1- Generation of CD7 CAR T cells (A) Schematic diagram of control (DCAR) and full-
length CD7 CAR constructs used in the study. (B) Surface expression of the CD7 CAR constructs on 
retrovirally transduced T cells measured by flow cytometry using anti-human IgG Fc antibodies on day 6 
posttransduction. 

However, in contrast to control T cells expressing ΔCAR, the T cells expressing full-

length CD7 CAR failed to expand (Figure II-2A). Lack of expansion was associated with poor 

viability of CD7 CAR T cells (Figure II-2B) and detectable residual expression of CD7 on the 

cell surface (Figure II-2C), suggesting antigen-driven fratricide.  

 
Figure II-2- T cells expressing CD7 CARs fail to expand. (A) Expansion of T cells transduced with 

truncated (ΔCAR) of full-length CD7 CAR in vitro for 14 days. (B) Viability of CD7 CAR T cells at days 2 and 
6 posttransduction measured by flow cytometry. (C) Expression of CD7 in nontransduced or CD7 CAR-
transduced activated T cells. A CD7-negative cell line Raji was used as a negative control. Data represent 2 to 5 
independent experiments with n=3 donors in each. Ctrl, control; Neg., negative; ns, not significant; NTR, 
nontransduced. (*P<0.05; **P<0.001).  
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To prove that such phenomenon occurred as a consequence of recognition of CD7 by 

the CAR, we generated two new variants of the CD7 CAR using two distinct scFvs (3A1f and 

TH-69), which recognize different epitopes in the CD7 molecule. All three scFvs produced 

equal toxicity, preventing normal expansion of CD7 CAR T cells (Figure II-3) despite 

differences in epitope recognition and affinities. 

                        
Figure II-3- CD7 CAR toxicity is independent different scFvs that recognize CD7. Expansion of T 

cells transduced with three different CD7 CARs differing only in the scFvs during 17 days. A truncated CAR 
was used as control. Ctrl Control **P<0.001. 

 

Therefore, we hypothesized that ablating CD7 gene expression in T cells would 

prevent the fratricide and restore CD7 CAR T-cell expansion.  

 

I I .3.2.  Genetic disruption of the CD7 gene enables expansion of 
CD7 CAR T cel ls   

Sustained expansion and activity of CD7 CAR T cells would likely require permanent 

inhibition or disruption of CD7 gene expression in CAR-transduced T cells and their progeny. 

Therefore, we disrupted the CD7 gene in T cells prior to transduction by using 

CRISPR/Cas9. We used CRISPRScan [219] and COSMID [335] algorithms to select 2 guide 

RNAs (gRNA-72 and gRNA-85) targeting the CD7 gene with minimal predicted off-target 

effects (Table II-1). We chose to target exon 2 of the CD7 gene encoding the extracellular 

domain to reduce the probability of generating a truncated membrane-bound CD7 protein 

following nonhomologous end joining. 
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Table II-1- Sequence and locus of two gRNAs used to knockout CD7 in T cells 

Name Sequence Locus 

CD7gRNA-72 GGGGTCAATGTCTACGGCTC  17:82316686-82316709 (-) 

CD7gRNA-85 GGAGCAGGTGATGTTGACGG  17:82316913-82316936 (+) 

 

Activated PBMCs were electroporated with CRISPR/Cas9 protein complex with either 

gRNA-72 or gRNA-85; both combinations resulted in efficient disruption of the CD7 gene, 

reflected by the loss of surface CD7 expression 3 days after electroporation (Figure II-4A). 

After electroporation with CRISPR/Cas9 and a CD7-specific gRNA, T cells only gradually 

lost cell-surface expression of CD7 protein over 72 hours (Figure II-4B), and transducing T 

cells with CD7 CAR only 24 hours after the gene editing still resulted in impaired expansion 

of CD7 CAR T cells (Figure II-4C). Therefore, we transduced the cells with CD7 CAR-

encoding retrovirus 3 days after electroporation. This method allowed us to consistently 

obtain a T-cell product containing 85% CD7-knockout (CD7KO) CD7 CAR T cells (Figure II-

4D).  

      

Figure II-4 Disruption of CD7 expression (A) Representative histogram showing ablation of CD7 
expression in T cells after electroporation with CRISPR/cas9 and CD7-specific gRNAs 3 days after 
electroporation. Numbers denote frequency of CD7-negative cells. T cells electroporated with Cas9 only were 
used as a negative control. (B) Downregulation of surface CD7 expression in T cells after electroporation with 
CRISPR/cas9 and gRNA-85. A CD7-negative cell line Raji was used as a negative control. (C) Expansion of T 
cells generated with knockout of CD7 24h after transduction or without knockout (D) Representative dot plots 
showing expression of CD7 and CD7 CAR in T cells generated with the optimized protocol. Numbers indicate 
percentage of cells in each quadrant. h, hour Neg. Ctrl, Negative Control; NTR nontreated 
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Most important, the removal of CD7 expression promoted robust expansion of CD7 

CAR T cells (Figure II-5A) and significantly improved T cell viability (Figure II-5B). 

Figure II-5- Disruption of CD7 expression with CRISPR/Cas9 restores expansion of CD7 CAR T 
cells. (A) Total expansion of CD7 CAR T cells with and without CD7 knockout after 14 days of in vitro culture. 
(B) Viability of CD7 CAR T cells with and without CD7 gene disruption measured at day 6 after transduction 
by flow cytometry. Lines denote individual donors. Data represent 3 independent experiments with 3 donors in 
each. *P<0.05.  not significant 

 

To verify off-target sites for both gRNAs, we performed unbiased whole-genome 

screening with the GUIDE-Seq method and validated the identified sites in primary CD7KO T 

cells (Figure II-6).  

        
Figure II-6 Identification of gRNA off-target sites. (A) Number of potential off-target sites identified 

by the bioinformatic tool COSMID. (B) T7EI assay confirming gRNA activity in U2OS cells and RFLP 
analysis confirming capture of a short dsDNA tag at the gRNA target site. (C) GUIDE-Seq identified off-target 
sites for CD7_72. (D) GUIDE-Seq identified off-target sites for CD7_85. For both gRNA_72 and gRNA_85 the 
CD7 target site is marked by a red star 
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We detected no off-target activity above the limit of detection (0.1%) for gRNA-72. For 

gRNA-85, although 5 off-target sites had activity above 0.1%, none were significantly 

different from mock-treated samples (P< 0.18-0.3; Supplemental Table I). These results 

indicate that the genomic disruption of the CD7 gene was specific and prevented T-cell 

fratricide to enable the expansion of CD7 CAR T cells.  

I I .3.3.  Genetic disruption of CD7 does not impair cytotoxicity of 
CAR T cel ls   

Although the CD7 protein has a costimulatory function in T cells, whether its 

expression is critical or not for the antitumor activity of CAR T cells is unknown. We therefore 

determined whether genomic disruption of the CD7 gene using the CRISPR/Cas9 system 

altered the effector function of CAR T cells. We electroporated T cells with CRISPR/Cas9 

and CD7-specific or control gRNA and transduced them with CD19 CAR (Figure II-7A), 

because the activity of this CAR is well documented. Removal of CD7 did not evidently alter 

the phenotype of CD19 CAR T cells (Figure II- 7B) and preserved the CD4:CD8 ratio (Figure 

II-7C).  

Figure II-7- Loss of CD7 does not alter phenotype or effector function of CAR T cells. (A) T cells 
were electroporated with Cas9 complexed with CD7-specific or control (CD19 specific) gRNA and transduced 
with CD19 CAR. Representative dot plots show expression of CD7 and CD19 CAR in T cells electroporated 
with Cas9+gRNA 7 days posttransduction. Nontreated activated T cells were used as control. Numbers denote 
frequency of cells in corresponding quadrants. (B) Frequency of naive-like cells (naive; CCR7+CD45RA+), 
central memory (CM; CCR7+CD45RA+), effector memory (EM; CCR7+CD45R+), and effector memory RA 
(EMRA; CCR7+CD45RA+) in CD19 CAR T cells assessed by flow cytometry on day 7 posttransduction. (C) 
Frequency of CD4+ and CD8+ CD19 CAR T cells 7 days posttransduction. ns not significant 
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Moreover, lack of CD7 did not compromise the ability of CD4+ CD19 CAR T cells to 

produce the cytokines TNFα and IFNγ on coculture with CD19+NALM6 cells (Figure II-8 

A,B). We then measured the cytotoxicity of CD7+ and CD7KO CD19 CAR T cells against a 

CD19+ cell line, Raji. Both groups of CD19 CAR T cells efficiently eliminated tumor cells after 

72 hours of coculture (Figure II-8 C,D). 

 

  
Figure II-8- Loss of CD7 does not effector function of CAR T cells. (A) CD19 CAR T cells were 

incubated with CD19+ NALM6 cells, and production of TNFa and IFNg in CD4+ cells was assessed by 
intracellular cytokine staining. Dot plots represent cytokine production in CD19 CAR T cells in the presence of 
NALM6 or in media alone. (B) Summarized data from 3 donors are shown on the right. (C) Control or CD7KO 

CD19 CAR T cells or control nontransduced T cells were cocultured with GFP+ Raji cells at the effector-to-
target ratio 1:1 for 72 hours. Dot plots show representative frequency of gated CAR T cells and GFP+ tumor 
cells at the end of coculture. Total numbers of live tumor cells (D) and CD19 CAR T cells (E) were counted by 
flow cytometry at 72 hours using counting beads. Lines denote individual donors. Data represent 2 independent 
experiments with n 5 3 donors in each. *<P 0,05; **<P 0,01; ****<P 0,0001.  

 

 Loss of CD7 did not reduce overall expansion of CD19 CAR T cells (Figure II-8 E) and 

did not affect proliferation of CD4+ and CD8+ subsets (Figure II-9 A,B). Therefore, loss of 

CD7 did not abrogate the short-term survival or cytotoxicity of CAR T cells.  
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Figure II-9- Loss of CD7 does not compromise proliferation of CAR T cells. (A) Representative 

histograms showing CFSE intensity of CD4+ (left) and CD8+ (right) CD19 CAR T cells electroporated with 
control gRNA or CD7 gRNA (CD7KO) before (Day 0) and after (day 3) incubation with RAJI tumor cell line. 
Histogram of the left represents T cells gated on CD4+ population and on the right CD8+ population. (B) Mean 
fluorescence intensity of CFSE in CD19 CAR T cells after coculture with Raji cells. Data from 3 donors are 
shown.  

 

I I .3.4.  CD7KO CD7 CAR T cel ls  eradicate malignant T-cel l  l ines in 
vitro  

 

Because CD7 is highly expressed in T-cell malignancies, we assessed the capacity of 

CD7KO CD7 CAR T cells (from this point on called CD7 CAR T cells) to kill the T-ALL cell 

lines Jurkat, CCRF, MOLT-4, and Sup-T1 and a T-cell lymphoma line Hut78, all of which 

were CD7-positive (Figure II 10-A). In comparison with control CAR T cells, CD7KO CD7 CAR 

T cells had robust cytotoxicity against eFluor670-labeled tumor cell lines, with 95% decrease 

in counts of viable tumor cells after 3 days of coculture at a 1:4 initial effector-to-target (E:T) 

ratio (Figures II 10-B,C). By contrast, CD7 CAR T cells were not cytotoxic against the CD7-

negative cell line NALM6 (Figure II-10C), indicating that the cytolysis was CD7-specific. 
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Figure II-10- Expanded CD7KO CD7 CAR T cells eradicate T-ALL and T lymphoma cell lines. (A) 

Surface expression of CD7 (solid histograms) in T-ALL and T-lymphoma cell lines measured by flow 
cytometry in comparison with isotype control (open histograms). (B) Tumor cell lines were labeled with 
eFluor670 and cocultured with CD7 CAR T cells at the effector-to-target ratio 1:4 for 3 days. Dot plots show 
frequency of gated live tumor cells (CCRF) at the end of coculture. (C) Absolute counts of live tumor cells were 
measured by flow cytometry using counting beads at the end of coculture with CD7 CAR T cells. CD7+ cell line 
NALM6 was used as a negative control. Dashed lines represent the initial number of tumor cells on plating. . 
*<P 0,05; ***<P 0,001; ****<P 0,0001 

 

Coculture with tumor cells also induced proliferation of CD7 CAR T cells (Figure II-11).  

          
Figure II-11- CD7 CAR T cells proliferate in response to tumor stimulation. (A) Representative 

histograms showing CFSE dilution in CD7KO control or CD7 CAR T cells in the presence or absence of CCRF 
tumor cells for three days. (B) Mean fluorescence intensity of CFSE in CD7 CAR T cells at the end of 
coculture. Data is representative of 3 donors (*, P<0.05; ns, not significant).  
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Since we generated 3 different CD7 CARs and different scFvs can change antitumor 

performance of T cells [229] we compared the ability of all scFvs against a T-cell leukemic 

line in a similar killing assay (Figure II-12). Although we did not observed substantial 

differences between all scFvs, scFv number one (clone 3A1) eliminated more tumor cells 

(Figure II-12 A) and expanded more (Figure II-12-B) during 3 days. Therefore and because 

this scFv demonstrated always a slightly better performance in all killing assays and 

expansions we decided to use exclusively the CD7 CAR with this scFv for further studies. 

      
Figure II-12- CD7 CAR with three different scFvs have minimal differences in antitumor effect 

against a T-cell leukemic line.  Killing assay of T cells transduced with CD7 CAR three different scFvs cells in 
coculture with CCRF at 1:4 E:T ratio for 3 days. (A) Number of remaining live tumor cells and (B) number of 
live T cells during the 3 days coculure 

 

Moreover, CD7 CAR T cells also effectively eliminated tumor cells at lower E:T ratios 

1:5 to 1:20 (Figure II-13).  

        

 
Figure II-13- CD7 CAR T cells eliminate tumor cells at low E:T ratios. CD7 CAR T cells were 

cocultured with GFP+ tumor cell lines at indicated effector to target ratios 3 days. Live tumor cells were counted 
by flow cytometry using counting beads at the end of coculture. Dashed lines represent the initial number of 
tumor cells upon plating. (*, P<0.05; **, P<0.01 ).  
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Both CD4+ and CD8+ CD7 CAR T cells produced TNFα and IFNγ on coculture with T-

ALL cell lines CCRF, and SupT1 and a lymphoma line Hut78 (Figure II-14). Therefore, CD7 

CAR T cells demonstrate potent and specific antitumor activity against malignant T cells.  

    
Figure II-14- CD7 CAR T cells produce cytokines upon culture with T-ALL and T lymphoma cell 

lines. (A) Representative dot plots showing intracellular cytokine staining for TNFα and IFNγ in CD7 CAR T 
cells upon coculture with CCRF cells or media alone. (B) Mean frequencies of cytokine-positive CD4+ (top) and 
CD8+ (bottom) CD7 CAR T cells on coculture with indicated CD7+ cell lines or media alone. Data represent 2 
independent experiments with n=3 donors in each. **P< 0,01; ***P< 0,001.  

 

I I .3.5.   CD7 CAR T cel ls  recognize and el iminate primary T-ALL 
cel ls   

To further evaluate the capacity of CD7 CAR T cells to respond to primary tumors, we 

measured cytokine production on coculture with freshly thawed apheresis samples from T-

ALL patients, whose blast cells had a range of CD7 expression (Figure II-15A). Both CD4+ 

and CD8+ CD7 CAR T cells produced increased levels of IFNγ and TNFα when cocultured 

with the primary cells (Figure II-15B,C). Similarly, we observed robust cytotoxicity of CD7 

CAR T cells against freshly isolated primary T-ALL cells, resulting in >97% elimination of 

malignant T cells after 48 hours of coculture (Figure II-15 D-E) and concomitant expansion 

of CD7 CAR T cells (Figure II-15 E). These results indicate that CD7 CAR can efficiently 

redirect CD7KO T cells to eradicate primary T-blast cells.  

To verify off-target sites for both gRNAs, we performed unbiased
whole-genome screening with the GUIDE-Seq method and
validated the identified sites in primary CD7KO T cells (supple-
mental Figure 2). We detected no off-target activity above the limit
of detection (0.1%) for gRNA-72. For gRNA-85, although 5 off-
target sites had activity above 0.1%, none were significantly
different from mock-treated samples (P 5 .18-.3; supplemental
Table 1). These results indicate that the genomic disruption of the
CD7 gene was specific and prevented T-cell fratricide to enable the
expansion of CD7 CAR T cells.

Genetic disruption of CD7 does not impair cytotoxicity of CAR

T cells

Although the CD7 protein has a costimulatory function in T cells,
whether its expression is critical or not for the antitumor activity ofCAR
T cells is unknown. We therefore determined whether genomic
disruption of the CD7 gene using the CRISPR/Cas9 system altered the
effector function of CAR T cells. We electroporated T cells with
CRISPR/Cas9 andCD7-specific or control gRNAand transduced them
with CD19 CAR (Figure 3A), because the activity of this CAR is well
documented. Removal of CD7 did not evidently alter the phenotype of
CD19 CAR T cells (Figure 3B) and preserved the CD4:CD8 ratio
(Figure 3C). Moreover, lack of CD7 did not compromise the ability
of CD41 CD19 CAR T cells to produce the cytokines TNFa and
IFNg on coculture with CD191 NALM6 cells (Figure 3D). We then
measured the cytotoxicity of CD71 and CD7KO CD19 CAR T cells
against a CD191 cell line, Raji. Both groups of CD19 CAR T cells

efficiently eliminated tumor cells after 72 hours of coculture (Figure
3E-F). Loss of CD7 did not reduce overall expansion of CD19
CAR T cells (Figure 3G) and did not affect proliferation of CD41

andCD81 subsets (supplemental Figure 3). Therefore, loss of CD7
did not abrogate the short-term survival or cytotoxicity of CAR
T cells.

CD7KO CD7 CAR T cells eradicate malignant T-cell lines in vitro

Because CD7 is highly expressed in T-cell malignancies, we
assessed the capacity of CD7KOCD7CART cells to kill the T-ALL
cell lines Jurkat, CCRF, MOLT-4, and Sup-T1 and a T-cell
lymphoma line Hut78, all of which were CD7-positive (Figure 4A).
In comparison with control CAR T cells, CD7KO CD7 CAR T cells
had robust cytotoxicity against eFluor670-labeled tumor cell lines,
with .95% decrease in counts of viable tumor cells after 3 days of
coculture at a 1:4 initial effector-to-target (E:T) ratio (Figures 4B-C).
Coculture with tumor cells also induced proliferation of CD7KO CD7
CART cells (supplemental Figure 4). By contrast, CD7KOCD7CAR
T cells were not cytotoxic against the CD7-negative cell line NALM6
(Figure 4C), indicating that the cytolysis was CD7-specific. More-
over, CD7KOCD7CARTcells also effectively eliminated tumor cells
at lower E:T ratios 1:5 to 1:20 (supplemental Figure 5). Both CD41

and CD81 CD7KO CD7 CAR T cells produced TNFa and IFNg on
coculture with T-ALL cell lines CCRF, and SupT1 and a lymphoma
line Hut78 (Figure 4E-F). Therefore, CD7KO CD7 CAR T cells
demonstrate potent and specific antitumor activity against malignant
T cells.
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Figure II-15- Antitumor activity of CD7KOCD7 CAR T cells against primary T-ALL blasts. (A) Surface 

expression of CD7 in peripheral blasts in 4 T-ALL patient samples. (B) Representative dot plots showing production of 
TNFα and IFNγ by CD7 CAR T cells on coculture with allogeneic primary T-ALL blasts. (C) Mean frequencies of 
cytokine-positive CD7 CAR T cells on coculture with individual T-ALL samples. (D) Peripheral blasts were freshly isolated 
from a T-ALL patient by leukapheresis, labeled with eFluor670 and cocultured with control or CD7 CAR T cells for 48 
hours. Dot plots show the frequency of live tumor cells at the end of coculture. (E) Absolute counts of live tumor cells and 
CD7 CAR T cells quantified by flow cytometry at the end of coculture. Data represent 1 to 2 independent with n= 3 donors 
in each. *P <0,05; **P <0,01.  

 

I I .3.6.  On-target off-tumor effects of  CD7 CAR T cel ls   
Apart from malignant T cells, CD7 is expressed by the majority of normal T and NK 

cells, raising the possibility that CD7 CAR T cells may produce T- and NK-cell aplasia 

following infusion. Indeed, we observed a significant reduction in numbers of live T and NK 

cells on coculture of CD7 CAR T cells with autologous PBMC for 24 hours (Figure II-16 A,B).  

TN
Fα

IFNγ

Media T-ALL#4T-ALL#3T-ALL#2T-ALL#1
21 10 16 10 16 6 28 192 1

A B

CD7

Ctrl

T-ALL#4
T-ALL#3
T-ALL#2
T-ALL#1

CD7KO CD7 CAR T cells recognize and eliminate primary

T-ALL cells

To further evaluate the capacity of CD7KO CD7 CAR T cells to
respond to primary tumors, we measured cytokine production on
coculture with freshly thawed apheresis samples from T-ALL
patients, whose blast cells had a range of CD7 expression
(Figure 5A). Both CD41 and CD81 CD7KO CD7 CAR T cells
produced increased levels of IFNg and TNFawhen coculturedwith
the primary cells (Figure 5B-C). Similarly, we observed robust
cytotoxicity of CD7KO CD7 CAR T cells against freshly isolated
primary T-ALL cells, resulting in.97% elimination of malignant
T cells after 48 hours of coculture (Figure 5D-E) and concomitant
expansion of CD7KO CAR T cells (Figure 5E). These results
indicate that CD7 CAR can efficiently redirect CD7KO T cells to
eradicate primary T-blast cells.

On-target off-tumor effects of CD7KO CD7 CAR T cells

Apart from malignant T cells, CD7 is expressed by the majority of
normal T and NK cells, raising the possibility that CD7KO CD7
CAR T cells may produce T- and NK-cell aplasia following

infusion. Indeed, we observed a significant reduction in numbers of
live T and NK cells on coculture of CD7KO CD7 CAR T cells with
autologous PBMC for 24 hours (Figure 6A-B). Depletion of these
lymphocytes may result in potentially life-threatening immunode-
ficiency. However, because lack of CD7 did not affect T-cell
effector function (Figure 3), we sought to determinewhether CD7KO

T cells themselves could protect the host by targeting pathogens
through their native receptors. Because the infused product will
contain both nontransduced and CD7 CAR-transduced CD7KO

T cells, we tested the reactivity of these subsets to viral antigens
by incubating cells with a peptide mix derived from CMV, EBV,
and adenovirus—the most common causes of viremia in highly
immunosuppressed patients—and measured spot-forming units by
IFNg ELISPOT.We found that both nontransduced and CD7 CAR-
transduced CD7KO T cells responded to stimulation with viral
peptides (Figure 6C), although the response of CD7KO T cells was
attenuated in 1 donor. Notably, both CD41 and CD81 CD7KO

T cells retained their viral reactivity (Figure 6D) suggesting that
although CD7KO CD7 CAR T cells can reduce normal T-cell
numbers, the infused CAR T-cell product itself retains antiviral
activity.
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Figure 5. Antitumor activity of CD7KO CD7 CAR T cells against primary T-ALL blasts. (A) Surface expression of CD7 in peripheral blasts in 4 T-ALL patient samples.
(B) Representative dot plots showing production of TNFa and IFNg by CD7 CAR T cells on coculture with allogeneic primary T-ALL blasts. (C) Mean frequencies of
cytokine-positive CD7KO CD7 CAR T cells on coculture with individual T-ALL samples. (D) Peripheral blasts were freshly isolated from a T-ALL patient by leukapheresis,

labeled with eFluor670 and cocultured with control or CD7KO CD7 CAR T cells for 48 hours. Dot plots show the frequency of live tumor cells at the end of coculture. (E)
Absolute counts of live tumor cells and CD7KO CD7 CAR T cells quantified by flow cytometry at the end of coculture. Data represent 1 to 2 independent with n 5 3 donors
in each. *P , .05; **P , .01.
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CD7KO CD7 CAR T cells recognize and eliminate primary

T-ALL cells

To further evaluate the capacity of CD7KO CD7 CAR T cells to
respond to primary tumors, we measured cytokine production on
coculture with freshly thawed apheresis samples from T-ALL
patients, whose blast cells had a range of CD7 expression
(Figure 5A). Both CD41 and CD81 CD7KO CD7 CAR T cells
produced increased levels of IFNg and TNFawhen coculturedwith
the primary cells (Figure 5B-C). Similarly, we observed robust
cytotoxicity of CD7KO CD7 CAR T cells against freshly isolated
primary T-ALL cells, resulting in.97% elimination of malignant
T cells after 48 hours of coculture (Figure 5D-E) and concomitant
expansion of CD7KO CAR T cells (Figure 5E). These results
indicate that CD7 CAR can efficiently redirect CD7KO T cells to
eradicate primary T-blast cells.

On-target off-tumor effects of CD7KO CD7 CAR T cells

Apart from malignant T cells, CD7 is expressed by the majority of
normal T and NK cells, raising the possibility that CD7KO CD7
CAR T cells may produce T- and NK-cell aplasia following

infusion. Indeed, we observed a significant reduction in numbers of
live T and NK cells on coculture of CD7KO CD7 CAR T cells with
autologous PBMC for 24 hours (Figure 6A-B). Depletion of these
lymphocytes may result in potentially life-threatening immunode-
ficiency. However, because lack of CD7 did not affect T-cell
effector function (Figure 3), we sought to determinewhether CD7KO

T cells themselves could protect the host by targeting pathogens
through their native receptors. Because the infused product will
contain both nontransduced and CD7 CAR-transduced CD7KO

T cells, we tested the reactivity of these subsets to viral antigens
by incubating cells with a peptide mix derived from CMV, EBV,
and adenovirus—the most common causes of viremia in highly
immunosuppressed patients—and measured spot-forming units by
IFNg ELISPOT.We found that both nontransduced and CD7 CAR-
transduced CD7KO T cells responded to stimulation with viral
peptides (Figure 6C), although the response of CD7KO T cells was
attenuated in 1 donor. Notably, both CD41 and CD81 CD7KO

T cells retained their viral reactivity (Figure 6D) suggesting that
although CD7KO CD7 CAR T cells can reduce normal T-cell
numbers, the infused CAR T-cell product itself retains antiviral
activity.
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Figure 5. Antitumor activity of CD7KO CD7 CAR T cells against primary T-ALL blasts. (A) Surface expression of CD7 in peripheral blasts in 4 T-ALL patient samples.
(B) Representative dot plots showing production of TNFa and IFNg by CD7 CAR T cells on coculture with allogeneic primary T-ALL blasts. (C) Mean frequencies of
cytokine-positive CD7KO CD7 CAR T cells on coculture with individual T-ALL samples. (D) Peripheral blasts were freshly isolated from a T-ALL patient by leukapheresis,

labeled with eFluor670 and cocultured with control or CD7KO CD7 CAR T cells for 48 hours. Dot plots show the frequency of live tumor cells at the end of coculture. (E)
Absolute counts of live tumor cells and CD7KO CD7 CAR T cells quantified by flow cytometry at the end of coculture. Data represent 1 to 2 independent with n 5 3 donors
in each. *P , .05; **P , .01.
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CD7KO CD7 CAR T cells recognize and eliminate primary

T-ALL cells

To further evaluate the capacity of CD7KO CD7 CAR T cells to
respond to primary tumors, we measured cytokine production on
coculture with freshly thawed apheresis samples from T-ALL
patients, whose blast cells had a range of CD7 expression
(Figure 5A). Both CD41 and CD81 CD7KO CD7 CAR T cells
produced increased levels of IFNg and TNFawhen coculturedwith
the primary cells (Figure 5B-C). Similarly, we observed robust
cytotoxicity of CD7KO CD7 CAR T cells against freshly isolated
primary T-ALL cells, resulting in.97% elimination of malignant
T cells after 48 hours of coculture (Figure 5D-E) and concomitant
expansion of CD7KO CAR T cells (Figure 5E). These results
indicate that CD7 CAR can efficiently redirect CD7KO T cells to
eradicate primary T-blast cells.

On-target off-tumor effects of CD7KO CD7 CAR T cells

Apart from malignant T cells, CD7 is expressed by the majority of
normal T and NK cells, raising the possibility that CD7KO CD7
CAR T cells may produce T- and NK-cell aplasia following

infusion. Indeed, we observed a significant reduction in numbers of
live T and NK cells on coculture of CD7KO CD7 CAR T cells with
autologous PBMC for 24 hours (Figure 6A-B). Depletion of these
lymphocytes may result in potentially life-threatening immunode-
ficiency. However, because lack of CD7 did not affect T-cell
effector function (Figure 3), we sought to determinewhether CD7KO

T cells themselves could protect the host by targeting pathogens
through their native receptors. Because the infused product will
contain both nontransduced and CD7 CAR-transduced CD7KO

T cells, we tested the reactivity of these subsets to viral antigens
by incubating cells with a peptide mix derived from CMV, EBV,
and adenovirus—the most common causes of viremia in highly
immunosuppressed patients—and measured spot-forming units by
IFNg ELISPOT.We found that both nontransduced and CD7 CAR-
transduced CD7KO T cells responded to stimulation with viral
peptides (Figure 6C), although the response of CD7KO T cells was
attenuated in 1 donor. Notably, both CD41 and CD81 CD7KO

T cells retained their viral reactivity (Figure 6D) suggesting that
although CD7KO CD7 CAR T cells can reduce normal T-cell
numbers, the infused CAR T-cell product itself retains antiviral
activity.
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Figure 5. Antitumor activity of CD7KO CD7 CAR T cells against primary T-ALL blasts. (A) Surface expression of CD7 in peripheral blasts in 4 T-ALL patient samples.
(B) Representative dot plots showing production of TNFa and IFNg by CD7 CAR T cells on coculture with allogeneic primary T-ALL blasts. (C) Mean frequencies of
cytokine-positive CD7KO CD7 CAR T cells on coculture with individual T-ALL samples. (D) Peripheral blasts were freshly isolated from a T-ALL patient by leukapheresis,

labeled with eFluor670 and cocultured with control or CD7KO CD7 CAR T cells for 48 hours. Dot plots show the frequency of live tumor cells at the end of coculture. (E)
Absolute counts of live tumor cells and CD7KO CD7 CAR T cells quantified by flow cytometry at the end of coculture. Data represent 1 to 2 independent with n 5 3 donors
in each. *P , .05; **P , .01.
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CD7KO CD7 CAR T cells recognize and eliminate primary

T-ALL cells

To further evaluate the capacity of CD7KO CD7 CAR T cells to
respond to primary tumors, we measured cytokine production on
coculture with freshly thawed apheresis samples from T-ALL
patients, whose blast cells had a range of CD7 expression
(Figure 5A). Both CD41 and CD81 CD7KO CD7 CAR T cells
produced increased levels of IFNg and TNFawhen coculturedwith
the primary cells (Figure 5B-C). Similarly, we observed robust
cytotoxicity of CD7KO CD7 CAR T cells against freshly isolated
primary T-ALL cells, resulting in.97% elimination of malignant
T cells after 48 hours of coculture (Figure 5D-E) and concomitant
expansion of CD7KO CAR T cells (Figure 5E). These results
indicate that CD7 CAR can efficiently redirect CD7KO T cells to
eradicate primary T-blast cells.

On-target off-tumor effects of CD7KO CD7 CAR T cells

Apart from malignant T cells, CD7 is expressed by the majority of
normal T and NK cells, raising the possibility that CD7KO CD7
CAR T cells may produce T- and NK-cell aplasia following

infusion. Indeed, we observed a significant reduction in numbers of
live T and NK cells on coculture of CD7KO CD7 CAR T cells with
autologous PBMC for 24 hours (Figure 6A-B). Depletion of these
lymphocytes may result in potentially life-threatening immunode-
ficiency. However, because lack of CD7 did not affect T-cell
effector function (Figure 3), we sought to determinewhether CD7KO

T cells themselves could protect the host by targeting pathogens
through their native receptors. Because the infused product will
contain both nontransduced and CD7 CAR-transduced CD7KO

T cells, we tested the reactivity of these subsets to viral antigens
by incubating cells with a peptide mix derived from CMV, EBV,
and adenovirus—the most common causes of viremia in highly
immunosuppressed patients—and measured spot-forming units by
IFNg ELISPOT.We found that both nontransduced and CD7 CAR-
transduced CD7KO T cells responded to stimulation with viral
peptides (Figure 6C), although the response of CD7KO T cells was
attenuated in 1 donor. Notably, both CD41 and CD81 CD7KO

T cells retained their viral reactivity (Figure 6D) suggesting that
although CD7KO CD7 CAR T cells can reduce normal T-cell
numbers, the infused CAR T-cell product itself retains antiviral
activity.
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Figure 5. Antitumor activity of CD7KO CD7 CAR T cells against primary T-ALL blasts. (A) Surface expression of CD7 in peripheral blasts in 4 T-ALL patient samples.
(B) Representative dot plots showing production of TNFa and IFNg by CD7 CAR T cells on coculture with allogeneic primary T-ALL blasts. (C) Mean frequencies of
cytokine-positive CD7KO CD7 CAR T cells on coculture with individual T-ALL samples. (D) Peripheral blasts were freshly isolated from a T-ALL patient by leukapheresis,

labeled with eFluor670 and cocultured with control or CD7KO CD7 CAR T cells for 48 hours. Dot plots show the frequency of live tumor cells at the end of coculture. (E)
Absolute counts of live tumor cells and CD7KO CD7 CAR T cells quantified by flow cytometry at the end of coculture. Data represent 1 to 2 independent with n 5 3 donors
in each. *P , .05; **P , .01.
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Figure II-16- CD7 CAR T cells are cytotoxic against normal T cells and NK cells. (A) Control or 

full-length CD7 CAR T cells were cocultured with eFluor670-labeled autologous PBMC for 24 hours, and the 
frequency of T and NK cells was measured by flow cytometry. Dot plots show the frequency of gated CD19+ B 
cells (top) and CD56+ CD3- NK cells and CD3+ T cells (bottom) at the end of coculture. (B) Total numbers of 
autologous B cells, NK cells, and T cells at the end of coculture with autologous CD7 CAR T cells was 
quantified by flow cytometry using counting beads. Data represent 2 independent experiments with n= 3 donors 
in each. ***P <0,001 

 

Although expected, to test if this toxicity could be mitigated using any of the 3 CD7 

CARs that we generated using different scFvs, we repeated these assays with all scFvs 

(Figure II-17), especially considering that all performed equally well against tumor cells. 

Minimal differences were noticeable among all 3 variants of CD7 CAR, demonstrating that 

such toxicity cannot be avoided by changing the scFvs. 

 
Figure II-17- Different scFvs do not avoid “on-target off-tumor effect”. Total numbers of autologous 

B cells, NK cells, and T cells at the end a coculture with eFluor670-labeled autologous PBMC for 24 hours and 
autologous T cells transduced with  CD7 CARs with different scFvs quantified by flow cytometry using 
counting beads. 

Depletion of these lymphocytes may result in potentially life-threatening 

immunodeficiency. However, because lack of CD7 did not affect T-cell effector function 

(Figure II-7-9), we sought to determine whether CD7KO T cells themselves could protect the 

host by targeting pathogens through their native receptors. Because the infused product will 

contain both nontransduced and CD7 CAR-transduced CD7KO T cells, we tested the 

reactivity of these subsets to viral antigens by incubating cells with a peptide mix derived 
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from CMV, EBV, and adenovirus—the most common causes of viremia in highly 

immunosuppressed patients—and measured spot-forming units by IFNγ ELISPOT. We 

found that both nontransduced and CD7 CAR- transduced CD7KO T cells responded to 

stimulation with viral peptides (Figure II-18A), although the response of CD7KO T cells was 

attenuated in 1 donor. Notably, both CD4+ and CD8+ CD7KO T cells retained their viral 

reactivity (Figure II-18 B) suggesting that although CD7 CAR T cells can reduce normal T-

cell numbers, the infused CAR T-cell product itself retains antiviral activity.  

     

Figure II-18- CD7KO T cells and CD7 CAR T cells can respond to viral antigens. (A) Nontransduced, 
CD7KO and CD7KO CD7 CAR T cells were stimulated with pepmixes from cytomegalovirus, Epstein-Barr virus, 
and adenovirus, and the number of IFNγ+ spot-forming cells was measured by ELISPOT. Individual data from 3 
donors are shown as a means of triplicate determinations. (B) CD4+ and CD8+ T cells were MACS-purified and 
separately assayed for IFNγ production in response to pepmixes as described above. AdV, adenovirus; CMV, 
cytomegalovirus; EBV, Epstein-Barr virus; Neg., negative; Pos., positive; SFC, spot-forming cells.  

 

I I .3.7.  CD7 CAR T cel ls  are protective in mouse xenograft models 
of T-ALL  

We used a mouse xenograft model of disseminated T-ALL [219] by engrafting NOD–

severe combined immunodeficiency (SCID) γ chain-deficient (NSG) mice intravenously with 

CCRF-CEM cells engineered to express GFP-firefly luciferase (Figure 19A). Three days 

after tumor engraftment, we injected a single dose of CD7 CAR T cells or control 

nontransduced T cells and followed the tumor burden by IVIS imaging. CD7 CAR T cells 

conferred robust protection against leukemia progression (Figure 19B-C) and significantly 

extended median survival of the mice (16 days in the control group vs 58 days in the CAR T 

group; P< 0.0026 by Mantel-Cox log-rank test) (Figure 19D). In some mice, tumor relapses 

originated in the periodontal region, a known tumor sanctuary with limited accessibility by 

human CAR T cells [219], [250]. 
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Figure II-19- CD7KO CD7 CAR T cells control the progression of systemic T-ALL in the mouse 

xenograft model. (A) Schematic outline of the experiment. NSG mice (n=5 per group) were injected 
intravenously with 1x106 GFP-FFluc CCRF cells followed by a single intravenous injection of 2x106 of control 
or CD7 CAR T cells 3 days later. (B) Tumor burden was monitored weekly by measuring luminescence using 
IVIS imaging. (C) Overall kinetics of systemic tumor progression in mice. Each line denotes an individual 
animal. (D) Kaplan-Meier survival curve of mice injected with control or CD7 CAR T cells.  

Similarly, CD7 CAR T cells protected mice in a higher tumor burden leukemia model in 

which CAR T cells were injected 6 days after CCRF administration and systemic 

engraftment (Figure II-20). 

                 
Figure II-20- CD7 CAR T cells are protective in a high tumor burden mouse model of T-ALL. (A) 

Schematic outline of the experiment. NSG mice (n=8 in control T cell group and 11 in CD7 CAR T cell group) 
were injected intravenously with 1x106 GFP-FFluc CCRF cells followed by a single intravenous injection of 
2x106 of control or CD7 CAR T cells 6 days later. (B) Tumor burden was monitored weekly by measuring 
luminescence using IVIS imaging. (C) Overall kinetics of systemic tumor progression in mice. Each line 
denotes an individual animal. (D) Kaplan–Meier survival curve of mice injected with control or CD7 CAR T 
cells. (****, P<0.0001 by log- rank Mantel-Cox test). 
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Moreover, mice with early tumor relapses had a lower frequency of CD7 CAR T cells in 

peripheral blood at day 32 (Figure II-21A), although relapsed tumors retained expression 

of CD7, albeit displaying moderate downregulation of CD7 surface density (Figure II-21B). 

This downregulation, however, was insufficient to compromise the ability of CD7 CAR T cells 

to recognize and eliminate the relapsed tumor (Figure II-21C), indicating that a lack of CAR 

T-cell persistence rather than antigen escape was the primary culprit for the relapses.  

 
Figure II-21- Lack of persistence of CD7 CAR T cells in vivo (A) Relative frequency of CAR T cells 

(hCD45+ GFP+) in peripheral blood of mice in stable remission (top) or during early stages of relapse (bottom) 
on day 34 after CAR T-cell injection. (B) Surface expression of CD7 on relapsed CCRF tumor cells in 
peripheral blood of 3 relapsed mice (CCRF m1-m3, grey histograms) in comparison with control in vitro 
propagated cells (red histogram). Open histogram denotes CD7-negative cell line Raji. Data represent 2 
independent experiments. (C) CCRF GFP+ blasts were isolated from spleens of 3 relapsed mice and cocultured 
with CD7KO control or CD7 CAR T cells from 3 donors for 24 hours at a 1:1 E:T ratio. The numbers of viable 
tumor cells were counted at the end of coculture by flow cytometry using counting beads. *P< 0,05; **P < 0.01. 

 

II.4. Discussion		
 

Although CD7 is an attractive therapeutic target for T-cell malignancies, effector T cells 

modified with CD7-specific CARs fail to substantially downregulate CD7 expression, 

resulting in extensive fratricide and precluding T-cell expansion. Here we show that targeted 
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genomic disruption of the CD7 gene renders CD7 CAR T cells resistant to fratricide, 

permitting robust expansion without compromising T-cell antigen recognition through their 

native or chimeric receptors. This toxicity was observed with 3 different scFvs against CD7.  

Genome editing, however, is not the only way to conceal CD7 from the cell surface. A 

recent report showed that the CD7 protein can be “trapped” inside the T cell when bound to 

an engineered CD7-specific scFv anchored in the endoplasmic reticulum of the cell 

[343].This interaction prevents CD7 from trafficking to the cell surface and effectively 

reduces fratricide of CD7 CAR T cells. While such method would obviate the need for 

genome editing in T cells, the long-term efficacy and feasibility of both methods to generate 

fratricide-resistant CD7 CAR T cells need to be compared in clinical studies.  

CD7KO CD7 CAR T cells eliminated malignant T-cell lines and primary tumor cells and 

protected mice against systemic leukemia progression in a xenograft model. Although CD7 

CAR T cells were cytotoxic against normal peripheral T and NK cells, the CD7KO T cells 

retained their response to virus-derived peptides through their native receptors, which may 

ameliorate in vivo immunosuppression.  

It was previously demonstrated that the expression of a CD5-specific CAR on the 

surface of T cells did not cause complete self-elimination of T cells, because CAR 

expression coincided with the downregulation of CD5 from the T-cell surface, likely by 

internalization of CD5 following CD5 CAR engagement [219]. In contrast, we found that 

expression of CD7 CARs promoted only limited downregulation of CD7 expression that was 

insufficient to mitigate fratricide of CD7 CAR T cells without additional knockout of the CD7 

gene. Understanding the mechanisms regulating the differential downregulation of CD5 and 

CD7 antigens may help extend opportunities for using CAR T cells targeting other T- lineage 

antigens that internalize upon ligation (eg, CD3- discussed in chapter III) [330]. 

The clinical feasibility of using targeted genome editing in T cells prior to their adoptive 

transfer has been well demonstrated. Genomic disruption of the HIV coreceptor CCR5 in 

CD4+ T cells using zinc-finger nucleases rendered those cells resistant to infection and 

enabled CCR5-negative T cells to engraft and persist in HIV-infected patients [344]. Ablation 

of the T-cell receptor (TCR) gene with TALENs in CD19 CAR T cells enabled the use of 

third-party T cells to successfully induce remission in a patient with B-cell leukemia [345], an 

encouraging milestone on the way to “universal” off-the-shelf T-cell products with greatly 

diminished risk of graft-versus-host disease. In the latter study, the CD52 gene was also 

mutated in the transferred CAR T cells to enable resistance to alemtuzumab. In this study, 

we used the CRISPR/Cas9 system to ablate CD7 expression, because it allows for fast and 

efficient disruption of the target gene in T cells.  

Although all genome editing tools are associated with potential off-target activity and 

mutations outside of the target gene, the off-target activity of CRISPR/Cas9 and other 
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editing systems can in part be predicted by using in silico methods and unbiased genome-

wide screening [334], [335], [339]. We used these algorithms to select 2 gRNA with minimal 

predicted binding sites outside the target CD7 gene and assessed off-target activity by 

unbiased methods of identification of double-strand breaks in vitro [339] and verified in the 

intended target cells. Further in vivo validation can be achieved using deep sequencing to 

detect emerging oligoclonality or clonal dominance in patients and thereby identifying 

mutations that lead to a proliferative or survival advantage of T cells. Although these risks 

may vary according to the type of genome editing tool used [346], the consequences of off-

target activity of genome editing tools should resemble the risks of random insertional 

mutagenesis by gammaretroviral or lentiviral vectors in T cells [347]. Despite the widespread 

use of these viral vectors over 20 years in more than 2000 patients in clinical trials, no 

evidence of malignant transformation has been observed when mature T cells are the 

targets for transduction, although exposure of hematopoietic stem cells to gammaretroviral 

vectors has led to malignant change following expression of some (but not all) transgenes 

[348]. At the moment, the use of CRISPR/Cas9 for a good manufacturing practice (GMP)–

compliant production of therapeutic T cells is hampered by limited availability of GMP-grade 

Cas9 reagents. However, Cas9 can also be delivered as (cGMP) messenger RNA, which 

may circumvent the need for a GMP-grade recombinant protein; the efficiency of this 

approach for CD7 gene disruption in T cells remains to be tested.  

The direct consequences of CD7 knockdown for residual immune function appear 

modest. Although CD7 is present in most peripheral T and NK cells, evidence that its 

expression is critical for mature T-cell function is lacking. CD7-knockout mice display 

unimpaired development and homeostasis of mature T cells and mount normal T cell-

dependent immune responses [328], [329]. CD7 provides costimulation in T cells by 

activating PI(3)K and PI(4)K pathways [326], [327], [342] on binding its ligand K12/SECTM, 

which is expressed by myeloid cells and thymic epithelial and stromal cells [349]–[351]. In 

contrast, binding of galectin-1 by CD7 can trigger apoptosis [352], suggesting that CD7 may 

regulate T-cell proliferation and survival in a context-dependent manner. In our study, 

knocking out the CD7 gene in activated T cells did not affect their expansion or CAR-

mediated cytotoxicity, suggesting that loss of CD7 is unlikely to impair the antitumor activity 

of CAR T cells—at least in the short term—and that costimulatory endodomains embedded 

in the CAR may compensate for the lack of CD7-derived costimulation. Finally, CD7KO T 

cells were able to respond to viral antigens through their native receptors in vitro, further 

demonstrating their maintained functionality.  

Because CD7 is normally present on mature T and NK cells and their precursors, 

administration of CD7 CAR T cells may cause long-term ablation of these critical lymphocyte 

populations. This on-target off-tumor effect may have only limited impact on host immunity. 
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First, CD7 is not expressed by all peripheral T cells [353], [354] and therefore those CD7-

negative subsets may be spared, limiting the extent of T-cell aplasia. Second, the infused 

CD7 CAR T cells are polyclonal and contain both nontransduced and CAR-transduced T 

cells. If these cells replenish the immune system, they may provide protection to viral (and 

likely other) pathogens via their native TCRs. Indeed, CD7 CARs could be expressed in 

multivirus-specific CD7KO T cells to further augment protection [355]. Furthermore, CD7KO 

CD7 CAR T cells could be used as a temporary “bridge-to-transplant” therapy, enabling sub-

sequent stem cell transplant that would in turn terminate CAR T-cell activity. Finally, 

incorporating a clinically validated suicide switch system to eliminate CAR T cells if 

persistent toxicity occurs may provide an additional exit strategy [356]. One or several of 

these approaches could be used in combination to mitigate the risk of permanent T-cell 

aplasia.  

In summary, this study demonstrates the feasibility and efficacy of CD7KO CD7 CAR T 

cells for the targeted therapy of T-cell tumors. Because CD7KO T cells retain activity against 

viral antigens through their native receptors, it should be feasible to use this approach to 

eradicate CD7+ malignancies while retaining a functional T-cell immune system. Additionally, 

our genetic editing approach may enable the generation of CAR T cells to be redirected to 

other T-lineage antigens to broaden the range of targetable tumors or to target other tumors, 

which have aberrant of expression of this lymphoid marker such as Acute Myeloid 

Leukemia. 
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C h a p t e r  I I I .  C D 3  C A R  a s  a  t r e a t m e n t  f o r  T  

c e l l  l y m p h o m a s  
 

 

 

 

 

 

Development of chimeric antigen receptors allowed the ex vivo generation of T cells capable of 

recognizing antigens to which immune cells are considered to be tolerant. While self-tolerance is a 

key characteristic of the immune system to avoid auto-reactivity, CAR therapy could be designed 

to induce controlled, short-term immune responses against particular cell-surface antigens that 

are present in tumor cells and avoid extensive damage to the host. The search for more and better 

tumor markers is under intense research, and existing monoclonal antibody libraries facilitate the 

process of CAR design. However, earlier clinical results and safety profiles of such antibodies in 

humans do not guarantee the feasibility of CARs containing the corresponding scFvs. CARs and 

antibodies activate different immune cells and different pathways. Thus, while some CARs built on 

the success of monoclonal antibodies, others may not follow same path… 
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III.1. Introduction	
Adoptive transfer of T cells engineered to express a chimeric antigen receptor that is 

activated by recognition of CD19 in B-cell blasts led to complete remissions in several 

patients with relapsed or refractory B-cell leukemia treated among different clinical trials 

[181], [195], [203], [357], increasing the number of available therapeutic options for such 

patients. This success was facilitated, among other reasons, by targeting a B-cell lineage-

specific antigen that is not expressed by hematopoietic stem cells and by the limited 

toxicities resulting from on-target/off-tumor effects. Few are the cancers with antigens with 

such characteristics. Although T cells have pan-T-cell markers, few are truly T-cell specific, 

as these are also often expressed by other immune cells. Most importantly, on-target/off-

tumor effects can potentially be severe, and not amenable to simple replacement therapies.   

Targeting of the T-cell markers CD5 [219] or CD7 [358] using CAR-T cell therapy has 

been previously demonstrated by our group. Although precise targeting of a lineage specific 

antigen is associated with clinical responses, antigen loss, until recently considered a rare 

phenomenon for some antigens, is now viewed as one of the main reasons for relapses 

observed in clinical trials using CD19 CAR T cells [296]. This effect is particularly important 

when considering tumors such as T-cell malignancies, since loss of at least one pan-T-cell 

marker is observed in up to 70% of patients [323], even without targeted therapies. 

Therefore, targeting multiple antigens may be a desired approach to avoid tumor escape 

due to antigen loss as well as CAR-T cell inability to eliminate antigen-negative tumor T-

cells.  

CD3 is a pan-T-cell marker that is exclusively expressed by T cells. CD3 has several 

subunits (ε,γ,δ and ζ) that, together with the α and β subunits of the TCR, form a complex 

responsible for activation of T cells. While the ζ subunit has only internal domains, ε, γ and δ 

have small extracellular domains [359]. CD3 antibodies, particularly against the ε subunit, 

have been extensively tested and even used in the clinic. Muromonab (OKT3), an antibody 

recognizing CD3ε, was the first therapeutic monoclonal antibody approved by a regulatory 

agency. Initially used to reduce acute rejection after organ transplantation due to its 

immunosuppressant effect [360], its use as a potential therapeutic drug against T-cell  acute 

lymphoblastic leukemia has been considered [361]. Despite its less frequent use in the clinic 

nowadays, muromonab and similar CD3 antibodies are still extensively used in research as 

an unspecific T cell stimulus, due to their ability to cross-link CD3 molecules and directly 

activate T cells, bypassing the need for TCR activation. Indeed, although clinically used to 

induce immunosuppression, OKT is acutely associated with transient T cell activation. 
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Although CD3 is only found in a small subset of immature T-cell malignancies, such as 

T-cell ALL, its expression is uniformly observed in the majority of patients with mature T-cell 

lymphomas [130]. T-cell lymphomas are an aggressive and difficult to treat type of 

hematological malignancies, with high rates of relapse and low long-term survival [362]. 

Currently, there are few treatment options for patients with relapsed or refractory disease. 

Here, we investigate the feasibility of targeting CD3 using a chimeric antigen receptor 

derived from the OKT3 antibody clone as a treatment for T-cell lymphomas. We found that, 

similar to CD7 CAR, CD3 CAR induces extensive fratricide, preventing T-cell expansion and 

survival. Removal of CD3 using CRISPR/cas9 can, as demonstrated for CD7 CAR, avoid 

fratricide in this setting. Unexpectedly, although CD3 CAR-T cells can recognize CD3+ 

leukemia/lymphoma cell lines, they were unable to eliminate normal T cells. In fact, by 

mimicking the activation effect observed with OKT3, CD3 CAR T cells activate normal T 

cells, which in turn can eliminate CD3 CAR T cells in vitro. This inability of CD3 CAR T cells 

to survive and proliferate in the presence of normal T cells may prevent their use in the 

clinic.  

 

III.2. Material	and	Methods	

I I I .2.1.  CAR Design and Transduction 
Three CD3-specific chimeric antigen receptors were created from OKT3, 6EHX and 

H1_L1.4 CD3 antibodies using commercial gene synthesis (Bio Basic, Inc) by cloning in a 

previously created CAR backbone containing CD28 and CD3ζ activating endodomains, and 

the CH3 domain from IgG1 Fc as a spacer region. The OKT3 clone was used in all 

experiments except when stated otherwise. A CD19 CAR previously developed [363] with 

same backbone was used as a control. For transduction of all CARs, T cells were activated 

by plate-bound OKT3 and anti-CD28 antibodies, transduced with gammaretroviral vectors, 

and expanded in the presence of interleukin-7 (IL-7) and IL-15 in cytotoxic T-lymphocyte 

(CTL) media, as described before [219].  

 

I I I .2.2.  Genomic disruption of CD3 and FAS in T cel ls  
Two guide RNAs (gRNAs) for the CD3 gene (gRNA-30: GGGCACTCA-

CTGGAGAGTTC and gRNA-37: GGCACTCACTGGAGAGTTCT) and one for Fas (gRNA-

60: GGAGTTGATGTCAGTCACTT) were designed using CRISPRscan and COSMID 

algorithms [334], [335]. Both genes were disrupted in T cells according to the published 
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protocol [336]. Briefly, the 20-nt sequence complementary to the specific gene locus was 

incorporated into an oligonucleotide primer and used to amplify the gRNA scaffold from 

PX458 plasmid (a gift from Feng Zhang; Addgene 48138). gRNAs were generated through 

in vitro transcription with High-Yield RNA Synthesis Kit (NEB Bio Labs) from the DNA 

template following the manufacturer’s instructions, and purified using the RNA Clean & 

Concentrator-25 kit (Zymo Research). We electroporated 0.6 µg of gRNA and 1 µg of cas9 

protein (PNA Bio) into 0.25×106 activated T cells using the Neon Transfection System 

(Thermo Fisher Scientific) in 10 µL of buffer T and using 3 1600-V 10-ms pulses. Following 

electroporation, T cells were incubated overnight in CTL media supplemented with 20% fetal 

bovine serum in the presence of IL-7 and IL-15. T cells were then expanded in normal 

media.  

I I I .2.3.  Flow cytometry  

Anti-human CD3, TCR and Nerve Growth Factor Receptor - NGFR- (BD Biosciences) 

were used to stain cells in phosphate-buffered saline or CTL medium. Anti-IgG Fc (Jackson 

ImmunoResearch) was used for CAR detection in all assays. All flow cytometry data were 

obtained in BD fluorescence-activated cell sorter (FACS) Canto II (BD Biosciences) and 

analyzed with FlowJo software (FlowJo, LLC).  

I I I .2.4.  Cytotoxicity assay  

Jurkat (ATCC TIB-152), Loucy (ATCC CRL-2629) and Hut 78 (ATCC TIB-161) cell 

lines were purchased from ATCC and expanded according to ATCC recommendations. 

KG1a (ATCC-CCL246.1) cell line was used as negative control. Tumor cells were stained 

with eFluor670 and incubated with CD3 CAR T cells for 3 days without exogenous 

cytokines, unless stated otherwise. Cells from individual wells were collected at indicated 

time points. We added 7-AAD to discriminate dead cells, and we obtained absolute cell 

counts with CountBright Absolute Counting Beads (Thermo Fisher Scientific) using flow 

cytometry.  

I I I .2.5.  Intracel lular staining assay  

Tumor cells were stained with eFluor670 (Thermo Fisher Scientific), according to the 

manufacturer’s instructions. CD3 CAR T cells were cultured with stained tumor cells for 5 

hours at a 1:4 effector to target ratio. Brefeldin A (BD GolgiPlug) was added 1 hour after 

plating. At the end of coculture, cells were incubated with antibodies for surface antigens 

and permeabilized for 10 minutes using BD FACS Permeabilizing Solution 2, followed by 

incubation with IFN-γ antibodies.  
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III.3. Results	

I I I .3.1.  Expression of CD3 CAR in T cel ls  leads to T cel l  el imination 
CD3 is ubiquitously expressed in T cells but not in other cell lineages in the body. 

Formation of complexes between CD3 and TCR molecules allows the activation of T cells, 

starting with binding of TCR to MHC molecules and activation of ITAMs present in several 

CD3 subunits. Since phosphorylation of CD3 is the initial intracellular activation event, this 

mechanism has been explored to activate T cells in a TCR-independent fashion: for 

example, through the incorporation of CD3 subunits’ domains in CARs, or by using 

crosslinking CD3 antibodies. In this work, we used the well-known OKT3 clone to design a 

second generation CD3-specifc CAR with a IgG1 spacer (with CH3 domain only) and CD28 

as the co-stimulatory domain (Figure III-1A). The CAR vector also encoded a truncated form 

of the NGFR to allow easy detection. After introduction in T cells via a gamma-retroviral 

vector, however, CD3 CAR expression was not maintained, disappearing a few days after 

transduction (Figure III-1B).  This loss of CAR expression was accompanied by a dramatic 

reduction in cell viability (Figure III-1C), which was attributed to fratricide, a phenomenon 

previously observed in CD7 CAR-T cells (Chapter II). Based on our experience generating 

CD7 CAR T cells, we decided to use CRISPR/Cas9 to remove CD3 from the cell surface as 

a way to avoid fratricide. 

                            
Figure III-1- Expression of a CD3 CAR leads to T–cell fratricide. (A) Schematic representation of 

second generation CD3 CAR with IgG1 spacer, CD28 transmembrane and co-stimulatory domains and CD3 
zeta endodomain. (B) CD3 CAR expression 3 and 6 days after transduction of T cells with a γ-retrovirus. (C) 
Viable cells quantified by flow cytometry at day 4 after transduction using normal FSC and SSC properties. Bar 
graph represents the quantification for 3 donors. 
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I I I .3.2.  Knockout of CD3 in T cel ls  prevents fratricide induced by 
CD3 CAR 

To generate CD3 CAR T cells without inducing fratricide, we used the same protocol 

developed to make CD7– CD7-specific CAR-T cells using CRISPR/cas9 (Section II.3.2). T 

cells were first genetically modified to disrupt CD3, preventing its expression, and after 3 

days CD3 CAR was introduced. After screening different gRNAs for CD3 disruption, two 

demonstrated high efficiency, proving it to be feasible to generate CD3– T cells (Figure III-

2A). Since the majority of the resulting T cells were CD3 negative, their transduction with 

CD3 CAR resulted in an efficient and stable CAR expression after several days in culture 

(Figure III-2B), with comparable viability to non-transduced T cells (Figure III-2C).  

         
Figure III-2- Knockout of CD3 in CD3 CAR-T cells avoids fratricide. (A) Knockout of CD3 in 

normal T cells using two gRNAs that bind to CD3 gene. Cas9 only was used as control. (B) CD3 CAR 
expression 3 and 6 days after transduction of CD3KO T cells with a γ-retrovirus. (C) Viable cells quantified by 
flow cytometry at day 4 after transduction using normal FSC and SSC properties in NTR and CD3KO CD3 CAR. 
Bar graph represents the quantification for 3 donors. ns-not significant 
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positive CD3 CAR-T cells. CD19 CAR-T cells, with or without CD3 expression, were 

cocultured with the CD19+ Raji tumor cell line at 1:4 effector to target ratio for 3 days. At the 

end of culture, tumor cells were quantified by flow cytometry (Figure III-3A). Disruption of 

CD3 in CD19 CAR-T cells did not affect the ability of T cells to be activated through the CAR 

and to eliminate target cells (Figure III-3B), demonstrating that endogenous CD3ε is not 

required for CAR-T cell cytotoxicity. Notably, detection of IFN-γ production using intracellular 

staining demonstrated a higher percentage of IFN-γ+ cells in unedited (CD3+) CD19 CAR-T 

cells compared to CD3- CD19 CAR-T cells. This suggests that the presence of CD3ε and/or 

proper assembly of TCR/CD3 complexes can lead to higher production of cytokines, a 

characteristic associated with better CAR-T cells performance and persistence in vivo. 

Nonetheless, CD3- CAR-T cells were still able to produce IFN-γ, but to a lesser extent. 

        
Figure III-3- Comparison of cytotoxicity and cytokine production between CD3+ and CD3KO 

CD19 CAR-T cells. (A) Representative dot plots and (B) quantification of remaining live tumor cells in 3 
donors after a of coculture assay with RAJI tumor cells and CD19 CAR T cells with or without CD3 for 3 days 
at 1:4 effector:target. Numbers denote total number of live tumor cells per well. (C) Representative histogram of 
intracellular staining for IFN-γ of CD19 CAR T cells after 4h coculture with RAJi cells. (D) Total percentage of 
IFN-γ+ cells for 3 donors. NTR non-transduced; Ctrl- Control (non-transduced cells without tumor cells). 
(*P>0.05 **P>0.001 *P>0.0001) 

I I I .3.4.  CD3 disruption prevents TCR expression of cel l  surface.  
 

All CD3 and TCR subunits are required for proper assembly of the TCR/CD3 complex, 

which then migrates to the cell membrane. Disruption of this process prevents the TCR from 

being expressed on the membrane. Indeed, CD3ε gene disruption using CRISPR/cas9 not 

only abolished CD3 expression but also prevented the expression of the TCR on the T cell 

surface (Figure III-4A). It is not conceivable that TCR genes were disrupted during the 
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process and, thus, absence of the ε subunit of CD3 likely led to TCR retention in the 

cytoplasm. Without their TCR, T cells can in theory be collected from a third party and 

injected in an HLA-mismatched patient without any risk of causing GvHD. To test this 

hypothesis in vitro, activation of normal T cells or CD3 CAR T cells was assessed by 

incubating them with peptides derived from staphylococcus or a combination of three viruses 

(CMV, EBV and adenovirus), all capable of activating T cells through the TCR (Figure III-

4B). While normal T cells were activated by these different stimuli (detected by IFN-γ 

production), CD3 CAR T cells, because of the lack of TCR, did not respond to any of the 

bacterial and viral peptides.  

 

 
Figure III-4- Lack of activation of CD3KO T cells due to lack of TCR in cell surface. (A) Expression 

of TCR and CD3 in normal T cells (left) and after CD3KO (right). (B) Results of ELISPOT to detect IFN-γ in T 
cells previously incubated in bacterial peptide from staphylococcus and a mixture of viral peptides (CMV, EBV 
and adenovirus)  

 

I I I .3.5.  CD3 CAR T cel ls  el iminate tumor cel l  l ines in vitro 
 

Although it is expressed in all normal T cells and in the majority of patients with T-cell 

lymphoma, CD3 is present only in a small subset of patients with other T-cell malignancies 

[323]. To test CD3 CAR T cell cytotoxicity, we cocultured these cells with CD3+ cell lines 

derived from T-cell leukemias (Jurkat and Loucy) and lymphomas (Hut-78) (Figure III-5A). Of 

note, while Jurkat is an αβ TCR+ cell line, Loucy expresses the less common γδ TCR. CD3 

CAR T cells were cocultured with all three cell lines at 1:10 effector to target ratio for 3 days. 

Remaining live tumor cells were quantified by flow cytometry (Figure III-5B). While non-

transduced T cells failed to eliminate tumor cells, CD3 CAR T cells were able to recognize 

and eliminate all CD3+ tumor cell lines (Figure III-5C).  
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Figure III-5- Elimination of tumor cell lines in vitro by CD3 CAR T cells. (A) Expression of CD3 in 

Jurkat, Loucy (T cell leukemias) and Hut-78 (T-cell lymphoma) cell lines compared with isotype control. (B) 
Representative dot pots of a killing assay where CD3 CAR T cells or nontransduced (NTR) cells were coculture 
for 3 days with tumor cell lines at 1:10 effector:target ratio. (C) Total number of live tumor cells remaining after 
the killing assay.  

  

I I I .3.6.  CD3 CAR T cel ls  are el iminated by normal T cel ls  
 

Since CD3 expression in healthy cells is limited to T cells, on-target/off-tumor effect is 

expected to be limited to elimination of this specific type of lymphocytes. To test the ability of 

CD3 CAR-T cells to eliminate normal T cells, we performed a killing assay at 1:10 effector to 

target ratio. Unexpectedly, however, after quantification of live normal T cells and CD3 CAR 

T cells (Figure III-6A), not only did we observe that normal T cells were spared by CD3 CAR-

T cells (Figure III-6B), but also that CD3 CAR-T cells were completely eradicated (Figure III-

6C). To demonstrate that this unanticipated observation resulted from coculture of CAR-T 

cells with healthy CD3+ T cells, we performed a parallel coculture with a CD3 negative tumor 

cell line, which did not eliminate nor was eliminated by CD3 CAR-T cells as expected. This 

demonstrates that CD3 CAR can activate CD3 in normal target T cells and that this 

mechanism is stronger or faster that T cells activation through the CAR, leading to 

elimination of the intended effector cells by the intended target cells. To circumvent this 

deleterious effect, we employed several modifications in CAR design to try to avoid the 

elimination of CAR-T cells by normal T cells. 
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Figure III-6- Elimination of CD3 CAR T cells in culture with normal T cells. (A) Representative dot 

plot of a killing assay of CD3 CAR T cells with KG1a (CD3- myeloid leukemic line) used as control and 
normal T cells at 1:10 effector:target ratio. (B) Number of live target cells and (C) live CAR T cells at the end 
of the killing assay after 3 days. In both dot plots and bar graphs, red is used for target cells and green for CAR 
T cells. 

  

I I I .3.7.  Different scFvs do not prevent normal T cel l - induced CD3 
CAR-T cel l  fratricide 

CD3 activation to expand T cells is commonly achieved in vitro by using OKT3 
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the new CD3 CAR T cells with normal T cells (Figure III-7B) did not prevent the elimination 

of CAR T cells (Figure III-7C,D). This demonstrates that this undesired elimination is not 

dependent on the type of scFv used in the CAR and that different scFvs can equally activate 

CD3 in normal T cells. 
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Figure III-7- Use of different scFvs to avoid CD3 CAR T cell elimination.  (A) Expression of CD3 

CAR created from different scFvs in T-cell surface detected by flow cytometry. (B) Representative dot plots of 
a killing assay with two new CD3 CAR T cells with normal T cells at 1:10 effector:target ratio. (C) Number of 
live target cells and (C) live CAR T cells at the end of the killing assay after 3 days. In both dot plots and bar 
graphs, red is used for target cells and green for CAR T cells. 

I I I .3.8.  Changes in spacer of CD3 CAR do not prevent CD3 
activation in normal T cel ls  

 

Because CARs are created using sequences from other human receptors, some of 

their original properties may be present in the CAR molecules as well. Because most of 

these human receptors are folded as dimers, CARs are also likely to exist as dimers [364], 

[365] . As an attempt to avoid or reduce CD3ε crosslink in normal cells, we tried to create a 

CD3 CAR that would be expressed as a monomer. Since we used an IgG sequence to make 

the spacer in the CAR, we removed both cysteines in the hinge part of the CAR and 

replaced them by two serines (Figure III-8A), preventing CAR molecules from forming the 

disulfide bonds that usually attaches two IgG molecules. The rationale for doing this is that 

we assumed that binding of a dimeric CAR to CD3 would automatically crosslink two CD3 

molecules. If the CARs were expressed as monomers, there would be reduced likelihood of 

CD3 crosslinking. However, once more, in a similar killing assay in coculture with normal T 

cells (Figure III-8B), even when expressed as monomers, CD3-specific CARs activated 

target cells, which in turn were capable of eliminating the engineered T cells (Figure III-8C).  
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Figure III-8- Creation of CD3 CAR monomer to avoid CD3 crosslink in T cells. (A) Representative 

schematic of the modification in the sequence of the small hinge present in the CAR to avoid its dimerization. 
(B) Representative dot plots of a killing assay of CD3 CAR T cells with KG1a (CD3- myeloid leukemic line) 
used as control and normal T cells at 1:10 effector:target ratio. (C) Number of live target cells and (D) live CAR 
T cells at the end of the killing assay after 3 days. In both dot plots and bar graphs, red is used for target cells 
and green for CAR T cells. 
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L-1, cathepsin B or PI-9 by CAR-T cells was unable to produce elimination of the target cells 

(Figure III-9E,F). Although we could not directly detect CAR+ T cells, because tumor cells 

were eliminated by the transduced cells but normal cells were not, we were forced to 

assume that CAR-T cells were still being eliminated by normal T cells and that none of these 

3 gene products conferred any protection against killing.  

       
Figure III-9- Armed CD3 CAR T cells to inhibit degranulation of normal T cells when in contact in 

CD3 CAR T cells. (A) Schematic representation of new constructs to overexpress PD-L1, Cathepsin B and PI-9 
in CD3 CAR T cells. PD-L1 expression in PD-L1 CD3 CAR T cells detected by flow cytometry 3 days after 
transduction. (C) Representative dot plots of killing assay of CD3 CAR T cells with Hut-78 tumor cell line at 
1:4 effector:target ratio for 3 days and (D) the total number of live tumor cells after the killing assay. (E) 
Representative dot plot of a killing assay of CD3 CAR T cells with normal T cells at 1:10 effector:target ratio 
for 3 days. (F) Number of live target cells at the end of the killing assay after 3 days. 
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CD3 CAR T cells (Figure III-10B). Interestingly, we observed that Fas– CD3 CAR-T cells 

were only slightly less efficient in eliminating the Hut-78 lymphoma line in a short-term killing 

assay (Figure III-10C).  

 

 
Figure III-10- Knockout of Fas in CD3 CAR T cells. (A) Expression of Fas and Fas Ligand before and 

after activation of T cells with CD3 antibody. (B) Expression of Fas and CD3 before (left) and after knockout of 
CD3 only (middle) and CD3 and CD95 using CRISPR/cas9 with gRNAs specifically designed to bind in CD3 
and CD95 genes. (C) Representative dot plots of killing assay of CD3 CAR T cells with Hut-78 tumor cell line 
at 1:4 effector:target ratio for 3 days. Bar graph shows the total number of live tumor cells after the killing 
assay. 
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Figure III-11- Killing assay of Fas- CD3 CAR T cells with normal T cells. (A) Representative dot 

plots of a killing assay with CD3 CAR T cells without FAS with normal T cells at 1:10 effector:target ratio. (B) 
Number of live target cells and live CAR T cells at the end of the killing assay after 3 days.  

All these attempts at preventing elimination of CD3 CAR-T cells when cocultured with 

normal CD3+ T cells failed, indicating that upon injection into patients CD3 CAR-T cells will 

likely be prematurely eliminated by T cells, decreasing their persistence and anti-tumor 

effect.  

 

III.4. Discussion	
 

Genetic modification of T cells with CARs allows redirecting lymphocytes against a 

particular antigen associated with a specific disease. CD3 is expressed in tumor cells of 

several patients with T-cell malignancies. Thus, the creation of a CD3 CAR could potentially 
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CD3 in native T cells by the CAR. Therefore, this work suggests that targeting CD3 with a 

CAR may not be a feasible therapeutic approach.  
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a more limited expression than CD5 or CD7 in T cell malignancies, it is still commonly found 

in patients with T-cell lymphoma and thus could still be an interesting target for CAR-T cell 

therapy, especially in combination with other T-cell-specific CARs, so as to avoid relapses 

due to antigen loss. Because normal T cells also express CD3, self-elimination of T cells 

NGFR 

eF
lu

or
 

T cells only CD3 CAR CD3 CAR
FAS-

0

10000

20000

30000

40000

50000

N
um

be
r 

of
 li

ve
 c

el
ls

Killing assay 
 T cells- CD95KO CD3 CAR Live Tumor cells 

Ctrl CD3 CAR
FAS-

0

2000

4000

6000

N
um

be
r 

of
 li

ve
 c

el
ls

Live CAR T cellsLive CAR T cells 

A	 B	



 

 83 

(fratricide) immediately after CAR transduction was observed as expected. Since the same 

phenomenon was observed with a CD7-specific CAR, we employed the same strategy 

described in chapter II to avoid fratricide: disruption of CD3 before introduction of the CD3 

CAR avoided the toxicity. Interestingly, both CD3 and CD7 required 3 days for complete 

disappearance from cell surface, so no further optimization of the protocol was required to 

create CD3 CAR-T cells.  

Lack of the CD3ε subunit completely abolishes proper assembly of TCR/CD3. 

Consequently, after CD3 disruption, edited T cells do not express TCR, which should 

prevent these edited cells from being activated by pepMHC presentation. Although these 

TCR– are not able to recognize diseased cells using their native receptors, they should also 

not be able to recognize and eliminate normal cells bearing a mismatched HLA type. Thus, 

in theory, they could potentially be used in an allogeneic context without any risk of GvHD. In 

this work, we demonstrated that CD3– CD3 CAR-T cells do not respond to bacterial and viral 

antigens due to lack of TCR expression. Nonetheless, in vivo studies would have be 

performed to definitely conclude that these cells would not elicit GvHD. Ablation of TCR 

expression using gene editing tools is under intense research as a means to create off-the-

shelf universal T cells [315], [316]. Although this step is not expected to improve their anti-

tumor effect, it can potentially allow a wider use of CAR-T cell therapy, with improved 

manufacturing processes at eventually decreased costs. This approach has already been 

tested in the clinic [317]. Although no severe GvHD was observed, some mild alloreactive 

effects were still detected. Such effects were attributed to a small percentage (<0.1%) of 

residual TCR+ T cells, which could not be effectively depleted by magnetic sorting. 

Interestingly, a purification step would not be required for CD3 CAR-T cells since any 

remaining CD3+ T cells would be eliminated by the CD3 CAR-T cells. Although we observed 

this native T cell elimination by CD3 CAR T cells when just a small percentage of cells in 

culture were CD3+, when we used a more physiological ratio to assess the effect of CD3 

CAR T cells on endogenous T cells, CD3 CAR-T cells were themselves unexpectedly 

eliminated despite their efficient killing of CD3+ tumor cell lines. Changes in CAR design did 

not prevent this phenomenon that we attributed to crosslinking and activation of TCR/CD3 

on the target cells when the CAR binds to the CD3ε subunit. Although not an entirely 

unforeseen effect, considering the ability of CD3 antibodies to activate T cells, we predicted 

the CAR would be simultaneously fully activated since it leads not only to CD3 but also co-

stimulatory (in this case, CD28 signaling). Indeed, when a lower effector to target ratio is 

used (e.g. 1:1) CD3 CAR T cells can eliminate normal T cells but are also concomitantly 

eliminated, demonstrating a similar potency of both cell populations despite the differences 

in their activating signals. Attempts to prevent CD3 CAR-T cell elimination by overexpression 

of genes important for T-cell activation/degranulation did not rescue CD3 CAR-T cell 
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elimination. CD3 CAR-T cells overexpressing PD-L1 (which prevents TCR activation by 

binding to PD-1 [367]), cathepsin B (which inhibits pore formation by perforin on the cell 

surface of lymphocytes [368]), or PI-9 (a granzyme B protease inhibitor that protects cells 

from apoptosis induction in target cells [369]) were similarly eliminated by normal T cells. 

Furthermore, disruption of Fas, an important receptor in T cell homeostasis [73] that is 

upregulated by CD3 monoclonal antibodies [366], did not change the negative outcome. It is 

possible that other innate death receptors, such as TRAIL, induce a similar effect but this 

was not demonstrated. 

Interestingly, a CD3 CAR has been already reported using the NK-92 cell line [370]. 

Since NK cells do not express CD3, its knockout is not required. However, NK cells and the 

NK-92 cell line do not persist as long as T cells, and thus their anti-tumor activity has not 

been validated yet. Although the same work demonstrated the ability of CD3 CAR NK-92 

cells to eliminate normal T cells, although at lower effector to target ratios that may not be 

similar to what transferred cells would encounter in vivo, the viability of CD3 NK-92 cells 

after meeting normal T cells was not demonstrated. It is conceivable, nonetheless, that NK-

92, a leukemic cell line, can employ mechanisms similar to those of other tumor cells to 

avoid being killed. Moreover, apart from variations in the type of cells used, differences in 

CAR design (third generation with CD28 and 4-1BB) and transduction system (lentivirus) 

cannot be ruled out as reasons for this discrepant result. 

An alternative approach to a CD3 CAR was demonstrated by Pule and collaborators, 

who instead of targeting CD3 designed a CAR specific for the constant region of the TCR β 

subunit [371]. The novelty of this CAR is that, like the kappa CAR for B-cell leukemias [372], 

it avoids complete T-cell aplasia by eliminating only the portion of T cells that express the 

TRBC1 constant region without affecting T cells whose TCR constant region is encoded by 

the TRBC2 gene. As in the CAR NK-92 model, the authors demonstrated elimination of 

normal T cells without establishing viability of the CAR T cells after killing. However, they did 

demonstrate in a mouse model engrafted with human PBMCs a statistically significant 

reduction of CAR+ T cells and maintenance of normal T cells in the spleen comparing to 

controls. It is unclear at the moment if any of these two alternatives (CD3 CAR NK-92 cells 

or TRBC1 CAR T cells) will lead to low persistence in vivo, but this will be assessed in future 

clinical trials.  

 Based on these results, we conclude that targeting of CD3 with CAR-T cells may not 

be a feasible approach. Even if a solution to prevent CD3 CAR-T cell elimination is found, 

there may be a higher risk of cytokine release syndrome associated with this particular CAR. 

Cytokine release syndrome has been one of the side effects of CAR T cell therapy in the 

clinic that has raised more concerns [282]. High levels of pro-inflammatory cytokines are 

commonly detected in patients that receive CAR-T cells. Since CD3 CAR-T cells can 
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activate endogenous T cells, both transfected and native T cells can produce cytokines, 

further increasing the risk of developing this life-threatening syndrome. The capacity for CD3 

CAR-T cells to eliminate normal T cells without activating them or to eliminate T-cells before 

they secrete cytokines must be proven before further clinical testing.   
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C h a p t e r  I V .  C D 7  C A R  T  C e l l s  f o r  t h e  

T h e r a p y  o f  A c u t e  M y e l o i d  L e u k e m i a   
 

 

 

 

 

An ideal targeted therapy is strictly directed against molecules that are exclusively 

expressed by malignant cells. However, true tumor specific antigens are scarce. While the search 

to find what could be ideal targets continues, the field has investigated antigens that, although 

not free of toxic effects, enable the destruction of malignant cells with minimal and manageable 

side effects. Among possibly targetable antigens, those aberrantly expressed by tumor cells have 

been exploited. Acute myeloid leukemia is a heterogeneous cancer often associated with aberrant 

phenotypic changes. Not uncommonly, these phenotypic changes are accompanied by the 

aberrant expression of lymphoid markers, such as CD56 or CD7, making some of them 

interesting targets for such directed therapies…  

 

 

 

 

 

 

 

 

 

 

Part of this chapter was published as: 

Gomes-Silva D., Tashiro H., Srinivasan M. et al; CD7 CAR T Cells for the Therapy of 

Acute Myeloid Leukemia; Molecular Therapy, 2018. 
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IV.1. Introduction		
Although the standard-of-care treatment for acute myeloid leukemia (AML) commonly 

induces complete remissions, in many patients the disease will relapse with poor prognosis 

and few options for targeted therapy. Chimeric antigen receptor (CAR) T cells targeting 

myeloid-lineage antigens such as CD33, CD123, Lewis Y, CLL-1, CD44v6, and folate 

receptor β have produced promising results in preclinical models of AML [220], [373]–[378]. 

However, evidence of sustained complete responses in patients treated with CD33 CAR, 

CD123 CAR, or Lewis Y CAR T cells has been lacking [178], [210], [379]. In addition, 

because T cells expressing these CARs do not discriminate between malignant cells and 

normal cells expressing the same antigen, clinical application is associated with toxicity 

against normal hematopoietic progenitor cells [379]. 

Alternatives to the above approach are to target antigens that are selectively 

expressed on leukemic and mature normal cell subpopulations but are absent on critical 

primitive progenitors (e.g., CLL-1 [376]) or to choose an antigen expressed by malignant 

myeloid cells but that is absent on the normal members of that lineage. Both these 

approaches mitigate on-target toxicity against critical myeloid precursors, but it is not yet 

known which is superior. In this study, we describe the targeting of a lineage-restricted 

antigen, CD7, that is absent on normal myeloid cells but which becomes aberrantly 

expressed by leukemic clones. This aberrant expression allows selective elimination of the 

malignant cells but spare normal myeloid cells and their precursors  

CD7 is a transmembrane glycoprotein expressed by 30% of AML, and its expression is 

associated with more aggressive disease and resistance to standard therapy [380]–[385]. 

Normal CD7 expression is largely limited to T and NK cells and their precursors, where it 

acts as a costimulatory receptor for T- and B-lymphocyte interactions during lymphoid 

development. The function of CD7 in mature T cells is likely redundant, as CD7-deficient 

mice demonstrate largely unperturbed peripheral T cell function. CD7 is also expressed in a 

subset of myeloid progenitors in cord blood, although its role in these cells has not yet been 

defined [386]–[388]. 

Although the expression pattern of CD7 suggests it can be used to target AML with 

high selectivity and limited toxicity against normal myeloid cells, its presence on normal T 

cells means that expression of a CD7 CAR on these cells would not be feasible, since it 

would prove fratricidal [343], [358], [389]. We therefore developed a means of editing the 

CD7 gene in T cells prior to CD7 CAR expression, and have showed that such edited T cells 

expand well and retain functionality through both their native and chimeric receptor (Chapter 

II) [358].  



 

 89 

Here, we demonstrate that CD7-edited (CD7KO) CD7 CAR T cells can selectively 

eliminate AML cell lines, primary leukemia blasts and AML precursor cells in vitro and in a 

xenograft model of the disease, without evident toxicity against normal myeloid cells and 

hematopoietic progenitors. These results support the feasibility of targeting AML with CD7 

CAR T cells.  

 

 

IV.2. Materials	and	Methods		

IV.2.1.  Generation of CD7 CAR T cel ls   

A CD7-specific single-chain variable fragment derived from clone 3A1e of CD7-specific 

antibody was created using commercial gene synthesis (Bio Basic, Inc) and cloned into a 

second-generation CAR backbone containing CD28 and CD3ζ endodomains and the CH3 

domain from IgG1 Fc as a spacer region [219], [358]. A truncated CD7 CAR lacking 

signaling endodomains was used as a control. T cells were activated by plate-bound OKT3 

and anti-CD28 antibodies and CD7 gene was removed using CRISPR/cas9 before 

transduction as previously described (section II.2.2) [336], [358].
 

Briefly, T cells were 

electroporated with 0.4 µg of gRNA and 1 µg of cas9 protein (Integrated DNA Technologies) 

with 0.25x106 of activated T cells by using the Neon Transfection System (Thermo Fisher 

Scientific) in 10 µL of buffer T and using 3 1600-V 10-ms pulses. Following electroporation, 

T cells were incubated in CTL media supplemented with 20% fetal bovine serum (FBS) in 

the presence of IL-7 and IL-15 overnight after electroporation. T cells were then expanded in 

cytotoxic T-lymphocyte (CTL) media in the presence of interleukin-7 (IL-7) and IL-15 and 

10% FBS for 3 days and transduced with gammaretroviral vectors encoding CD7 CARs.  

IV.2.2.  Flow cytometry  

Anti-human CD7 (Biolegend); CD4, CD8, CD14, CD15, CD33, IFN-g (BD 

Biosciences); and CD45 (Beckman Coulter) were used to stain cells. Anti-IgG Fc (Jackson 

ImmunoResearch) was used for CAR detection in all assays. All flow cytometry data were 

obtained in BD fluorescence-activated cell sorter (FACS) Canto II (BD Biosciences) and 

Gallios (Beckman Coulter) and analyzed with FlowJo software (FlowJo, LLC).  

IV.2.3.  Cytotoxicity assay  

Cell lines GDM-1 (ATCC CRL-2627) and Kasumi-3 (ATCC CRL-2725) were purchased 

from ATCC. KG1a cell line was a gift from Dr. Cliona Rooney. The cells were expanded 

according to ATCC recommendations. Tumor cell lines were stained with eFluor670 



 

 90 

(Thermo Fisher Scientific) and incubated with CD7 CAR T cells for 3 days without 

exogenous cytokines, unless stated otherwise. Cells from individual wells were collected at 

indicated time points. 7-AAD was added to discriminate dead cells, and cells were quantified 

using CountBright Absolute Counting Beads (Thermo Fisher Scientific). For a sequential 

killing assay, after flow cytometry analysis, tumor cells were added to same CAR T cells 

using the original effector:target (E:T) ratio of 1:4 until CAR T cells. Frozen PBMCs from 

AML patients at Methodist Hospital and Texas Children’s Hospital were used for killing 

cytotoxic assay at ratio 1:1 (E:T) for 48 hours. AML patients and healthy donors gave written 

informed consent to be entered on protocols approved by the Baylor College of Medicine 

Institutional Review Board, in accordance with the Declaration of Helsinki.  

IV.2.4.  Intracel lular staining assay  

CD7 CAR T cells were cultured with tumor cells for 5 hours at a 1:4 E:T ratio. Brefeldin 

A (BD GolgiPlug) was added 1 hour after plating. At the end of coculture, cells were 

incubated with antibodies for surface antigens and permeabilized for 10 minutes using BD 

FACS Permeabilizing Solution 2, followed by incubation with anti-IFN-γ antibody and 

analyzed by flow cytometry.  

IV.2.5.  AML mouse xenograft model  

Five- to seven-week-old nonobese diabetic (NOD)–Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice 

were purchased from the Jackson Laboratory and maintained at the Baylor College of 

Medicine Animal Facility. All procedures were done in compliance with the Institutional 

Animal Care and Usage Committee of Baylor College of Medicine. Mice were sublethally 

irradiated (200 cGy) and injected intravenously 24h later with 1x106 KG-1a-FFluc cells 

followed by a single injection of 2x106 of CD7 CAR T cells 5 days later. Tumor burden was 

monitored using an IVIS Imaging system (Caliper Life Sciences) by recording 

bioluminescence from mice injected with 150 mg/kg of D- luciferin intraperitoneally at 

indicated time points. Living Image software (PerkinElmer) was used to visualize and 

calculate total luminescence. For analysis of tumor cells in peripheral blood, 100 µL of blood 

was collected by tail vein bleeding. After red blood cell lysis, cells were incubated with anti-

human CD45 and CD3, and CD7 antibodies for subsequent flow cytometric analysis.  

IV.2.6.  Colony formation assay  

CD7 CAR T cells or control CAR were incubated with mononuclear cells from cord 

blood (CB) of healthy donors (E:T ratio of 10:1) or PBMCs from patients with AML (E:T ratio 

of 5:1) for 5 hours and then plated in duplicate in methylcellulose-based medium 

supplemented with recombinant cytokines (MethoCult H4434 Classic; STEMCELL 
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Technologies). After 12 days of culture, the numbers of granulocytic, monocytic and 

erythrocytic colony-forming units in CB or leukemic colonies in AML samples were assessed 

using an inverted microscope.  

 

IV.2.7.  Co-culture with normal PBMC  

Monocytes were isolated from PBMCs of healthy donors using CD14+ 
magnetic beads 

(Miltenyi Biotec) according to manufacture instructions. Monocytes were stained with 

eFluor670 and co-cultured with CD7 CAR T cells or control CAR T cells at an E:T ratio of 1:1 

overnight. Granulocytes were collected from peripheral blood of healthy donors. After red 

cell lysis, immune cells were incubated with CD7 CAR T cells at an E:T ratio of 1:5 

overnight. Granulocytes were discriminated by SSC and FSC and CD15 staining. Absolute 

cell counts were obtained for both myeloid populations using CountBright Absolute Counting 

Beads by flow cytometry.  

 

IV.2.8.  Generation of CD7– virus-specif ic  T cel ls  (VSTs) 
T cells from healthy donors were activated using a mixture of pepmixes (15-mer 

peptides overlapping by 11 amino acids) spanning antigens from CMV (PP65, IE1), 

Adenovirus (Hexon, Penton) and EBV (EBNA-1, LMP-1, LMP-2, EBNA-3a, 3b, 3c). Two 

days post stimulation, T cells were electroporated following the same protocol used to knock 

out CD7 in CD7 CAR T cells. T cells electroporated only with cas9 were used as control. 

Cells were expanded in CTL media (10% FBS) with IL-7 (10 ng/ml) and IL-15(10 ng/ml) for 7 

days post electroporation. A second activation was performed by co-culturing the expanded 

VSTs with an irradiated K562 cell line (K562cs) genetically modified to express CD80, 

CD83, CD86 and 4-1BBL (kindly gifted by Cliona Rooney) together with irradiated 

autologous activated T cells (aATCs) pulsed with the same pepmixes in 1:1:5 ratio 

(VST:aATC:K562cs) in presence of IL-7 and IL-15. Cells were expanded for 7 days and then 

used for assays. 

 

IV.2.9.  Co-culture VSTs with CD7 CAR and monocytes 
To confirm antiviral capacity of CD7– VSTs, monocytes pulsed with peptides derived 

from CMV, EBV and adenovirus were cocultured for 24h at a 1:1 E:T ratio. The number of 

CD14+ cells was assessed by flow cytometry with CountBright Absolute Counting Beads. To 

confirm that CD7– VSTs are protected against CD7 CAR T cells, VSTs were stained with 

eFluor670 and both populations of T cells were initially cocultured for 48 hours (E:T ratio of 
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2:1). After flow cytometric analysis of the remaining VSTs, peptide-pulsed autologous 

monocytes were added to the same well and incubated overnight (at an E:T ratio of 2:1). 

The number of live monocytes was then quantified by flow cytometry. 

 

IV.2.10.  Statist ical  analysis   

Data points from individual donors are shown in all figures. Statistical significance in 

pairwise comparisons was determined by an unpaired two- tailed Student t test and in 

multiple comparisons by a one-way analysis of variance with posttest Bonferroni correction. 

Statistical significance in Kaplan-Meier survival curves was assessed with the Mantel-Cox 

log-rank test. All P values were calculated using Prism 6 software (GraphPad).  
 

IV.3. Results		

IV.3.1.  CD7 is  expressed by AML blasts but is  absent on normal 
myeloid cel ls  in peripheral  blood  

CD7 is stably expressed in T- and NK-cell precursors and is maintained in most of 

their peripheral progeny, but is absent from most B-cell and myeloid subsets. We detected 

no expression of CD7 in peripheral monocytes, granulocytes, or B cells, though most T and 

NK cells were CD7-positive (Figure IV-1A). We then analyzed CD7 expression in 20 primary 

AML samples collected from patients at Texas Children’s Hospital and Houston Methodist 

Hospital. We detected surface expression of CD7 in 6 out of 20 samples (Table IV-1), albeit 

with varying intensities (Figure IV-1B). CD7 expression was also detected in AML cell lines 

KG-1a, Kasumi-3, and GDM-1 (Figure IV-1C). These data indicate that CD7 is expressed in 

leukemic, but not normal, myeloid cells and may be suited for the selective targeting of AML. 
Table IV-1- AML patient characteristics. Samples from these 6 patients were used in in vitro assays. 

AML 

sample ID 
Age (years) Sex Cytogenetics 

1 12 M 46, XY 

2 44 F inv(16)(p13.1q22) 

3 13 M 46, XY 

4 8 M t(9;11), MLL-R 

5 13 M t(6:11), MLL-R 

6 16 mo M Trisomy8, MLL-R 
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Figure IV-1- CD7 expression in normal and malignant cells. (A) Representative histograms of CD7 

expression in immune subsets from peripheral blood of healthy donors. (B) Surface expression of CD7 
measured by flow cytometry in primary AML samples collected from pediatric and adult patients; (C) CD7 
expression in AML cell lines. Iso Ctrl, Isotype Control. 

 

IV.3.2.  CD7 CAR T cel ls  are highly cytotoxic against CD7+ AML cel l  
l ines  

Generation and expansion of functional CD7 CAR T cells requires CD7 removal prior 

to CAR expression to minimize T-cell fratricide. We have previously shown that by 

CRISPR/Cas9-mediated disruption of the CD7 gene in primary activated T cells we could 

generate
 
CD7 CAR T cells (hereafter CD7 CAR T cells) with specific cytolytic activity against 

CD7+ 
T-lymphoblastic leukemia (Chapter II). We have used this approach to generate CD7-

edited T cells expressing a second-generation CD7 CAR with the CD28 costimulatory 

endodomain. Following gammaretroviral transduction, the expanded T cells were uniformly 

CD7-negative and >80% were CD7 CAR-positive (Figure II-4D).  
To assess the CD7-directed activity of the CAR T cells against AML blasts, we 

cocultured T cells expressing CD7 CAR or an irrelevant CAR with fluorescently labeled 

CD7+ 
AML cell lines KG-1a, Kasumi-3, and GDM-1 for 3-5 days. To model physiologic 

conditions, we used a low effector-to-target ratio of 1:40 and analyzed the number of 

residual live tumor cells at the end of coculture. We observed a 2-3 log reduction in the 

counts of residual malignant cells upon coculture with CD7 CAR T cells but not with control 

T cells (Figure IV-2A,B). Indeed, CD7 CAR T cells retained cytotoxicity against AML cells 
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even at a 1:100 effector-to-target ratio (Figure IV-2C), indicating CD7 CAR T cells have high 

cytolytic potential. We also detected robust production of IFN-gamma by both CD4+ and 

CD8+ CD7 CAR T cells upon incubation with AML blasts (Figure IV-2D). To establish 

whether the CD7 CAR T cells were resistant to functional exhaustion, we used a sequential 

killing assay in which T cells were plated with KG-1a cells at a 1:4 effector-to-target ratio and 

replated every 3 days with fresh tumor cells to restore the initial ratio. Unlike control T cells, 

CD7 CAR T cells repeatedly eliminated AML tumor cells for at least 6 rounds (Figure IV-2E). 

Collectively, CD7 CAR T cells demonstrate robust and sustained cytotoxicity against AML 

cell lines in vitro.  

  

Figure IV-2- CD7-edited CD7 CAR T cells are cytotoxic against AML cell lines. (A) Frequency of 
residual live GFP+ KG-1a AML cells upon coculture with control or CD7 CAR T cells for 3 days at a 1:40 
effector-to-target (E:T) ratio. Absolute counts of live AML cells at the end of the coculture are plotted on the 
bar graphs (B). (C) Absolute counts of residual live KG-1a cells after coculture with CD7 CAR T cells at the 
indicated E:T ratios. (D) IFN-gamma production by CD8+ and CD4+ CD7 CAR T cells upon 4-hr coculture 
with indicated AML cell lines by intracellular cytokine staining and flow cytometry. Individual data points for 
each donor are shown. (E) Repeated cytotoxicity against KG-1a AML cells in a sequential killing assay. CD7 
CAR T cells were plated with KG-1a AML cells at a 1:4 E:T ratio and the ratio was restored every 3-4 days 
after quantification of residual live tumor cells (left) and CAR T cells (right). Data are shown as mean±SD. Data 
represent 2-3 independent experiments. *P<0.05; **P<0.01; *** P<0.001; ****P<0.0001 by unpaired Student’s 
t test.  
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IV.3.3.  CD7 CAR T cel ls  eradicate primary AML blasts and leukemia 
colony-forming cel ls   

To evaluate the activity of CD7 CAR T cells against primary AML, we measured 

cytotoxicity against several primary AML samples expressing varying levels of CD7 (Figure 

IV-3A). We observed between 3- and 30-fold reductions in the counts of residual live AML 

samples after 48h of coculture with CD7 CAR T cells at a 1:2 effector-to-target ratio (Figure 

IV-3B, C).  

 
Figure IV-3- Elimination of primary AML blasts by CD7 CAR T cells. (A) Normalized MFI of CD7 

in primary AML blasts compared with KG-1a (positive control) and Raji (negative control). (B) Representative 
dot plots showing frequencies of live primary AML blasts after 48h coculture with control or CD7 CAR T cells 
at a 1:1 E:T ratio. (C) Absolute counts of live AML cells from individual patients at the end of coculture with 
control or CD7 CAR T cells.  

Quiescent chemoresistant AML stem cells (LSC) are associated with AML relapses 

and thus should be effectively targeted by CAR T cells to achieve durable remission. To 

assess the LSC-directed activity, we co-cultured CD7 CAR T cells with AML cells for 5hr and 

plated the surviving cells on a methylcellulose medium that supports long-term expansion of 

LSC-derived colonies. We observed decreased numbers of colonies after a coculture with 

CD7 CAR T cells compared with control T cells (Figure IV-4), indicating the cytotoxic activity 

of CD7 CAR T cells extends to leukemic colony-forming cells.  
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Figure IV-4- Elimination of primary LSC by CD7 CAR T cells. Control or CD7 CAR T cells were 
cocultured with AML blasts for 5h at a 5:1 E:T ratio and plated on MethoCult media. The bar graphs show 
relative numbers of leukemic colonies formed after 14 days of culture.  

 

IV.3.4.  CD7 CAR T cel ls  protect against systemic AML in vivo 
  

Next, we assessed the ability of CD7 CAR T cells to control the progression of AML in 

vivo. We used a mouse xenograft model of AML in which sub-lethally irradiated 

NOD.SCID.IL2rg-/- (NSG) mice were engrafted via intravenous injection of 1x106 KG-1a AML 

cells expressing firefly luciferase (FFluc). After 5 days, we injected a single dose of non-

transduced or CD7 CAR T cells intravenously (Figure IV-5A). Tumor burden was monitored 

weekly by in vivo luminescence imaging, and surviving animals were euthanized 100 days 

after T cell injection. Mice receiving control T cells developed systemic leukemia (Figure IV-

5B,C) and all succumbed to the disease with median survival of 56 days (Figure IV-5D). In 

contrast, injection of CD7 CAR T cells significantly impeded leukemia progression and 

prolonged the median survival to 97 days. No xenogeneic graft-versus-host disease (GvHD) 

was observed in mice receiving CD7 CAR T cells. In mice with residual AML the blasts 

maintained CD7 expression (Figure IV-5E), indicating the activity of human CD28ζ CD7 

CAR T cells is self-limiting in this xenogeneic system. 
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Figure IV-5- CD7 CAR T cells are protective in a mouse xenograft model of AML. (A) General 
outline of the experiment. NSG mice received FFluc-expressing KG-1a cells 24h after sublethal irradiation with 
200 cGy. Five days later, mice received a single injection of control or CD7 CAR T cells intravenously and 
were monitored for tumor progression. (B) Kinetics of leukemia progression in individual mice that received 
either control or CD7 CAR T cells by IVIS imaging. (C) Representative images showing leukemia progression 
in individual mice. (D) Kaplan-Meier curves showing survival of mice in each experimental group. ****, 
P<0.0001 by Mantel-Cox log rank test. (E) Expression of CD7 in residual KG-1a AML isolated from mice 
treated with CD7 CAR T cells. In vitro cultured KG-1a cells served as a positive control.  

 

IV.3.5.  Optimization of CD7 CAR 
 

As demonstrated, mice injected with CD7 CAR T cells were protected against T-cell 

(Figure II-19) and myeloid (Figure IV-5) leukemic progression, although tumors were not 

completely eliminated. Therefore, we changed the CAR structure in an attempt to improve its 

antitumor affect. CARs are designed empirically and, despite many clinical trials, it is not 

clear if there is an ideal design. Hence, we started by making a new CD7 CAR with the CH3 
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Tonic 4-1BB signaling induces apoptosis and impairs function of CD19 CAR T cells 
 
 

Diogo Silva, Malini Mukherjee, Madhuwanti Srinivasan, Jordan S. Orange, Malcolm K. Brenner, Maksim Mamonkin  
 

4-1BB domain enhances apoptosis in CD19 CAR T cells during expansion Mutation TRAF2 binding sites in 4-1BB domain rescues expansion of CAR T cells 

4-1BB signaling upregulates Fas and FasL and induces apoptosis of CAR T cells 

Reducing CAR expression restores expansion and function of CD19 CAR T cells 

Reducing expression of CD19 CAR improves in vivo anti-tumor activity of CAR T cells 

Figure 1. (A) Expansion of T cells retrovirally transduced 48h after activation with 28.zeta (red) or 4-1BB.zeta (green) CD19 CAR compared to mock-transduced T cells (black). 
(B) Apoptosis of CAR T cells was measured at day 7 post-transduction by Annexin V staining. (C) Expression of CD19 CAR in transduced T cells at day 7 and 14 post-
transduction was detected by anti-idiotypic antibodies (provided by L. Cooper, MD Anderson Cancer Center). Data are shown as mean±SD (n=3) and represent 8 independent 
experiments. Unpaired Student’s t test was used to assess statistical significance (*, p<0.05, **, p<0.01). 

A 

Figure 2. (A) Mutated TRAF2 binding sites in 4-1BB domain. The QEED motif binds only TRAF2 whereas disruption of the PEEEE motif abrogates binding of TRAF1, TRAF2 and 
TRAF3. (B) Expansion of CD19 CAR T cells harboring intact or mutated 4-1BB domain at day 7 post-transduction. (C) Viability of CD19 CAR T cells at day 7. Data are shown as mean
±SD (n=3). Unpaired Student’s t test was used to assess statistical significance (*, p<0.05, **, p<0.01). 

D B 

Figure 3. (A) Representative staining of Fas expression on cell surface of CD19 CAR T cells. Bottom bar graph shows summary for Fas expression (MFI) for n=3 and represent 3 independent experiments. (B) Confocal images of T cells transduced with with 28.z and BB.z CD19 CAR constructs fused 
with cytoplasmic Emerald protein and stained with Fas and FasL. Bar graphs show the quantification of Fas (top) and FasL (bottom) by confocal microscopy on the surface or in the whole cell (Total, Z-stack). (C) Representative histograms showing cells with activated caspase 8 by FLICA-FAM staining 
(gated). Numbers denote percentage (mean±SD) of cells with activated caspase 8 for n=3. (D) T cells were activated with OKT3/CD28 antibodies followed by genomic disruption of Fas using CRISPR/Cas9 with Fas-specific gRNA. T cells were then transduced with BB.z CD19 CAR. Top histograms show 
expression of CAR and Fas 7 days after transduction. Apoptosis in CAR+ Fas+ and Fas- cells was measured at day 7 post-transduction by Annexin V staining (bottom graph, each pair represents one donor). Statistical significance was calculated by unpaired Student’s t-test (*, p<0.05, **, p<0.01). 
 

Figure 4. (A) To attenuate tonic signaling, expression of CD19 CAR was either attenuated by an upstream IRES in the retroviral vector (IRES-CAR) or by placing CAR under the full 
human EF-1a promoter in a SIN lentiviral vector pRRL (LV-CAR). (B) Representative staining showing relative CAR expression in all expression systems compared with original BB.z CAR 
7 days post-transduction. (C) Expansion of CAR+ T cells over 7 days. (D) Cell death in all expression system was measured at day 7 post-transduction by FSC-SSC analysis. (E) 
Representative Fas staining in CD19 CAR T cells 7 days post-transduction. (F) CD4/CD8 composition of CAR+ T cells 14 days post-transduction. (G) Phenotypic analysis of CD8+ CAR T 
cells showing relative frequencies of naïve phenotype (CCR7+ CD45RA+), central memory (CCR7+ CD45RA-), effector/memory (CCR7- CD45RA-) and EMRA (CCR7- CD45RA+) cells 7 
days post-transduction. (H) In vitro cytotoxicity assay against CD19+ GFP-labeled cell line Raji cocultured with CD19 CAR T cells at E:T ratio 1:4 for 5 days. Dot plots show representative 
frequency of residual GFP+ tumor cells at the end of cocultures. Bar graphs on the bottom show absolute numbers of remaining tumor cells (I) and CAR T cells (J) at the end of coculture 
quantified by flow cytometry with counting beads. Data are shown as mean±SD (n=3). Unpaired Student’s t test was used to assess statistical significance (*, p<0.05, **, p<0.01). 

Figure 5. (A) GFP-labeled NALM6-FFluc cells were injected into NSG mice (1x106 per mouse i.v.) followed by injection of CAR T cells (1x106 per mouse i.v.) 3 days later. (B) Tumor burden was assessed by IVIS 
imaging. Images show representative tumor burden 5 and 18 days post-CAR T cell injection. (C) Total tumor luminescence in each individual mouse throughout the course of the experiment. (D) Bar graph shows 
relative frequency of CD19 CAR T cells in peripheral blood of tumor-bearing mice 17 days post-CAR T injection (gated on hCD45+ hCD3+ GFP- cells) 

•  High expression of 4-1BB.z CD19 CAR from a retroviral vector impairs expansion of CAR T cells by 
inducing Fas-mediated apoptosis. 

•  Reducing CAR expression in lenti- or retroviral vectors restores expansion and improves anti-tumor 
activity of CD19 CAR T cells. 
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INTRODUCTION 1 2 

CONCLUSIONS 

 
•  Recent clinical trials have demonstrated the ability of CD19 

CARs harboring CD28 or 4-1BB costimulatory domains 
to induce complete remissions in patients with CD19+ 
malignancies. 

•  CAR expression in most successful trials was driven from 
either a retroviral (28.zeta) or a lentiviral (4-1BB.zeta) 
vector. It is unclear whether the choice of expression 
vector affects anti-tumor activity of CAR T cells in vivo. 

•  We found that expression of a 4-1BB.zeta CD19 CAR 
from a standard non-self-inactivating retroviral vector may 
result in tonic 4-1BB signaling leading to enhanced 
apoptosis and poor anti-tumor activity of CAR T cells. 
We describe the exact mechanism and discuss possible 
solutions aimed to improve the therapeutic potential of 
CD19 CAR T cells. 

Center for Cell and Gene Therapy,  
Baylor College of Medicine, Texas Children’s Hospital, Houston, TX 77030 USA 

A 

A C E 

A 

A 

C 

D 

C 
Days post-transduction 

C
el

l c
ou

nt
 x

10
^6

 

0 5 10 15
0

50

100

150

200

250

Days post-transduction

Ce
ll c

ou
nt

, x
10

^6

Ctrl
28.z
BB.z

0 5 10 15
0

50

100

150

200

250

Days post-transduction

C
e
ll 

c
o

u
n

t, 
x
1
0
^
6

Ctrl
28.z
BB.z
BB.z mut1
BB.z mut2
BB.z CD8a
IRES BB.z

QEED…...PEEEE 
4-1BB 

QAAA…...PEEEE 

QEED…...PEAAA 

TRAF2 

BB.z 

mut 1 

mut 2 

0

40

80

120

C
el

l c
ou

nt
, x

10
^6

Day 11

Ctrl
28.z
BB.z
BB.z mut1
BB.z mut2

B 

   Ctrl 

BB.z 

7.9±1.0 

20.4±6.0 

5’LTR 3’LTR CAR 

5’LTR 3’LTR IRES 

5’ LTR 3’LTR EF1α 

Retro 
viral 

CAR 

CAR 

CAR 

IRES 
CAR 

LV 
CAR 

Fas 

BB.z 
 
 

28.z 
 
 

Ctrl 

NALM6-FFluc 
1x106 i.v. 

CAR T 
1x106 i.v. 

3d 

B C 

CD19 CAR 

IRES 
BB.Z 
 

LV 
BB.z  
 
BB.Z 
 
28.Z 
 
Ctrl 

BB.z 
 
28.z 
 
Ctrl 

Day 7 Day 14 

CD19 CAR Day 7 Day 14
0

20000

40000

60000

80000
28.z
BB.z**

52% 
48% 

Fas 

Fas KO  
with CRISPR/Cas9 F 

H 

B 

0

25

50

75

100

F
re

q
u

e
n

c
y
 o

f 
c
e
lls

 

CD19 CAR T cell phenotype

Naive

Central Memory

Effector Memory

Effector Memory RA

Fr
eq

ue
nc

y 
of

 c
el

ls
 

0

20

40

60

80 Ctrl
28.z
BB.z
BB.z mut 1
BB.z mut 2

C 

CD19 CAR BB.z Activated Caspase 8 

** 

%
 a

po
pt

ot
ic

 c
el

ls
 

28.z BB.z LV BB.z IRES BB.z
0

10

20

30

40

50

F
re

q
u

e
n

c
y

 o
f 

d
e

a
d

 c
e

ll
s

**
** 

* 

0

25

50

75

100

F
re

q
u

e
n

c
y

 o
f 
c

e
lls

 

Percentage of CD4 and CD8 in CAR+ T cells

CD8+ T cells

CD4+ T cells 

Fr
eq

ue
nc

y 
of

 c
el

ls
 

NTR        28.z      BB.z     LV BB.z   IRES BB.z 

G 

Ctrl BB.z LV BB.z IRES BB.z 

7-AAD 

G
FP

 (R
aj

i) 99% 52% 13% 4% 63% 

28.z 

In vitro cytotoxicity against Raji 

C
el

ls
 p

er
 w

el
l 

Ctrl 28.z BB.z LV 
BB.z

IRES
BB.z

0

100000

200000

300000

400000
Expansion of CD19 CAR T cells 

Ctrl 28.z BB.z LV
 BB.z

IRES
 BB.z

0

100000

200000

300000

400000

500000
Remaining tumor cells 

C
el

ls
 p

er
 w

el
l 

CAR T cells in PB (Day 17) 

NALM-6 Tumor Luminescence 

J I 

D 

* 

M
FI

 o
f C

D
19

 C
A

R
 

CAR 

88% 

FLICA (FAM) 

* 

** 

** 

CD19 CAR MFI 

BF/	28.ZBF/bb.Z

CAR-Emerald

FasL

Fas

Overlay

4-1BB.z CD28.z
CD19	CAR	T

28.Z Fas bb.Z Fas 28Z sFas bb.Z sFas
102

103

104

105

To
ta

l F
as

Fas	(Z-stack)

Total Surface

28.Z FasL bb.Z FasL 28Z sFasL bb.Z sFasL
102

103

104

105

Fa
sL

 (M
FI

 x
 V

ol
um

e)

FasL (Z-stack)
Total Surface

* *

*

Malini Mukherjee

Tonic	signaling	from	4-1BB.zeta	CAR	upregulates Fas	and	FasL on	cell	surface

BF/	28.ZBF/bb.Z

CAR-Emerald

FasL

Fas

Overlay

4-1BB.z CD28.z
CD19	CAR	T

28.Z Fas bb.Z Fas 28Z sFas bb.Z sFas
102

103

104

105

T
o

ta
l F

a
s

Fas	(Z-stack)

Total Surface

28.Z FasL bb.Z FasL 28Z sFasL bb.Z sFasL
102

103

104

105

F
a
s
L

 (
M

F
I x

 V
o

lu
m

e
)

FasL (Z-stack)
Total Surface

* *

*

Malini Mukherjee

Tonic	signaling	from	4-1BB.zeta	CAR	upregulates Fas	and	FasL on	cell	surface

BF/	28.ZBF/bb.Z

CAR-Emerald

FasL

Fas

Overlay

4-1BB.z CD28.z
CD19	CAR	T

28.Z Fas bb.Z Fas 28Z sFas bb.Z sFas
102

103

104

105

T
o

ta
l F

as

Fas	(Z-stack)

Total Surface

28.Z FasL bb.Z FasL 28Z sFasL bb.Z sFasL
102

103

104

105

F
as

L
 (M

F
I x

 V
o

lu
m

e)

FasL (Z-stack)
Total Surface

* *

*

Malini Mukherjee

Tonic	signaling	from	4-1BB.zeta	CAR	upregulates Fas	and	FasL on	cell	surface

BF/	28.ZBF/bb.Z

CAR-Emerald

FasL

Fas

Overlay

4-1BB.z CD28.z
CD19	CAR	T

28.Z Fas bb.Z Fas 28Z sFas bb.Z sFas
102

103

104

105

T
o

ta
l F

a
s

Fas	(Z-stack)

Total Surface

28.Z FasL bb.Z FasL 28Z sFasL bb.Z sFasL
102

103

104

105

F
a
s
L

 (
M

F
I x

 V
o

lu
m

e
)

FasL (Z-stack)
Total Surface

* *

*

Malini Mukherjee

Tonic	signaling	from	4-1BB.zeta	CAR	upregulates Fas	and	FasL on	cell	surface

 
 

28.z 
 

BB.z 
 

 
 

28.z 
 

BB.z 
 

Phenotype of CD19 CAR T cells 

CD4 / CD8 ratio in CD19 CAR T cells 

RAJI 

CAR T 

Retro 
viral 

Lenti 
viral 

NTR       28.z    BB.z  LV BB.z  IRES BB.z 

B Ctrl BB.z LV BB.z IRES BB.z 

Day 5 

Day 18 Died  
of disease 

104 

105 

104 

105 

1d

200  cGy

5d

28.z BB.z LV 
BB.z

IRES
BB.z

0

10

20

30

40

7-
d

ay
 e

xp
an

si
o

n
 ( 

fo
ld

)

**

**

NT 28.z BB.z
0

10

20

30

40

50

%
 d

ea
d 

ce
lls

** Ctrl 

Annexin V 

8 11 44 

28.z BB.z 

0

20

40

60

%
 d

e
a
d

 c
e
ll
s

Copy of SN7 d7 AnnV

Ctrl
28.zeta
BB.zeta
BB.z mut1
BB.z mut 2

0

20

40

60

80 Ctrl
28.z
BB.z
BB.z mut 1
BB.z mut 2

0

5000

10000

15000

20000

25000

F
as

 M
F

I

Ctrl
28.z
BB.z
BB.z mut1
BB.z mut2

0

20

40

60

80 Ctrl
28.z
BB.z
BB.z mut 1
BB.z mut 2

FAS + FAS -
0

10

20

30

40

50

60

P
er

ce
n

ta
g

e 
o

f 
A

n
n

ex
in

 V
+ 

ce
lls

Donor 1
Donor 2
Donor 3

5 7 9 11 13 15 17 19
104

105

106

107

108

109

Days after CAR T cell injection

T
o

ta
l r

ad
ia

n
ce

,
 p

/s
ec

/c
m

2 /
sr

Luminesce of NALM6 in vivo

NTR
BB.z
LV BB.z
IRES BB.z

NTR BB.z LV BB.z IRES BB.z
0.00%

0.05%

0.10%

0.15%

0.20%

2.00%

4.00%

F
re

q
u

e
n

c
y

 o
f T

 c
e

lls
 in

 P
B

CAR T cells in PB after  21 days

Fas 

Ctrl 

28.z 

BB.z 

IRES  
BB.z 

Tonic 4-1BB signaling induces apoptosis and impairs function of CD19 CAR T cells 
 
 

Diogo Silva, Malini Mukherjee, Madhuwanti Srinivasan, Jordan S. Orange, Malcolm K. Brenner, Maksim Mamonkin  
 

4-1BB domain enhances apoptosis in CD19 CAR T cells during expansion Mutation TRAF2 binding sites in 4-1BB domain rescues expansion of CAR T cells 

4-1BB signaling upregulates Fas and FasL and induces apoptosis of CAR T cells 

Reducing CAR expression restores expansion and function of CD19 CAR T cells 

Reducing expression of CD19 CAR improves in vivo anti-tumor activity of CAR T cells 

Figure 1. (A) Expansion of T cells retrovirally transduced 48h after activation with 28.zeta (red) or 4-1BB.zeta (green) CD19 CAR compared to mock-transduced T cells (black). 
(B) Apoptosis of CAR T cells was measured at day 7 post-transduction by Annexin V staining. (C) Expression of CD19 CAR in transduced T cells at day 7 and 14 post-
transduction was detected by anti-idiotypic antibodies (provided by L. Cooper, MD Anderson Cancer Center). Data are shown as mean±SD (n=3) and represent 8 independent 
experiments. Unpaired Student’s t test was used to assess statistical significance (*, p<0.05, **, p<0.01). 

A 

Figure 2. (A) Mutated TRAF2 binding sites in 4-1BB domain. The QEED motif binds only TRAF2 whereas disruption of the PEEEE motif abrogates binding of TRAF1, TRAF2 and 
TRAF3. (B) Expansion of CD19 CAR T cells harboring intact or mutated 4-1BB domain at day 7 post-transduction. (C) Viability of CD19 CAR T cells at day 7. Data are shown as mean
±SD (n=3). Unpaired Student’s t test was used to assess statistical significance (*, p<0.05, **, p<0.01). 

D B 

Figure 3. (A) Representative staining of Fas expression on cell surface of CD19 CAR T cells. Bottom bar graph shows summary for Fas expression (MFI) for n=3 and represent 3 independent experiments. (B) Confocal images of T cells transduced with with 28.z and BB.z CD19 CAR constructs fused 
with cytoplasmic Emerald protein and stained with Fas and FasL. Bar graphs show the quantification of Fas (top) and FasL (bottom) by confocal microscopy on the surface or in the whole cell (Total, Z-stack). (C) Representative histograms showing cells with activated caspase 8 by FLICA-FAM staining 
(gated). Numbers denote percentage (mean±SD) of cells with activated caspase 8 for n=3. (D) T cells were activated with OKT3/CD28 antibodies followed by genomic disruption of Fas using CRISPR/Cas9 with Fas-specific gRNA. T cells were then transduced with BB.z CD19 CAR. Top histograms show 
expression of CAR and Fas 7 days after transduction. Apoptosis in CAR+ Fas+ and Fas- cells was measured at day 7 post-transduction by Annexin V staining (bottom graph, each pair represents one donor). Statistical significance was calculated by unpaired Student’s t-test (*, p<0.05, **, p<0.01). 
 

Figure 4. (A) To attenuate tonic signaling, expression of CD19 CAR was either attenuated by an upstream IRES in the retroviral vector (IRES-CAR) or by placing CAR under the full 
human EF-1a promoter in a SIN lentiviral vector pRRL (LV-CAR). (B) Representative staining showing relative CAR expression in all expression systems compared with original BB.z CAR 
7 days post-transduction. (C) Expansion of CAR+ T cells over 7 days. (D) Cell death in all expression system was measured at day 7 post-transduction by FSC-SSC analysis. (E) 
Representative Fas staining in CD19 CAR T cells 7 days post-transduction. (F) CD4/CD8 composition of CAR+ T cells 14 days post-transduction. (G) Phenotypic analysis of CD8+ CAR T 
cells showing relative frequencies of naïve phenotype (CCR7+ CD45RA+), central memory (CCR7+ CD45RA-), effector/memory (CCR7- CD45RA-) and EMRA (CCR7- CD45RA+) cells 7 
days post-transduction. (H) In vitro cytotoxicity assay against CD19+ GFP-labeled cell line Raji cocultured with CD19 CAR T cells at E:T ratio 1:4 for 5 days. Dot plots show representative 
frequency of residual GFP+ tumor cells at the end of cocultures. Bar graphs on the bottom show absolute numbers of remaining tumor cells (I) and CAR T cells (J) at the end of coculture 
quantified by flow cytometry with counting beads. Data are shown as mean±SD (n=3). Unpaired Student’s t test was used to assess statistical significance (*, p<0.05, **, p<0.01). 

Figure 5. (A) GFP-labeled NALM6-FFluc cells were injected into NSG mice (1x106 per mouse i.v.) followed by injection of CAR T cells (1x106 per mouse i.v.) 3 days later. (B) Tumor burden was assessed by IVIS 
imaging. Images show representative tumor burden 5 and 18 days post-CAR T cell injection. (C) Total tumor luminescence in each individual mouse throughout the course of the experiment. (D) Bar graph shows 
relative frequency of CD19 CAR T cells in peripheral blood of tumor-bearing mice 17 days post-CAR T injection (gated on hCD45+ hCD3+ GFP- cells) 

•  High expression of 4-1BB.z CD19 CAR from a retroviral vector impairs expansion of CAR T cells by 
inducing Fas-mediated apoptosis. 

•  Reducing CAR expression in lenti- or retroviral vectors restores expansion and improves anti-tumor 
activity of CD19 CAR T cells. 
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INTRODUCTION 1 2 

CONCLUSIONS 

 
•  Recent clinical trials have demonstrated the ability of CD19 

CARs harboring CD28 or 4-1BB costimulatory domains 
to induce complete remissions in patients with CD19+ 
malignancies. 

•  CAR expression in most successful trials was driven from 
either a retroviral (28.zeta) or a lentiviral (4-1BB.zeta) 
vector. It is unclear whether the choice of expression 
vector affects anti-tumor activity of CAR T cells in vivo. 

•  We found that expression of a 4-1BB.zeta CD19 CAR 
from a standard non-self-inactivating retroviral vector may 
result in tonic 4-1BB signaling leading to enhanced 
apoptosis and poor anti-tumor activity of CAR T cells. 
We describe the exact mechanism and discuss possible 
solutions aimed to improve the therapeutic potential of 
CD19 CAR T cells. 

Center for Cell and Gene Therapy,  
Baylor College of Medicine, Texas Children’s Hospital, Houston, TX 77030 USA 
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Tonic 4-1BB signaling induces apoptosis and impairs function of CD19 CAR T cells 
 
 

Diogo Silva, Malini Mukherjee, Madhuwanti Srinivasan, Jordan S. Orange, Malcolm K. Brenner, Maksim Mamonkin  
 

4-1BB domain enhances apoptosis in CD19 CAR T cells during expansion Mutation TRAF2 binding sites in 4-1BB domain rescues expansion of CAR T cells 

4-1BB signaling upregulates Fas and FasL and induces apoptosis of CAR T cells 

Reducing CAR expression restores expansion and function of CD19 CAR T cells 

Reducing expression of CD19 CAR improves in vivo anti-tumor activity of CAR T cells 

Figure 1. (A) Expansion of T cells retrovirally transduced 48h after activation with 28.zeta (red) or 4-1BB.zeta (green) CD19 CAR compared to mock-transduced T cells (black). 
(B) Apoptosis of CAR T cells was measured at day 7 post-transduction by Annexin V staining. (C) Expression of CD19 CAR in transduced T cells at day 7 and 14 post-
transduction was detected by anti-idiotypic antibodies (provided by L. Cooper, MD Anderson Cancer Center). Data are shown as mean±SD (n=3) and represent 8 independent 
experiments. Unpaired Student’s t test was used to assess statistical significance (*, p<0.05, **, p<0.01). 

A 

Figure 2. (A) Mutated TRAF2 binding sites in 4-1BB domain. The QEED motif binds only TRAF2 whereas disruption of the PEEEE motif abrogates binding of TRAF1, TRAF2 and 
TRAF3. (B) Expansion of CD19 CAR T cells harboring intact or mutated 4-1BB domain at day 7 post-transduction. (C) Viability of CD19 CAR T cells at day 7. Data are shown as mean
±SD (n=3). Unpaired Student’s t test was used to assess statistical significance (*, p<0.05, **, p<0.01). 

D B 

Figure 3. (A) Representative staining of Fas expression on cell surface of CD19 CAR T cells. Bottom bar graph shows summary for Fas expression (MFI) for n=3 and represent 3 independent experiments. (B) Confocal images of T cells transduced with with 28.z and BB.z CD19 CAR constructs fused 
with cytoplasmic Emerald protein and stained with Fas and FasL. Bar graphs show the quantification of Fas (top) and FasL (bottom) by confocal microscopy on the surface or in the whole cell (Total, Z-stack). (C) Representative histograms showing cells with activated caspase 8 by FLICA-FAM staining 
(gated). Numbers denote percentage (mean±SD) of cells with activated caspase 8 for n=3. (D) T cells were activated with OKT3/CD28 antibodies followed by genomic disruption of Fas using CRISPR/Cas9 with Fas-specific gRNA. T cells were then transduced with BB.z CD19 CAR. Top histograms show 
expression of CAR and Fas 7 days after transduction. Apoptosis in CAR+ Fas+ and Fas- cells was measured at day 7 post-transduction by Annexin V staining (bottom graph, each pair represents one donor). Statistical significance was calculated by unpaired Student’s t-test (*, p<0.05, **, p<0.01). 
 

Figure 4. (A) To attenuate tonic signaling, expression of CD19 CAR was either attenuated by an upstream IRES in the retroviral vector (IRES-CAR) or by placing CAR under the full 
human EF-1a promoter in a SIN lentiviral vector pRRL (LV-CAR). (B) Representative staining showing relative CAR expression in all expression systems compared with original BB.z CAR 
7 days post-transduction. (C) Expansion of CAR+ T cells over 7 days. (D) Cell death in all expression system was measured at day 7 post-transduction by FSC-SSC analysis. (E) 
Representative Fas staining in CD19 CAR T cells 7 days post-transduction. (F) CD4/CD8 composition of CAR+ T cells 14 days post-transduction. (G) Phenotypic analysis of CD8+ CAR T 
cells showing relative frequencies of naïve phenotype (CCR7+ CD45RA+), central memory (CCR7+ CD45RA-), effector/memory (CCR7- CD45RA-) and EMRA (CCR7- CD45RA+) cells 7 
days post-transduction. (H) In vitro cytotoxicity assay against CD19+ GFP-labeled cell line Raji cocultured with CD19 CAR T cells at E:T ratio 1:4 for 5 days. Dot plots show representative 
frequency of residual GFP+ tumor cells at the end of cocultures. Bar graphs on the bottom show absolute numbers of remaining tumor cells (I) and CAR T cells (J) at the end of coculture 
quantified by flow cytometry with counting beads. Data are shown as mean±SD (n=3). Unpaired Student’s t test was used to assess statistical significance (*, p<0.05, **, p<0.01). 

Figure 5. (A) GFP-labeled NALM6-FFluc cells were injected into NSG mice (1x106 per mouse i.v.) followed by injection of CAR T cells (1x106 per mouse i.v.) 3 days later. (B) Tumor burden was assessed by IVIS 
imaging. Images show representative tumor burden 5 and 18 days post-CAR T cell injection. (C) Total tumor luminescence in each individual mouse throughout the course of the experiment. (D) Bar graph shows 
relative frequency of CD19 CAR T cells in peripheral blood of tumor-bearing mice 17 days post-CAR T injection (gated on hCD45+ hCD3+ GFP- cells) 

•  High expression of 4-1BB.z CD19 CAR from a retroviral vector impairs expansion of CAR T cells by 
inducing Fas-mediated apoptosis. 

•  Reducing CAR expression in lenti- or retroviral vectors restores expansion and improves anti-tumor 
activity of CD19 CAR T cells. 

5 

3 

4 

INTRODUCTION 1 2 

CONCLUSIONS 

 
•  Recent clinical trials have demonstrated the ability of CD19 

CARs harboring CD28 or 4-1BB costimulatory domains 
to induce complete remissions in patients with CD19+ 
malignancies. 

•  CAR expression in most successful trials was driven from 
either a retroviral (28.zeta) or a lentiviral (4-1BB.zeta) 
vector. It is unclear whether the choice of expression 
vector affects anti-tumor activity of CAR T cells in vivo. 

•  We found that expression of a 4-1BB.zeta CD19 CAR 
from a standard non-self-inactivating retroviral vector may 
result in tonic 4-1BB signaling leading to enhanced 
apoptosis and poor anti-tumor activity of CAR T cells. 
We describe the exact mechanism and discuss possible 
solutions aimed to improve the therapeutic potential of 
CD19 CAR T cells. 

Center for Cell and Gene Therapy,  
Baylor College of Medicine, Texas Children’s Hospital, Houston, TX 77030 USA 
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domain removed, leaving only a short hinge (SH) derived from the IgG4 sequence. (Figure 

IV-6A). We tested both CD7 CARs with intermediate and short hinge in a coculture with 

KG1a and Kasumi-3 at 1:50 E:T ratio. We did not observe any statistical difference between 

these two variations of CD7 CAR (Figure IV-6B). Next, we tested both CARs in the same 

AML xenograft mouse model as used before (Figure IV-5A). Although mice who received 

CD7 CAR with short hinge had higher tumor burden, this difference was also not statistically 

significant and did not affect the survival of the groups that received CD7 CAR T cells 

(Figure IV-6C,D). This demonstrates that CD7 CAR anti-tumor effect is not improved by 

using a shorter spacer. 

 

  
Figure IV-6- Use of CD7 CAR T cells with shorter spacer. (A) Schematic representation of CD7 

CARs tested. From the previous CD7 CAR used CH3 domain was removed leaving only the short hinge domain 
(B) Killing assay of CD7 CAR T cells with KG1a and Kasumi-3. CAR T cells and tumor cells were cocultured 
for 3 days at 1:50 E:T ratio. (C) Kinetics of leukemia progression in individual mice that received either control, 
CD7 CAR T cells with CH3 domain or short hinge by IVIS imaging. (D) Representative images showing 
leukemia progression in individual mice. 

Different co-stimulatory domains have been used in clinical trials with but if one in 

particular is better than other is unknown. Traditionally, second generation CARs tested in 

the clinic, have CD28 or 4-1BB although other endodomains are also commonly tested in 

the preclinical studies. Recent data demonstrates that CARs with co-stimulatory 

endodomains from the TNF receptor family increase persistence of T cells in vivo [226]. 
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However retroviral transduction of CD7KO T cells with CD7 CAR with 4-1BB prevented 

normal expansion of T cells. Even the use of the other two scFvs had similar effect (Figure 

IV-7A). Furthermore, CD7 CAR T cells with 4-1BB in opposite to those who express a CAR 

with CD28 endodomain had low viability after transduction (Figure IV-7B). 

 

 
Figure IV-7- CD7 CAR T cells with 4-1BB failed to expand due to increased number of dead cells. 

(A) Fold expansion of CD7 CAR T cells with CD28 or 4-1BB co-stimulatory domains compared with truncated 
(control) CAR T cells during 14 days. Three CARs with different scFvs were tested in the 4-1BB group. (B) 
Percentage of live cells detected by flow cytometry at day 3 after retroviral transduction.  

 

This suggests that a CD7 CAR with a 4-1BB endodomain can have toxic effects in 

CAR T cells and that replacing the scFv does not mitigate this. Because this phenomenon 

has also been observed with other CARs, an attempt to understand and solve this problem 

will be the goal of chapter V. Due to the inability to generate viable CD7 CAR T cells with the 

4-1BB endodomain, we did not pursue further attempts at improving the anti-tumor effect by 

replacing the CAR endodomain. Instead, we decided to keep the CD28 co-stimulatory 

domain. 

 

IV.3.6.  Normal myeloid progenitor and mature cel ls  are spared by 
CD7 CAR T  

 

CD7 is absent on most normal mature myeloid and erythroid cells, and we observed 

no toxicity of CD7 CAR T cells against peripheral monocytes (Figure IV-8A,B) or 

granulocytes (Figure IV-8C) after in vitro coculture.  
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Figure IV-8- Lack of reactivity of CD7 CAR T cells against mature myeloid cells. (A) CD14+ 

monocytes were purified from PBMC using magnetic beads and labeled with eFluor 670 prior to coculture with 
control or CD7 CAR T cells at a 1:1 ratio. Representative dot plots show the numbers of residual live 
monocytes after 24h of coculture. (B) Data from 4 donors are summarized in a bar graph (B). (C) Total blood 
cells after RBC lysis were cocultured with autologous CD7 CAR T cells for 24h. Live granulocytes were 
quantified at the end of coculture by flow cytometry.  

 

Since CD7 may be transiently upregulated on some hematopoietic progenitors that are 

enriched in cord blood, we measured the cytolytic activity of CD7 CAR T cells against 

hematopoietic progenitor cells from cord blood. We cocultured CD7 CAR T cells with cord 

blood cells for 5hr followed by a 12-day expansion on a methylcellulose medium supporting 

both myeloid and erythroid differentiation. CD7 CAR T cells had no impact on monocytic, 

granulocytic, and erythrocytic colony counts compared to co-culture with control T cells. 

These data indicate primitive myeloid and erythroid progenitors are not inhibited by CD7 

CAR T cells (Figure IV-9A,B).  
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Figure IV-9- Lack of reactivity of CD7 CAR T cells against cord blood precursors. Cord blood cells 

were cocultured with control or CD7 CAR T cells at a 10:1 E:T ratio for 5hr and plated on the MethoCult 
media. Numbers of erythrocytic, granulocytic, and monocytic colonies were quantified 14 days later based on 
their typical morphology (A)  observed by optical microscopy. (B) Data from individual donors are shown in 
the bar graph. Data represent two independent experiments. ns, not significant by unpaired Student’s t test. 

 

IV.3.7.  CD7-edited virus-specif ic  T cel ls  are functional and are 
protected from cytolysis by CD7 CAR T cel ls 

 

CD7 expression is limited to the T- and NK-lineage cells, and we have previously 

demonstrated that these types of immune cells can be targeted by CD7 CAR T cells. This 

on-target off-tumor activity has the potential to suppress anti-viral immunity and predispose 

the host to viral infections, similar to the immunosuppression seen after a hematopoietic 

stem cell transplant. Infusion of donor-derived multivirus-specific T cells (VSTs) shortly after 

transplant can effectively protect patients from viral infections and reactivation of 

endogenous viruses. However, most VSTs are CD7-positive and thus would likely be 

targeted by CD7 CAR T cells. We have previously demonstrated that disruption of the CD7 

gene in T cells does not affect their immediate effector function and protects them against 

CD7 CAR-mediated cytotoxicity. Thus, we hypothesized that knocking out the CD7 gene in 

VSTs (CD7KO VSTs) will protect these cells from cytolysis by CD7 CAR T cells. These cells 

could then be infused into patients, in case immunosuppression following CAR T cell 

treatment were to develop, restoring anti-viral immunity. However, activation and expansion 

of VSTs differ from that of polyclonally stimulated T cells, and successful gene editing in 

human VSTs has not yet been demonstrated. Using a CRISPR/Cas9-mediated gene editing 

method in VST, we were able to disrupt the CD7 gene consistently in >85% of polyclonal 

EBV-, CMV-, and adenovirus-specific T cells (Figure IV-10A). Loss of CD7 did not affect the 

cytotoxicity of VSTs against autologous monocytes pulsed with a viral peptide mix (Figure 

IV-10B). 
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Figure IV-10- Knockout of CD7 in VSTs does not impair cytotoxic function against infected cells. 

(A) Representative histogram of CD7 expression in unedited VSTs and 3 different donors after knockout using 
CRISPR/cas9. (B) Cytotoxic assay of normal VSTs and CD7KO VSTs against monocytes pulsed with peptides 
derived from CMV, EBV and adenovirus. Upper figure represents the coculture of monocytes with normal T 
cells (Ctrl) or VSTs. Monocytes were magnetically sorted (CD14+) and incubated overnight with VSTs with or 
without CD7 stained with eFluor 647 at effector:target ratio 1:1. Numbers denote total number of monocytes per 
well. Bar graph shows total quantification of monocytes at the end of coculture.  

 

Notably, CD7KO VSTs were protected against cytolysis by CD7 CAR T cells in a 48-

hour coculture assay. To assess the anti-viral function of CD7KO VST in the presence of CD7 

CAR T cells, we cocultured CD7KO or unmodified VST with CD7 CAR T cells (Figure IV-8A) 

and measured the number of remaining live VSTs (Figure IV-8B,C). Later, we added 

autologous monocytes pulsed with viral pepmixes to the remaining live VSTs and counted 

the number of monocytes that were not eliminated. Prior incubation of normal VSTs with 

CD7 CAR T cells significantly impaired the ability of unmodified VSTs to eliminate peptide-

pulsed monocytes, while the activity of CD7KO VST was preserved (Figure IV-8D). Since 

edited VSTs were not eliminated by CD7 CAR T cells, they were as efficient at killing 

peptide-pulsed monocytes as VSTs alone. In contrast, unmodified VSTs were eliminated by 

the initial incubation with CD7 CAR T cells (Figure IV-B,C), preventing them from eliminating 

monocytes in the triple coculture step. These data indicate that disruption of the CD7 gene in 

VST is feasible and preserves their antiviral activity in the presence of CD7 CAR T cells, 

offering a solution to offset the risk of T-cell aplasia after their administration.  
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Figure IV-11- CD7KO VSTs are protected against fratricide from CD7 CAR and can eliminate 

viral-infected cells.  (A) Schematic representation of the experiment to test the capacity of CD7KO VSTs to 
eliminated viral-infected monocytes and at the same time avoid the toxicity from CD7 CAR T cells. (B) 
Histograms show edited and unedited VSTs stained with eFluor 647 at the end of coculture with CD7 CAR T 
cells or control at effector:target 2:1 for two days and (C) the total number of live VSTs was counted by flow 
cytometry. (D) In a second step, the same VSTs cocultured with CD7 CAR T cells were combined with 
previously pulsed monocytes with peptides from CMV, EBV and adenovirus at effector:target ratio 2:1 for 4h 
and total number of remaining cells were counted by flow cytometry. Data represent 2 to 3 independent 
experiments with n=3 donors each. **P<0.01; **** P<0.0001 

 

IV.4. Discussion	
The risk of unwanted myeloablation complicates the development of safe targeted 

therapies of AML, as few surface antigens are selectively expressed in malignant cells but 

absent in critical non-malignant myeloid and erythroid cells. Here, we demonstrate that T 

cells expressing a CD7-specific CAR can effectively target a subset of aggressive AML 

expressing CD7 without cytotoxicity against normal myeloid and erythroid cells. Therefore, 

the CD7-directed targeting can be used for non-myeloablative therapy of AML. As the off-

tumor activity of CD7 CAR T cells may lead to the ablation of CD7+ T- and NK-cells, we 

demonstrate a potential solution to offset potential immunosuppression by generating CD7-
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edited multivirus-specific T cells that are fully functional against viral targets but are 

protected from cytolysis by CD7 CAR T cells. Therefore, the CD7-directed targeting coupled 

with the CD7-edited VST can potentially be used for safe, non-myeloablative therapy of 

AML. 

CD7 is expressed in ~30% of AML cases, most of which are intermediate-to-high risk 

disease by cytogenetics [384], [385]. Some, but not all, studies reported CD7 positivity 

correlates with chemoresistance and higher incidence of relapse post stem cell transplant 

[380]–[383] and is associated with poor prognosis in myelodysplastic syndromes [390], 

[391]. CD7 expression in malignant myeloid cells is an indicator of their immaturity [392] and 

a more “primitive” CD34+ 
phenotype that is often associated with chemoresistant leukemia-

initiating cells [105], [393], [394]. In cord blood, a fraction of Lin-	CD34+ 
CD38-	hematopoietic 

cells co-expresses CD7; these cells constitute multilymphoid and common lymphoid 

progenitors [386]–[388]. In the bone marrow, however, CD7 expression on these lymphoid 

progenitors has not been detected [387], [388], [395]; although CD7 can be expressed at a 

low level on a small fraction of CD38+ 
CD34+ 

Lin- cells with an unknown function [396], [397]. 

Later in hematopoiesis, CD7 expression is restricted only to T- and NK-cell progenitors and 

their descendants [322], [398]. Thus, the cytotoxic activity of CD7 CAR T cells within the 

myeloid compartment should be limited primarily to leukemic cells whereas normal myeloid 

and erythroid lineage cells will be largely spared.  Although the predicted effect of CD7 CAR 

T cells on non-malignant myeloid and erythroid cells is minimal, elimination of normal CD7+ 

T- and NK-cells can be expected [358]. Prolonged aplasia of these critical immune cells can 

result in  dangerous immunosuppression with weakened responses against external 

pathogens and, most importantly, endogenous latent viruses, such as EBV and CMV, which 

can re-activate in the absence of immune control. Viral infections are a significant cause of 

morbidity and mortality in post-stem cell transplant patients, who have minimal peripheral T-

cell levels for several weeks after transplant due to the delayed thymic output. Prior reports 

demonstrated that infusions of donor-derived virus-specific T cells protect these patients 

against developing potentially fatal viremias [399], [400]. A similar approach can, in theory, 

be used to offset T-cell aplasia in patients receiving CD7 CAR T cells; however, these VSTs 

must be CD7-edited to avoid cytotoxicity from the CD7 CAR T cells themselves. 

Ultimately, CD7 CAR T cells may best be used as a transient transplant- enabling 

therapy in patients with refractory or relapsed disease. In this scenario, the transient activity 

of CAR T cells would minimize the tumor burden and serve as a bridge to the curative stem 

cell transplant, which would terminate CAR T cell activity and reset normal T-/NK-

lymphopoiesis. To facilitate robust yet transient activity of CD7 CAR T cells, we have used a 

second-generation CAR backbone with CD28 costimulation, which has been shown in 

clinical studies to promote rapid expansion and high cytotoxicity yet transient persistence of 
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CD19 CAR T cells [203], [318], [401], [402]. Our optimization attempt using the 4-1BB 

endodomain to prolong persistence was not successful since these cells did not expand well 

and had reduced viability. Although increased persistence of CD7 CAR T cells will most 

likely prolong T- and NK-cell aplasia, this effect could be mitigated with a suicide gene, 

which upon activation would cause elimination of these cells as desired, without affecting the 

viability of endogenous T cells. Alternatively, if used as a bridge to transplant, CD7 CAR T 

cells would be eliminated by the conditioning regimen used for transplant. Nevertheless, use 

of any endodomain besides CD28 would be valuable only if it were to to increase even 

further the CAR-T cell cytotoxic effects in a short period of time, rather than just increase 

their persistence (an effect that is not entirely clear when endodomains from the TNF 

receptor family, like 4-1BB, are used). Although the CD28 endodomain creates a T cell 

profile that suits this application, the lack of expansion observed with 4-1BB raises concerns 

of toxicity, a topic that will be explored in chapter V.
 

Removal of CD7 expression from the surface of T cells is essential to mitigate 

fratricide of CD7 CAR T cells and enable their expansion [358], [389].
 
As we demonstrated 

in a chapter II, CRISPR/Cas9-mediated disruption of the CD7 gene in T cells prior to CD7 

CAR transduction results in permanent removal of the CD7 gene in 85-90% of T cells with 

no detected off-target activity; the remaining CD7+ 
T cells are eliminated by fratricide after 

CAR transduction [358].
  

Xenogeneic graft-versus-host disease (GvHD) driven by xenoreactive human T cells is 

a common complication of mouse xenograft models of human tumors [403], [404]. However, 

we observed no signs of xenogeneic GvHD upon infusion of CD7 CAR T cells into leukemia-

bearing mice, likely reflecting their transient persistence and potential interference between 

CAR and TCR signaling. Indeed, administration of allogeneic T cells expressing CD28.zeta 

CD19 CARs produces only minimal GvHD in both clinical studies and preclinical models, a 

phenomenon potentially attributed to the interaction between CAR-derived CD28 and 

CD3zeta signaling and TCR signaling within the same cell [405], [406].
 

Therefore, 

administration of allogeneic third party-derived closely HLA-matched T cells expressing the 

CD28.zeta CD7 CAR T cells may produce desired anti-tumor activity with low potential for 

GvHD in the transient, “bridge-to-transplant” setting, thus obviating the need to generate an 

autologous product from patients generating an autologous product from patient’s peripheral 

blood mononuclear cells that may contain malignant blasts and often hypofunctional T cells 

weakened by numerous rounds of chemotherapy.  
Although adoptive cell therapy approaches for AML have been under active 

development for many years, clinical benefit has been only modest and largely dwarfed by 

the resounding success of CARs directed to B-cell antigens, such as CD19. As many of the 

targetable antigens are also expressed by critical hematopoietic precursors (CD33, CD123, 
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etc.), the activity of CAR T cells directed to those antigens has to be carefully dosed to avoid 

systemic myeloablation. The approach presented in this study is directed at CD7, which is 

not known to be expressed on critical myeloid and erythroid progenitors and mature cells, 

and thus CD7 CAR T cells may benefit patients with CD7+ 
disease. 
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C h a p t e r  V .  T o n i c  4 - 1 B B  C o s t i m u l a t i o n  i n  

C h i m e r i c  A n t i g e n  R e c e p t o r s  I m p e d e s  T  

C e l l  S u r v i v a l  a n d  I s  V e c t o r - D e p e n d e n t   
             

 

 

 

 

Despite the tremendous success of CD19 CAR T cells in human trials, which led to their commercial 

approval, CAR development is empirical and several key aspects are not fully understood. The search 

for the best CAR molecule characteristics is an ongoing endeavor the evidence so far suggests that 

each CAR may need to be independently developed. While the differential effects of the type and 

number of endodomains used start to be unveiled, the complexity of CAR biology demonstrates that 

other key aspects of their design should be taken into account to achieve maximum performance. It is 

clear that tonic signaling – a constant, antigen-independent CAR activation – can result in different 

CARs with the same backbone behaving differently. Several solutions may be employed to limit tonic 

signaling, though with different rates of success depending on the CAR… 

 

 

 

 

 

Part of this chapter was published as: 

Gomes-Silva D., Mukherjee M., Srinivasan  M., et al.; Tonic 4-1BB Costimulation in Chimeric 

Antigen Receptors Impedes T Cell Survival and Is Vector- Dependent; Cell Reports; 2017; 

21, 17–26   
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V.1. Introduction	
 

Ligation of chimeric antigen receptors (CARs) in T cells by surface tumor-associated 

antigens mimics the natural engagement of T cell receptors (TCRs), leading to activation 

and degranulation of transgenic T cells. Incorporation of costimulatory endodomains in 

second-generation CARs has increased proliferation and survival of CAR T cells by 

providing an additional Signal 2 [190], [203], [204], [318]. The most widely used 

costimulatory endodomains are derived from CD28 or TNFRSF9 (4-1BB) genes. Despite 

stark differences in T cell kinetics, correlating with the distinct signaling cascades triggered 

by these endodomains, CARs incorporating either 4-1BB or CD28 have led to dramatic CAR 

T cell expansion in patients with B cell malignancies and the complete elimination of 

otherwise refractory tumors [202]–[204], [318]. 

In addition to antigen-driven stimulation, CARs frequently produce antigen-

independent tonic signaling in T cells. This constitutive signaling is commonly enhanced by 

the high surface density and self-aggregating properties of CARs, although the contribution 

of this signaling to regulating persistence and function of transgenic T cells has been 

debated. Tonic CAR stimulation could maintain T cell expansion by mimicking signals that 

promote peripheral expansion of memory T cells specific for persistent pathogens [407]. 

However, recent independent studies using c-Met and GD2-specific CARs expressed from 

lenti- and gammaretroviral vectors, respectively, indicated that, while tonic signaling from 

CARs harboring the CD28 costimulatory endodomains indeed promoted antigen-in- 

dependent expansion of T cells in vitro, the expanded CAR T cells had inferior anti-tumor 

properties and limited persistence in vivo [226], [408]. Reducing surface levels of CD28.zeta 

CD19 CAR by expressing it from the endogenous TCR alpha (TRAC) gene locus prevented 

in vivo exhaustion and improved the anti-tumor function of CAR T cells [274]. Moreover, 

replacing CD28 with 4-1BB costimulation reversed exhaustion in GD2 CAR T cells [226].  

However, whether and under which circumstances tonic 4-1BB signaling can have similar 

adverse ramifications in T cells has not yet been studied.  

Here, we model tonic CAR-derived 4-1BB signaling in T cells and demonstrate a 

mechanism by which it impairs CAR T cell expansion and cytotoxic function. We show that 

tonic 4-1BB signaling is amplified in gammaretroviral vectors, and attenuating CAR 

expression in alternative expression systems decreases tonic signaling-associated toxicities 

and augments anti-tumor activity. These results highlight potential inhibitory properties of 4-

1BB costimulation and have direct implications for adoptive T cell therapy.  
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V.2. Materials	and	Methods	
 

V.2.1.  Chimeric Antigen Receptor Constructs  
To model tonic 4-1BB signaling, we used a chimeric antigen receptor (CAR) backbone 

containing 4-1BB and CD3zeta endodomains and the transmembrane and stalk region of 

CD8a. We used anti-CD19 (FMC63), and anti-kappa light chain single-chain variable 

fragments (scFv) to create 2nd generation CARs harboring either 4-1BB or CD28 

costimulatory domains. CAR constructs were subcloned into SFG gammaretroviral vectors. 

An EMCV-derived internal ribosomal entry site (IRES) was cloned immediately upstream of 

the CAR in IRES BB.z constructs. A lentiviral vector REL was created by replacing the PGK-

GFP cassette in the pRRLSIN.cPPT.PGK-GFP.WPRE vector (a gift from Didier Trono, 

Addgene plasmid #12252) with the full human EF-1a promoter containing intron 1. For the 

confocal microscopy studies, we generated CD19 CARs fused on the C terminus with 

Emerald GFP via a flexible linker. We verified the functionality of CD19 CAR-Emerald in 

cytotoxicity assays to ensure intact CAR signaling. Site-directed mutagenesis of the TRAF2 

sites in the 4-1BB endodomain was performed using the InFusion cloning kit (Clontech). 

Final constructs were verified by Sanger DNA sequencing.  

V.2.2.  CRISPR/Cas9-Mediated Disruption of the FAS Gene 
  A FAS-directed sgRNA with zero predicted off-target sites was selected using 

CRISPRScan and COSMID algorithms [335], synthesized using HiScribe T7 High Yield RNA 

Synthesis kit (NEB), and purified with MegaClear Kit (Ambion). Purified RNA was mixed with 

recombinant Cas9 protein (PNA Bio) at a 0.35:1 (m/m) ratio and electroporated into T cells 

using Neon Transfection System (Invitrogen) as previously described [358]. Cells were 

subsequently transduced with CD19 CAR the following day and expanded for 7 days.  

  

V.2.3.  Mouse Xenograft Model  
8- to 10-week-old female NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice (The Jackson 

Laboratory) were inoculated intravenously with 1x106 NALM-6 cells engineered to express 

FFluc-GFP fusion protein. Three days later, mice received a single intravenous injection of 

1.0x106 CD19 CAR T cells. Tumor burden was monitored by recording luminescence with an 

IVIS Imaging system (Caliper Life Sciences). Mice were euthanized after the tumor burden 

reached luminescence level of 108 photons/s or after displaying signs of high tumor burden. 
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Peripheral blood was collected by tail vein bleeding. All animal experiments were conducted 

in compliance with the Baylor College of Medicine IACUC.  

V.2.4.  Cell  culture  
CD19+ Burkitt’s lymphoma cell line Raji (a gift from Gianpietro Dotti) was modified to 

express GFP+ by stable retroviral transduction and sorted to obtain pure GFP+ cells. A pre-

B-ALL cell line NALM-6 expressing GFP and Firefly Luciferase (NALM6-FFluc) was a gift 

from Stephen Gotschalk. Both cell lines were expanded and maintained in CTL medium 

(45% RPMI-1640, 45% Click’s medium, 10% fetal bovine serum supplemented with 1% 

penicillin/streptomycin and 1% L-Glutamine), were STR fingerprinted and routinely checked 

for mycoplasma contamination. Buffy coats were purified using Ficoll and activated with 

plate-bound OKT3 and anti-CD28 antibodies (BD Biosciences) for 48 hours, after which cells 

were removed from the antibody-coated plate and used for retro- or lentiviral transduction. T 

cells were expanded in CTL medium supplemented with 10ng/ml IL-7 and 10ng/ml IL-15, 

and the media was replenished every 48-72 hours.  

 

V.2.5.  Generation of gammaretroviral  and lentiviral  vectors and T 
cel l  transduction  

Retroviral transduction was performed as previously described [219]. Briefly, 293T 

cells were co-transfected with CAR-encoding retroviral plasmid SFG, and packaging 

plasmids RD114 and pEQ-PAM3. Retroviral supernatant was collected 48h and 72h later, 

filtered with 0.45 µM filters and frozen. Lentiviral vectors were generated by co-transfecting 

293T cells with CAR-encoding REL plasmids and packaging plasmids pMD2.G and psPAX2 

(both gifts from Didier Trono, Addgene plasmids #12259 and #12260, respectively) in the 

presence of 4mM of sodium butyrate (Sigma-Aldrich) and 4mM of caffeine (Sigma-Aldrich). 

Viral supernatants were collected 24h and 48h after transfection, filtered and concentrated 

with PEG-itTM Virus Precipitation Solution (System Biosciences) at +4°C overnight.  

Retro- and lentiviral supernatants were pre-adsorbed on a 24-well non-tissue culture 

treated plate (Falcon) coated with Retronectin (Takara) by centrifugation at 4600g +32°C for 

1h. Excess viral supernatant was aspirated and activated T cells were added to the plate at 

250,000 cells/well followed by a brief centrifugation at 1000g for 10min. Transduced T cells 

were transferred to a tissue culture plate 24h later and expanded in CTL media as described 

above. For most experiments, T cells were transduced once.  
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V.2.6.  Flow cytometry  
Mouse anti-human antibodies to CD3 (UCHT1), CD4 (SK3), CD8 (SK1), CD45RA 

(2H4), and Fas (UB2) (all Beckman Coulter), CCR7 (150503, BD Biosciences), FasL (NOK-

1) and ICAM-1 (HA-58, BioLegend) and TRAIL (RIK-2, eBioscience) were used to evaluate 

T cell phenotype. Cell death was assessed by Annexin V staining (BD Biosciences). 

Activation of caspase 8 was measured with Vybrant FAM Caspase-8 Assay kit (Thermo 

Fisher). CARs were detected using anti-idiotype antibodies 136.20.1 (CD19 CAR), 1A7 

(GD2 CAR) or goat anti-mouse Fab-specific polyclonal antibodies (Jackson 

Immunoresearch). Samples were acquired on BD Gallios and analyzed with FlowJo v.9.  

V.2.7.  Cytotoxicity assays  
CD19 CAR T cells we co-cultured with Raji-GFP cells at a 1:4 effector-to-target ratio in 

a flat-bottom 96-well plate for 72h followed by FACS analysis in the presence of 7-AAD and 

CountBright counting beads (ThermoFisher).  

V.2.8.  Western blot analysis   
Cells were dissociated with PBS + 3 mM EDTA and lysed in a buffer containing 50 mM 

Tris, 150 mM NaCl, 5 mM EDTA, 1% Triton X-100 (all from Sigma-Aldrich), and protease 

inhibitors (Thermo Scientific). Protein concentrations were determined using a Bio-Rad 

protein assay (BioRad) with BSA as the standard. Samples were denatured in Laemmli 

buffer containing 5% of 2-Mercaptoethanol (all from BioRad) at 95°C for 10 minutes. Cell 

lysate (10 µg per lane) was run on a pre-made 10% SDS polyacrylamide gel (BioRad) and 

transferred to nitrocellulose membranes (BioRad). Membranes were blocked with 5% BSA 

or milk powder in Tris-buffered saline (TBS) + 0.1% Tween-20 (all from Sigma) and then 

probed with primary antibodies followed by a horseradish peroxidase (HRP) conjugated 

secondary antibodies. Blots were developed using SuperSignal West Dura Extended 

Duration Substrate (Thermo Scientific) and exposed to GeneMate Blue Basic 

Autoradiography Film (BioExpress). ImageJ (National Institutes of Health) was used for 

Western blot quantification. Protein levels were normalized to loading controls (GAPDH).  

Antibodies used in the study are as follows: anti-CD3.ζ (sc-1239, Santa Cruz 

Biotechnology), anti-CD247 (pY142) (558402, BDPharmigen), GAPDH (sc-47724, Santa 

Cruz Biotechnology) anti-IKKa/b (pS176/pS180) (16A6, Cell Signaling Technologies), anti-

IKKa (3G12, Cell Signaling Technologies). Secondary antibodies: goat anti-mouse (sc-2005, 

Santa Cruz Biotechnology), goat anti-rabbit (111-035-003, Jackson ImmunoResearch 

Laboratories). For Western blotting, all antibodies were diluted 1:1000, except for secondary 

antibodies, which were diluted 1:10,000.  
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V.2.9.  Real-Time PCR analysis   
CD19 CAR T cells from 3 donors were pelleted 7d post-transduction. Genomic DNA 

was isolated using the DNeasy Blood & Tissue kit (QIAGEN). RNA was purified with the 

RNeasy Plus Mini kit (QIAgen) and cDNA was built using the Superscript III RT kit 

(ThermoFisher). Quantitative PCR was performed using Good Laboratory Practice (GLP)-

validated TaqMAN primers specific for the cytoplasmic tails of 4-1BB.zeta and CD28.zeta 

CARs and GAPDH (Applied Biosystems) on the 7900HT Fast Real-Time PCR System 

(Applied Biosystems). Absolute numbers of copies were calculated using standard dilution 

controls containing target sequences in plasmid DNA according to GLP standards. Relative 

CD19 CAR mRNA levels were calculated using standard dilution controls containing target 

sequences in plasmid DNA according to GLP standards. Relative CD19 CAR mRNA levels 

were calculated by the Δ(ΔC0T) method and normalized to the number of proviral copies per 

100ng of genomic DNA.	 

V.2.10.  Fluorescent microscopy analysis  
For confocal microscopy, BB.z and 28.z CD19 CAR-Emerald T cells were incubated 

on silane coated glass slides for 10 minutes at 37°C. Cells were then permeabilized and 

fixed with BD Perm/Fix (BD Biosciences) solution for fifteen minutes at room temperature 

and stained for anti-Fas (mouse) and anti-FasL (rabbit) primary antibodies. Anti-mouse 

Alexa Fluor 568 and Anti-rabbit Alex Fluor 647 secondary antibodies (Life Technologies) 

were subsequently used to detect Fas and FasL. Cells were imaged as Z stacks of 0.2 µm 

thickness to cover their entire volume on a Leica TCS SP8 laser scanning microscope using 

a 100X objective. Images were acquired with the LASAF software (Leica) and analyzed with 

Volocity software (PerkinElmer) and Fiji. A region of interest (ROI) was drawn on cell surface 

or around the whole cell for measurement of amount of Fas and FasL.  

V.2.11.  Study approval   
All animal experiments were conducted in compliance with the Baylor College of 

Medicine IACUC (Protocol# AN-4758). Primary human PBMC were isolated from healthy 

donors after informed consent using the protocol approved by the Baylor College of 

Medicine Institutional Review Board and in accordance with the Declaration of Helsinki. 
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V.3. Results	

V.3.1.  High Expression of 4-1BB.zeta CARs Impairs T Cel l  
Expansion 

 

 High CAR expression on the cell surface, driven by strong promoters in viral vectors, 

can result in spontaneous ligand-independent clustering of CAR molecules and produce 

tonic signaling [226], [408]. To assess whether the 4-1BB costimulatory endodomain 

produces this effect in CAR T cells, we used 2nd generation CD19 CAR containing a CD8a 

stalk and 4-1BB (BB.z), a construct that has proven successful in clinical studies [202], [204] 

(Figure V-1A). To modulate the expression level of CARs in T cells—and hence the 

magnitude of tonic CAR signaling—we inserted the CAR cassettes in gammaretroviral 

vectors in which CAR expression was driven either directly by the retroviral long terminal 

repeat (LTR) promoter (BB.z) or attenuated by an upstream IRES element (IRES BB.z) 

(Figure V-1B). As control, we used a clinically validated CAR with CD28 endodomain (28.z 

CD19 CAR [190]).  

        
Figure V-1- High Expression of BB.z CARs in T Cells prevents normal expansion. (A) Schematic 

representation of the expression systems utilized to express BB.z CARs in T cells. � (B) Expression of CD19-
specific CARs on the cell surface of T cells 4 days post-transduction; mean fluorescence intensities are plotted 
on the bar graph. � (C) Relative magnitude of tonic signaling in BB.z and IRES BB.z CAR T cells 7 days post-
transduction measured by western blot analysis. Numbers indicate relative signal intensity normalized to 
GAPDH. (D) Overall expansion of T cells retrovirally transduced with CD19- and GD2-specific CARs relative 
to that of control mock-transduced T cells. � (F) Expansion of T cells transduced with BB.z and IRES BB.z 
kappa-specific CAR. 

We found that the expression of BB.z CD19-specific CAR was higher than control 

CD28-containing CARs, while incorporating an IRES reduced CAR expression (Figure V-
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1C). As expected, decreasing CAR expression reduced tonic signaling and spontaneous 

phosphorylation of the CAR-derived CD3 zeta chain in transduced T cells (Figure V-1D). 

Notably, T cells expressing high levels of BB.z CARs expanded significantly less following 

transduction than control CAR T cells (Figure V-1E). Impaired expansion of BB.z CAR T 

cells over time was associated with dramatically increased apoptosis, as reflected by higher 

frequency of Annexin V+ cells 7 days post-transduction (Figure V- 2).  

     
Figure V-2- High Expression of BB.z CARs in T Cells Enhances Apoptosis (A) Representative 

histograms showing Annexin V staining of CD19 CAR T cells 7 days post-transduction. (B) Bar graphs show 
summarized data for both CARs from 3 donors. � Data represent two to five independent experiments. **P < 
0.01; by one-way ANOVA.  

 

We observed a similar effect in T cells transduced with BB.z kappa light chain-specific 

CAR (Figure V-1F), suggesting that high expression of BB.z CARs is toxic for T cells and 

that reduced CAR expression attenuates this ligand-independent signaling. As demonstrated 

in chapter IV, a CD7-specific CAR encoding 4-1BB also prevented normal activity of T cells, 

with lower viability when compared to CD28. Indeed, CD7 CAR T cells had higher 

expression (Figure V-3) of the CAR on the cell surface when the CAR included a 4-1BB 

endodomain, demonstrating that this phenomenon may not be specific to any particular 

CAR, since a different scFv had a similar effect. 

 

 
Figure V-3- High expression of CD7 CAR with 4-1BB in two different scFvs. (A) Representative 

histograms showing CD7 CAR expression in two different scFvs with CD28 or 4-1BB (B) Bar graphs with 
mean of fluorescence intensity of 3 donors detected by flow cytometry with 2 CD7 CAR T cells with CD28 or 
4-1BB.  
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V.3.2.  High Expression of BB.z CAR Alters the Phenotype and 
Reduces the Anti-tumor Activity of T Cel ls  

 

 Next, we sought to determine how CAR-derived tonic 4-1BB costimulation affected 

the anti-tumor function of BB.z CAR T cells. We observed increased frequency of central 

memory (CCR7+CD45RA-) cells among BB.z CD19 CAR T cells (Figure V-4A), consistent 

with the role of 4-1BB in promoting central memory differentiation [409], and an increased 

CD4:CD8 T cell ratio (Figure V-4B). Attenuated expression in IRES BB.z CAR T cells 

produced a T cell phenotype similar to that of non-transduced T cells and reverted the 

CD4:CD8 ratio (Figures V-4A and B).  

  

 
Figure V-4- High Expression of BB.z CD19 CAR Alters the Phenotype (A) Relative proportion of 

naive-phenotype (TN), central memory (TCM), effector memory (TEM), and terminally differentiated effector cells 
(TEMRA) CD19 CAR T cells 14 days post-transduction defined by CCR7 and CD45RA expression. � (B) Stacked 
bar graph showing relative proportion of CD4+and CD8+ cells among CD19 CAR T cells 14 days post-
transduction. � 

 

We have shown that toxicity from high BB.z CAR expression can limit T cell expansion 

and alter their phenotype, but whether it affects CAR T cell anti-tumor function is unclear. 

We therefore measured the cytotoxicity of BB.z CD19 CAR T cells upon coculture with 

fluorescently labeled CD19+ cell line Raji. We observed a significant increase in residual live 

tumor cells after coculture with BB.z CD19 CAR T cells (Figures V-5A and B) and reduced 

expansion of CAR T cells at the end of coculture compared to T cells transduced with IRES 

BB.z CD19 CAR (Figure V-5B). These results indicate that high expression of BB.z CD19 

CAR from a gammaretroviral vector inhibits the anti-tumor function of T cells, and lower CAR 

expression in IRES BB.z cells still provides sufficient avidity to produce cytotoxicity. 
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Figure V-5- High Expression of BB.z CD19 CAR Undermines the Anti-tumor Activity of CAR T 

Cells. (A) CD19 CAR T cells were cocultured with GFP+ Raji cells (CD19+) at a 1:4 ratio for 72 hr. 
Representative dot plots show the frequency of residual live tumor cells at the end of coculture. Numbers 
indicate percent of tumor cells among total live cells. (B) Absolute cell counts of Raji and CAR T cells at the 
end of coculture determined by flow cytometry using counting beads. Data from individual donors are shown on 
each bar graph. � 

 

 To verify the impact of CAR expression on anti-tumor activity in vivo, we tested the 

ability of BB.z CD19 CAR T cells to suppress progression of leukemia in a xenograft mouse 

model of pre-B ALL (NALM-6). We chose an aggressive systemic model in which most mice 

succumb to the disease within 3 weeks if left untreated. A single low dose of CAR T cells 

was administered intravenously 3 days after tumor delivery (Figure V-5A). We observed 

significantly increased expansion of IRES BB.z CAR T cells in peripheral blood (Figure V-

6B) compared to BB.z CAR T cells. Overall, the IRES BB.z CAR T cells demonstrated more 

potent suppression of leukemia progression (Figure V-6C,D), leading to a significant 

extension of survival compared to BB.z cells (Figure V-6E). Therefore, toxicity associated 

with high expression of BB.z CAR in T cells impedes their expansion and anti-tumor function 

and can be reversed by attenuating CAR expression.  
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Figure V-6- High Expression of BB.z CD19 CAR impairs antitimur effect in vivo. (A) Schematic 

diagram of the experiment. NSG mice were intravenously engrafted with 1x106 GFP+ FFluc+ NALM-6 cells 
followed by a single intravenous injection of 1x106 CD19 CAR T cells 3 days later. (B) Representative staining 
of peripheral blood of tumor-bearing mice 17 days after tumor engraftment with relative frequency of CD19 
CAR T cells and GFP+ NALM-6 cells. Relative frequencies of CD19 CAR T cells in peripheral blood 17 days 
post-engraftment are shown on the bar graph. � (C) Kinetics of NALM-6 luminescence in mice measured by 
IVIS. � (D) Representative images showing leukemia progression in individual mice at day 9 and 13 after CAR T 
cell injection. (D) Kaplan-Meier curves showing advantage in overall survival of mice receiving IRES BB.z 
CD19 CAR T cells compared to mice receiving BB.z T cells (p = 0.0036 by Mantel-Cox log-rank test). Data 
represent 2–3 independent experiments. *p < 0.05; **p < 0.01 by Student’s t test.  

 

V.3.3.  Disrupting TRAF2 Signaling in the 4-1BB Endodomain 
Reverses Toxicity and Normalizes CAR Expression  

 

Because high expression of BB.z CARs led to cell toxicity regardless of CAR 

specificity, we hypothesized the enhanced apoptosis of BB.z CAR T cells was a 

generalizable phenomenon attributable to tonic signaling from the 4-1BB endodomain. We 

therefore substituted key amino acid residues in both TRAF-binding motifs of the 4-1BB 

endodomain; disruption of the N-terminal motif (mut1QEED/ QAAA) specifically abrogates 

TRAF2 binding, while mutation in the C-terminal motif (mut2PEEEE/ PEAAA) prevents binding 

with TRAF1, TRAF2, and TRAF3 [410] (Figure V-7A). Altering either of these motifs 

normalized expression of the BB.z CAR on the cell surface to levels comparable to the 28.z 

CAR (Figure V-7A). Importantly, disruption of a single TRAF2 binding site was sufficient to 

minimize BB.z CAR T cell apoptosis (Figures V-7B) and restore normal expansion (Figures 

V-7C and D), indicating that tonic TRAF2 signaling indeed produces toxicity in BB.z CAR T 

cells. 
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Figure V-7- Enhanced Apoptosis and Increased Expression of BB.z CAR in T Cells Requires 4-

1BB-Derived TRAF2 Signaling. (A) A schematic drawing of TRAF2 binding motifs in the 4-1BB domain and 
corresponding alterations in the protein sequence to disrupt either the N-terminal (mut 1) or the C-terminal (mut 
2) motif. Histogram on the right shows relative expression of CD19 CARs with mutated TRAF2 motifs. � (B) 
Frequency of apoptotic cells among CD19 CAR T cells with intact or mutated costimulatory domains 7 days 
post-transduction. � (C) Overall expansion of CD19 CAR T cells on day 7 post-transduction. (D) Expansion of 
kappa CAR T cells after disrupting CAR-derived TRAF signaling. (E) Tonic CD19 CAR signaling and total 
CAR expression in T cells 7 days post-transduction was measured with anti-pTyr (CD3z) and total anti-CD3z 
antibodies by western blot. Numbers indicate relative signal intensity normalized to GAPDH. � (F and G) 
Relative phosphorylation of IKKa/b in normal and TRAF-mutant (F) and IRES-reduced (G) BB.z CD19 CAR T 
cells 7 days post-transduction by a western blot analysis. (H) Relative abundance of CD19 CAR transcripts was 
measured by calculating relative expression of retroviral mRNA normalized to the copy number of CD19 CAR-
containing proviruses per 100 ng of genomic DNA by qPCR in T cells 7 days post-transduction. Data represent 
2–3 independent experiments with n = 3 donors in each. *p < 0.05; **p < 0.01; ***p < 0.001 by one-way 
ANOVA.  

 

To investigate whether 4-1BB affects tonic CAR signaling in T cells, we measured 

spontaneous phosphorylation of ITAM motifs of the CAR-embedded zeta chain by western 

blot. We observed increased ITAM phosphorylation (per cell) in BB.z CD19 CAR compared 

to the 28.z CAR control, while disrupting TRAF binding sites normalized spontaneous 

signaling (Figure V-7E). The elevated tonic signaling of BB.z CD19 CAR was consistently 

associated with increased total CAR protein levels in T cells (Figure V-7E). Of note, 28.z 

CAR produced more signaling per CAR molecule, corroborating the enhanced propensity for 

spontaneous signaling of 28.z CARs as previously demonstrated [226]. We therefore sought 

to determine the mechanism of enhanced CAR production in BB.z CAR-transduced T cells.  
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In non-self-inactivating gammaretroviral vectors, transgene expression is driven by the 

LTR promoter, which is positively regulated by the host transcription factor nuclear factor kB 

(NF-kB) [411], [412]. In HIV-infected T cells, signaling from 4-1BB and other tumor necrosis 

factor receptor (TNFR) genes can activate the LTR promoter and promote viral replication 

[412], [413]. We therefore checked whether tonic 4-1BB-derived TRAF2 signaling similarly 

increased CAR expression from gammaretroviral vectors by enhancing LTR promoter 

activity. TRAF2 signaling from 4-1BB activates NF-kB by interacting with and activating the 

IkB kinase complex (IKKa/b), a positive regulator of NF-kB [410], [414]. Thus, we could block 

phosphorylation of IKKa/b in BB.z CAR T cells by disrupting TRAF2 signaling or replacing 4-

1BB with CD28 (Figure V-7F). Similarly, reducing the level of CAR expression in IRES BB.z 

CAR T cells attenuated tonic CAR signaling and decreased NF-kB pathway activation 

(Figure V-7G). To investigate whether this signaling pathway modulated LTR promoter 

activity, we measured the levels of CD19 CAR mRNA in T cells and normalized to the 

number of provirus integrations into the genomic DNA. We found significant upregulation of 

CD19 CAR mRNA per genomic copy of the provirus (Figure V-7H) in BB.z CAR T cells, 

suggesting that tonic 4-1BB signaling forms a positive feedback loop by enhancing activity of 

the gammaretroviral LTR promoter and amplifying CAR production in T cells. 

V.3.4.  Tonic 4-1BB Signal ing Increases FAS-Dependent Apoptosis 
of CAR T Cel ls   

Overstimulation of T cells can provoke apoptosis via the activation-induced cell death 

(AICD) mechanism, which is predominantly mediated by the FAS/FASL interaction and 

subsequent activation of caspase 8 [415]–[418]. Because both FAS and FASL genes can be 

directly activated by the NF-kB pathway [419]–[421], we investigated whether this 

mechanism causes apoptosis of BB.z CAR T cells. We observed an increase in surface 

expression of the proapoptotic genes FAS, FASL, and TRAIL in BB.z CAR T cells and 

reducing CAR expression or disrupting TRAF2 signaling reversed it (Figures V-8A,B). 

Furthermore, levels of FAS and FASL on the cell surface positively correlated with CD19 

CAR expression and negatively correlated with T cell expansion (Figure V-8C), suggesting 

that the upregulation of pro-apoptotic molecules is directly proportional to the magnitude of 

tonic signaling in T cells. Analysis of CAR T cells by confocal microscopy revealed that while 

FASL was mainly localized intra-cellularly in 28.z CAR T cells, FAS and FASL became co-

localized on the cell surface in BB.z CD19 CAR T cells (Figures V-8D).  
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Figure V-8- Tonic 4-1BB Signaling up-regulates FAS in CAR T Cells. (A) Representative staining for 

surface FAS, FASL, and TRAIL by flow cytometry in CD19 CAR T cells 8 days post-transduction. �(B) MFI of 
FAS and FASL on the surface of CD19 CAR on day 8 post-transduction. **p < 0.01; ***p < 0.001 by one-way 
ANOVA. � (C) Linear correlation between the level of CD19 CAR and expression of Fas (left) and FasL (right). 
(D) Representative images showing cellular localization of CD19 CAR fused with Emerald fluorescent protein, 
FAS and FASL. Bottom panel shows overlay of all three signals. Scale bar, 5 um. Bar graphs show 
quantification of FAS (top) and FASL (bottom) total and surface signal by confocal microscopy. *p < 0.05; by 
Student’s t test. � 

This co-localization may trigger FAS signaling and sub-sequent AICD [417]. In 

addition, we observed an increased aggregation of BB.z CD19 CAR T cells that correlated 

with an upregulation of intercellular adhesion molecule 1 (ICAM-1) (Figure V-9), which is 

directly activated by NF-kB in various cell types [422], [423]. ICAM-1 expression in T cells 

facilitates their clustering [424] and thus may enable trans-engagement of FAS in CAR T 

cells by neighboring FASL-expressing cells.  
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Figure V-9- Enhanced clustering of BB.z CD19 CAR T cells and upregulation of ICAM-1. (A) 

Morphology of CD19 CAR T cells 7 days post-transduction. (B) Relative expression of ICAM-1 mRNA in 
CD19 CAR T cells on day 7 post-transduction. (C) Surface expression of ICAM-1 in CD19 CAR T cells 7 days 
after transduction. MFI of ICAM-1 on T cells from 3 different donors shown on the bar graph. Data are shown 
as mean ± SD (n=3). 

Indeed, we detected enhanced activation of caspase 8 in BB.z CD19 CAR T cells 

(Figure V-10A). In order to verify the role of FAS upregulation in BB.z CAR T cell death, we 

disrupted the FAS gene in BB.z CAR T cells using the CRISPR/Cas9 complex with a FAS-

specific single guide RNA (sgRNA). We observed a moderate decrease in the frequency of 

Annexin V+ cells among FAS-negative CAR T cells (Figure V-10B and C), indicating that 

FAS-mediated AICD contributes to the cell death of BB.z CAR T cells. Thus, tonic 4-1BB 

signaling activates pro-apoptotic pathways, and this toxicity is augmented in CARs 

expressed from a gammaretroviral vector via the formation of a positive feedback loop.  

    
Figure V-10- Tonic 4-1BB Signaling Promotes FAS-Mediated Apoptosis in CAR T Cells. (A) 

Staining for activated caspase 8 in CD19 CAR T cells using a specific fluorescent inhibitor FAM-LETD-FMK. 
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Numbers indicate mean ± SD percentage of cells with activated caspase 8. � (B) BB.z CD19 CAR T cells were 
electroporated with Cas9 protein and a FAS-specific sgRNA 24 hr post-transduction and allowed to expand for 
7 days. Histograms show expression of CD19 CAR (left) and surface expression of FAS (right) on 
electroporated T cells. (C) Corresponding changes in the frequency of Annexin V cells gated on FAS+ and FAS 

populations are shown with lines indicating cells from the same donor. **p < 0.01 by paired two-tailed 
Student’s t test. Experiments were replicated twice with n = 3 donors in each. 

 

V.3.5.  Expressing BB.z CARs from a Self- Inactivating Lentiviral  
Vector Reduces Toxicity and Improves the Anti-tumor 
Function of CAR T Cel ls  

 

  As our results indicate that expression of BB.z CARs from gammaretroviral LTR 

promoters amplify toxic 4-1BB signaling, we attenuated the NF-kB feedback loop by 

replacing the LTR promoter in a viral vector with an alternative promoter and measured 

effects on toxicity. We assessed the level of CD19 CAR expression from a clinically 

validated self-inactivating lentiviral vector [193], [204] in which transgene expression is 

driven by a non-LTR promoter, EF-1α (LV BB.z, Figure V-11A), that produces lower initial 

CAR expression level on the T cell surface (Figure V-11B). Indeed, this reduction normalized 

the expression of FAS and FASL on the cell surface (Figure V-11C), resembling attenuation 

of CAR expression via IRES. The expression of BB.z CD19 CAR from the lentiviral vector 

also significantly reduced cell death and restored overall expansion of CAR T cells in vitro 

(Figures V-11D,E). Lentiviral CAR expression promoted more efficient clearance of tumor 

cells during in vitro coculture (Figure V-11F). 

            
Figure V-11- Expression of BB.z CD19 CAR from a Lentiviral Vector Reduces Toxicity. (A) 

Schematic representation of the gammaretroviral (BB.z) and self-inactivating lentiviral (LV BB.z) vectors. 
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Arrows indicate promoter activity in each expression system. � (B) Representative histograms showing CD19 
CAR expression in T cells 7 days after transduction BB.z or LV BB.z vectors. � (C) Representative histograms 
showing surface expression of FAS and FASL in CD19 CAR T cells. (D) Frequency of apoptotic cells in CD19 
CAR T cells 7 days post-transduction measured by Annexin V staining. � (E) Expansion of CD19 CAR T cells 
over 7 days. �(F) CD19 CAR T cells were cocultured with GFP+ CD19+ Raji cells at a 1:4 ratio for 72 hr. 
Representative dot plots show the frequency of residual live tumor cells at the end of coculture. Numbers 
indicate percent of tumor cells among total live cells. � Experiments were replicated three times 

 

Similar to IRES BB.z CD19 CAR T cells, lentivirally transduced BB.z CD19 CAR T 

cells were more protective in the systemic mouse xenograft model of B-ALL, resulting in 

increased expansion of CAR T cells in peripheral blood (Figure V-12A) and lower 

frequencies of tumor cells (Figure V-12B). Overall, LV BB.z CD19 CAR T cells achieved 

more potent suppression of leukemia progression (Figure V-12C), leading to a significant 

extension of survival compared to BB.z control (Figure V-12D).  

        
Figure V-12- Expression of BB.z CD19 CAR from a Lentiviral Vector Improves the Anti-tumor 

Function of CAR T Cells in vivo. (A) Expansion of LV BB.z CD19 CAR T cells in peripheral blood of NSG 
mice engrafted with 1x106 GFP+ FFluc+ NALM-6 cells 15 days prior followed by a single intravenous injection 
of 8x105 CD19 CAR T cells 3 days later. � (B) Frequency of GFP+ tumor cells in peripheral blood of mice 15 
days post-engraftment. �(C) Tumor burden in mice measured by IVIS imaging at indicated time points. � (D) 
Survival of tumor-bearing mice receiving either BB.z or LV BB.z CD19 CAR T cells (p = 0.0062 by Mantel-
Cox log-rank test). Experiments were replicated twice for. *p < 0.05; **p < 0.01 by Student’s t test or one-way 
ANOVA.  
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V.3.6.  Change of spacer decreases CD19 CAR expression and 
restores normal T cel l  function 

Retroviruses are among the most commonly used vectors in clinical trials. Their 

efficiency and ease of production compared with lentiviral vectors are among the 

advantages former. We also demonstrated that it was possible to restore normal CAR T cell 

functionality by making changes in the vector (adding an IRES) or replacing it by a lentiviral 

vector, both approaches leading to a decrease of CAR expression and toxicity. The hinge 

connecting the scFv and the transmembrane domain is most often considered important to 

allow appropriate binding between the scFv and its epitope. For that reason, its size needs 

to be optimized for the molecule being targeted. However, when we replaced the CD8α 

hinge by the CH3 IgG domain or the IgG1/IgG4-derived short hinge (Figure V-13A), lower 

CAR T cell expression was restored (Figure V-13B) and CAR T-cells expanded significantly 

better (Figure V-13C). This decrease in CD19 CAR expression was accompanied by 

beneficial effects, such as a small increase in naïve and central memory subsets (Figure V-

13D) and a decrease in apoptotic cells (Figure V-13D), similar to those observed with the 

inclusion of the IRES or the use of a lentiviral vector. 

      
Figure V-13- IgG derived spacer decreases toxicity in 4-1BB CD19 CAR T cells. (A) Schematic 

representation of the expression systems utilized to express BB.z CARs in T cells. � The CH3 and short hinge 
spacers have the same CD28 transmembrane domain while the original 4-1BB has CD8α hinge and 
transmembrane domain. (B) CD19 CAR expression in T cells with different spacers at day 7 after transduction. 
Bar graph denotes the median of florescence intensity of CAR expression for three donors.  (D) Relative 
proportion of naive-phenotype (TN), central memory (TCM), effector memory (TEM), and terminally differentiated 
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effector cells (TEMRA) CD19 CAR T cells 14 days post-transduction defined by CCR7 and CD45RA expression. 
(E) Expansion of T cells retrovirally transduced with 4-1BB CARs with different spacers for 14 days.  (E) 
Representative histograms showing Annexin V staining of CD19 CAR T cells 7 days post-transduction. Bar 
graph shows summarized data for all three CARs from 3 donors. � Data represent two to five independent 
experiments.  

To demonstrate improved antitumor effect with this change of hinge domain, we tested 

4-1BB CD19 CARs with CD8α hinge versus short hinge (which demonstrated a slight 

advantage over the CH3 intermediate spacer in vitro) in the same xenograft mouse model 

used in previous in vivo experiments (Figure V-14A). Indeed, T cells whose CD19 CAR 

expression was lower due to the presence of the short IgG hinge performed better, with 

slower leukemic progression (Figure V-14B,C) and prolonged survival (Figure V-14D).  

 

Figure V-14- CD19 CAR T cells withspacer derived from IgG4 sequence has stronger antitumor 
effect in vivo (A) Schematic diagram of the experiment. NSG mice were intravenously engrafted with 1x106 

GFP+ FFluc+ NALM-6 cells followed by a single intravenous injection of 1x106 CD19 CAR T cells 3 days later. 
(B) Representative images showing leukemia progression in individual mice at day 9 and 15 and 21 after CAR 
T cell injection (C) Kinetics of NALM-6 luminescence in mice measured by IVIS. � (D) Kaplan-Meier curves 
showing advantage in overall survival of mice receiving BB.z CD19 CAR T cells with CD8 and short IgG 
spacer. Data represent 2 independent experiments. *p < 0.05; ***p < 0.001 by Student’s t test.  

 

This demonstrates that CAR expression can be modulated solely by modifying the 

backbone of the CAR, an aspect often neglected, which led clearly to improved 

performance.   

NALM6
GFP-FFluc

CAR T
 Cells

3d

NTR BB.z SH BB.z

Day 9

Day 15

Day 21

A B

C D

0 5 10 15
103

104

105

106

107

108

109

Days after CAR T cell injection 

T
o

ta
l r

ad
ia

n
ce

p
/s

ec
/c

m
2/

sr

SH BB.z

NTR
BB.z

***

0 10 20 30 40
0

50

100

Time

Pe
rc

en
t s

ur
vi

va
l

NTR
BB.z
SH BB.z

*



 

 126 

V.4. DISCUSSION		
 

Clinical studies of BB.z CD19 CAR T cells demonstrated complete remissions in 

patients with B cell malignancies associated with increased persistence of transgenic T cells 

[202], [204], [294]. BB.z CAR T cells additionally have been shown to resist the functional 

exhaustion associated with constant CAR signaling, leading to the suggestion that 4-1BB 

costimulation may be universally beneficial for CAR T cells [226]. 4-1BB signaling in T cells 

is primarily mediated by TRAF adaptor proteins that can activate c- Jun N-terminal kinase 

(JNK) and p38 as well as NF-kB via both canonical and non-canonical pathways [248]. 

Acute stimulation of 4-1BB in human T cells protected CD28 tumor-specific cells against 

AICD upon restimulation [425], promoted mitochondrial biogenesis, and enhanced the 

development of central memory cells [409]. These studies indicate 4-1BB can have a 

protective role in T cell persistence. To study the effects of continuous 4-1BB costimulation 

in CAR T cells, we overexpressed BB.z CARs to induce their tonic antigen-independent 

signaling. In our studies, we did see an in- crease in the central memory population among 

cells expressing tonically signaling BB.z CARs. However, constant BB.z CAR signaling 

resulted in augmented T cell apoptosis, illustrating that in different conditions 4-1BB 

stimulation can have vastly different effects on T cells. In fact, NF-kB can play a pro-

apoptotic role in T cells by directly activating expression of TRAIL [426]. We found that 

upregulation in BB.z CAR T cells of FAS and FASL—another pair of NF-kB target genes—

contributed to the enhanced apoptosis. Our results suggest that by stable upregulation of 

pro-apoptotic target genes of NF-kB, tonic 4-1BB signaling may undermine the beneficial 

effects of BB.z sequences in the CARs expressed by T cells. Therefore, 4-1BB stimulation of 

T cells may not be universally beneficial; rather, the overall outcome of 4-1BB signaling may 

depend on its intensity and duration.  

While T cells expressing CD19 CARs with either the CD28 or 4- 1BB costimulatory 

endodomain produced complete responses in patients with advanced CD19+ tumors [203], 

[204], [294], [318], these studies used different expression systems. CD28.z CARs 

expression was driven by gammaretrovirus, whereas BB.z CARs were expressed from self-

inactivating lentiviral vectors. Our results show that when BB.z CD19 CAR is expressed from 

a gammaretroviral system it can produce sufficient spontaneous activation to precipitate 

apoptosis in T cells, impairing their expansion and thereby potentially diminishing their anti-

tumor activity in patients. This mechanism of toxicity from tonic signaling is not restricted to 

the CD19 CAR, but rather represents a more general mechanism, since we show the same 

effects in K CAR, a clinically implemented CAR, and in CD7 CAR.  
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Our data demonstrate the value of two alternative approaches to overcome the 

problem of excessive tonic signaling associated with a given CAR and its expression 

system. The first is to reduce CAR expression, because high CAR expression is not always 

necessary for T cell activation or efficient recognition of target cells. While insufficient avidity 

of the CAR-antigen interaction may impact formation of a productive immunologic synapse, 

for some antigens the optimal range of CAR expression may be much lower than that 

produced by a given expression system. Our results corroborated previous studies where 

lowering expression of 28.z c-Met and CD19 CARs by modulating the promoter reduced 

spontaneous activation of CAR T cells and augmented their anti-tumor function [274], [408]. 

Second, the level of activity of a given costimulatory molecule, and thus its capacity to 

induce tonic signaling, is additionally determined by the non-translated portions of the 

expression system.  

Thus, while inclusion of the costimulatory 4-1BB endodomain in CAR constructs has 

improved their clinical success, we show that it can cause toxic tonic signaling even in CD19 

CAR T cells. This signaling is not only a function of extracellular CAR domains, but can also 

be amplified by the interaction between costimulatory signaling and the expression system. 

Disrupting the positive feedback loop between tonic costimulation and a CAR expression 

system by utilizing alternative promoters may help reduce tonic signaling in T cells and thus 

mitigate its consequences. Taken together, these studies underscore the potential toxicity of 

tonic 4-1BB signaling CARs and thus will contribute to the rational design of CAR platforms 

for optimal clinical performance. 
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C o n c l u s i o n s  a n d  f u t u r e  d i r e c t i o n s  
 

Adoptive T cell therapy using chimeric antigen receptors has demonstrated impressive 

objective clinical results in patients with refractory or relapsed hematologic malignancies. 

Despite this success, the technology is still in its infancy and its design is still empirical, with 

several aspects of CAR-T cell behavior not being fully understood yet. More than just the 

incorporation of an extra gene, transduction with a CAR can almost be considered as the 

introduction of new “source code” for biological systems to instruct T cells (or other 

lymphocytes) to eliminate diseased cells based on the recognition of a molecule that, owing 

to immunological rules, is most often considered a self-antigen by the organism. Due to the 

intrinsically unrestricted nature of this new command, normal cells can be equally affected, 

leading to potential destruction of any tissue that shares expression of the targeted 

molecule. The severity of such toxicity depends intimately on how many and which tissue(s), 

and how important they are for survival. Therefore, the first step in CAR development – 

identification of a target molecule – requires extensive consideration of the benefits and risks 

of tumor elimination versus normal tissue destruction. The success of any CAR in a clinic 

context depends on this perfect balance between avoiding extensive tissue destruction and 

achieving efficient elimination of all tumor cells. Even if certain aspects of CAR design are 

still not fully understood, selection of the best molecule to be used as a target is undoubtedly 

the most important. The targeted molecule defines which tumor and normal cells will be 

affected, even though the backbone, type and number of endodomains, and method of gene 

delivery can influence the potency of a particular CAR. However, the latter properties can 

and have been perfected at later time points, and several of these aspects were addressed 

through this work. 

CAR-T cells designed against hematologic malignancies (especially B-cell leukemias) 

have led to the most successful results in human trials. Several reasons can explain this. 

First, hematologic tumors and normal hematopoietic cells are commonly defined by their 

characteristic cell surface proteins. A deeper knowledge of cell surface markers normally 

present in immune cells and aberrantly expressed in hematologic tumors makes CAR-T cell 

technology easier to design for blood cancers and can somewhat explain this biased 

success. Indeed, although only a reduced number of CARs are expected to reach 

commercial use, almost every type of hematologic malignancy has targets being tested for 

CAR-T cell therapy. CARs that target CD33, CD123, LeY, CCL-1, and NKG2D for myeloid 

leukemia; CD19, CD20, CD22, CD30, and CD37 for B-cell leukemias/lymphomas; CD138 
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and BCMA for multiple myeloma, are good examples, with several others being under 

investigation and likely to be tested in preclinical or clinical trials soon.  

T-cell malignancies have been, on the other hand, less amenable to adoptive cell 

therapy. The difficulty in designing CARs for T cell leukemias/lymphomas lies on the extra 

challenge of avoiding the elimination of the therapeutic product (i.e., the modified T cells) 

during its generation. CD5, and to a lesser extent CD30, are expressed in T cells but 

transduction with CARs targeting these antigens demonstrated no or minor cellular fratricide 

[218], [219]. This success demonstrated that, at least for some CARs, targeting of molecules 

commonly expressed on T cells does not impose a challenge.  

CD7 is a pan-T and NK cell marker with an activating role in T cell physiology [342]. 

Among several pan-T cell markers, CD7 is expressed earliest in T cell development, even 

before CD3 or the TCR [427]. Considering that its expression is usually not lost in T-cell 

neoplasms and that CD7 is not found in any other tissues, the therapeutic risk/benefit 

balance is fulfilled, and thus we selected this marker as a good candidate target for T-cell 

malignancies. However, due to the constant expression of CD7 on the surface of all T cells, 

co-expression of a CD7 CAR leads to detrimental toxicity that completely abrogates the 

efficient expansion of T cells bearing this CAR. Other types of cytotoxic lymphocytes are 

being tested as potential alternatives to CAR-T cell technology, which might even be 

advantageous for some applications [428]. However, CD7 is expressed in lymphocytes other 

than T cells, limiting the use of CD7 CAR in other cell platforms, such as NK cells. Although 

10% of native T cells appear to be CD7-negative T cells and sorting this cell population has 

been proposed as a solution to the problem of fratricide in culture [429], so far this approach 

has never been tested and the low number of T cells available as starting material may be a 

significant downside, especially considering the high numbers of T cells required for 

adoptive therapy. To achieve those numbers of cells starting with just 10% of all T cells 

would require prolonged expansion, likely leading to T-cell exhaustion and reduced 

persistence, two crucial factors for the success of any adoptive T cell therapy. 

To solve this problem, we decided instead to turn off CD7 expression by disrupting its 

gene. Among several gene editing tools available, CRISPR/cas9 has recently gotten more 

attention due to its usability and practicability. CRISPR/cas9, like other gene editing tools, 

creates a double break in a particular gene locus [430]. However, what makes this system 

attractive is that it relies on nucleic acid interaction (a RNA guide that interacts with the DNA 

of the cell host) to select the gene of interest to be disrupted, whereas systems like zinc 

fingers and TALEN are based on DNA-protein interaction, which is more difficult and time-

consuming to design. Knockout of a gene does not remove the molecules already translated 

in the cell and, thus, after studying the kinetics of CD7 downregulation after disruption of its 

gene, a protocol to introduce the CD7 CAR into CD7-ablated cells with minor interference in 
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the overall standard operating procedures for CAR-T cell generation was developed. 

Creation of this protocol had in consideration its conversion to good manufacturing practices, 

maintaining reduced T-cell expansion time and T-cell exhaustion. Clinical trials using 

CRISPR/cas9 system in T cells have been launched (NCT03399448) but reports using 

these genetically modified cells in humans have not been published yet. Therefore, their use 

and safety profile in the clinical context are not yet known. 

Interestingly, an alternative approach to this was recently published. Instead of 

knocking out CD7, Campana and collaborators introduced together with the CAR a second 

gene that sequesters CD7 in the endoplasmic reticulum [343]. Both approaches have 

advantages and disadvantages. Blockade of CD7 migration to the cellular membrane is a 

simpler process since it requires a single genetic modification instead of the two-step 

process used in our work. However, one can argue that although CAR activation may be 

prevented in a synapse between two T cells, it may still occur if CAR and CD7 molecules are 

both present in the endoplasmic reticulum. This undesired activation was never clearly 

proven for CD7, but a similar effect was seen with a CD5 CAR [431]: since expression of 

CD5 is not fully abrogated, only precluded from occurring on the cell surface, cells that 

express CD5 internally differentiate (and senesce) faster due to constant CAR activation. 

Indeed, disruption of the CD5 gene (as opposed to downregulation of its expression) in CD5 

CAR-T cells reduced self-activation when compared to CD5 CAR-T cells without disruption 

[432]. If a similar effect will be observed for CD7 CAR is, for now, unknown. 

 In this work, we also tested the possibility of preventing CAR expression during 

expansion using a regulatory system based on a tetracycline responding promoter. The Tet-

Off (tetracycline-controlled transcriptional activation) system can be used to prevent gene 

expression after genetic modification by providing doxycycline in culture medium [431]. 

However, this system never worked perfectly since small amounts of CAR molecules where 

still detectable on the cell surface, which was enough to produce fratricide. Minimal 

expression is commonly detectable in this type of system in the presence of doxycycline 

because of incomplete inhibition of gene expression [433]. Nonetheless, even if this strategy 

avoids fratricide during CAR T-cell expansion in vitro, as soon as they are injected into 

patients (in the absence of doxycycline) both the CAR and the CD7 molecules would be 

present on the cell surface. While tumor elimination might prevail over CAR-T cell 

elimination because of high concentration of tumor cells at sites of disease, reduced 

persistence of CAR-T cells would still be expected due to in vivo fratricide. Moreover, since 

the Tet-Off system introduces bacterial sequences into the proteome, there is potential 

immunogenicity of transduced cells, which may also reduce their persistence.  

Regardless of the method used to avoid T-cell fratricide, a second hurdle to the use of 

adoptive T cell therapy in T-cell malignancies relates to the potential contamination of 
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normal T cells with malignant T cells. After collection of T cells from peripheral blood of 

tumor patients, a CD3 antibody is used as a stimulus to specifically expand T cells from a 

population of PBMCs. CD3 expression is absent in most patients with T-cell leukemia and, 

thus, activation of T-cell blasts should be a rare event. Nonetheless, even though only a 

minority of T-cell lymphomas are CD7+, CD3 is expressed in the majority of them. While it is 

expected that lymphocytic blasts will rarely survive long periods of culture in vitro and 

repeated freeze/thaw cycles (as observed in the assays we performed with patient-derived 

samples), inadvertent introduction of a CD19 CAR into B-cell blasts has already been 

reported, proving that, although rare, such events do occur [434]. Those B-cell blasts gave 

rise to a CD19-negative population that lead to relapse.  

In our particular application, owing to the presence of T-cell endodomains that promote 

expansion, expression of a CAR in malignant T cells could facilitate emergence of a more 

aggressive clone. Although our attempts at introducing a CAR in leukemic T-cell lines led to 

cell death, the effect in primary tumor T cells is unknown. More problematic, however, is the 

potential knockout of CD7 in malignant T cells, immediately rendering such clones invisible 

to our therapeutic approach. This risk could be averted by using allogeneic T cells collected 

from healthy donors. However, administration of native allogeneic T cells can lead to serious 

GvHD, which can be fatal.  

Further genetic modification of T cells to allow their safe use in an allogeneic setting is, 

therefore, being intensely researched, since it would permit transforming CAR-T cells into an 

off-the-shelf product, a less cumbersome manufacturing system compared to the 

personalized nature of autologous products, which prevents fabrication in advance. Since 

CAR-T cells do not require their TCR for activation, removal of either the α or the β TCR 

chains allow target recognition while preventing GvHD, as already demonstrated in a report 

of two infant patients [317]. Since double knockout can be performed in one step, TCR 

disruption can be achieved at the same time as CD7 knockout, as was recently 

demonstrated [389]. Yet, although promising, this approach still has drawbacks.  

As mentioned before, any CAR must be designed taking into account potential 

elimination of normal cells expressing the target antigen. For the CD7 CAR, T- and NK-cell 

aplasia is expected, in a similar fashion to the B-cell aplasia observed in CD19 CAR trials. 

While lack of humoral response can be replaced by immunoglobulin infusion, lack of T and 

NK cells is more difficult to substitute and can lead to fatal opportunistic infections. In 

chapter II, we demonstrated that knockout of CD7 does not compromise antiviral responses 

by T cells. Thus, after infusion into patients, a CAR T-cell product with intact TCRs can not 

only fight tumor cells through the CAR, but also repopulate the host and provide protection 

via the TCRs against pathogens (particularly, viruses) that commonly affect 

immunosuppressed individuals. TCR removal precludes CAR-T cells from eliminating 
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infected cells. Whereas the approach used in chapter II, which spares native TCRs, may 

reduce the risk of infections, it does not allow the use of allogeneic cells as a means to avoid 

the risk of genetically modifying malignant T cells during CD7 CAR-T cell product 

generation.  

In chapter IV, nonetheless, we demonstrated that CD7 can also be efficiently knocked 

out in virus-specific T cells (VSTs). CD7– VSTs allow the administration of a more 

specialized T cell product that is active against viral infections, but that can also be used to 

generate CD7 CAR VSTs. The interesting point of this approach combining CAR T cells with 

VSTs is that VSTs can be used in the allogeneic setting provided partial HLA-match with the 

patient is ensured, as demonstrated in clinical trials conducted at Baylor College of Medicine 

[399], [400]. Moreover, generation of CAR VSTs has already been established for 

hematologic [435] and solid tumors [177], proving the feasibility of this approach. Thus, CD7– 

VSTs can, in theory, be used as a platform for CD7 CAR therapy. This approach, combining 

the antiviral activity of third-party T cells that still express a TCR specifically recognizing 

pathogens commonly found in immunocompromised patients with a CD7 CAR that can 

eliminate AML or T-ALL cells, will be tested in future studies. Although third-party VSTs 

cannot be considered a universal platform for T-cell therapy, they can still be viewed as an 

off-the-shelf product that is produced in advance and independently of the recipient. Its most 

important advantage is that it eliminates the risks associated with transduction of patient-

derived PBMCs, which can be contaminated with tumor cells. 

Use of TCR+ CD7 CAR-T cells is of increased importance when considering their 

potential use in AML, since several therapies (including CAR-T cells) targeting myeloid 

antigens have an overall myeloablative effect. Because CD7 is not expressed in normal 

myeloid cells, these immune cells are not eliminated and thus can continue to present 

microbial peptides to T cells, reducing the risk of infection. Elimination of monocytes and 

monocyte-derived cells would not only affect innate immune responses dependent on 

phagocytosis but also prevent antigen presentation to adaptive immune cells, making the 

generation of TCR+ CD7 CAR+ T cells useless since TCR activation through APC 

presentation would not occur properly. CD33 and CD123 CARs are examples of constructs 

being tested now in clinical trials of AML. However, their toxicity profile may restrict their use 

to the period immediately before hematopoietic stem cell transplantation, since normal stem 

and progenitor cells share these antigens and are also eliminated, especially with a CD33 

CAR [220].  

AML is a very heterogeneous malignancy and a unique, low-toxicity CAR for this type 

of cancer may not be attainable. CD7 is expressed in 30% of AML patients, and thus roughly 

a third of the patients would be suitable for CD7 CAR-T cell treatment. It is conceivable that 
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several other CARs can be developed for this purpose and used according to the expression 

of their targets in leukemic cells.  

Since the same CD7 CAR can be employed in T-ALL (Chapter II) and in AML (Chapter 

IV), T- and NK-cell aplasia is expected in both settings. A potential solution to avoid T-cell 

aplasia in AML would be to use an inhibitory CAR (iCAR) to target a second pan-T cell 

marker. Instead of activating T cells, iCARs trigger signaling pathways that prevent their 

activation. For example, a modified CD5 CAR with a PD-1 or CTLA-4 endodomain (CD5 

iCAR) could prevent CD7 CAR-T cells from killing CD5+ cells despite CD7 expression, and 

thus normal T cells (which express both CD5 and CD7) would be spared. Since CD5 is not 

expressed by AML cells, these CD5 iCAR CD7 CAR-T cells would be able to exclusively kill 

tumor cells. This approach would not work for T-cell leukemias since T-cell blasts can 

express both CD5 and CD7. Experience with iCARs is, however, limited [314] and their 

feasibility and robustness have not been confirmed yet. 

Relapses caused by the loss of the target antigen in tumor cells have already been 

reported in the literature. For example, loss of CD19 expression has been detected in CD19-

directed therapies, despite its rare occurrence with older chemotherapeutic approaches. 

Considering that loss of at least some of the T-cell markers is commonly observed in 

patients with T-cell malignancies [316], combined targeting becomes even more relevant for 

T-cell malignances, as it is for B-cell cancers. Combined targeting of CD5 and CD7 can be 

tested in the future as a prophylactic measure to avoid tumor relapses related to antigen 

escape.  

However, even simultaneous targeting of two T-cell markers may not be guaranteed to 

prevent tumor escape. Therefore, we also tested in this work the feasibility of targeting CD3, 

an exclusive pan-T-cell marker. Since this antigen is constitutively expressed by T cells, we 

used the same CRISPR/cas9 protocol to first ablate CD3 and then transduce the CD3 CAR, 

so as to avoid T-cell fratricide. This work showed that the same the protocol developed to 

generate CD7 CAR can also be adapted to other target molecules that can produce 

fratricide, including CD3. In theory, any other surface marker also expressed by normal T 

cells and that could be a good target for adoptive cell therapy can be removed using 

CRISPR/cas9 with minor or no changes to the strategy before the introduction of a CAR.  

Nonetheless, in the case of CD3, the unexpected elimination of CAR-bearing T cells 

by normal T cells would prevent CAR-T cell persistence and preclude an efficient antitumor 

effect, despite the observed elimination of tumor cell lines in vitro. Although several aspects 

of CAR-T cell therapy are not fully understood, compelling data suggest that higher T-cell 

persistence and expansion in vivo are key characteristics associated with better outcomes. 

Because CD3 CAR-T cells are quickly eliminated by normal T cells, we do not expect 

sufficient persistence of these adoptively transferred cells in order to produce a strong 
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antitumor effect. Thus, we decided to stop the development of CD3 CAR as a therapy for T-

cell malignancies. In any case, since all CAR-expressing T cells are rapidly and specifically 

eliminated, controlled expression of this CD3 CAR could potentially be used as a suicide 

switch for CAR-T cell elimination. Conversion of this CD3 CAR to an inducible system (using 

a Tet-On system) is underway. If a modified CD3 CAR can be expressed in vivo only after 

injection of doxycycline, any CAR-T cell could be specifically eliminated when desired, for 

example when life-threatening side effects develop or when CAR-T cells survive longer than 

needed, as it is possibly the case in patients treated with a CD19 CAR containing a 4-1BB 

endodomain. Despite the positive effect of longer persistence of CD19 CAR T cells, these 

patients also experience extensive periods of B-cell aplasia, which may have negative 

consequences. Transduction of an inducible CD3 CAR together with CD19 CAR (or any 

other CAR) can be a way to control how long this product persists in the patient.  

 CD19 CAR is by far the most successful CAR in use today. Some aspects underlying 

this success are easy to identify: CD19 is expressed in all B-cell malignancies; loss of its 

expression is a rare event; less aggressive tumor microenvironment (especially compared 

with solid tumors); consequences of loss of B cells are manageable; and easy access by 

CAR-T cells to tumor cells. Others, however, are more difficult to grasp. CAR expression, 

albeit capable of redirecting a T cell to any target molecule, happens at the expense of 

increased differentiation in parallel with stronger CAR activation. Due to the nature of the 

transduced expression cassettes, CARs are constitutively expressed, with little or no 

regulation. This intrinsic lack of control exerts a potentially deleterious pressure on T cells. T 

cells engineered with a CAR are more susceptible to constitutive expansion and 

differentiation. Premature exhaustion of T cells is a phenomenon observed in all CAR-T 

cells, although some CARs, such as a GD2 CAR, seem to be more prone to this undesirable 

effect than others, such as CD19 CAR [226]. Tonic signaling (constitutive activation of CAR 

endodomains independent of its binding to the target antigen) is one example of an 

uncontrolled and not fully understood mechanism. Such effect seems to be more deleterious 

to some CARs than others and can explain differences observed in in vitro assays, which do 

not require T cell migration, are unable to replicate clinical side effects such as cytokine 

release syndrome, and use homogenous tumor cell lines. Although far from ideal, such 

assays control for several variables, allowing a cleaner characterization of the CAR. These 

assays allowed us to conclude than a CAR can behave differently if a minor change in its 

design is made, revealing the complexity of building a fully functional synthetic gene. All 

portions of the CAR molecule are important and any minor change can profoundly affect the 

overall CAR T-cell behavior. Increasing the number or changing the type of endodomains 

influences the number or type of signaling pathways that such CAR can activate and, in 

doing so, alters the nature of T-cell responses.  
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Because of the immunocompromised state expected in patients after receiving CD7 

CAR-T cells, most of the work was done using the CD28 endodomain, which in several 

clinical trials seems to be associated with shorter CAR T-cell persistence than 4-1BB. Thus, 

use of CD28 instead of 4-1BB can modulate the expected side effects caused by on-

target/off-tumor activity. Use of an on-demand suicide gene can also be a protective 

measure in case T-cell aplasia leads to life-threatening complications. Specific elimination of 

CD7 CAR-T cells should lead to fast restoration of normal T cells since CD7 is only partially 

expressed by lymphoid progenitors. 

Unexpectedly, inclusion of 4-1BB was toxic not only for CD7 CAR-T cells but more 

importantly for clinically validated CD19, GD2, and kappa-light-chain CAR-T cells. Such 

phenomenon had never previously been reported, despite the frequent use of CD19 CARs 

with 4-1BB endodomain, which have been approved by the FDA as a therapy for patients 

with relapsed B-cell leukemias. Higher expression of CAR molecules on cell surface is 

observed in several CARs containing a 4-1BB endodomain and can be associated with 

stronger activation of T cells, but its dependency on the type of endodomain had never been 

demonstrated. This points to an ignored aspect of CAR constructs: gene regulation. Any 

endogenous gene is under strict regulation and is expressed according to specific stimuli 

that can originate from the cell cycle, stress, extracellular molecules, and other factors. 

CARs, especially those introduced via gamma-retroviral vectors, are highly and constitutively 

expressed, a characteristic that may not be desirable and, as we demonstrated in chapter V, 

exacerbated by a 4-1BB co-stimulatory domain.  

Although in a different context, it has been demonstrated that a CD28-containing CD19 

CAR performs better when introduced in the TCR locus, so that its expression is as tightly 

regulated as the TCR gene in T cells [274]. This system allowed lower and stable expression 

due regulation by a human promoter instead of the viral LTR promoter, but also due to the 

ability to control the number of transgene copies per genome, something that most 

engineering tools cannot do. In our work, use of a different promoter within self-inactivating 

lentiviral vectors restored the normal function of 4-1BB-containing CD19 CAR-T cells, similar 

to that observed in clinical trials. Interestingly, use of an IRES sequence, which forces 

downregulation of CAR expression, produced a similar effect, demonstrating that the toxicity 

of a CAR can be modulated not only by changing the vector/promoter but also the non-

coding regions of its cassette. 

Modification of the spacer and transmembrane domains also demonstrated to be 

effective in preventing constant T-cell activation. This establishes even further the 

importance of the full backbone in CAR design and function. Different backbones may not 

only change how the signal is sent from extracellular to intracellular domains but also 

change how the molecule folds. Different folding structures may be particularly important to 
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prevent the interaction in cis of CAR molecules on the surface of the same cell and provide 

optimal physiology to the CAR T-cell. CD19 CARs with an IgG1-derived short-hinge 

sequence will be used in future clinical trials at Baylor College of Medicine. 

As demonstrated in Chapter V, improvements that lead to reduced tonic signaling are 

extremely important to guarantee the selection of an optimized CAR for clinical use, with 

beneficial outcomes to the patient. Nonetheless, from a purely theoretical point of view, tonic 

signaling may be a desirable effect at low level. The success of any adoptive CAR-T cell 

therapy is correlated with the ability of T cells to expand and persist in vivo. Such ability is 

undeniably correlated with the use of a co-stimulatory endodomain. However, it appears that 

some CAR-T cells can expand even in the absence of target tumor cells and cytokines, and 

such expansion has been correlated with the presence of 4-1BB in the CAR [193]. 

Expansion independent of cytokines seems to be of extreme importance in the tumor 

microenvironment, since tumor and stromal cells do not secrete TH1 cytokines, required for 

proper T-cell activation. The ability of CAR-T cells to persist for years in patients in remission 

can potentially be considered a desired effect since relapses can occur months or years 

after cancer cells become undetectable. For example, leukemias with central nervous 

system involvement are associated with poor prognosis and later relapses. Thus, one can 

hypothesize that, in situations where CAR-T cell persistence does not pose a clear risk to 

the patient, prolonged presence of CAR-T cells after tumor cells become undetectable by 

common diagnostic tools can be important to reduce or delay relapses. Such persistence 

may depend on a minimal but continuous activation of T cells due to tonic signaling. 

T cells engineered with a CAR were the first genetically modified product approved by 

a regulatory agency. This approval pushed adoptive cell therapy into a new era in which 

genetic transfer of these tumor-specific receptors into T cells can convert them into effective 

cancer killers. CARs allow antigen recognition without MHC presentation and thus have 

removed one of the obstacles to more widespread application of T-cell therapy. CAR-T cells 

allow precise recognition of specific target molecules, like monoclonal antibodies, but 

possess the additional benefits of active trafficking to cancer sites, in vivo expansion and 

potential long-term persistence. While antibodies targeting CD7 failed to demonstrate 

antitumor effect in preclinical models, conversion of such targeting to CAR-T cell technology 

demonstrated promising results in preclinical models developed in this work. However, 

generation of new, better CARs is not confined to changing binding domains. Optimized 

CAR design, better understanding of the processes leading to T-cell activation and memory, 

and improved gene transfer methods have allowed this strategy to be successfully brought 

to the clinic. Emerging data illustrate the complexity of CAR design and, in this work, we 

demonstrate how several different aspects, directly and indirectly related to the CAR 

structure, can influence its potency. Nevertheless, the striking results obtained with CD19-
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specific CAR-T cells support the idea that this therapy will soon join the mainstream of 

oncologic treatment not only for B-cell malignancies but also other cancers.  
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S u p p l e m e n t a l  d a t a  
Table 3-Results from GUIDE-seq in T cells for off-targets using gRNA 72 
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